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Highlights

Long term exposure to very low doses of chemicals mixture lead to genotoxic and

cytotoxic effects
e Monotonic genotoxic effect observed only in females rat
e Dose-dependent cytotoxic effects in testis in males

e Dose-dependent cytotoxic effects in liver, stomach, kidney, lung, brain- both sexes

Abstract

The present study investigates the genotoxic and cytotoxic effects of long term exposure to
low doses of a mixture consisting of methomyl, triadimefon, dimethoate, glyphosate,

carbaryl, methyl parathion, aspartame, sodium benzoate, EDTA, ethylparaben,
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buthylparaben, bisphenol A and acacia gum in rats. Four groups of ten Sprangue Dawley rats
(5 males and 5 females per group) were exposed for 18 months to the mixture in doses of
OXNOAEL, 0.0025xNOAEL, 0.01xNOAEL and 0.05xNOAEL (mg/kg bw/day). After 18
months of exposure, the rats were sacrificed and their organs were harvested. Micronuclei
frequency was evaluated in bone marrow erythrocytes whereas the organs were
cytopathologically examined by the touch preparation technique. The exposure to the mixture
caused a genotoxic effect identified only in females. Cytopathological examination showed
specific alterations of tissue organization in a tissue-type dependent manner. The observed
effects were dose-dependent and correlated to various tissue parameters. Specifically, testes
samples revealed degenerative and cellularity disorders, liver hepatocytes exhibited decreased
glycogen deposition whereas degenerative changes were present in gastric cells. Lung tissue
presented increased inflammatory cells infiltration and alveolar macrophages with enhanced
phagocytic activity, whereas brain tissue exhibited changes in glial and astrocyte cells’
numbers. In conclusion, exposure to very low doses of the tested mixture for 18 months
induces genotoxic effects as well as monotonic cytotoxic effects in a tissue-dependent

manner.

Keywords: mixtures, pesticides, food additives, genotoxicity, cytotoxicity

1. Introduction

Chronic diseases or non-communicable diseases are responsible, according to the World
Health Organisation (WHO) for the death of almost 41 million people each year, which
means approximately 71% of all deaths registered globally. Among the chronic diseases the
cardiovascular pathologies, are on the top of death causes, followed by neoplasms,
respiratory diseases and diabetes. Indeed, these four disease categories represent 80% of all

premature chronic disease deaths (GBD 2015 Risk Factors Collaborators, 2016). Modern



lifestyle is increasingly mentioned among the risk factors involved in the increased incidence
of chronic diseases evidenced in the last years. The causality of chronic diseases is a complex
entity that encompasses several risk factors that are influenced by various drivers or
determinants acting at different levels. Several activity levels have been proposed including
proximal (‘cause of the risk factor’), medial (‘cause of the cause’) as well as distal (‘cause of
the cause of the cause’) levels (Egger and Dixon, 2014). The progress in the study of chronic
disease has lead to the definition of meta-inflammation, a term used for the ‘low-grade,
chronic and systemic inflammation’ that was observed first in obesity and then associated and
linked with other chronic pathologies (Hotamisligil et al., 1993; Medzhitov, 2008). Meta-
inflammation is induced by various factors named generically ‘anthropogens’ that comprise
all the ‘man-made” environments, their by-products and/or lifestyles facilitated by latter,
some of which may be detrimental to human health’ (Egger, 2012). Importantly, the effects
caused by anthropogens become evident when the exposure is chronic and as the response is
not specific, the effects are mainly systemic. The susceptibility of individuals to anthropogens
is associated with a genetic predisposition to chronic diseases and/or with epigenetic changes

that can influence the susceptibility to chronic diseases.

Safe levels are set by regulatory agencies, for all range of chemicals that the general
population is exposed to and are characterized as ADI (acceptable daily intake) or TDI
(tolerable daily intake) (Pisanello, 2014). Even so, the biomonitoring studies continue to
associate exposure to several chemicals in doses below the regulatory limits to certain
diseases or health problems (Docea et al., 2017; Fenga et al., 2017). Therefore, neurological
diseases (Baltazar et al., 2014; Dardiotis et al., 2013; Vinceti et al., 2014, 2017; Zaganas et
al., 2013), obesity (Petrakis et al., 2017; Vassilopoulou et al., 2017), cardiovascular diseases
(Bulka et al., 2019; Georgiadis et al., 2018; Philips et al., 2017), respiratory diseases

(Veremchuk et al., 2018), infertility (Mehrpour et al., 2014), diabetes (Gangler et al., 2019;



Howard, 2019), cancers (Antwi et al., 2015; Marotta et al., 2019; Patel and Sangeeta, 2019)
have been reported as correlated to chronic low dose exposure. One explanation for the
observed association is that the safety levels are set using studies that evaluate the exposure
to a single chemical and follow one critical health effect and do not take in consideration the
real-life exposure scenario where the individual is exposed to a combination of chemicals
from different sources (Kostoff et al., 2018). These combined exposures could initiate several
types of interactions some of them leading to additive or synergistic effects, process that was
demonstrated for the mixtures of endocrine disruptors or for pesticides (Bergman et al., 2013;

Colosio et al., 2012; McCance and Huether, 2013).

These findings attract and focus the attention of scientists in the domain of toxicology and
associated areas of research on the need of including the real-life risk simulation (RLRS)
scenario in standard toxicological testing in order to set appropriate regulatory levels for
combined chemical exposure. This endeavour involves evolving testing approaches from
standard “one chemical-one critical effect” testing to combinatory toxicants experiments
(Docea et al., 2016; Hernandez and Tsatsakis, 2017; Tsatsakis and Lash, 2017; Tsatsakis et
al. 2016, 2017, 2018). Indeed, recently new approaches have been proposed for real-life risk
simulation (Tsatsakis et al., 2017) that intend to address important unresolved issues. The
matter in question is that while it is possible to obtain satisfactory values for safe levels of
chemicals, that take in consideration the exposure to one chemical and the evaluation of one
critical effect through current standard animal experiments, this approach may miss the
evaluation of non-predictive effects or non-linear dose-response effects that could appear

during combined exposure.

The present study examines the effects of the long term exposure (18 months) to very low
doses, below NOAEL levels, of a cocktail of 13 chemicals to which humans are often in

contact, on several biological parameters in an animal model. We have used a mixture



containing carbaryl, dimethoate, glyphosate, methomyl, methyl parathion and triadimefon,
pesticides found as residues in food samples according to European Union report (EFSA,
2015c) and sodium benzoate, calcium disodium ethylene diamine tetraacetate (EDTA),
ethylparaben, butylparaben, bisphenol A, aspartame and acacia gum, food and lifestyle
additives found in everyday used products (EFSA, 2013b; EFSA, 2017; Mantovani, 2016;
Nishihama et al., 2016 Tzatzarakis et al., 2017). The above mentioned chemicals were
chosen as common components of normal modern lifestyle having as source food, water and

lifestyle products,

2. Material and Methods

2.1.Animal study

In the study were included 40 eight-week-old Sprague Dawley (CD-SD) rats (20 males
and 20 females), initially obtained from Charles River Laboratories (Charles River,
Wilmington, MA) further reproduced under standard conditions in the University of
Medicine and Pharmacy of Craiova Animal Husbandry. Before starting the experiment, the
animals were divided into four groups of ten, five males and five females per group, and were
acclimatized to the new housing conditions for two weeks before the study began. The
animals were housed in specific animal cages with two or three animals of the same sex per
cage in controlled climate conditions: 19-23 C room temperature, 35-55% humidity and 12
hours light/dark cycle. The animals were exposed for 18 months to a mixture of 13 chemicals
in four dose ranges as follows: OXNOAEL (mg/kg bw/day), 0.0025xNOAEL (mg/kg bw/day),
0.01xNOAEL (mg/kg bw/day) and 0.05XxNOAEL (mg/kg bw/day). All the chemicals used in
the mixture with their corresponding toxicological relevance values and negative outcomes

are presented in Table 1.



The details of the methodology used regarding the animal treatment were based on the
method proposed by Tsatsakis et al. (Tsatsakis et al., 2017) and detailed in the study of Docea

et al. (Docea et al., 2018, 2019; Tsatsakis et al., 2019).

The animal study was approved by the Ethical Committee of the University of Medicine
and Pharmacy of Craiova and all the procedures utilized were ain conformance to the
European directive for the animal experiments EU Directive 2010/63/EU (European

Commission Directive 2010/63/EU).

2.2.0rgan collection

At the end of the experiment, the animals were sacrificed by exsanguination from the
abdominal aorta under isoflurane anaesthesia after 12 h of fasting. The following organs were
collected from each rat for further analysis: liver, stomach, kidney, lung, brain, heart, spleen,

pancreas, muscle, testis from males and uterus from females.

2.3.Micronuclei assay in bone marrow

The micronucleus test used to establish genotoxicity and cytotoxicity was performed
according to the OECD regulations for micronucleus test in mammalians’ erythrocytes
(OECD TG 474). Briefly, thigh bone marrow prints were done in triplicates for each rat,
prints were stained with Giemsa and the micronuclei counted under a light microscope
(Nikon E200) with 100X objective in immersion oil. The samples were examined by
researchers who were not aware of the sample identity. Micronuclei counting was performed
in a blind manner where 4000 cells were counted for each simple and the percentage of cells

(%) presenting micronuclei were shown as mean of the triplicates.

2.4.Touch preparation technique (TPT) for cytological examination of tissue samples



Touch preparation technique (TPT) was used for cytological examination of the tissue
samples. Specifically, after the organ retrieval, the tissue was cross-sectioned and imprinted
on 3 glass slides. In continuation, the slides were fixed with alcohol 60%, stained with the
pap method and analyzed under a light microscope (Nikon ECLIPSE E 400) (20x)

(Diamantis et al., 2013).

The cytological examination of tissue samples was performed using the following score

of criteria as presented in Table 2.

2.5.Statistical analysis

Data were analyzed using STATA software version 13.1 (StataCorp, USA). The data for
micronuclei analysis were assessed using paired t-test. The data for the score of injury were
expressed as mean. Count data were expressed as the ratio between the number of rats for

which the effect was positive and the total number of rats in the group.

One-way ANOVA followed by Dunnet's post-hoc test were applied to explore differences in
the whole groups (ANOVA) and for the bivariate comparisons with control group (Dunnet).

A significant difference was considered at P<0.05.

3. Results

3.1. Micronuclei frequency in bone marrow

Micronuclei frequency exhibited a dose-response increase for both sexes as proved by
the one-way ANOVA and Dunnets’ t test (Tables 3A, 3B). However, only the high dose
female group presented a statistically significant increase (12.4 vs 6.2 for the control, see
Table 3C). Based on the proposed interpretation from the OECD TG 474 these observations
lead to a positive test for females and an equivocal for males. Cytotoxicity was evaluated by

the percentage ratio of the number of immature erythrocytes to the total number of



erythrocytes (PCEs/(PCEs+NCESs) %) (Table 3D). Decrease of the ratio was observed for all
treatment groups when compared with the control group, indicating a mild cytotoxicity and
without exceeding the limit of 20% of decrease. As proved by the one-way ANOVA test,
there is a statistically significant increase of the PCEs/(PCEs+NCEs) % and MNPCEs %o.
Similar results were observed even when the distribution of the values was considered as
non-canonical. Thus, we can conclude that the exposure to the chemical mixture can indeed

result to a net increase of the above mentioned values.

Table 3A. One-way ANOVA test was applied to explore differences in the whole groups.

95%CI (95% confidence interval), 95% LB (95% lower bound), 95%UB (95% upper bound)

Table 3B. Dunnet's post-hoc test for the bivariate comparisons with control group

Table 3C: Mean micronuclei frequency for each exposure group compared to the control
group is presented. P value is calculated using paired t-test. Statistical significance is set at

P<0.05.

Table 3D: Erythrocytes subgroup ratio expressed as a percentage of the number of

micronucleated PCEs over the total number of PCEs and NCEs.

3.2.Cytopathological examination of tissue samples by the touch preparation technique

The examination of the testis tissue by TPT showed a dose dependent negative effect
as regarding the degree of testis tissue cellularity and concomitant degenerative changes.
Specifically, in the 0.0025 x NOAEL group the treatment induced a score of injury for organ

cellularity of 1.2 that corresponds to approximately 10% reduction in number of cells in



tissue whereas no tissue degeneration was evident when compared with the control group
(score 0.2) (P<0.05). However, the score of injury for the degrees of cellularity was 1.8 and
2.8 in 0.01xNOAEL and 0.05xNOAEL groups respectively and furthermore an identification
of degenerative changes of the cells was determined with a score of 1.2 and 2.8 for the

0.01XNOAEL and 0.05XNOAEL groups respectively (P<0.05) (Table 4,5 and Figure 2).

Liver cytological evaluation showed no modification as regarding the number of cells
in tissues in any of the treatment groups. However, a hepatocyte glycogen loss, was
determined with a score of relevance for the 0.01XxNOAEL and 0.05XxNOAEL treatment
groups of 1.8 and 2.8 espectively (P<0.05), with no differences between male and female

animals (Table 4, 5 and Figure 3,4).

Evaluation of the stomach tissue of the 0.0025xNOAEL group showed no alteration
of cell morphology and degree of cellularity as well as no indice of cell degeneration (P=NS).
However, dose dependent degenerative changes of epithelial cells were observed in
0.01xNOAEL and 0.05XxNOAEL groups, with an injury score of 1.8 and 2.8 respectively
(P<0.05), with no diferences between males and females evident. Moreover, an increase of
tubular cell aggregates was observed in a dose dependent manner, with no differences

between males and females Table 4 and 5, Figure 5).

In kidneys, a dose dependent decrease of the level of celularity was observed for the 3
treatment groups with a higher score in females compared to males in 0.0025xNOAEL and
0.001xNOAEL groups. Regarding the growth in tubular aggregates, the control,

0.0025xNOAEL and 0.01xNOAEL group showed no effect, but in 0.05xNOAEL group a



score of 2.8 was observed which is traslated to an intense growth in tubular cell aggregates

with no differences between males and females (Table 4,5 and Figure 6, 7).

In lung tissue, a dose dependent increase of inflammatory cells infiltration as well as
enhanced phagocytic activity by alveolar macrophages was observed for both male and
female rats. Specifically, the increase in infiltration of inflammatory cells was assessed with
an injury score of 0.8, 1.8 and 2.8 for 0.0025xNOAEL, 0.01XNOAEL and 0.05XxNOAEL
treamant groups, as regarding female rats. Indexes of injury increased from 0 (control group)
to 1.2, 1.8 and 3 for the 0.0025xNOAEL, 0.01xNOAEL and 0.05XxNOAEL treament groups
respectively (P<0.05), as regarding male rats (Table 4, 5 and Figure 8, 9). Likewise, an
enhanced phagocytic activity by alveolar macrophages was detected in 0.0025xNOAEL,
0.01xNOAEL and 0.05xNOAEL female treatment groups with index of activation score of
0.8, 2 and 2.8, respectively. Similiar effects were identified in 0.0025xNOAEL,
0.01XNOAEL and 0.05xXNOAEL male treatment groups with index of activation score of 1.2,

1.8 and 2.8 in males, respectively (P<0.05) (Table 4,5 and Figure 8, 9).

Exposure to the chemical mix induced morphological changes of the brain tissue,
treatment. Thus, a dose-dependent dependent decrease in glial and astrocyte cells was evident
with an injury score for females being increased from 0 (control group) to 0.8, 1.8 and 3 for
the 0.0025xNOAEL, 0.01xNOAEL and 0.05XNOAEL groups respectively. The same trend
was evident for male rat brain tissue as the exposure to the chemical mix initiated
modification of the injury score from 0 (control group) to 1.2, 2.2 and 2.8 for the
0.0025xNOAEL, 0.01xNOAEL and 0.05xNOAEL groups, respectively (P<0.05) (Table 4,5

and Figure 10, 11).



Histopathological examination of heart, spleen, pancreas, muscle and uterus tissue of

treated with the chemical mix rats did not identify changes in any of the traement groups.

4. Discussion

During the last three decades, public health awareness has found tremendous resonance
across various government organizations and scientific communities worldwide. Under this
scope, strict legislations for chemical use have been enforced and numerous chemicals have
been banned from use. However, the public is yet to be protected. Search of the
epidemiologic data for various diseases and syndromes (of both malignant and non-malignant
etiology brings to the forefront the conclusion that even though the constellation of the acute
disease incidence has been partially controlled, other chronic or more benign pathologies
have emerged. It is indicative that, the incidence of neurodegenerative disorders,
cardiovascular diseases, obesity and metabolic syndrome, infertility (especially in men) and
inflammatory disorders of any nature have dramatically increased (Inhorn and Patrizio,
2015). Even though this phenomenon can be partially explained from the improvements in
diagnosing and recording, it is difficult to accept that this is the only reason. In fact, during
the last decade, increasing evidence highlights the toxic hazard of various chemicals for
public health even at levels that were, until then, considered to be safe for human use (Yang
et al., 2017). This means that the general population does not suffer only from a delayed
wash-out from the harmful chemicals used in the past, but also suffers from the chronic
exposure to low doses of less harmful but far from innocent substances. Indeed, it is
suggested that, this chronic exposure to low concentrations of various chemicals allows the
incriminated substances to distort the protective mechanisms and homoeostasis and thus, lead
to chronic diseases. A drawback of, most of the research protocols addressing the issue of
exposure to low doses of chemicals, treated their subjects to a single or a small mix of

chemicals for a relatively small period of time. Due to the limitations of the study protocols,



no firm conclusions can be drawn regarding the actual effect of this type of exposure on
human health. Thus, the need to obtain data mimicking chronic exposure to a larger mix of
substances that correlates better with real life conditions was the driving force of this study.
In fact, long term exposure to low dose of chemical mixtures [approximately at the level of
the acceptable daily intake (ADI)] is proposed as a more efficient simulator of real life
conditions able to highlight the true hazards of everyday use of domestic, agricultural,
industrial and chemical warfare products and compounds (Tsatsakis et al, 2017). In the
present study the effects of exposure to 13 compounds [six pesticides (carbaryl, dimethoate,
glyphosate, methomyl, methyl parathion and triadimefon) and seven food and lifestyle
additives (sodium benzoate, calcium disodium ethylene diamine tetraacetate (EDTA),
ethylparaben, butylparaben, bisphenol A (BPA), aspartame and acacia gum] for a period of
18 months were determined in adult male and female rats in order to address the issue of
initiating an additive effect (to our knowledge, there is no other published study that uses
such a great number of substances and especially for such a prolonged period). Indeed, it has
earlier been shown that a combination of low number of compounds does not necessarily
induce additive effects (Bianchi-Santamaria et al., 1997). Furthermore, we have used doses
that range from 0.05 to 0.0025 of NOAEL that and may trigger more subtle effects. The long
expose may induce unknown compensatory mechanisms and hence, allows us to obtain a

more objective model of real life long term exposure.

We have to point out that in terms of the rat’s life span and established extrapolation models,
the utilized settings of exposure would correlate to 45 years of exposure to the mentioned

low doses of compounds, and starting from the age of 4 (Sengupta, 2013).

4.1.Micronuclei frequency in bone marrow



When estimating possible genotoxic and cytotoxic effects from chronic exposure to
various substances, micronuclei frequency can prove to be a reliable marker. In fact, previous
studies have demonstrated that micronuclei frequency accurately correlates the degree of
DNA damage (when present) with the exposure to genetoxic substances (Fenech et al., 2016).
It is also well documented that micronuclei frequency can serve as a potential biomarker for
health risk estimation in real life (Bonassi et al., 2007). However, a literature review on the
topic of micronuclei frequency fluctuation after chemical exposure proved that not only there
can be conflicting data on the same substance but also there is no other study using such a
great mixture and for so long. Thus, our results should be interpreted with care given their
uniqueness. In detail, as proved both from the ratio of PCE to total erythrocytes ratio, the
clear cytotoxic effect exhibited across all high-dose groups (0.05XxNOAEL) suggests that the
chronic exposure to the mixture negatively affected the animals in an irreversible manner.
This result can be attributed mostly to synergistic effects of the substances that injured key
organs both in metabolizing and excreting these substances (namely the liver and the
kidneys). Interestingly, a mild predominance of the females was evidenced without any
obvious explanation. On the contrary, the same values for the medium-dose groups
(0.01xNOAEL) exhibited a boarder-line cytotoxicity that could indicate a mild and possibly
reversible injury of the organism that could potentially be overwhelmed if the animals were
left untreated for a certain period of time. Lastly, no cytotoxic effects were exhibited from the
low-dose groups (0.025 x NOAEL) using the micronuclei assay, suggesting that the organism
of most animals was able to manage the adverse effects exerted from the chemicals, if there
were any at all. Regarding the genotoxic effects of the mixture, the mean number of
MNPCEs revealed a strong genotoxic effect only on the female high-dose group
(0.05xNOAEL). This result could be interpreted as another explanation for the cytotoxic

effects that were shown. When cellular DNA is damaged to a certain degree, various cellular



mechanisms (DNA repair, energy use, lipid transportation, cell-to-cell communication) are
either seized or deregulated resulting to cellular death (and thus cytotoxicity). However,
rather interesting is that no genotoxic effects were evidenced across the rest of the groups
(0.01 and 0.0025xNOAEL) even though a tendency towards this result can be seen from the
results of the medium-dose groups (0.01xNOAEL) and the total high-dose group

(0.05XxNOAEL).

Previously, in a mouse model a significant increase of MNPCE in bone marrow cells was
found after sub-chronic administration of organophosphate insecticide dimethoate (Ayed-
Boussema et al., 2012). A more recent study with glyphosate-based herbicides showed that
only males exhibited significant responses, whereas; no effects on female rats were evident
(Ghisi et al., 2016). Furthermore, methomyl, a carbamate insecticide, when introduced intra-
peritoneally in Swiss CD1 mice induced genotoxic effects, probably through formation of
active oxygen species (Bolognesi et al., 1994). Likewise, testing the combination of three
carbamate insecticides (propoxur, methomyl, and aldicarb) in BALB/c mice a significant

increase in MNPCE in peripheral blood was reported (Wei et al, 1997)

In earlier studies the effects of several pesticides on MNPCE emergence were tested in
animal models. Specifically, the genotoxic effects of 4 organophosphorous pesticides, were
tested in rat bone marrow cells and while methylparathion and phorate induced alterations in
MNPCE, no such effect was observed upon fenitrothion treatment (Grover and Malhi, 1985;
Vijayaraghavan and Nagarajan, 1994). In a study, published over 25 years ago, fifteen
pesticides were tested by gavage in Wistar rats at various doses during 24 hr with no changes
in the frequency of micronuclei determined (Dolara et al., 1993). On the other hand,
Bisphenol A when orally administered in adult rats of both sexes induced MNPCE, probably

correlated to simultaneous detection of oxidative stress (Tiwari et al., 2012). Moreover, Pzh-



Sfis male mice treated with sub-chronic bisphenol A presented micronuclei induction in both

peripheral blood and bone marrow reticulocytes (Radzikowska et al, 2012)

In the present study we have used a mixture composed of the highest number of
compounds reported so far in order to address the issue of initiating an additive effect.
Indeed, it has earlier been shown that a combination of low number of compounds does not
necessarily induce additive effects (Bianchi-Santamaria et al., 1997). Furthermore, we have
used doses that range in the 0.05-0.0025xNOAEL that and may trigger more subtle effects.
Another, seminal difference from other previously published studies is that the duration of
exposure in our model system spans the longest reported period of testing. The long expose
may induce unknown compensatory mechanisms and hence, allows us to obtain a more

objective model of real life long term exposure

4.2.Cytopathological examination of tissue samples by touch preparation technique

Cytopathological examination of tissue samples by touch preparation technique revealed
a dose-related response as regarding cell degeneration with the higher doses being correlated
with worse outcomes. However, pathological findings were not established for all
organs.Thus, heart, spleen, pancreas, muscle and uterus tissue did not exhibit differences in
comparison to control tissue. In contrast, testes presented a great diminish of the cellular
population (suggesting male infertility and testosterone misbalance), liver had increased
cellular damage and sinusoidal dilation, which are precursors to cirrhosis and biliary
obstruction, stomach had marked gastritis, kidneys (depending on the dose) suffered from
glomerulonephritis to extended renal injury and renal failure, lungs (again depending on the
dose) exhibited pattern of diffuse bronchiolitis/alveolitis and pneumonia while brain suffered
from a tremendous decrease of neural cells counts suggesting the presence of an established

neurodegenerative disorder. A detailed interpretation of the results is presented below and in



figure 12 is represent a summary of the literature regarding the groups of chemicals that

affects each organ.

Testes

The study of the male gonad, revealed that the chemical mix significantly deregulated in a
proportionate manner the cellularity of all testicular cells (seminiferous tubules almost
disappeared). On the other hand, only the 0.01XNOAEL and 0.05XxNOAEL groups suffered
from cellular degenerative changes. Even though, an appreciation of the motility of sperm
cells and the levels of testosterone are lacking, it is obvious that all groups suffer from
testicular toxicity. Given the lack of degenerative changes in the 0.0025xNOAEL group,
these toxic effects can be considered to be reversible. However, for the other two groups the
injury is rather irreversible (especially for the 0.05XxNOAEL group). Based on the
composition of the chemical mix, one would blame EDTA, ethylparaben, butylparaben and
BPA for these results given their well-known effects on male reproductive system. However,
going through the literature of the other chemicals as well, it is interesting that almost all of
them can affect, even at low doses, the male reproductive system. Methomyl, a carbamate
insecticide, is found to induce testicular lesions characterized by moderate to severe
degenerative changes (Mahgoub and EI-Medany, 2001; Shalaby et al., 2010). Triadimefon, a
triazole fungicide, was found to disrupt testosterone homeostasis which is a key hormone for
the male reproductive system. In fact, it was found to increase serum testosterone levels and
affect hepatic response probably via the alteration of CAR and PXR signaling pathways for
steroid metabolism in the male rat liver (Goetz et al., 2007; Goetz and Dix, 2009).
Dimethoate, an organophosphate insecticide, was also found to negatively affect sperm cells
and spermatogenesis (Sayim, 2007). Glyphosate, the active substance in the major herbicide
Roundup®, administrated in low levels was found to induce testosterone decrease while in

high levels necrosis of various classes of testicular cells (mainly Sertoli) was reported



(Cassault-Meyer et al., 2014; Clair et al., 2012; de Liz Oliveira Cavalli et al., 2013). Carbaryl,
a carbamate insecticide, was found to mainly affect sperm motility and morphology via
interruption of pre-meiotic (eg. gamma-glutamyl transpeptidase is increased while glucose-6-
phosphate dehydrogenase is decreased) and post-meiotic (eg. sorbitol dehydrogenase is
decreased, lactate dehydrogenase is increased) spermatogenic cell enzymes (Pant et al.,
1995). Methyl parathion, an organophosphate pesticide, was reported to induce biochemical
changes in testes and thus affecting sperm cells (Narayana, 2007). While aspartame (an
artificial non-saccharide sweetener), sodium benzoate (a food preservative) and acacia gum (a
natural mixture of polysaccharides and glycoproteins used as an additive in food and
chemical industry) were not found to affect testicular physiology or morphology, EDTA (an
additive used as a preservative or stabilizer), ethylparaben, butylparaben (preservatives in
cosmetic and pharmaceutical products) and BPA (a starting material for the synthesis of
plastics) were found to affect male fertility. EDTA administration caused a significant
decrease in biochemical parameters and antioxidant enzymes activity (Khalil et al., 2008)
while ethyl- and butyl-parabens and BPA via their estrogen mimetic action suppressed
mitochondrial function and impaired testicular structure and function (Dere et al., 2018;
Oishi, 2001; Tavares et al., 2009; Ullah et al., 2018; Zhang et al., 2014). Overall, it is obvious
that the overall effects of a dose-related impaired testicular morphology that we present
herein is indeed the result of the synergistic effect of the majority of administered chemical

compounds.

Liver

Liver is the site where most of the substances, especially those taken orally, undergo first-
pass metabolism. For this reason, studying this organ becomes a crucial step towards the in-
depth understanding of the toxic profile of the chemical mix. As presented in Tables 4 and 5,

liver cellularity was not affected in any group. However, glycogen loss (another determinant



of hepatic injury) exhibited a significant and proportionate increase in the 0.01XxNOAEL and
0.05xNOAEL groups for both sexes. In fact, these findings suggest that, as the liver is the
main detoxification organ has functional reserves in terms of withstanding low dose intake
chemicals. Nonetheless, its protective mechanisms can be overwhelmed if the dose increases.
Generally, depending on the impaired pathway, different diseases and syndromes can be
proclaimed. For example, if the pathways of lipid acid metabolism are affected, then fatty
liver disease and steatosis would be the primary end-result. On the other hand, if a member of
the CYP superfamily is affected then the intoxicating mechanisms may be impaired leading
to conditions with focal necrosis and possibly cirrhosis. All of the administered substances
are not connected with hepatotoxicity per se. However, a close look to the literature proves
the opposite. Most of the six pesticides can indeed induce liver toxicity. Methomyl was able
to reduce the levels of cytochrome P450 and cause an increase of the hepatocyte injury
biomarkers (Garg et al., 2009; Patil et al., 2008). Triadimefon, was also found to cause a
decrease of the number of several cytochrome P 450 enzymes (Cyplal, Cyp2bl, Cyp3a2),
transporters (Abcbla, Abcc3) and genes encoding for enzymes involved in fatty acid or
phospholipid metabolism (Pparycla, Sc4 mol) (Al-Eryani et al., 2015; Heise et al., 2018).
Demethoate administration was found to cause fatty changes, reduced number of hepatocytes,
necrosis, and tissue degeneration induced mainly via the oxidative stress thus the high rate of
lipid peroxidation in hepatocytes causes severe damage to them (Kwape et al., 2013).
Glyphosate, was proved to significantly disturb major hepatic proteins involved in
organonitrogen metabolism and fatty acid 3-oxidation leading to peroxisomal proliferation,
steatosis and necrosis (Mesnage et al., 2018). Carbaryl and methyl parathion were also found
to cause hepatocellular injury as evidenced by the increase of relative biomarkers (ALT/AST)
with a concomitant increase of the connective tissue (Du et al., 2012; Mahajan et al.,

Mesnage et al., 2018). On the same wavelength, most of the food or pharmaceutical additives



were found to cause liver damage. Aspartame, being metabolized to phenylalanine, aspartic
acid, and methanol, was detrimental for the normal liver function since notable hepatocellular
injury biomarkers were elevated and fatty acid accumulation was evident probably via
severely reduced levels of hepatic glutathione (GSH) as a result of down-regulated catalytic
subunit of glutamate cysteine ligase (GCLc) (Finamor et al., 2017). Moreover, dose-
dependent necrotic and cirrhotic effects of sodium benzoate are also proved (Oyewole, 2012).
Both ethyl- and butyl-parabens have been associated with liver injury with the main
pathogenetic model being that of increased mitochondrial membrane permeability (Gonzalez-
Cuevas et al., 2011). BPA is found to be able of inducing an oxidative stress via down-
regulation of most hepatic anti-oxidant enzymes (glutathione, superoxide dismutase,
glutathione peroxidase, glutathione-S-transferase, glutathione reductase and catalase) and
decreased gene expression of them (Hassan et al., 2012). On the contrary, EDTA
administration has been related with antioxidant effects as it is able to induce the activity of
antioxidant enzymes, to decrease lipid peroxidation, hepatic inflammation and fibrosis in
cirrhotic rat models (Gonzélez-Cuevas et al., 2011). Finally, acacia gum has demonstrated
equally hepatoprotective effects thanks to its anti-oxidant value since it was found to be able

to ameliorate cirrhotic effects in rats (Hamid et al., 2018).

Stomach

Examination of the stomach revealed that even though the level of cellularity was not
affected at any group, gastric cells of the 0.01xNOAEL and 0.05xNOAEL groups suffered
from degenerative changes which contributed substantially to the alteration of tubular cell
architecture. Acknowledging that it can be considered as a precursor for altered gastric acid
production and gastric lesions (such as gastritis) thereafter. Unfortunately, the current
literature lacks evidence for the potential adverse effects of the most chemicals we

administered though there are some helpful data for a few of them. Glyphosate is described to



degenerate gastric epithelial cells affecting the gastric glands as well (Tizhe et al., 2014).
Aspartame, maybe through its metabolite methanol, can also affect gastric cells but either
high doses are needed or the existence of a distorted mucus layer created by an inflammatory
micro-environment (Abd Elfatah et al., 2012). Interestingly it is described that in
vagotomized and adrenalectomized rats, EDTA was able to significantly reduce basal gastric
acid production, an effect that could persist for at least 2 hours after its administration (Glavin
and Szabo, 1993). Taking all these into consideration, one can suppose that a synergistic
effect of a more alkali environment that EDTA could create, may allowed the rest of the
chemicals (such as glyphosate) to act with minimal alteration of their chemical structure.
Thus, the distortion of gastric tubular architecture can be considered as an effect of more than

one substances.

Kidney

Kidneys due to their function as one of the main excreting routes for xenobiotic
substances are exposed to a greater amount of toxic substances in relation to the other organs.
Thus, it is logical to assume that subjects exposed to a chemical cocktail would exhibit
pronounced renal damage. Indeed, this is proved from the renal examination of our
specimens. In more detail, a significant decrease of cellularity was found in all treated groups
in a dose-depended manner. This decrease affected all cell types of the renal parenchyma
(glomerulus, tubules) along with diffuse hemorrhagic regions and dilated tubular lumen.
However, tubular cell aggregates were visible only in the 0.05XxXNOAEL group. This means
that a pronounced nephrotoxic effect of the mix that can also be described as renal failure,
lead to glomerulonephritis and renal injury as proved by the aggregates. This type of injury is
described for the most of the chemicals administered. Methomyl is described to cause renal
injury with accompanying elevated renal biomarkers (Djeffal et al., 2015; Sakr et al., 2018).

Dimethoate is proved to create glomerular and tubular degeneration, hemorrhage, tubular



widened lumen and glomerular shrinkage (Alarami, 2015). On the other hand, even though
there are numerous studies advocating the nephrotoxic effect of Roundup ®, glyphosate is
not connected with it (Dedeke et al., 2018; Wunnapuk et al., 2014). However, this is not the
case for methyl parathion which is proved to cause distinguished renal damage in every renal
subunit via oxidative stress (Fuentes-Delgado et al., 2018; Kalender et al., 2007). Moreover,
the same oxidative nephrotoxic effect with renal cell apoptosis is exhibited by aspartame (A.
Al-Eisa et al., 2018). Additionally, bisphenol A was found capable of acting directly on the
kidney mitochondria, causing mitochondrial oxidative stress, dysfunction, and subsequently,
leading to whole organ damage (Jalal et al., 2018; Kobroob et al., 2018). On the contrary, the
nephroprotective effects of acacia gum were brought to light when it was found to ameliorate
the nephrotoxic damage from cisplatin administration (Al-Majed et al., 2003). Overall, it is
logical to attribute the renal injury and renal failure for the case of the high dose group to the

chemical mix.

Lung

The main finding from lung examination was the presence of inflammatory responses. In
detail, all treated groups exhibited advanced inflammatory infiltration in their alveoli in a
dose-response manner. Moreover, phagocytic activity was also present in all subjects (except
from the female low dose group where the score is not significantly different from the control
group) following the same pattern as before. In fact, these results are consistent with mild,
moderate and severe bronchopneumonia and bronchoalveolitis that worsened according to the
dose increase. This finding suggests that the chemical mix not only triggers an inflammatory
reaction of the host but also negatively affects the immune system (Zhao et al., 2014) given
the worse presentation of the 0.05xNOAEL group. Thus, these subjects are prone to lower
tract respiratory infections. Unfortunately, since touch preparation did not contain specimen

from the upper respiratory tract, no appreciation of the integrity of cilia can be made.



Nonetheless, it seems possible that middle and high dose groups would suffer from damaged
ciliated cells and or goblet cells, making the production of the mucus or its clearance
insufficient. Even though for almost half of the administered chemicals there are no sufficient
data regarding their potential toxic effect on lung, there are some interesting prior published
data supporting the above findings. Dimethoate is proved to cause histopathological changes
in lung tissue such as emphysema and hemorrhages due to an increased oxidative damage
(Amara et al., 2012). In the same view, methyl parathion is found to be able to cause lung
injury via its oxidative and pro-inflammatory action (Du et al., 2011). Glyphosate was also
found to cause lung hemorrhages and lung epithelial cell damage without knowing the
underlying mechanism (Adam et al., 1997; Khot et al., 2014). However, carbaryl can only
cause mild architectural damages to the alveoli (Tos-Luty et al., 2001). Finally, BPA can also
cause inflammation and oxidative stress responses with increased levels of malondialdehyde
(MDA), reduced concentrations of superoxide dismutase (SOD), and upregulation of

Interleukin-18 (IL-18) expression in lung tissue (Abedelhaffez et al., 2017).

Brain

Despite the fact that brain is partially protected by the blood brain barrier against
numerous substances, our findings prove that our mixture induces post-blood brain barrier
effects. In fact, a dose-related decrease of glial and astrocyte counts was evident across all
treated groups. While a relative male predominance on the 0.0025xNOAEL and
0.01xNOAEL groups was exhibited, this pattern reversed for the 0.05XxNOAEL group where
females had relatively higher rates of decreased cell counts. From a clinical point of view,
these findings can be interpreted as histological evidence of neurodegenerative disorders of
oxidative stress origin that rats may had suffered from. Interestingly, current literature
highlights the potential neurotoxic effects for the most compounds administered and further

relates them with distinct brain and cognitive disorders. Methomyl is found to induce



oxidative stress on the cortex and hippocampus vital areas for the conscious and
subconscious processing (Abedelhaffez et al., 2017; Adam et al., 1997). Triadimefon was
also related with disturbances of retinoic acid metabolism (a molecule that is critical in the
development and maintenance of spatial memory) in hippocampus. In addition, triadimefon
has been linked with increased locomotion and stereotypic behavior in rodents through
pathways similar to those produced by indirect-acting dopamine agonists (mainly in striatum)
(Freeborn et al., 2015; Walker et al., 1990; Xi et al., 2012). Moreover, dimethoate is proved
to cause significant oxidative stress in various brain regions (Sharma et al., 2005).
Glyphosate, linked with Parkinson’s disease, is also found to cause oxidative stress. The main
mechanisms that seem to induce this action are NMDA receptor activation, impairment of
cholinergic transmission, astrocyte dysfunction, ERK1/2 over-activation, decreased p65 NF-
kB phosphorylation (which are associated with oxidative stress and glutamate excitotoxicity).
Interestingly, rats that were exposed to glyphosate for a long period exhibited depressive-like
behavior, highlighting the effects in hippocampus and striatum (Cattani et al., 2017; Gallegos
et al., 2018; Herndndez-Plata et al., 2015; Rebai et al., 2017). Carbaryl and methyl parathion
can also induce neurotoxicity mainly through the inhibition of AChE and down-regulation of
muscarinic receptors in various regions including striatum, hippocampus, frontal cortex,
thalamus and midbrain (Herr et al., 2010; Sun et al., 2003). Chronic exposure to aspartame is
proved to alter electrolyte homeostasis, monoamine neurotransmitter synthesis and induction
of oxidative status in brain following a dose-depended pattern which may prove to be
dangerous for various cognitive functions (Abhilash et al., 2014, 2013; Ashok and
Sheeladevi, 2014). Lastly, bisphenol A is linked with marked lesions in cortex, hypothalamus
and hippocampus where it can induce marked oxidative stress and significant increase in the

excitatory and inhibitory amino acid neurotransmitters (Arambula et al., 2016; Khadrawy et



al., 2016).Overall, it seems that most of the chemicals contained in the chemical mix we

administered are able to cause significant neurotoxicity in a synergistic manner.

5. Conclusions

The exposure to very low doses of a mixture of 13 chemicals induced genotoxic effects
only in females. In testis, the level of cellularity and degenerative changes were affected in a
dose-dependent manner. The exposure to the chemicals mixture affects the level of glycogen
from the liver in a dose-dependent manner in both sexes. In stomach there were observed
degenerative changes of the cells and changes in tubular cell architecture that increase with
the doses tested in both sexes. The level of cellularity and tubular cell aggregates in the
kidney were dose-dependent affected by the mixture. In lungs, the level of inflammatory cells
and phagocytic activity by alveolar macrophages increased with the dose of the mixture
administered in both sexes. In the brain the mixture induced changes in glial and astrocyte
cells in both sexes. No cytotoxic effects were observed at heart, spleen, pancreas, muscles

and uterus level.

In summary, this study supports the hypothesis that the combined every-day life
exposure, even in very low doses that are considered safe can lead to adverse effects after
long term exposure. The risk assessment for the determination of the safety levels of
chemicals should be updated in order to take into account the real-life exposure scenarios and

to pass from the single-chemical approach to real life risk simulation approach.

Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.



CThe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Acknowledgements

This work was supported by Spin- Off Toxplus S.A. and by the Special Research

Account of University of Crete (ELKE nos. 4602, 4920 and 3963).



References:

Abd Elfatah AA, Ghaly IS, Hanafy SM. Cytotoxic effect of aspartame (diet sweet) on the
histological and genetic structures of female albino rats and their offspring. Pak J Biol Sci.

15(19):904-18, 2012.

Abedelhaffez AS, ElI-Aziz EAA, Aziz MAA, Ahmed AM. Lung injury induced by Bisphenol
A: A food contaminant, is ameliorated by selenium supplementation.

Pathophysiology.24(2):81-9, 2017.

Abhilash M, Alex M, Mathews VV, Nair RH. Chronic Effect of Aspartame on lonic
Homeostasis and Monoamine Neurotransmitters in the Rat Brain. Int J Toxicol. 33(4):332-41,

2014.

Abhilash M, Sauganth Paul MV, Varghese MV, Nair RH. Long-term consumption of

aspartame and brain antioxidant defense status. Drug Chem Toxicol. 36(2):135-40, 2013.

Adam A, Marzuki A, Abdul Rahman H, Abdul Aziz M. The oral and intratracheal toxicities

of ROUNDUP and its components to rats. Vet Hum Toxicol. 39(3):147-51, 1997.

Alarami AMJ. Histopathological Changes in the Liver and Kidney of Albino Mice on

Exposure to Insecticide, Dimethoate. Int.J.Curr.Microbiol. App.Sci. 4(7):287-300, 2015

Al-Eisa AR, Hamza ZR, Mehana EA, EI-Shen SN. The Influence of L-carnitine on

Aspartame Toxicity in Kidney of Male Rats. Int. J. Pharmacol. 14, 1118-1127, 2018.

Al-Eryani L, Wahlang B, Falkner KC, Guardiola JJ, Clair HB, Prough RA, Cave M.
Identification of Environmental Chemicals Associated with the Development of Toxicant-

associated Fatty Liver Disease in Rodents. Toxicol Pathol. 43(4):482-97, 2015.



Al-Majed AA, Abd-Allah AR, Al-Rikabi AC, Al-Shabanah OA, Mostafa AM. Effect of oral
administration of Arabic gum on cisplatin-induced nephrotoxicity in rats. J Biochem Mol

Toxicol. 17(3):146-53, 2003.

Amara 1B, Soudani N, Troudi A, Hakim A, Zeghal KM, Boudawara T, Zeghal N. Dimethoate
induced oxidative damage and histopathological changes in lung of adult rats: modulatory

effects of selenium and/or vitamin E. Biomed Environ Sci. 25(3):340-51, 2012.

Antwi SO, Eckert EC, Sabaque CV, Leof ER, Hawthorne KM, Bamlet WR, Chaffee KG,
Oberg AL, Petersen GM. Exposure to environmental chemicals and heavy metals, and risk of
pancreatic cancer. Cancer Causes Control. 26(11):1583-91, 2015.

Arambula SE, Belcher SM, Planchart A, Turner SD, Patisaul HB. Impact of Low Dose Oral
Exposure to Bisphenol A (BPA) on the Neonatal Rat Hypothalamic and Hippocampal

Transcriptome: A CLARITY-BPA Consortium Study. Endocrinology 157, 38563872, 2016.

Ashok I, Sheeladevi R. Biochemical responses and mitochondrial mediated activation of

apoptosis on long-term effect of aspartame in rat brain. Redox Biol. 2, 820-831, 2014.

Ayed-Boussema I, Rjiba K, Mnasri N, Moussa A, Bacha H. Genotoxicity evaluation of
dimethoate to experimental mice by micronucleus, chromosome aberration tests, and comet
assay. Int J Toxicol. 31(1):78-85, 2012.

Baltazar MT, Dinis-Oliveira RJ de Lourdes Bastos M: Pesticides exposure as etiological
factors of Parkinson’s disease and other neurodegenerative diseases — a mechanistic
approach. Toxicol Lett 2014: 230-232.

Bergman A°, Heindel JJ, Kasten T, et al.. The impact of endocrine disruption: a consensus

statement about the state of the science. Environ Health Perspect.12:104-106, 2013



Bianchi-Santamaria A, Gobbi M, Cembran M, Arnaboldi A. Human lymphocyte
micronucleus genotoxicity test with mixtures of phytochemicals in environmental
concentrations. Mutat Res. 1997;388(1):27-32

Bolognesi C, Peluso M, Degan P, Rabboni R, Munnia A, Abbondandolo A. Genotoxic effects
of the carbamate insecticide, methyomyl. Il. In vivo studies with pure compound and the
technical formulation, "Lannate 25". Environ Mol Mutagen. 24(3):235-42, 1994

Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP, Holland N, Kirsch-Volders M, Zeiger E,
Ban S, Barale R, Bigatti MP, Bolognesi C, Cebulska-Wasilewska A, Fabianova E, Fucic A,
Hagmar L, Joksic G, Martelli A, Migliore L, Mirkova E, Scarfi MR, Zijno A, Norppa H,
Fenech M. An increased micronucleus frequency in peripheral blood lymphocytes predicts
the risk of cancer in humans. Carcinogenesis. 28(3):625-31, 2007.

Bulka CM, Daviglus ML, Persky VW, Durazo-Arvizu RA, Lash JP, Elfassy T, Lee DJ,
Ramos AR, Tarraf W, Argos M. Association of occupational exposures with cardiovascular
disease among US Hispanics/Latinos. Heart. 105(6):439-48, 2019.

Cassault-Meyer E, Gress S, Séralini G-E, Galeraud-Denis I. An acute exposure to glyphosate-
based herbicide alters aromatase levels in testis and sperm nuclear quality. Environ. Toxicol.

Pharmacol. 38, 13140, 2014.

Cattani D, Cesconetto PA, Tavares MK, Parisotto EB, De Oliveira PA, Rieg CEH, Leite MC,
Prediger RDS, Wendt NC, Razzera G, Filho DW, Zamoner A. Developmental exposure to
glyphosate-based herbicide and depressive-like behavior in adult offspring: Implication of

glutamate excitotoxicity and oxidative stress. Toxicology 387, 67-80, 2017.

Clair E, Mesnage R, Travert C, Séralini, GE. A glyphosate-based herbicide induces necrosis
and apoptosis in mature rat testicular cells in vitro, and testosterone decrease at lower levels.

Toxicol. In Vitro 26, 269-79, 2012.



Colosio C, Rubino FM, Alegakis A et al.. Integration of biological monitoring, environmental
monitoring and computational modelling into the interpretation of pesticide exposure data:
introduction to a proposed approach. Toxicol Lett. 213(1):49-56, 2012.

Dardiotis E, Xiromerisiou G Hadjichristodoulou C: The interplay between environmental and
genetic factors in Parkinson’s disease susceptibility: the evidence for pesticides. Toxicology
307: 17-23, 2013.

de Liz Oliveira Cavalli VL, Cattani D, Heinz Rieg CE, Pierozan P, Zanatta L, Benedetti
Parisotto E, Wilhelm Filho D, Mena Barreto Silva FR, Pessoa-Pureur R, Zamoner A.
Roundup disrupts male reproductive functions by triggering calcium-mediated cell death in

rat testis and Sertoli cells. Free Radic. Biol. Med. 65, 335-346, 2013.

Dedeke GA, Owagboriaye FO, Ademolu KO, Olujimi OO, Aladesida AA. Comparative
Assessment on Mechanism Underlying Renal Toxicity of Commercial Formulation of
Roundup Herbicide and Glyphosate Alone in Male Albino Rat. Int. J. Toxicol. 37, 285-295,

2018.

Dere E, Anderson LM, Huse SM, Spade DJ, McDonnell-Clark E, Madnick SJ, Hall SJ,
Camacho L, Lewis SM, Vanlandingham MM, Boekelheide K. Effects of continuous
bisphenol A exposure from early gestation on 90 day old rat testes function and sperm
molecular profiles: A CLARITY-BPA consortium study. Toxicol. Appl. Pharmacol. 347, 1—

9, 2018

Diamantis A, Beloukas Al, Kalogeraki AM, Magiorkinis E. A brief chronicle of cytology:
from Janssen to Papanicolaou and beyond. Diagn Cytopathol. 2013;41(6):555-64.

Djeffal A, Messarah M, Boumendjel A, Kadeche L, Feki A EI. Protective effects of vitamin
C and selenium supplementation on methomyl-induced tissue oxidative stress in adult rats.

Toxicol. Ind. Health 31, 31-43, 2015.



Docea AO, Calina D, Goumenou M, Neagu M, Gofita E Tsatsakis A: Study design for the
determination of toxicity from long-term-low-dose exposure to complex mixtures of
pesticides, food additives and lifestyle products. Toxicol Lett 258: S179, 2016.

Docea AO, Vassilopoulou L, Fragou D, Arsene AL, Fenga C, Kovatsi L, Petrakis D,
Rakitskii VN, Nosyrev AE, Izotov BN, Golokhvast KS, Zakharenko AM, Vakis A,
Tsitsimpikou C, Drakoulis N. CYP polymorphisms and pathological conditions related to
chronic exposure to organochlorine pesticides. Toxicol Rep. 2017;4:335-41.

Docea AO, Gofita E, Goumenou M, Calina D, Rogoveanu O, Varut M, Olaru C, Kerasioti E,
Fountoucidou P, Taitzoglou I, et al: Six months exposure to a real life mixture of 13
chemicals' below individual NOAELSs induced non monotonic sex-dependent biochemical
and redox status changes in rats. Food Chem Toxicol 115: 470-481, 2018.

Docea AO, Goumenou M, Calina D, Arsene AL, Dragoi CM, Gofita E, Pisoschi CG, Zlatian
O, Stivaktakis PD, Nikolouzakis TK, Kalogeraki A, I1zotov BN, Galateanu B, Hudita A,
Calabrese EJ, Tsatsakis A. Adverse and hormetic effects in rats exposed for 12 months to low
dose mixture of 13 chemicals: RLRS part I11. Toxicol Lett. 2019;310:70-91.

Dolara P, Vezzani A, Caderni G, Coppi C, Torricelli F. Genetic toxicity of a mixture of
fifteen pesticides commonly found in the Italian diet. Cell Biol Toxicol. 9(4):333-43, 1993
Du Y, Wang T, Jiang N, Ren RT, Li C, Li CK, Fu FH. Sodium aescinate ameliorates liver

injury induced by methyl parathion in rats. Exp. Ther. Med. 3, 818-822, 2012.

Du Y, Wang T, Jiang N, Ren RT, Zhao DL, Li C, Fu FH. Protective effect of sodium
aescinate on lung injury induced by methyl parathion. Hum. Exp. Toxicol. 30, 1584-91,

2011.

EFSA (European Food Safety Authority). Conclusion on pesticide peer review regarding the

risk assessment of the active substance methomyl. EFSA Journal. 7(4):222r, 2009a



EFSA. Conclusion on the peer review of the pesticide risk assessment of confirmatory data
submitted for the active substance dimethoate. EFSA Journal. 11(7):3233, 2013a.

EFSA. Conclusion on the peer review of the pesticide risk assessment of the active substance
glyphosate. EFSA Journal. 13( 11):4302, 2015a

EFSA. Conclusion regarding the peer review of the pesticide risk assessment of the active
substance carbaryl. EFSA Journal. 4( 6):RN- 80, 1-71, 2006

EFSA. Draft Scientific Opinion on Exploring options for providing preliminary advice about
possible human health risks based on the concept of Threshold of Toxicological Concern
(TTC). EFSA Journal. 2011
http://lwww.efsa.europa.eu/sites/default/files/consultation/110712a.pdf

EFSA. EFSA Panel on Plant Protection Products and their Residues (PPR Panel) Scientific
Opinion on risk assessment for a selected group of pesticides from the triazole group to test
possible methodologies to assess cumulative effects from exposure throughout food from
these pesticides on human health on request of EFSA. EFSA Journal. 7 (9); 1167, 2009b.
EFSA. Gundert-Remy U, Bodin J, Bosetti C, FitzGerald RE, Hanberg A, Hass U, Hooijmans
C, Rooney AA, Rousselle C, van Loveren H, Wolfle D, Barizzone F, Croera C, Putzu C and
Castoldi AF 2017. Bisphenol A (BPA) hazard assessment protocol. EFSA Support. Publ. 14
(12), 2017. http://dx.doi.org/10.2903/sp.efsa.2017.EN-1354. EN- 1354. 76 pp.

EFSA. Opinion of the Scientific Panel on food additives, flavourings, processing aids and
materials in contact with food (AFC) related to para hydroxybenzoates (E 214- 219). EFSA
Journal. 2( 9):83, 2004

EFSA. Scientific Opinion on the re- evaluation of aspartame (E 951) as a food additive.

EFSA Journal. 11( 12):3496, 263, 2013b



EFSA. Scientific Opinion on the re- evaluation of benzoic acid (E 210), sodium benzoate (E
211), potassium benzoate (E 212) and calcium benzoate (E 213) as food additives. EFSA
Journal. 14( 3):4433, 2016

EFSA. Scientific Opinion on the risks to public health related to the presence of bisphenol A
(BPA) in foodstuffs: Executive summary. EFSA Journal. 13 ( 1):3978,2015b

EFSA. Scientific Opinion on the use of Gum Acacia modified with Octenyl Succinic
Anhydride (OSA) as a food additive. EFSA Journal. 8( 3):1539, 2010

EFSA. The 2013 European Union report on pesticide residues in food. EFSA J. 13 (3), 4038,
2015c.

Egger G, Dixon J. Beyond Obesity and Lifestyle: A Review of 21st Century Chronic Disease
Determinants. BioMed Research International. 2014:12, 2014.

Egger G. In search of a germ theory equivalent for chronic disease. Prev Chronic Dis. 9:E95,
2012.

European Commission Directive 2010/63/EU, http://eur-lex.europa.eu/legal-
content/EN/TXT/?urivaCELEX:32010L0063 (Official European Gazzette of European
Commission

European Commission, Joint Research Centre. The risk assessment of edetic acid (EDTA).
https://echa.europa.eu/documents/10162/5ed7db13-e932-4999-8514-378ce88ca51f, 2004
Fenech M, Knasmueller S, Bolognesi C, Bonassi S, Holland N, Migliore L, Palitti F,
Natarajan AT, Kirsch-Volders M. Molecular mechanisms by which in vivo exposure to
exogenous chemical genotoxic agents can lead to micronucleus formation in lymphocytes in

vivo and ex vivo in humans. Mutat Res. 770(Pt A):12-25, 2016.

Fenga C, Gangemi S, Teodoro M, Rapisarda V, Golokhvast K, Docea AO, Tsatsakis AM,
Costa C. 8-Hydroxydeoxyguanosine as a biomarker of oxidative DNA damage in workers

exposed to low-dose benzene. Toxicology Reports. 2017;4:291-5.



Finamor I, Pérez S, Bressan CA, Brenner CE, Rius-Pérez S, Brittes PC, Cheiran G, Rocha,
MI, da Veiga M, Sastre J, Pavanato MA. Chronic aspartame intake causes changes in the
trans-sulphuration pathway, glutathione depletion and liver damage in mice. Redox Biol. 11,

701-707, 2017.

Freeborn DL, McDaniel KL, Moser VC, Herr DW. Use of electroencephalography (EEG) to
assess CNS changes produced by pesticides with different modes of action: effects of
permethrin, deltamethrin, fipronil, imidacloprid, carbaryl, and triadimefon. Toxicol. Appl.

Pharmacol. 282, 184-94, 2015.

Fuentes-Delgado VH, Martinez-Saldafia MC, Rodriguez-Vazquez ML, Reyes-Romero MA,
Reyes-Sanchez JL, Jaramillo-Juérez F. Renal damage induced by the pesticide methyl

parathion in male Wistar rats. J. Toxicol. Environ. Heal. Part A 81, 130-141, 2018.

Gallegos CE, Baier CJ, Bartos M, Bras C, Dominguez S, Moénaco N, Gumilar F, Giménez
MS, Minetti A. Perinatal Glyphosate-Based Herbicide Exposure in Rats Alters Brain
Antioxidant Status, Glutamate and Acetylcholine Metabolism and Affects Recognition

Memory. Neurotox. Res. 34, 363-374, 2018.

Gangler S, Waldenberger M, Artati A, Adamski J, van Bolhuis JN, Sorgjerd EP, van Vliet-
Ostaptchouk J, Makris KC. Exposure to disinfection byproducts and risk of type 2 diabetes: a
nested case-control study in the HUNT and Lifelines cohorts. Metabolomics. 15(4):60, 2019.
Garg DP, Bhalla P, Kiran R, Bansal A, Dhawan DK. Vitamin E-mediated protection on

methomyl-induced alterations in rat liver. Toxicol. Environ. Chem. 91, 685-698, 20009.

GBD 2015 Risk Factors Collaborators. Global, regional, and national comparative risk

assessment of 79 behavioural, environmental and occupational, and metabolic risks or



clusters of risks, 1990-2015: a systematic analysis for the Global Burden of Disease Study
2015. Lancet. 388(10053):1659-1724, 2016

Georgiadis N, Tsarouhas K, Tsitsimpikou C, Vardavas A, Rezaee R, Germanakis I, Tsatsakis
A, Stagos D, Kouretas D. Pesticides and cardiotoxicity. Where do we stand? Toxicol Appl
Pharmacol. 353:1-14, 2018.

Ghisi Nde C, de Oliveira EC, Prioli AJ. Does exposure to glyphosate lead to an increase in
the micronuclei frequency? A systematic and meta-analytic review. Chemosphere. 145:42-54,
2016.

Glavin GB, Szabo S. Effects of the Ca2+ chelators EGTA and EDTA on ethanol- or stress-

induced gastric mucosal lesions and gastric secretion. Eur. J. Pharmacol. 233, 269-73, 1993.

Goetz AK, Dix DJ. Mode of action for reproductive and hepatic toxicity inferred from a

genomic study of triazole antifungals. Toxicol. Sci. 110, 449-62, 2009.

Goetz AK, Ren H, Schmid JE, Blystone CR, Thillainadarajah I, Best DS, Nichols HP, Strader
LF, Wolf DC, Narotsky MG, Rockett JC, Dix DJ. Disruption of Testosterone Homeostasis as
a Mode of Action for the Reproductive Toxicity of Triazole Fungicides in the Male Rat.

Toxicol. Sci. 95, 227-239, 2007.

Gonzélez-Cuevas J, Navarro-Partida J, Marquez-Aguirre AL, Bueno-Topete MR, Beas-
Zarate C, Armendariz-Borunda J. Ethylenediaminetetraacetic acid induces antioxidant and

anti-inflammatory activities in experimental liver fibrosis. Redox Rep. 16, 62—-70, 2011.

Grover IS, Malhi PK. Genotoxic effects of some organophosphorous pesticides. 1. Induction
of micronuclei in bone marrow cells in rat. Mutat Res. 155(3):131-4, 1985

Hamid M, Abdulrahim Y, Liu D, Qian G, Khan A, Huang K. The Hepatoprotective Effect of
Selenium-Enriched Yeast and Gum Arabic Combination on Carbon Tetrachloride-Induced

Chronic Liver Injury in Rats. J. Food Sci. 83, 525-534, 2018.



Hassan ZK, Elobeid MA, Virk P, Omer SA, EIAmin M, Daghestani MH, Alolayan EM.
Bisphenol A induces hepatotoxicity through oxidative stress in rat model. Oxid. Med. Cell.

Longev. 2012, 194829, 2012

Heise T, Schmidt F, Knebel C, Rieke S, Haider W, Geburek I, Niemann L, Marx-Stoelting P.
Hepatotoxic combination effects of three azole fungicides in a broad dose range. Arch.

Toxicol. 92, 859-872, 2018.

Hernandez A and Tsatsakis A: Human exposure to chemical mixtures: challenges for the
integration of toxicology with epidemiology data in risk assessment. Food Chem Toxicol
103: 188-193, 2017.

Hernandez-Plata I, Giordano M, Diaz-Mufioz M, Rodriguez VM. The herbicide glyphosate
causes behavioral changes and alterations in dopaminergic markers in male Sprague-Dawley

rat. Neurotoxicology 46, 79-91, 2015.

Herr DW, Mwanza JC, Lyke DF, Graff JE, Moser VC, Padilla S. Relationship between brain

and plasma carbaryl levels and cholinesterase inhibition. Toxicology 276, 172-183, 2010.

Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-
alpha: direct role in obesity-linked insulin resistance. Science. 259(5091):87-91, 1993.
Howard SG. Exposure to environmental chemicals and type 1 diabetes: an update. J
Epidemiol Community Health. pii: jech-2018-210627, 2019.

Jalal N, Surendranath AR, Pathak JL, Yu S, Chung CY. Bisphenol A (BPA) the mighty and
the mutagenic. Toxicol Rep. 2018;5:76-84.

Inhorn MC, Patrizio P. Infertility around the globe: new thinking on gender, reproductive
technologies and global movements in the 21st century. Hum. Reprod. Update 21, 411-426,

2015.



Kalender S, Kalender Y, Durak D, Ogutcu A, Uzunhisarcikli M, Cevrimli BS, Yildirim M.
Methyl parathion induced nephrotoxicity in male rats and protective role of vitamins C and E.

Pestic. Biochem. Physiol. 88, 213-218, 2007.

Khadrawy YA, Noor NA, Mourad IM, Ezz HSA. Neurochemical impact of bisphenol A in

the hippocampus and cortex of adult male albino rats. Toxicol. Ind. Health 32, 1711-9, 2016.

Khalil WKB, Ahmed KA, Park MH, Kim YT, Park HH, Abdel-Wahhab MA. The inhibitory
effects of garlic and Panax ginseng extract standardized with ginsenoside Rg3 on the
genotoxicity, biochemical, and histological changes induced by ethylenediaminetetraacetic

acid in male rats. Arch. Toxicol. 82, 18395, 2008

Khot R, Joshi P, Pandharipande M, Nagpure K, Thakur D. Glyphosate poisoning with acute

pulmonary edema. Toxicol. Int. 21, 328, 2014.

Kobroob A, Peerapanyasut W, Chattipakorn N, Wongmekiat O. Damaging Effects of
Bisphenol A on the Kidney and the Protection by Melatonin: Emerging Evidences from In

Vivo and In Vitro Studies. Oxid. Med. Cell. Longev. 2018, 3082438, 2018

Kostoff RN, Goumenou M, Tsatsakis A. The role of toxic stimuli combinations in

determining safe exposure limits. Toxicol Rep. 2018;5:1169-72.

Kwape TE, Chaturvedi P, Kamau JM, George S. Hepato-protective potential of methanol
extract of leaf of Ziziphus mucronata (ZMLM) against dimethoate toxicity: biochemical and

histological approach. Ghana Med. J. 47, 112-20, 2013.

Mahajan R, Hamid S, Singh H. Histopathological Effects of Carbaryl on Liver in Albino
Rats. Histopathol. Eff. Carbaryl Liver Albino Rats Euroasian J. Hepato-Gastroenterology

3(1) 1-7, 2013



Mahgoub AA, El-Medany AH. Evaluation of chronic exposure of the male rat reproductive

system to the insecticide methomyl. Pharmacol. Res. 44, 73-80, 2001.

Mantovani A: Endocrine disruptors and the safety of food chains. Horm Res.Paediatr 86(4):
279-288, 2016.

Marotta V, Russo G, Gambardella C, Grasso M, La Sala D, Chiofalo MG, D'Anna R,
Puzziello A, Docimo G, Masone S, Barbato F, Colao A, Faggiano A, Grumetto L. Human
exposure to bisphenol AF and diethylhexylphthalate increases susceptibility to develop
differentiated thyroid cancer in patients with thyroid nodules. Chemosphere. 218:885-94,
2019.

McCance KL and Huether SE. Pathophysiology: The Biologic Basis for Disease in Adults
and Children. 7th ed. Elsevier Mosby, Canada, 2013.

Medzhitov R. Origin and physiological roles of inflammation. Nature. 454(7203):428-35,
2008.

Mehrpour O, Karrari P, Zamani N, Tsatsakis AM Abdollahi M: Occupational exposure to
pesticides and consequences on male semen and fertility: a review. Toxicol Lett 230: 146-
156, 2014.

Mesnage R, Renney G, Séralini GE, Ward M, Antoniou MN. Author Correction: Multiomics
reveal non-alcoholic fatty liver disease in rats following chronic exposure to an ultra-low

dose of Roundup herbicide. Sci. Rep. 8, 12572, 2018.

Narayana K. Methyl parathion induces the formation of symplasts by round spermatid fusion

and alters the biochemical parameters in the testis. Morphologie 91, 173-9, 2007.

Nishihama Y, Yoshinaga J, lida A, Konishi S, Imai H, Yoneyama M, Nakajima D, Shiraishi
H: Association between paraben exposure and menstrual cycle in female university students

in Japan. Reprod Toxicol 63:107-13, 2016.



OECD, Test No. 474: Mammalian Erythrocyte Micronucleus Test, OECD Guidelines for the
Testing of Chemicals, Section 4, OECD Publishing, Paris, 2016.
Oishi S. Effects of butylparaben on the male reproductive system in rats. Toxicol. Ind. Health

17, 31-39, 2001.

Oyewole O. Sodium Benzoate Mediated Hepatorenal Toxicity in Wistar Rat: Modulatory

Effects of Azadirachta indica (Neem) Leaf. European J. Med. Plants 2, 11-18, 2012.

Pant N, Srivastava SC, Prasad AK, Shankar R, Srivastava SP. Effects of carbaryl on the rat’s

male reproductive system. Vet. Hum. Toxicol. 37, 421-5, 1995.

Patel S, Sangeeta S. Pesticides as the drivers of neuropsychotic diseases, cancers, and
teratogenicity among agro-workers as well as general public. Environ Sci Pollut Res Int.
26(1):91-100, 2019.

Patil JA, Patil AJ, Sontakke AV, Govindwar SP. Effect of methomyl on hepatic mixed

function oxidases in rats. Indian J. Pharmacol. 40, 158-63, 2008.

Petrakis D, Vassilopoulou L, Mamoulakis C, Psycharakis C, Anifantaki A, Sifakis S, Docea
AO, Tsiaoussis J, Makrigiannakis A Tsatsakis AM: Endocrine Disruptors Leading to Obesity
and Related Diseases. Int J Environ Res Public Health 14(10):18, 2017.

Philips EM, Jaddoe VWV, Trasande L. Effects of early exposure to phthalates and bisphenols
on cardiometabolic outcomes in pregnancy and childhood. Reprod Toxicol. 68:105-18, 2017.
Pisanello D. EU Regulations on Chemicals in Foods. In: Chemistry of Foods: EU Legal and
Regulatory Approaches. Springer Briefs in Molecular Science. Springer, Cham, pp. 15-77,
2014

Radzikowska J, Gajowik A, Dobrzynska M. [Induction of micronuclei in peripheral blood
and bone marrow reticulocytes of male mice after subchronic exposure to x-rays and

bisphenol A]. Rocz Panstw Zakl Hig. 63(1):17-23, 2012



Rebai O. Belkhir M, Boujelben A, Fattouch S, Amri, M. Morus alba leaf extract mediates
neuroprotection against glyphosate-induced toxicity and biochemical alterations in the brain.

Environ. Sci. Pollut. Res. Int. 24, 9605-9613, 2017.

Sakr S, Hassanien H, Bester MJ, Arbi S, Sobhy A, el Negris H, Steenkamp V. Beneficial
effects of folic acid on the kidneys and testes of adult albino rats after exposure to methomyl.

Toxicol. Res. (Camb). 7, 480491, 2018.

Sayim F. Histopathological effects of dimethoate on testes of rats. Bull. Environ. Contam.

Toxicol. 78, 479-84, 2007.

Sengupta P. The Laboratory Rat: Relating Its Age With Human's. Int J Prev Med. 4(6):624-
30, 2013.
Shalaby MA, El Zorba HY, Ziada RM. Reproductive toxicity of methomyl insecticide in

male rats and protective effect of folic acid. Food Chem. Toxicol. 48, 3221-3226, 2010.

Sharma Y, Bashir S, Irshad M, Nag TC, Dogra TD. Dimethoate-induced effects on
antioxidant status of liver and brain of rats following subchronic exposure. Toxicology 215,

173-81, 2005.

Sun T, Ma T, Ho IK. Differential modulation of muscarinic receptors in the rat brain by

repeated exposure to methyl parathion. J. Toxicol. Sci. 28, 427-38, 2003.

Tavares RS, Martins FC, Oliveira PJ, Ramalho-Santos J, Peixoto FP. Parabens in male

infertility—Is there a mitochondrial connection? Reprod. Toxicol. 27, 1-7, 2009.

Tiwari D, Kamble J, Chilgunde S, Patil P, Maru G, Kawle D, et al. Clastogenic and
mutagenic effects of bisphenol A: an endocrine disruptor. Mutat Res. 743(1-2):83-90, 2012.
Tizhe EV, Ibrahim NDG, Fatihu MY, Onyebuchi Il, George BDJ, Ambali SF, Shallangwa

JM. Influence of zinc supplementation on histopathological changes in the stomach, liver,



kidney, brain, pancreas and spleen during subchronic exposure of Wistar rats to glyphosate.

Comp. Clin. Path. 23, 1535-1543, 2014.

Tos-Luty S, Przebirowska D, Latuszynska J, Tokarska-Rodak M. Histological and
ultrastructural studies of rats exposed to carbaryl. Ann. Agric. Environ. Med. 8, 137-44,

2001.

Tsatsakis AM Lash LH: Toxicology: The basic science for human well-being and
environmental health. Toxicol Rep 4: x-xi, 2017

Tsatsakis AM, Docea AO Tsitsimpikou C: New challenges in risk assessment of chemicals
when simulating real exposure scenarios; simultaneous multi-chemicals' low dose exposure.
Food Chem Toxicol 96: 174-176, 2016..

Tsatsakis AM, Kouretas D, Tzatzarakis MN, Stivaktakis P, Tsarouhas K, Golokhvast KS,
Rakitskii VN, Tutelyan VA, Hernandez AF, Rezaee R, et al: Simulating real-life exposures to
uncover possible risks to human health: A proposed consensus for a novel methodological
approach. Hum Exp Toxicol 36: 554-564, 2017.

Tsatsakis AM, Vassilopoulou L, Kovatsi L, Tsitsimpikou C, Karamanou M, Leon G,
Liesivuori J, Hayes AW Spandidos DA: The dose response principle from philosophy to
modern toxicology: The impact of ancient philosophy and medicine in modern toxicology
science. Toxicol Rep 5: 1107-1113, 2018.

Tsatsakis AM, Docea AO, Calina D, Buga AM, Zlatian O, Gutnikov S, Kostoff RN, Aschner
M. Hormetic Neurobehavioral effects of low dose toxic chemical mixtures in real-life risk
simulation (RLRS) in rats. Food Chem Toxicol. 2019;125:141-9.

Tzatzarakis MN, Karzi V, Vakonaki E, Goumenou M, Kavvalakis M, Stivaktakis P,
Tsitsimpikou C, Tsakiris I, Rizos AK, Tsatsakis AM. Bisphenol A in soft drinks and canned

foods and data evaluation. Food Addit Contam Part B Surveill 10(2):85-90, 2017.



Ullah A, Pirzada M, Jahan S, Ullah H, Shaheen G, Rehman H, Siddiqui MF, Butt MA.
Bisphenol A and its analogs bisphenol B, bisphenol F, and bisphenol S: Comparative in vitro
and in vivo studies on the sperms and testicular tissues of rats. Chemosphere 209, 508-516,

2018.

Vassilopoulou L, Psycharakis C, Petrakis D, Tsiaoussis J, Tsatsakis AM. Obesity, Persistent
Organic Pollutants and Related Health Problems. Adv Exp Med Biol. 960:81-110, 2017.
Veremchuk LV, Tsarouhas K, Vitkina T, Mineeva EE, Gvozdenko TA, Antonyuk MV,
Rakitskii VN, Sidletskaya KA, Tsatsakis AM, Golokhvast KS. Impact evaluation of
environmental factors on respiratory function of asthma patients living in urban territory.
Environ Pollut. 235:489-96, 2018.

Vijayaraghavan M, Nagarajan B. Mutagenic potential of acute exposure to organophosphorus
and organochlorine compounds. Mutat Res. 321(1-2):103-11, 1994

Vinceti M, Mandrioli J, Borella P, Michalke B, Tsatsakis A, Finkelstein Y. Selenium
neurotoxicity in humans: bridging laboratory and epidemiologic studies. Toxicol Lett.
230(2):295-303, 2014.

Vinceti M, Violi F, Tzatzarakis M, Mandrioli J, Malagoli C, Hatch EE, Fini N, Fasano A,
Rakitskii VN, Kalantzi Ol, Tsatsakis A. Pesticides, polychlorinated biphenyls and polycyclic
aromatic hydrocarbons in cerebrospinal fluid of amyotrophic lateral sclerosis patients: a case-
control study. Environ Res. 155:261-7, 2017.

Walker QD, Lewis MH, Crofton KM, Mailman RB. Triadimefon, a triazole fungicide,
induces stereotyped behavior and alters monoamine metabolism in rats. Toxicol. Appl.

Pharmacol. 102, 47485, 1990.

Wei LY, Chao JS, Hong CC. Assessment of the ability of propoxur, methomyl, and aldicarb,
three carbamate insecticides, to induce micronuclei in vitro in cultured Chinese hamster

ovary cells and in vivo in BALB/c mice. Environ Mol Mutagen. 29(4):386-93, 1997.



Wunnapuk K, Gobe G, Endre Z, Peake P, Grice JE, Roberts MS, Buckley NA, Liu X. Use of
a glyphosate-based herbicide-induced nephrotoxicity model to investigate a panel of kidney

injury biomarkers. Toxicol. Lett. 225, 192-200, 2014

XiJ, Yang Z, Zeng C, Hu X, Wang J. Suppressive effect of triadimefon, a triazole fungicide,

on spatial learning and reference memory in rats. Behav. Pharmacol. 23, 727-734, 2012.

Yang C, Barlow SM, Muldoon Jacobs KL, Vitcheva V, Boobis AR, Felter SP, Arvidson KB,
Keller D, Cronin MTD, Enoch S, Worth A, Hollnagel HM. Thresholds of Toxicological
Concern for cosmetics-related substances: New database, thresholds, and enrichment of

chemical space. Food Chem. Toxicol. 109, 170-193, 2017.

Zaganas |, Kapetanaki S, Mastorodemos V, Kanavouras K, Colosio C, Wilks MF Tsatsakis
AM: Linking pesticide exposure and dementia: what is the evidence? Toxicology 307: 3-11,
2013.

Zhang L, Dong L, Ding S, Qiao P, Wang C, Zhang M, Zhang L, Du Q, Li Y, Tang N, Chang
B. Effects of n-butylparaben on steroidogenesis and spermatogenesis through changed E(2)

levels in male rat offspring. Environ Toxicol Pharmacol. 37(2):705-17, 2014.

Zhao H, Li W, Gao Y, Li J, Wang H. Exposure to particular matter increases susceptibility to
respiratory Staphylococcus aureus infection in rats via reducing pulmonary natural killer

cells. Toxicology 325, 180-188, 2014.



14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00
c,g & & F 0&;@@ Q@@ st’@ i&$ & S
B PCE/(PCE+NCE)%
70.00
60.00
50.00 H—;\i i\}/!\i i‘;\;\i
40.00
30.00
20.00
10.00
0.00
c,Q 9@‘2 & & @Q&éﬁ 09\;“ 0@“ (5‘@@.5‘ Qs‘,‘ Q@
oS

Figure 1 A) The effect of exposure to chemical mixture on mean micronuclei frequency
in rat bone marrow cells. Horizontal axis: doses x NOAEL, vertical axis: mean MN
frequency B) The effect of exposure to chemical mixture on erythrocytes ratio

[PCE/(PCE+NCE) %] in rat bone marrow cells. Horizontal axis: doses x NOAEL,



vertical axis: erythrocytes ratio fluctuation. C: control, CM: control males, CF: control
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Figure 2. Effect of exposure to chemical mixture on testis tissue morphology. Testis
cytopathological changes as determined by TPT. A. Degree of cellularity. B.

Degenerative changes of the cells
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Figure 3. Effect of exposure to chemical mixture on liver tissue morphology. Liver

cytopathological changes as determined by TPT. Liver hepatocyte glycogen content

Figure 4. Cytopathological examination of liver tissue. A. Control group x200: CG=

Hepatocytes with intact glycogen content, RBCs= red blood cells.; B: 0.05x NOAEL

group x200. EH= empty hepatocytes (Hepatocytes with lost glycogen deposition), RBC=

Red blood cells.
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Figure 5.Effect of exposure to chemical mixture on stomach tissue morphology.

Stomach cytopathological changes as determined by TPT. A. Degenerative changes of

the cells. B. Tubular cell architecture changes.
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Figure 6. Effect of exposure to chemical mixture on kidney tissue morphology. Kidney

cytopathological changes as determined by TPT. A. Level of cellularity. B.Tubular cell

aggregates.

Figure 7. Cytopathological examination of kidney tissue. A. Control group x 200.
RG=Renal glomerulus. Normal shape and number of renal glomeruli with normal
cellularity level. B. 0.05x NOAEL group x200. TA= Tubular cell aggregates, RBC=Red
blood cells. Severe numerical reduction in cellularity with intense growth in tubular cell
aggregates forming renal tubules molds with diffuse hemorrhagic lesions and

destruction of the tissue
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Figure 8. Effect of exposure to chemical mixture on lung tissue morphology. Lung
Cytopathological changes as determined by TPT. A. Inflammatory cells. Phagocytic

activity by alveolar macrophages.
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Figure 9. Cytopatological examination of lung tissue. A. Control group x200. AV=
alveolus, IM= inactive macrophages, 1C= Inflammatory cells, RBC= Red blood cells. No
phagocytic activity by alveolar macrophages with mild inflammatory cells infiltration
and low presence of red blood cells. B. 0.05x NOAEL group x200. AV= alveolus, AM=
activated macrophages, IC= Inflammatory cells, RBC= Red blood cells. Marked
phagocytic activity by alveolar macrophages with inflammatory cells infiltration and

diffuse hemorrhagic infiltration
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Figure 10. Effect of exposure to chemical mixture on brain tissue morphology. Brain

Cytopathological changes as determined by TPT Glial and astrocyte cells.

Figure 11. Cytopatological examination of brain tissue. A. Control group x200, AC=
astrocytes, GC=glial cells RBC= Red blood cells. Normal number of glial cells and
astrocytes with red blood cells presence. B. 0.05x NOAEL group x200, AC= astrocytes,
GC=glial cells, RBCs=Red blood cells. Severe numerical reduction of glial and

astrocyte cells with red blood cells presence
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Figure 12. Graphical representation of a literature summary regarding the groups of
chemicals that affect each organ. Solid lines represent a negative effect while dashed lines

represent a protective effect



Table 1. The toxicological reference values for the individual chemicals used in the

mixture and the critical effect

Chemical ADI/TDI (mg/kg bw/day) NOAEL rats Negative outcome
(mg/kg bw/day)
Methomyl 0.0025 (EFSA, 2009a) 0.25 (EFSA, 2009a) Neurotoxicity

Triadimefon (Bayleton)

Dimethoate

Glyphosate

Carbaryl

Methyl parathion

Aspartame

Sodium benzoate

EDTA

Ethylparaben

Butylparaben

Bisphenol A

Acacia gum

0.03 (EFSA, 2009b)

0.001 (EFSA, 2013a)

0.5 (EFSA, 2015a)

0.0075 (EFSA, 2006)

0.003 (EFSA, 2011)

40 (EFSA, 2013b)

5 (EFSA, 2016)

2.5 (European Commission,

Joint Research Centre, 2004)

10 (EFSA, 2004)

0.5 (EFSA, 2004)

0.004 (EFSA, 2015b)

34 (EFSA, 2010)

3.4 (EFSA, 2009b)

0.1 (EFSA, 2013a)

50 (EFSA, 2015a)

1 (EFSA, 2006)

0.3 (EFSA, 2011)

4000 (EFSA, 2013)

500 (EFSA, 2016)

250 (European Commission,

Joint Research Centre, 2004)

1000

500

0.4

3411 (EFSA, 2010)

Hepatotoxicity

Reproduction,
neurotoxicity and
developmental

neurotoxicity

Developmental toxicity

Neurotoxicity

Neurotoxicity

Developmental and
maternal toxicity,

carcinogenicity

Developmental toxicity

Reproductive toxicity

Male reproductive system

Male reproductive system

Kidney and liver toxicity

No observed toxicity



Table 2. The scoring system used for the quantification of the injury of the organs

analysed by touch preparation technique (comparison is made with controls)

Grade of | Score Effect description
Organ Effect
injury
Testis No 0 Normal cell number
Cellularity Mild 1 <10% reduction in cellularity
Moderate | 2 <30% reduction in cellularity
Severe 3 >30% reduction in cellularity
No 0 Normal cellular structure
Degenerative | Mild 1 <10% cellular/nuclear deformities
changes of
Moderate | 2 <30% cellular/nuclear deformities
the cells
Severe 3 >30% cellular/nuclear deformities
Cellularity No 0 Normal cell number
Mild 1 <10% reduction in cellularity
Moderate | 2 <30% reduction in cellularity
Liver Severe 3 >30% reduction in cellularity
No 0 Normal cellular glycogen content
Glycogen loss | Mild 1 <10% cellular glycogen lost
Moderate | 2 <30% cellular glycogen lost




Severe

>30% cellular glycogen lost

Degenerative | No Normal cellular structure
changes of
Mild <10% cellular/nuclear deformities
the cells
Moderate <30% cellular/nuclear deformities
Severe >30% cellular/nuclear deformities
Stomach No Normal cell number
Cellularity Mild <10% reduction in cellularity
Moderate <30% reduction in cellularity
Severe >30% reduction in cellularity
No Growth in tubular cell aggregates is absent
Tubular cell Mild <10% increase of tubular cell aggregates
architecture
Moderate <30% increase of tubular cell aggregates
changes
Severe >30% increase of tubular cell aggregates
No Normal cell number
Cellularity Mild <10% reduction in cellularity
Moderate <30% reduction in cellularity
Severe >30% reduction in cellularity
Kidney | Level of No Growth in tubular cell aggregates is absent
growth in
Mild <10% increase of tubular cell aggregates




tubular cell Moderate <30% increase of tubular cell aggregates
aggregates i
Severe >30% increase of tubular cell aggregates
No No inflammatory cell infiltration
Inflammatory | Mild <10% increase of inflammatory cells
Cells
Lung Moderate <30% increase of inflammatory cells
Severe >30% increase of inflammatory cells
Phagocytic No No alveolar macrophages present
activity by
Mild <10% increase of phagocytic activity (presence
alveolar
of phagosomes)
macrophages
Moderate <30% increase of phagocytic activity (presence
of phagosomes)
Severe >30% increase of phagocytic activity (presence
of phagosomes)
No Normal cell number
Brain Glial and Mild <10% numerical reduction
astrocyte cells
Moderate <30% numerical reduction
number
Severe >30% numerical reduction
No Normal cellular structure
Heart Degenerative | Mild <10% cellular/nuclear deformities
changes of
Moderate <30% cellular/nuclear deformities




the cells Severe 3 >30% cellular/nuclear deformities
No 0 Normal cellular structure
Spleen Degenerative | Mild 1 <10% cellular/nuclear deformities
changes of
Moderate | 2 <30% cellular/nuclear deformities
the cells
Severe 3 >30% cellular/nuclear deformities
No 0 Normal cellular structure
Pancreas | Degenerative | Mild 1 <10% cellular/nuclear deformities
changes of
Moderate | 2 <30% cellular/nuclear deformities
the cells
Severe 3 >30% cellular/nuclear deformities
Degenerative | No 0 Normal cellular structure
changes of
Muscle Mild 1 <10% cellular/nuclear deformities
the cells
Moderate | 2 <30% cellular/nuclear deformities
Severe 3 >30% cellular/nuclear deformities
No 0 Normal cellular structure
Uterus Degenerative | Mild 1 <10% cellular/nuclear deformities
changes of
Moderate | 2 <30% cellular/nuclear deformities
the cells
Severe 3 >30% cellular/nuclear deformities

Table 3. The effect of exposure to chemical mixture on micronuclei frequency in rat bone

marrow cells




Descriptives Group Mean | SD | 95%ClI Minimum | Maximum
95%LB | 95%UB
PCEs/(PCEs+NCEs) | Control 53,6 |3,1|514 55,8 49,6 58,2 F 5,957
% 0,0025xNOAEL | 51,5 | 4,2 | 48,5 54,5 46,2 57,4 dfl, | 3,36
df2
0.01XNOAEL 51,1 |2,5|493 52,9 46,4 54,4 p 0,002
0.05XxNOAEL 478 |2,3|46,1 49,5 44,8 52,2
MNPCESs %o Control 6 08|54 6,6 5 7 F 22,005
0,0025xNOAEL | 6,8 0,6 | 6,3 7,3 6 8 dfl, | 3, 36
df2
0.01XNOAEL 8,4 13|74 9,4 7 11 p <0,001
0.05xNOAEL 105 2119 12 8 13
(A)
Multiple Comparisons
Dependent Variable (1) Dose
Control | 0,0025xNOAEL | 0.01XxNOAEL | 0.05xNOAEL
Sig. Sig. Sig. Sig.
PCEs/(PCEs+NCEs) | LSD Control 0,136 0,083 0,000
% 0,0025xNOAEL | 0,136 0,797 0,012
0.01xNOAEL 0,083 0,797 0,022
0.05XxNOAEL 0,000 0,012 0,022
Dunnettt | Control 0,307 0,197 0,001
(2-sided)®
MNPCESs %o LSD Control 0,190 0,000 0,000
0,0025xNOAEL | 0,190 0,011 0,000
0.01XNOAEL 0,000 0,011 0,001
0.05XxNOAEL 0,000 0,000 0,001
Dunnettt | Control 0,410 0,001 0,000
(2-sided)®

b. Dunnett t-tests treat one group as a control, and compare all other groups against it.

(B)

Micronuclei in PCEs

Male Subjects

MN = SD

P




Control 5.8+0.84
0.0025 x NOAEL | 6.8 +0.45 | 0.69
0.01 x NOAEL 7.4+0.55 | 0.52
0.05 x NOAEL 8.6 £0.55 | 0.28
Female Subjects | MN+SD | p
Control 6.2+0.84
0.0025 x NOAEL | 6.8+0.84 | 0.81
0.01 x NOAEL 94+1.14|0.23

124 +
0.05 x NOAEL 0.55 0.03
All subjects MN+SD | p
Control 6.0+0.81
0.0025 x NOAEL | 6.8 +0.63 | 0.75
0.01 x NOAEL 8.4+1.35 | 0.35
0.05x NOAEL | 10:5%

2.07 0.09

(©)

Male Subjects | PCEs/(PCEs+NCEs) %
Control 52.96 + 3.48
0.0025xNOAEL | 50.20 + 4.58
0.01 x NOAEL |52.44+1.68
0.05 x NOAEL | 47.76 +2.18
Female
Subjects PCEs/(PCEs+NCEs) %
Control 54.24 +2.93
0.0025xNOAEL | 52.76 + 3.73
0.01 x NOAEL | 49.80 +2.57
0.05x NOAEL | 47.84+2.74
All subjects PCEs/(PCEs+NCEs) %
Control 53.60+3.11
0.0025 x
NOAEL 5148 +4.16
0.01 x NOAEL |51.12+2.48
0.05 x NOAEL

47.80 + 2.34
(D)




Table 4. Results of cytopathological examination of tissue samples by the touch

preparation technique

MALES FEMALES
0.0025 0.01 0.05 0.0025 0.01 0.05
Organ Effect Grade of
Control X X X Control | x X X
injury
NOAEL NOAEL NOAEL NOAEL NOAEL NOAEL
No 4/5 - - - - - - -
Mild 1/5 4/5 - - - - - -
Cellularity
Moderate - 1/5 4/5 1/5 - - - -
Severe - - 1/5 4/5 - - - -
Testis
No 4/5 4/5 - - - - - -
Degenerativ
Mild 1/5 1/5 4/5 - - - - -
e changes of
Moderate - - 1/5 1/5 - - - -
the cells
Severe - - - 4/5 - - - R
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Mild - - - - - - -
Cellularity
Moderate - - - - - - - -
Severe - - - - - - - -
Liver
No 5/5 5/5 - - 5/5 5/5 - -
Glycogen Mild - - 1/5 - - - 1/5 -
loss Moderate - - 4/5 1/5 - - 4/5 1/5
Severe - - - 4/5 - - - 4/5
No 5/5 5/5 - - 5/5 5/5 - -
Degenerativ
Mild - - 1/5 - - - 1/5 -
e changes of
Moderate - - 4/5 1/5 - - 4/5 1/5
the cells
Severe - - - 4/5 - - - 4/5
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Stomac Mild - - - - - R R R
Cellularity
h Moderate | - - - - - - - -
Severe - - - - - - - -
No 5/5 5/5 - - 5/5 5/5 - -
Tubular cell
Mild - - 1/5 - - - 1/5 -
architecture
Moderate - - 4/5 1/5 - - 4/5 1/5
changes
Severe - - - 4/5 - - - 4/5
No 5/5 - - - 4/5 - - -
Mild - 4/5 1/5 - 1/5 4/5 - -
Cellularity
Moderate - - 4/5 1/5 - 1/5 4/5 1/5
Kidneys
Severe - 1/5 - 4/5 - - 1/5 4/5
Level of No 5/5 5/5 5/5 - 5/5 5/5 5/5 -
growth in Mild - - - - - - - -




tubular cell Moderate - - - 1/5 - - - 1/5
aggregates Severe - - - 4/5 - - - 4/5
No 5/5 - - - 5/5 1/5 - -
Mild - 4/5 1/5 - - 4/5 1/5 -
Inflammator |—zoa 1/5 4/5 - - - 415 1/5
y Cells Severe - - - 5/5 - - - 4/5
Lungs Phagocytic No 5/5 - - - 4/5 1/5 - -
activity by Mild - 4/5 - 1/5 1/5 4/5 1/5 -
alveolar Moderate - 1/5 5/5 1/5 - - 4/5 1/5
macrophage - - - 3/5 - - - 4/5
Severe
s
No 5/5 - - - 5/5 1/5 - -
Glial and
Mild - 4/5 - - - 4/5 1/5 -
Brain astrocyte
Moderate - 1/5 4/5 1/5- - - 4/5 -
cells
Severe - - 1/5 4/5 - - - 5/5
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Degenerativ Mild - - - - - - R R
Heart
e changes of Moderate - - - - - - - -
the cells Severe - - - - B _ N N
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Degenerativ
Mild - - - - - - - -
Spleen e changes of
Moderate - - - - - - - -
the cells
Severe - - - - - - - -
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Pancrea | Degenerativ Mild - - - - - - - -
S e changes of Moderate - - - - - - - -
the cells Severe - 5 = - - - - -
No 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5
Degenerativ
Mild - - - - - - - -
Muscles | e changes of
Moderate | - - - - - - - -
the cells
Severe - - - - - - - -
No - - - - 5/5 5/5 5/5 5/5
Degenerativ
Mild - - - - - - - -
Uterus e changes of
Moderate - - - - - - - -

the cells

Severe




Table 5. The effect of exposure to chemical mixture on rat tissues morphology as

determined by the touch preparation technique and expressed as the average score of

injury
MALES FEMALES
0.0025 0.01 0.05 0.0025 0.01 0.05
Organ Effect
Control X X X Control | x X X
NOAEL NOAEL NOAEL NOAEL NOAEL NOAEL
Cellularity 0.2 1.2* 1.8* 2.8* - - - -
Testis Degenerative
changes of the 0.2 0.2 1.2* 2.8* - - - -
cells
Cellularity 0 0 0 0 0 0 0 0
Liver
Glycogen loss 0 0 1.8* 2.8* 0 0 1.8* 2.8*
Degenerative
changes of the 0 0 1.8* 2.8* 0 0 1.8* 2.8*
cells
St
omee Cellularity 0 0 0 0 0 0 0 0
h
Tubular cell
architecture 0 0 1.8* 2.8* 0 0 1.8* 2.8*
changes
Cellularity 0 1.2* 1.8* 2.8* 0.2 1.4* 2.2* 2.8*
Level of
Kidneys wth i
ro in
’ 0 0 0.1 2.8* 0 0 0.1 2.8*
tubular cell
aggregates
0 1.2* 1.8* 3* 0 0.8* 1.8* 2.8*
Inflammatory
Cells
L-ungs Phagocytic
s 0 12¢ |18x |28 02 |08 2% 2.8*
alveolar
macrophages
Glial and
Brain 0 1.2* 2.2* 2.8* 0 0.8* 1.8* 3*
astrocyte cells
Heart Degenerative 0 0 0 0 0 0 0 0




changes of the

cells

Degenerative
Spleen changes of the 0 0 0 0 0 0 0 0

cells

Degenerative
changes of the 0 0 0 0 0 0 0 0

cells

Pancrea

S

Degenerative
Muscles | changes of the 0 0 0 0 0 0 0 0

cells

Degenerative
Uterus changes of the - - - - 0 0 0 0

cells

P value for the difference between the four groups was calculated using ANOVA test and the
contrasts were performed with Dunnet post-hoc test adjusted for multiple comparisons;

*P<0.05




