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ABSTRACT

COMBINED CYTOTOXICITY OF THE HERBICIDE GLYPHOSATE AND THE

FUNGICIDE MANCOZEB IN MOUSE NEUROBLASTOMA CELLS

Heidi Ebid

The herbicide glyphosate and the fungicide mancozeb are globally applied on a
variety of agricultural crops. Residues of both pesticides are frequently detected in food
and water. Combined exposure to both compounds is therefore possible. Glyphosate and
mancozeb have been separately investigated in previous studies and were shown to induce
neurotoxicity. The current study investigates the cytotoxicity of different glyphosate and
mancozeb combinations including mixture of mancozeb + glyphosate, combination of
mancozeb followed by glyphosate and combination of glyphosate followed by mancozeb
and compares neurotoxicity seen with the combinations to that of glyphosate or mancozeb
using mouse neuroblastoma Neuro-2a cells. Significant decreases in cell viability were
observed with glyphosate (500-10,000 uM), mancozeb (4-10 uM) and with glyphosate
(100 uM) and mancozeb (6 pM) combinations. Glyphosate and mancozeb combinations
resulted in greater decrease in cells viability than that induced by the same concentration
of glyphosate when tested alone. Light microscopy observations were consistent with cell
viability data. Scanning electron microscopy (SEM) observations showed more prominent

morphological alterations in glyphosate and mancozeb combination groups compared to



either glyphosate or mancozeb including, neuretic processes disruptions, loss of retraction
fibers, blebbing and distorted plasmalemma. Metal analysis was done using Inductively
Coupled Plasma-Optical emission spectroscopy (ICP-OES). Mancozeb and combinations
of glyphosate and mancozeb resulted in intracellular elevations in copper, manganese and
zinc levels. Intracellular metal levels elevations caused by combination treatments were
induced at a glyphosate concentration that didn’t affect metal levels when glyphosate was
tested alone. Mancozeb and combinations of glyphosate and mancozeb induced a decrease
in GSH/GSSG ratio. Combinations of glyphosate and mancozeb induced a greater decrease
in GSH/GSSG ratio than that exerted by glyphosate alone. Antioxidant post-treatment with
butylated hydroxytoluene did not alleviate cytotoxicity of either mancozeb or glyphosate
+ mancozeb mixture. These findings concluded that mancozeb and combinations of
glyphosate and mancozeb cause cytotoxicity in Neuro-2a cells through inducing
intracellular metal levels elevations leading to redox balance disruptions and oxidative
stress. It is further concluded that glyphosate and mancozeb combinations induce greater
cytotoxicity, more intracellular metal elevations and redox balance disruptions in Neuro-

2a cells than glyphosate alone.
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CHAPTER 1. INTRODUCTION

1.1 Pesticide Combinations

Pesticides are compounds used to enhance agricultural crop production by
preventing and mitigating pests, weeds and plant diseases (Sharma et al., 2019; Tudi et
al., 2022). There are several types of pesticides targeting a wide range of unwanted
organisms including insecticides, fungicides, herbicides, and rodenticides (Tudi et al.,
2021). As reported by U.S. Environmental Protection Agency (US EPA), pesticide
consumption was about 6 billion pounds globally and around 1.1 billion pounds in the
United States in the years 2011 and 2012 (Atwood & Paisley-Jones, 2017). Due to their
extensive use, residues of pesticides are frequently found in water, food and soil (Crépet
et al., 2013). In 2020, about 27% of fruits and vegetables analyzed in Europe and around
48% of food products tested in the United States contained residues of two pesticides or
more (EFSA, 2022; USDA, 2022). Surface water sampling from different regions across
the United States, showed detection of an average of 17 pesticide per site between the
years 2013 and 2017 (Stackpoole et al., 2021). Humans are therefore continuously

exposed to various combinations of pesticides (Jellali et al., 2018).

Exposure to pesticides has been associated with carcinogenicity, endocrine
disruption, immunotoxicity and neurodegeneration (Blair & Zahm, 1995; G. H. Lee &
Choti, 2020; Mnif et al., 2011; Vellingiri et al., 2022). Most toxicological research
evaluates the effects of one pesticide at a time, recently however more research has been
directed towards studying the impacts of exposure to environmentally relevant

combinations of pesticides on human health. Evidence shows pesticides in combinations



result in effects that are different from those reported when pesticides are tested
individually (Goémez-Giménez et al., 2018; Gordon et al., 2006). Astiz et al. (2009)
observed more pronounced antioxidant disruptions in brain, kidneys, liver and plasma of
Wistar rats treated with combinations of glyphosate, dimethoate and zineb compared to
rats treated with each pesticide separately (Astiz, de Alaniz, et al., 2009). Combinations
of aldicarb, atrazine and nitrate resulted in endocrine, immune, and behavioral changes
in mice that were not reported when pesticides were tested separately (Jaeger et al.,
1999). Atrazine, chlorpyrifos and endosulfan mixture induced higher cytotoxicity on
human primary hepatocytes compared to each of these compounds alone (Nawaz et al.,
2014). Fan et al. (2021) reported higher mortality rate and increased deformities in zebra
fish embryos as a result of dimethomorph and difenoconazole combinations compared to
either dimethomorph or difenoconazole alone (Fan et al., 2021). Spatial memory
impairments in male rats, associative learning deteriorations in female rats, and hyper
motor activity in male and female rats were noted upon exposure to cypermethrin and

endosulfan combinations and not each pesticide alone (Gémez-Giménez et al., 2018).

1.2 Glyphosate

Glyphosate or N - (phosphonomethyl) glycine is a non-selective systemic
herbicide (Duke & Powles, 2008; USEPA, 1993, 2015). Glyphosate was synthesized in
1950 by Henri Martin, a Swiss chemist at Cilag pharmaceutical company (Kémives &
Schréder, 2016; Duke & Powles, 2008). In 1960, glyphosate was patented by Stauffer
Chemical company as a metal chelator (KOmives & Schroder, 2016). It, however, wasn’t

until 1970 when the herbicidal activity of glyphosate was tested and discovered by a



Monsanto Co. chemist named John E Franz (Duke & Powles, 2008). Glyphosate was
then patented for herbicidal use and in 1974 the first glyphosate-based formulation
“Roundup®” was commercially available (Benbrook, 2016; Kémives & Schroder, 2016;

Duke & Powles, 2008).

The herbicidal activity of glyphosate is mainly due to the inhibition of 5-
enoylpyruvyl-shikimate-3-phosphate synthase (EPSPS) enzyme and therefore it interferes
with the shikimate pathway and the biosynthesis of several aromatic amino acids
including tryptophan, tyrosine, and phenylalanine (Kémives & Schrdder, 2016). In
addition to EPSPS inhibition, glyphosate is believed to chelate important co-factors that
are required for antioxidant enzymes (Gomes et al., 2014). Glyphosate — mediated
reduction in aromatic amino acids as well as metal chelation results in oxidative stress,
photosynthesis inhibition and plant growth retardation (Gomes et al., 2014; Kdmives &

Schréder, 2016; USEPA, 2015).

Following its initial introduction to the market, the use of glyphosate as a
herbicide was limited due to its non-selective nature where it wasn’t only killing weed
but it was also destroying agricultural crops (Dill, 2005; KOmives & Schroder, 2016). In
1996, however, with the introduction of glyphosate resistant crops (GRCs) developed
through genetic modification of EPSPS enzyme, a massive increase in glyphosate use as
a herbicide was achieved (Dill, CaJacob, Padgette, 2008; Dill, 2005; Duke, 2005).
Currently, glyphosate is the most widely used herbicide in the world (Duke & Powles,
2008; Woodburn, 2000). In U.S.A., the annual use of glyphosate on agricultural crops is

estimated to be around 280 million pounds mainly on soybeans, corn and cotton (USEPA,



2019). Glyphosate is also used for non-agricultural purposes including weed control in
residential areas, railways, roadways, forestry and aquatic systems (USEPA, 2015, 2019).
As a result of being excessively applied, glyphosate residues have been detected in food
products such as flour, oats, cereals, and bread, in drinking water as well as daily used
items such as tampons and medical gauze (Torretta et al., 2018). Glyphosate have been
detected in organic and non-organic honey in concentrations exceeding the Limit of
Quantification (LOQ) (Rubio et al., 2014). Traces of glyphosate have also been reported

in human urine samples (Grau et al., 2022).

For years, the use of glyphosate has been backed up with assertions claiming its
safety to mammals and that it only targets the shikimate pathway which is absent in
mammalian cells. These claims however have been disputed by recent studies showing
wide range of effects in response to exposure to glyphosate and glyphosate - based
formulations (Benedetti et al., 2004; Cattani et al., 2014; Dallegrave et al., 2003; De Liz
Oliveira Cavalli et al., 2013a; Dedeke et al., 2018; Gasnier et al., 2009; Gui et al., 2012a;
Marrie, 2004; Myers et al., 2016; Peixoto, 2005; Romano et al., 2012a; Tizhe et al., 2014;
Wunnapuk et al., 2014; L. Zhang et al., 2019). In rats, glyphosate - based formulations
induced histopathological changes in hepatocytes, degeneration of hepatic cells in portal
areas as well as leakage of hepatic aspartate amino transferase (AST) and alanine amino
transferase (ALT) (Benedetti et al., 2004; Tizhe et al., 2014). Histopathological changes
in renal tissues, glomerular degeneration, tubular necrosis and renal biomarkers
alterations were all manifested in rats exposed to glyphosate- based formulations (Dedeke
et al., 2018; Tizhe et al., 2014; Wunnapuk et al., 2014). Gestational exposure of Wistar

rats to glyphosate — based formulation, Roundup® was associated with increased



mortality and abnormal skeletal development in dams (Dallegrave et al., 2003).
Gestational exposure to Roundup® also resulted in behavioral changes, increased
testosterone and estradiol levels, and histological changes in seminiferous epithelium in
male rats offsprings (Romano et al., 2012). In 2015, the International Agency for
Research on Cancer (IARC) classified glyphosate as “probably carcinogenic to humans
(group 2A)” based on epidemiological evidence showing a link between occupational
exposure to glyphosate — based formulations and non-Hodgkin lymphoma (Fan et al.,
2021; Myers et al., 2016). The EPA and EFSA however opposed the IARC classification
and regarded glyphosate as not likely to “be carcinogenic to humans” (Benbrook, 2019;

Weisenburger, 2021).

1.3 Mancozeb

Dithiocarbamates (DTCs) are a group of organic sulfur compounds that are
mainly used as pesticides. Most DTC compounds with pesticidal properties have been
introduced during and after World War 11, a few DTCs however including thiram and
ziram were developed earlier in the 1930s (World Health Organization, 1988). DTCs are
highly effective against plant diseases caused by fungi and are therefore widely applied as
fungicides (World Health Organization, 1988). In addition to their agricultural
significance, DTCs have a number of industrial purposes including their use as
accelerators for rubber vulcanization, as slimicides for water cooling systems, as metal
scavengers in waste water treatment as well as in pulp and paper manufacturing (World

Health Organization, 1988). DTCs are also used in clinical settings for the treatment of



chronic alcoholism, in cancer therapy and as antimicrobials (Kaul et al., 2021; Szolar,

2007).

Based on chemical structure, DTCs can be classified into thiurams, dimethyl
dithiocarbamates (DMDCs), ethylene bis-dithiocarbamates (EBDCs) and propylene bis-

dihiocarbamate (PBDCs) (Liesivuori and Savolainen, 1994).

Mancozeb is an EBDC compound that is linked to transition metals, manganese and
zinc, with manganese to zinc ratio of 9:1 (USEPA, 2005). Mancozeb was first registered
in the United States in 1948 to be used as a non-selective contact fungicide (Hoffman &
Hardej, 2012; USEPA, 2005). The Fungicidal activity of mancozeb is mediated by its
ability to attack sulthydryl group — containing enzymes and disruption of cell metabolism
in the target organism (Gullino et al., 2010; USEPA, 2005). Currently, mancozeb is
amongst the 20 most globally used pesticides (Maggi et al., 2019). In the United States,
an average of 7 million pounds of mancozeb are applied annually on agricultural crops
(USGS, 2022). Mancozeb is applied over a wide variety of agricultural crops including
pears, tomatoes, cucumbers, onions, rice, grapes, wheat, and cotton, with the highest rate
of application on potatoes and apples. Mancozeb is also used on ornamentals, in

residential areas and in golf courses (USEPA, 2005).

Being extensively applied, environmental exposure to mancozeb and other EBDCs
is not impossible. Residues of EBDCs have been detected in food and tobacco products
(Rossi et al., 2006). Mancozeb and other DTCs have been found in levels exceeding
Maximum Residue Limit (MRL) in fruits and vegetables especially lettuce and tomatoes

(Kaye et al., 2015; Lopez-Fernandez et al., 2013). Traces of mancozeb exceeding the



acceptable daily intake (ADI) were reported by the European Food Safety Authority
(EFSA) in samples of pears and oranges (EFSA, 2022). Increased urinary excretion of
mancozeb metabolite, ethylene thiourea (ETU), and elevated levels of manganese in
urine among workers exposed to mancozeb were also documented (Colosio et al., 2002;

Dall’Agnol et al., 2021; Maroni et al., 2000).

For the past few years, reregistration of mancozeb has been under scrutiny by
regulatory agencies around the world. In 2020, the European Union revoked license
renewal for mancozeb due to health risks associated with exposure to mancozeb mainly
endocrine disruption and reproductive toxicity (European Union, 2020). Increased
thyroid weight, hypertrophy and hyperplasia of follicular cells, reduced thyroid
peroxidase activity and decreased levels of thyroxine (T4) were all reported in rats orally
exposed to mancozeb (Axelstad et al., 2011; Kackar et al., 1997). Increased prevalence of
thyroid diseases among wives of pesticide applicators has also been documented
(Goldner et al., 2010). Female rats treated orally with mancozeb showed disruption in
estrous cycle and lower number of healthy follicles in the ovaries with reduction in the
ovary size (Baligar and Kaliwal, 2001). Decreased testicular weight, spermatogenesis
inhibition with decreased number of spermatogenic cells and reduced sperm count have
also been observed in mancozeb treated male rats (Ksheerasagar and Kaliwal, 2003). In
addition to endocrine and reproductive toxicity, mancozeb has been reported to adversely
affect other organ systems. Mancozeb induced increases in liver weight, histopathological
changes as well as elevations in plasma levels of liver enzymes including aspartate
transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), gamma

glutamyl transpeptidase (GGT) and lactate dehydrogenase (LDH) in rats (Aprioku et al.,



2023). Pirozzi et al. (2016) reported exacerbated fatty acid — induced steatosis in HepG2
cells treated with mancozeb (Pirozzi et al., 2016). Mice exposed to mancozeb
demonstrated histopathological renal abnormalities including hyaline degeneration in the
tubular epithelial envelope, renal function markers, creatinine and uric acid were
elevated, levels of reactive oxygen species were increased with a down regulation in
antioxidant enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX)
(Y. Zhang et al., 2023). Bioaccumulation of copper in the renal cortex, increased 4-
hydroxynonenal (4-HNE) adduct formation in proximal and convoluted tubules as well as
increased tubular injury immunoreactivity markers including kidney injury molecule-1
(KIM-1) and neutrophil gelatinase — associated lipocalin (NGAL) were all reported in
rats orally exposed to mancozeb (Akhtar and Trombetta, 2023). Mancozeb induced
apoptotic cell death and disrupted mitochondrial activity via mitochondrial complexes

inhibition in transformed human colon cells (HT-29) (Dhaneshwar and Hardej, 2021).

1.4 Neurotoxicity

Pesticide exposure has long been implicated in neurotoxicity and development of
neurodegenerative diseases (Franco et al., 2010; Kamel and Hoppin, 2004). Both
glyphosate and mancozeb have been established in numerous studies as inducers of
neurotoxicity (Cattani et al., 2017; Domico et al., 2006; Martinez et al., 2018; Miranda-

Contreras et al., 2005; Tsang and Trombetta, 2007).

Glyphosate induced cell death of differentiated PC12 cells through autophagic and
apoptotic pathways (Gui et al., 2012). Glutamate excitotoxicity, oxidative stress and lipid

peroxidation were observed in the hippocampus of immature rats upon acute exposure to



the glyphosate — based formulation, Round-up® for 30 minutes as well as chronic
exposure to Round-up® during pregnancy and lactation (Cattani et al., 2014).
Monoaminergic neurotransmitters changes were induced in rat brains upon exposure to
glyphosate (Martinez et al., 2018). Glyphosate was also shown to alter neuronal
differentiation and axonal growth of hippocampal cultured neurons (Coullery et al.,

2016).

Mancozeb has also been associated with neurotoxicity. Tsang and Trombetta
(2007) observed a concentration - dependent decrease in the viability of rat hippocampal
astrocytes exposed to mancozeb for 1 hour (Tsang and Trombetta, 2007). Mancozeb
treatment induced cytotoxicity and uncoupling of mitochondrial respiration in
dopaminergic and GABAergic mesencephalic neurons (Domico et al., 2006). Prenatal
exposure to mancozeb caused alterations in the synaptic transmission in the cerebellar

cortex of developing mouse (Miranda-Contreras et al., 2005).

1.5 Metals, Oxidative Stress and Neurotoxicity

Essential elements are those necessary for human life. Human’s health, growth,
maintenance and reproduction are dependent upon these elements (Mom¢cilovi¢ et al.,
2010) In humans and other mammals, about 23 elements have been identified and their
physiological roles have been recognized. Among the essential elements are the metals,
chromium, cobalt, copper, iron, lithium, manganese, magnesium, nickel, selenium and
zinc (Chen et al., 2016; Fraga, 2005). Essential metals serve as co-factors in several
enzymes for example copper acts as a cofactor in Cu/Zn-superoxide dismutase and

cytochrome c oxidase, manganese is a cofactor in arginase, glutamate synthase as well as



Mn-superoxide dismutase and zinc that is involved in the function of several enzymes
including RNA polymerase, angiotensin I converting enzyme and Cu/Zn-superoxide
dismutase. In addition to serving as an enzymatic cofactor, zinc ions also participate in
the structure of zinc finger proteins that interact with DNA and act as transcription factors
(Chen et al., 2016; Fraga, 2005; Laity et al., 2001). Essential metals are therefore
incorporated in a wide range of cellular processes such as redox reactions, oxygen
transport, electron transport, cell proliferation and neurotransmitter synthesis (Chen et al.,
2016; Garza-Lombo et al., 2018). In humans, only trace amounts of essential metals are
required. When however present in amounts exceeding those required to perform their
biological functions, these metals can induce oxidative damage and toxicity (Farina et al.,
2013; Fraga, 2005). In the brain, elevated levels of metals are linked to neurotoxicity and
development of neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s
disease, manganism, amyotrophic lateral sclerosis and Huntington’s disease (Chen et al.,

2016; Farina et al., 2013).

Metals are recognized of their ability to generate reactive oxygen species (ROS)

(Ercal et al., 2001; Garza-Lombo et al., 2018). ROS are highly reactive molecules that are

derived from molecular oxygen and include superoxide anions (O>), hydrogen peroxide

(H202), and hydroxyl radical (OH") (Beckhauser et al., 2016; Garza-Lombo et al., 2018).

ROS act as signaling molecules and are associated with biological functions such as
smooth muscle relaxation, immune regulation, inflammation, neuronal differentiation and
synaptic plasticity (Beckhauser et al., 2016; Boldt, 1999; Suzuki et al., 1996). Though

being imperative for several cellular processes, levels of ROS must be finely tuned and
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this is accomplished with the help of a number of antioxidants (Adwas et al., 2019;

Birben et al., 2012; Gandhi and Abramov, 2012; Sreedhar and Csermely, 2004).

Metal-induced production of ROS is mediated by Fenton- like reactions and
Haber-Weiss reaction (Ercal et al., 2001; Karihtala and Soini, 2007). In Fenton —like
reactions, a metal (Fe*? or Cu") reacts with hydrogen peroxide (H202) with the formation

of hydroxyl radical (OH"), hydroxide ion (OH") and oxidized metal (Fe** or Cu?*). Haber-

Weiss reaction is a two-step reaction involving metal catalyzed interaction between
superoxide and hydrogen peroxide with the generation of hydroxyl radical (Karihtala and

Soini, 2007).

Failure to regulate levels of metals can stimulate an over production of ROS and
can result in oxidative stress where the elevated levels of ROS can no longer be
eliminated by the available antioxidant defense systems (Adwas et al., 2019; Ercal et al.,
2001). ROS attack different cellular substrates including proteins, DNA, RNA and lipids
promoting their oxidation and hence disrupting function of proteins, damaging cellular
organelles and eventually leading to cell death (Gandhi and Abramov, 2012; Garza-
Lombo et al., 2018). Metal catalyzed generation of ROS is associated with oxidation of
backbone and the side chains of proteins that then attacks nearby amino acid side chains
with the formation of carbonyl groups leading to altered polypeptide chain conformation
and subsequent inactivation of proteins (Gandhi and Abramov, 2012; Gonos et al., 2018).
Protein carbonyls have been implicated in aging as well as a number of disease states
including amyotrophic lateral sclerosis (ALS), Parkinson’s disease and Alzheimer’s

disease (Gonos et al., 2018; Lajtha, 2009). ROS can also target nucleic acid provoking
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DNA-protein crosslink formation, strand breaks and base-pair modification that can in
turn lead to mutations (Gandhi and Abramov, 2012). Membrane lipids such as
polyunsaturated fatty acids (PUFA) are major targets for ROS attack. Hydroxyl radicals
generated through Fenton-like reactions can initiate the process of lipid peroxidation in a
membrane lipid by extracting a hydrogen atom from a PUFA side chain leaving behind a
carbon centered lipid radical. The lipid radical then reacts with oxygen forming a peroxyl
radical. Peroxyl radical can then extract hydrogen atom from adjacent PUFA side chain
with the formation of more lipid and peroxyl radicals. Peroxyl radicals can then be
converted into lipid hydroperoxides. Peroxidation of lipid membranes severely disrupts

their integrity and, therefore, leads to cellular damage (Halliwell, 1992).

Brain particularly is considered prone to oxidative damage and this is related to its
increased oxygen consumption and its high lipid content (Jelinek et al., 2021). Oxidative
neuronal damage has been implicated in Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, psychiatric disorders and cerebrovascular disorders

(Gonzalez-Pinto et al., 2012; Lee et al., 2020).

1.6 Antioxidant Defense

In order to halt oxidants-induced damage, antioxidant defense systems exist in
cells to counterbalance the effects of ROS (Birben et al., 2012). Antioxidants can either
act by blocking ROS generation or capturing the generated ROS and these include, the
enzymes catalase, superoxide dismutase (SOD), glutathione peroxidase, glutathione-S-
transferase, glutathione reductase, thioredoxin as well as non-enzymatic antioxidants

glutathione (GSH), and stress proteins (Adwas et al., 2019; Birben et al., 2012; Gandhi
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and Abramov, 2012; Sreedhar and Csermely, 2004). A part of antioxidant defenses are
oxidized lipids-repairing enzymes including phospholipases, peroxidases and acyl
transferases as well as proteolytic enzymes that function to remove oxidized proteins

(Pisoschi and Pop, 2015).

One of the most significant antioxidants is glutathione (GSH). GSH or gamma
glutamyl cysteinyl glycine is a thiol containing tri-peptide and it is the most abundant
small molecule in cells (Sies, 1999). The synthesis of GSH occurs in the cytosol in two
ATP-dependent steps. The first, the rate limiting step, involves bonding of L-glutamate
and L-cysteine in a reaction catalyzed by gamma-glutamyl-cysteine synthase. The second
step involves adding glycine to gamma glutamyl cysteine in a reaction catalyzed by

glutathione synthase (Pizzorno, 2014; Sies, 1999).

GSH as an antioxidant can act directly by capturing ROS such as hydroxyl radical
and superoxide anion (Pizzorno, 2014). GSH also acts as a cofactor in antioxidant
enzymes involved in eliminating hydrogen and lipid peroxides including glutathione
peroxidase where GSH gives away an electron and is converted to its oxidized form,
glutathione disulfide (GSSG) (Birben et al., 2012; Pizzorno, 2014). GSH is then
regenerated from GSSG by glutathione reductase enzyme using NADPH as a cofactor
(Pizzorno, 2014). In addition to being a cofactor for antioxidant enzymes and to directly
eliminating ROS, GSH plays a role in the recycling of vitamin C and vitamin E into their

active forms (Birben et al., 2012; Pizzorno, 2014).

Under healthy cellular conditions, high levels of GSH and low levels of GSSG are
maintained. During oxidative stress, however, levels of GSH are depleted with an

increase in GSSG. In neurodegenerative disorders such as Parkinson’s disease and
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Alzheimer’s disease, depleted stores of GSH has been a common finding (Aoyama,
2021). Ratio of reduced glutathione to oxidized glutathione, GSH/GSSG, is a sensitive
index of cellular redox status and therefore can be applied as a biomarker for cells
undergoing oxidative stress (Birben et al., 2012; Merad-Boudia et al., 1994; Pizzorno,

2014).

Antioxidant defenses that are endogenously found in the cells are not always able
to counterbalance ROS-mediated injury. And hence, exogenous consumption of
antioxidants might be helpful in resisting oxidative damage (Pisoschi and Pop, 2015).
Dietary consumption of fruits and vegetables is a major source of exogenous antioxidants
such as retinol, beta-carotene, vitamin C, vitamin E, vitamin B6 and phenolics including
phenolic acids, cinnamic and hydroxycinnamic acid derivatives as well as flavonoids

(Pisoschi and Pop, 2015; Zhu et al., 2023).

Butylated hydroxytoluene or BHT is a synthetic phenolic compound, patented in
1947 to be utilized as an antioxidant. In 1954, BHT use as a preservative in food products
was approved by the United States Food and Drug administration (FDA). By 1998, the
FDA approved its use as an antioxidant in cosmetic formulations (Yehye et al., 2015).
Currently, BHT is amongst the most commonly used antioxidants and its applications
range from a preservative in food, food packaging, cosmetics and pharmaceuticals to an
additive in plastic and rubber manufacturing and in the production of petroleum (Yehye et
al., 2015). Antioxidant capacity of BHT is owed to its ability to capture ROS and
terminate lipid peroxidation chain reactions (Hossain et al., 2020). BHT has demonstrated
efficiency in protecting against metal and DTC mediated oxidative insult (Hossain et al.,

2020; Tsang and Trombetta, 2007). BHT reduced atherosclerotic lesions in the aorta of
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cholesterol treated rabbits by providing protection against cholesterol generated auto-
oxidation products (Bjorkhem et al., 1991). BHT was also shown to prevent ethanol-
mediated brain damage in rats by mitigating oxidative damage and inflammation (Crews

et al., 20006).

1.7 Glyphosate and Mancozeb: Mechanisms of Toxicity

Glyphosate and DTC compounds such as mancozeb are recognized for their metal
chelating abilities (Cheng and Trombetta, 2004; Delmaestro and Trombetta, 1995;
Mertens et al., 2018; Sunderman et al., 1984; Yahfoufi et al., 2020). Glyphosate was
identified as a metal chelator long before discovering its herbicidal potential. Glyphosate
can bind divalent metals such as copper, iron, manganese and zinc to form stable
complexes and this is due to the presence of amino (NH), carboxylate (COOH) and
phosphonate (H2PO3) functional groups (Caetano et al., 2012; Glass, 1984; Mertens et al.,
2018; Yahfoufi et al., 2020). DTC compounds such as sodium diethyldithiocarbamate
have been used in treatment of metal poisoning and Wilson’s disease (Cheng and
Trombetta, 2004; Lakomaa et al., 1982; Sunderman et al., 1984). Due to the presence of
sulfer atoms within their molecules, DTC compounds can bind most metals in the

periodic table forming stable complexes (Adeyemi and Onwudiwe, 2020).

Toxicity of glyphosate and mancozeb might be attributed to their metal-chelating
potential. Altered metal levels have been reported upon exposure to either glyphosate or
mancozeb (Stephenson and Trombetta, 2020; Tsang and Trombetta, 2007; Yahfoufi et al.,
2020). Tsang and Trombetta (2007) demonstrated elevated levels of manganese and zinc

in rat hippocampal astrocytes upon 1hour exposure to mancozeb (Tsang and Trombetta,
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2007). Stephenson and Trombetta (2020) showed that mancozeb resulted in an increase in
zinc levels and a decrease in manganese levels in the myocardium of Long Evans rats
(Stephenson and Trombetta, 2020). Hoffman et al. (2016) reported that 24 hour treatment
with EBDCs, maneb, mancozeb, zineb and nabam all resulted in elevations in copper
levels in human colon cells in addition to elevations in manganese and zinc levels upon
24 hour treatment with mancozeb or maneb (Hoffman et al., 2016). Yahfoufi et al. (2020)
showed an reduced levels of zinc in mouse oocyte after glyphosate treatment (Yahfoufi et

al., 2020).

The contribution of oxidative stress in the toxicity of glyphosate and mancozeb
have been demonstrated in a few studies (Cavalli et al., 2013; Domico et al., 2006; Iorio
et al., 2015; Martinez et al., 2020). Glyphosate induced cytotoxicity, lipid peroxidation
and elevated levels of ROS in human neuroblastoma (SH-SYS5Y) cells (Martinez et al.,
2020). Glyphosate and Roundup® resulted in lipid peroxidation and reduced GSH levels
in Sertoli cells and also in the livers of albino male rats (Cavalli et al., 2013; El-Shenawy,

2009).

Treatment of mesencephalic cells with mancozeb induced elevations in levels of
ROS (Domico et al., 2006). Mancozeb treatments resulted in lipid peroxidation as well as
a decrease in GSH/GSSG ratios in colon cells (Hoffman et al., 2016; Hoffman and
Hardej, 2012). Torio et. Al. (2015) observed a reduction in GSH levels and an elevation in
ROS levels in mouse granulosa cells upon treatment with mancozeb (lorio et al., 2015).
Exposure of RAT-1 fibroblasts and peripheral blood mononucleated (PBMC) cells to

mancozeb for 1 hour caused an increase in levels of ROS, DNA oxidation as
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demonstrated by increase in DNA adduct 8-hydroxy-2 -deoxyguanosine (8-OHdG) as
well as DNA damage observed by the increase in DNA single strand break formation

(Calviello et al., 20006).

1.8 Neuroblastoma (Neuro-2a) Cells: In Vitro Model for Neurotoxicity

Neuroblastoma cell lines are neural crest derived transformed cells. Under in vitro
conditions, these cells can undergo unlimited proliferation (Shastry et al., 2001).
Neuroblastoma cell lines have been successfully utilized in neurotoxicity studies, as well

as cancer and virus research (Shastry et al., 2001).

In the current study, a murine neuroblastoma cell line, Neuro-2a was used.
Morphological and ultrastructural observations demonstrated similarity of Neuro-2a cells
to normal neurons. When grown in monolayer, Neuro-2a cells extend long processes also
known as neurites, that are similar in appearance to axons and dendrites that are found in
normal neurons (Ross et al., 1975). Organelles and organelles groupings in Neuro-2a
cells are comparable to those seen in neuronal cells. Microtubules, microfilaments and
neurofilaments were found to be similarly distributed in Neuro-2a cells and in normal

neurons (Ross et al., 1975).

In addition to morphological similarities, neuroblastoma cells also share
electrophysiological and biochemical features with sympathetic neurons including
generation of action potential in response to electrical stimulation and to undergo
spontaneous and repetitive depolarization (Haftke and Seeds, 1975). Neuro-2A cells have

been successfully employed in studying neurotoxicants including compounds such as
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methylmercury as well as metals such as aluminum and cadmium (Ge et al., 2019;

Johnson et al., 2005; Trombetta et al., 1988; Trombetta and Kromidas, 1992).

1.9 Purpose of Study

The purpose of the current study is to assess the neurotoxic effects of the
pesticides, glyphosate and mancozeb using a murine neuroblastoma cell line, Neuro-2a as
a model system. To test whether the combined exposure to environmentally relevant
pesticides is more damaging than the exposure to each pesticide separately. Neurotoxic
effects of glyphosate and mancozeb combinations are evaluated as well and compared to
that of glyphosate and mancozeb. In this study, Neuro-2a cells are exposed to three forms
of combinations including exposure to mixture of both mancozeb plus glyphosate,
exposure to mancozeb followed by glyphosate or exposure to glyphosate followed by
mancozeb. Alterations in metal levels and disruptions in redox balance are also
investigated as potential underlying mechanisms of toxicity of glyphosate, mancozeb and
their combinations. Finally, recovery of Neuro-2a cells after being treated with
glyphosate, mancozeb or their combination was evaluated in the presence of the

antioxidant, butylated hydroxytoluene (BHT).

1.10 Hypotheses

1. Exposure to glyphosate or mancozeb induces reduction in cell viability and results in

morphological changes in Neuro-2a cells.
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2. Combinations of glyphosate and mancozeb result in decreased Neuro-2a cells viability
and more pronounced morphological changes compared to mancozeb or glyphosate

alone.

3. Exposure to glyphosate or mancozeb alters metal levels in Neuro-2a cells.

4. Combinations of glyphosate and mancozeb induce greater metal level alterations in

Neuro-2a cells compared to mancozeb or glyphosate alone.

5. Exposure to glyphosate or mancozeb disrupts redox balance in Neuro-2a cells.

6. Combinations of glyphosate and mancozeb induce greater disruption in redox balance

compared to mancozeb or glyphosate alone.

7. Post-treatment with the antioxidant butylated hydroxytoluene (BHT) alleviates

cytotoxicity caused by mancozeb or glyphosate and mancozeb combination.

1.11 Specific Aims

1. Assessment of cell viability in Neuro-2a cells exposed to glyphosate, mancozeb or

their combinations using trypan blue exclusion assay.

2. Observing morphological changes in Neuro-2a cells exposed to glyphosate, mancozeb
or their combinations using phase-contrast microscopy and scanning electron microscopy

(SEM).
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3. Measuring levels of copper, magnesium, manganese, iron and zinc in Neuro-2a cells
exposed to glyphosate, mancozeb and their combinations using inductively coupled

plasma optical emission spectroscopy (ICP-OES).

4. Evaluate redox balance disruptions in Neuro-2a cells exposed to glyphosate, mancozeb

and their combinations by measuring reduced glutathione to oxidized glutathione ratio.

5. Examine role of the antioxidant butylated hydroxytoluene as a post-treatment to
alleviate cytotoxicity associated with mancozeb or combination of glyphosate and

mancozeb in Neuro-2a cells using trypan blue exclusion assay
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

Glyphosate (GL; MW: 169.07 g/mole), mancozeb (MZ; MW: 266.51 g/mole) and
Dulbecco’s phosphate buffer powder were obtained from Sigma-Aldrich (St. Louis, MO).
Butylated hydroxytoluene (2,6-Di-tert-butyl-p-cresol; BHT; MW: 220.36 g/mol) was
purchased from Spectrum Chemical MFG Corporation (New Brunswick, NJ). Dulbecco’s
Modified Eagle’s Medium (DMEM) powder was acquired from Gibco Life Technologies
(Grand Island, NY). HEPES (4-(2- hydroxyethyl-)1-piperizineethane sulfonic acid (MW:
238.31 g/mole), sodium bicarbonate (MW: 84.01 g/mole) and sodium phosphate
monobasic monohydrate (MW: 137.99 g/mole) and sodium phosphate dibasic anhydrous
(MW: 141.96) were obtained from J.T. Baker (Phillipsburg, NJ). Premium, heat
inactivated fetal bovine serum (FBS) was purchased from R&D Systems (Flowery
Branch, GA). Gentamycin solution (50 mg/mL) was obtained from Lonza Biowhittaker®
(Walkersville, MD). Trypsin EDTA 1X solution (0.25% Trypsin/2.21mM EDTA in HBSS
without sodium bicarbonate, calcium and magnesium) was purchased from Corning
(Corning, NY). Dimethyl Sulfoxide (DMSO) was acquired from ATCC (Manassas, VA).
Trypan blue for Trypan blue assay was purchased from The Coleman & Bell CO.
(Norwood, Ohio). Bright Line scientific hemocytometer was purchased from Hausser
Scientific (Horsham, PA). GSH/GSSG-Glo luminescence kit was purchased from
Promega (Madison, WI). For metal analysis, atomic spectroscopy-grade ICP standards
were obtained from Perkin Elmer (Waltham, MA) and ultrapure nitric acid was acquired
from Millipore sigma (Burlington, MA). Cell culture flasks were purchased from

Greiner-Bio-One (Monroe, NC). Culture slides were obtained from BD Biosciences
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(Bedford, MA). Sterile 96-well plates and 6-well plates with clear bottom as well as
centrifuge tubes were obtained from Costar (Corning, NY). Disposable culture tubes,
disposable pipette tips, disposable sterile pipettes, 12 mm glass coverslips and 0.2 um
PTFE syringe filter were purchased from VWR International (West Chester, PA). Rapid-
flow top filters (0.2 um SFCA membrane) were obtained from ThermoFisher Scientific

(Waltham, MA).

2.2 Dulbecco’s Modified Eagle Medium (DMEM)

DMEM was prepared in a 1 L volume by adding 13.374 g of DMEM powder,
5.957 g of HEPES, and 3.7 g of sodium bicarbonate into 1 L of ultrapure water. The
solution was left to vortex for 10 minutes, 1 mL of gentamycin 50 mg/mL was then added
to the medium and the pH was adjusted to 7.4. Finally, the medium was filtered using 500

mL rapid-flow bottle top filters into 500 mL sterile bottles.

2.3 Phosphate Buffer Saline (PBS)

PBS saline was prepared in a 1 L volume by adding 9.6 g of Dulbecco’s
phosphate buffer powder into 1 L of ultrapure water. The solution is left to vortex for 10
minutes and the pH was then adjusted to 7.4. Finally, the solution was filtered using 500

mL rapid-flow bottle top filters into 500 mL sterile bottles.

2.4 Cell Culture and Treatments

Murine neuroblastoma cell line, Neuro-2a (CCL-131™) was obtained at a passage
number 182 from ATCC (Manassas, VA). Neuro-2a cells were grown in T75 culture
flasks at a density of 1,000,000 cell/ flask and were maintained in 15 mL of complete
medium, DMEM supplemented with 10% fetal bovine serum (FBS). Cells were

incubated at 37°C with 5% CO; and 95% air in a ThermoFisher Scientific series 11 water
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jacketed COz incubator (ThermoFisher Scientific; Waltham, MA). Cells were fed with
complete medium once every 2 days and were collected at 80% sub-confluency by
trypsinization for 2 minutes using 0.25% Trypsin solution. For experiments, cell passage

numbers 189 through 196 were utilized.

Stock pesticide solutions were freshly prepared before each treatment. Stock
solution of 10 mM of mancozeb (MZ) was prepared in a 10 mL volume and this required
26.6 mg of MZ powder brought into solution with the help of 0.5 mL DMSO and
sonication for 10 minutes using Branson 1510 sonicator (Branson; Danbury, CT), 9.5 mL
of media was then added and the stock solution was adequately mixed. The final DMSO
concentration never exceeded 0.5%. Stock solution of 40 mM of glyphosate (GL) was
prepared in a 5 ml volume by dissolving 33.8 mg of GL powder directly into 5 mL of
media. Stock solutions of both pesticides were then diluted with media to appropriate

concentrations.

Cells were treated at 70% sub-confluency with GL (100-10,000 uM) for 24 hours,
MZ (2-10 uM) for 24 hours or various combinations of GL and MZ including, GL (100
uM) plus MZ (2uM) for 24 hours, GL (100 uM) plus MZ (4 uM) for 24 hours, GL (100
uM) plus MZ (6 uM) for 24 hours, MZ (6 uM) for 30 minutes followed by GL (100 pM)
for 24 hours as well as GL (100 pM) for 30 minutes followed by MZ (6 uM) for 24
hours. For the combinations of MZ (6 pM) for 30 minutes followed by GL (100 uM) for
24 hours and GL (100 uM) for 30 minutes followed by MZ (6 uM) for 24 hours, cells
were washed twice with PBS after the 30 minutes incubation with the first pesticide and

before adding the second pesticide. Concentrations of MZ and GL assessed in
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combination groups are within reference dose limits (RfD) of either pesticide as set by

the U.S. EPA (USEPA, 1993, 2005).

2.5 Trypan Blue Exclusion Assay

Cell viability was assessed in Neuro-2a cells treated with GL, MZ or
combinations of GL and MZ using trypan blue exclusion assay. Trypan blue exclusion
assay distinguishes viable cells from non-viable ones by the ability of the later to get
stained by trypan blue dye. Trypan blue dye (0.4%) was prepared in a 100 mL volume by
dissolving 0.4 g of trypan blue powder in 100 mL of PBS, the solution was then filtered

using rapid-flow bottle top filter into 100 ml bottle.

Neuro-2a cells were seeded in T25 flasks at initial density of 300,000 in 5 mL of
complete media and were grown until reaching 70% sub-confluency. Cells were then
treated with GL (100, 500, 1000, 5000 and 10,000 uM) or MZ (2, 4, 6, 8 and 10 uM) for
24 hours. In order to determine concentrations of GL and MZ to be used in the
combination treatments, cells were treated with mixture of GL (100 uM) + MZ (2 uM)
for 24 hours and mixture of GL (100 uM) + MZ (4 uM) for 24 hours. Finally, GL
concentration of 100 uM and MZ concentration of 6 pM were picked to be used in
combination treatments in this assay and the rest of the study. Cells were exposed to three
forms of 100 uM GL and 6 pM MZ combinations which include mixture of MZ plus GL
for 24 hours, MZ + GL (24 h), combination of MZ for 30 minutes followed by GL for 24
hours, MZ (30 min) + GL (24 h) and combination of GL for 30 minutes followed by MZ

for 24 hours, GL (30 min) + MZ (24 h).

Following the treatment period, cells were washed by PBS and cell pellets were

collected into 15 mL centrifuge tube via trypsinization. Cells were then resuspended in
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complete media and approximately 200 uL of the cell suspension was mixed with 500 uL
0f 0.4 % trypan blue dye and 300 uL of PBS in a disposable culture tube. Following
incubation in room temperature for 30 seconds, 10 pL of trypan blue cell suspension
were loaded into each chamber of a Bright Line hemocytometer (Hausser Scientific;
Horsham, PA) and immediately examined at 10X magnification under an OLYMPUS
CK2 inverted microscope (Olympus Optical CO; Tokyo, Japan). Finally, the number of
viable cells in each chamber was counted and the total number of viable cells in the cell

suspension was estimated.

2.6 Phase Contrast Microscopy

To observe morphological changes in Neuro-2a cells after exposure to GL, MZ or
their combinations, phase contrast micrographs were taken. Cells were seeded in one-
chambered culture slides at a density of 20,000 cells/chamber and were left to grow until
reaching 70% sub-confluency. Cells were then treated with 100 pM GL for 30 minutes,
GL (30 min), 100 uM GL for 24 hours, GL (24 h), 6 uM of MZ for 30 minutes, MZ (30
min), or 6 uM of MZ for 24 hours, MZ (24 h). Cells were also treated with combinations
of GL (100 uM) and MZ (6 uM) including, mixture of MZ plus GL, MZ + GL (24 h),
combination of GL for 30 minutes followed by MZ for 24 hours, GL (30 min) + MZ (24
h) or combination of MZ for 30 minutes followed by GL for 24 hours, MZ (30 min) + GL
(24 h). After treatments, micrographs were taken at objective power of 20X using Nikon

Eclipse Ts2R microscope (Nikon Instruments Inc., Melville, NY).

2.7 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was utilized to observe structural changes

in Neuro-2a cells after exposure to GL, MZ or their combinations. Cells were seeded at a

25



density of 25,000 cells/well in 6-well plates, with two round 12 mm glass coverslips
placed in each well and were left to grow until reaching 70% sub-confluency. Cells were
then treated with 100 uM GL for 30 minutes, GL (30 min), 100 uM GL for 24 hours, GL
(24 h), 6 uM of MZ for 30 minutes, MZ (30 min), or 6 uM of MZ for 24 hours, MZ (24
h) as well as combinations of GL (100 uM) and MZ (6 uM) including, mixture of MZ
plus GL, MZ + GL (24 h), combination of GL for 30 minutes followed by MZ for 24
hours, GL (30 min) + MZ (24 h) or combination of MZ for 30 minutes followed by GL

for 24 hours, MZ (30 min) + GL (24 h).

Following treatment period, cells were washed three times with Sorensen’s
phosphate buffer (pH 7.4) and then fixed in 1.5% Sorensen’s phosphate buffered (pH 7.4)
glutaraldehyde for 1 hour on ice. After fixation, cells were washed three times on ice
using Sorensen’s phosphate buffer (pH 7.4) where each wash lasted for 5 minutes and
were serially dehydrated in 30%, 60% and 90% ethanol each of which lasted for 10
minutes. Cells were then dehydrated for 5 minutes in 100% ethanol, followed by
chemical drying using Hexamethyldisilazane Reagent (HMDS; Electron Microscopy
Sciences; Hatfield, PA). For chemical drying, cells were placed at room temperature in
HMDS:100% ethanol at a ratio of 1:1 for 10 minutes and then cells were placed in 100%
HMDS for another 10 minutes. Following chemical drying, excess liquid is wicked away
using filter paper and cells were allowed to dry overnight at room temperature. After
chemical drying, cells-containing coverslips were removed from the 6-well plates and
placed on sticky cleaned aluminum stubs, then silver paint dots were added on the top
and bottom of each coverslip. Afterwards, coverslips were sputter coated with platinum-

palladium using Cressington 108 Auto/SE Sputter coater (Ted Pella Inc.; Redding,
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California). Micrographs were then viewed and captured using JEOL JSM-6010LA

scanning electron microscope (JEOL Ltd; Tokyo’, Japan).

2.8 Inductively Coupled Plasma-Optical Emission Spectroscopy

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was
utilized to determine concentrations of copper, magnesium, manganese, iron and zinc in
neuro-2a cells. neuro-2a cells were seeded in T75 flasks at initial seeding of 1,000,000
cells per each flask and were left to grow in complete media until reaching 70% sub-
confluency. Cells were then treated with 100 pM of GL, 6 uM MZ or their combinations.
Treatments included were GL (30 min), GL (24 h), MZ (30 min), MZ (24 h), mixture MZ
+ GL (24 h), combination GL (30 min) + MZ (24 h) or combination MZ (30 min) + GL
(24 h). Depending on the treatment, the number of flasks ranged from 6 to 12 per

treatment group for every time the experiment was repeated.

Following the treatment period, media were taken out of the flasks and transferred
into snap cap vials. Cells were then collected via trypsinization, cells from each treatment
group were pooled together, pelleted and then washed three times in PBS. After the final
rinse, cells were transferred in 5 mL of PBS into snap cap vials and stored in -80°C along
with the media collected from the treatments. Prior to analysis, samples were lyophilized
for 48 hours using Labconco Free Zone 4.5 lyophilizer (Kansas City, MO), lyophilized
samples were then weighed in acid-washed beakers and dry weights were recorded.
Samples were then left overnight in 3 mL of concentrated ultrapure nitric acid per beaker
and covered with acid-washed watch glass. Afterwards, samples were digested on hot
plates until dryness. Following digestion, samples were reconstituted in 6.5 mL of 2%

ultrapure nitric acid solution per sample and particulate matter was removed by filtering
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the samples using 0.2 um PTFE syringe filter into 15 mL conical tubes. For the analysis,
standard curve dilutions 10, 1, 0.1 and 0.01 ppm were created for copper, magnesium,
manganese, iron and zinc using atomic spectroscopy grade ICP standards (1000 ppb) and
2% nitric acid solution as a blank. Standard curves were then constructed and metal
levels were analyzed using Perkin Elmer Optima 2100 DV Optical Emission
Spectrometer (Waltham, MA). Metal levels were normalized to dry weight and results
were expressed as the concentration of metal in each sample (ppb) divided by the dry

weight of the sample (mg), ppb/mg.

2.9 GSH/GSSG-Glo Glutathione Assay

Reduced glutathione (GSH) and oxidized glutathione (GSSG) levels were
determined and GSH/GSSG ratio was calculated in Neuro-2a cells using the
luminescence-based assay, GSH/GSSG-Glo ™ assay. Neuro-2a were seeded at a density
of 4,500 cell/well in white walled 96-well plates and were incubated for 48 hours until
reaching 70% sub-confluency. Cells were then treated 100 pM GL, 6 uM MZ or their
combinations. Treatments included were GL (30 min), GL (24 h), MZ (30 min), MZ (24
h), mixture MZ + GL (24 h), combination GL (30 min) + MZ (24 h) or combination MZ

(30 min) + GL (24 h).

Following treatments, media and all treatments were removed from the wells, 50
pL of total glutathione lysis reagent or oxidized glutathione lysis reagent were added to
their designated wells for measuring of total glutathione (GSH+GSSG) and oxidized
glutathione (GSSG) and the plates were shaken at room temperature for 5 minutes using
orbital shaker. Luciferin generation reagent was then added to all wells at volume of 50

pL per well, the plates were shaken briefly and were incubated at room temperature for
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30 minutes. Finally, luciferin detection reagent is added to all wells at a volume of 100
uL per well, the plates were shaken briefly and were left to incubate for additional 15
minutes after which luminescence signal was read using Promega Glomax® - Multi
Detection System (Promega; Madison; WI). Amount of reduced glutathione (GSH) was
determined by subtracting the net relative luminescence units (RLU) of oxidized
glutathione (GSSG) from the net RLU of total glutathione (GSH+GSSG) and the ratio of
GSH/GSSG was calculated by dividing the net RLU of reduced glutathione (GSH) by the

net RLU of oxidized glutathione (GSSG).

2.10 Post-Treatment with Antioxidant

Post-treatment of Neuro-2a cells with the antioxidant butylated hydroxytoluene
(BHT) was examined for its ability to alleviate cytotoxicity associated with MZ and
mixture of MZ+GL using Trypan blue exclusion assay. Stock solution of BHT (10 mM)
was freshly prepared before each treatment in a volume of 10 mL by dissolving 22.03 mg
of BHT using 0.5 mL of DMSO and then adjusting the volume to 10 mL using media.

Stock BHT solution is then diluted with media to achieve the desired concentrations.

Cells were seeded in T25 flasks at a density of 300,000 cells per flask and were
left to incubate in 5 mL of complete media until reaching 70% sub-confluency. Cells
were then treated for 24 hours with 100 pM of GL, 6 uM of MZ or mixture of 100 uM
GL plus 6 uM MZ. Following 24 hours incubation, treatments were removed from the
flasks, cells were washed twice with 5 mL of PBS and then cells were incubated for
another 24 hours in just media or in media containing 50 uM of BHT. Accordingly,

treatment groups included in this assay were GL (24 h) + media (24 h), GL (24 h) + BHT
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(24 h), MZ (24 h) + media (24 h), MZ (24 h) + BHT (24 h), mixture of GL + MZ (24 h) +

media (24 h) or mixture of GL + MZ (24 h) + BHT (24 h).

Following treatments and incubation periods with or without BHT, cells were
washed twice with PBS and collected via trypsinization. Finally, cell viability was

assessed using Trypan blue exclusion assay.

2.11 Statistical Analysis

Statistical analysis was performed using GraphPad Prism® version 9.0. Results are
expressed as the mean =+ standard error of the mean (SEM). Data sets from Trypan blue
exclusion assay and GSH/GSSG — Glo ™ assay were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey post-hoc test. Data sets from inductively coupled
plasma — optical emission spectroscopy were compared using one-way analysis of variance
(ANOVA) followed by Dunnett’s post-hoc test or Student’s t-test. Results were considered

statistically significant when p<0.05.
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CHAPTER 3. RESULTS

3.1 Cytotoxicity of GL, MZ or their combinations on Neuro-2a cells using Trypan

blue exclusion assay
3.1.1 Cytotoxicity of glyphosate (GL) on Neuro-2a cells

To evaluate cytotoxicity of GL, Neuro-2a cells were incubated for 24
hours with GL at concentrations ranging from 100 to 10,000 uM. Significant reductions
in cells viability were observed with GL concentrations 500, 1000, 5000 and 10,000 uM
when compared to control group. GL concentration of 100 uM, on the other hand did not
result in any significant changes in cells viability when compared to control group

(Figure 1).
3.1.2 Cytotoxicity of mancozeb (MZ) on Neuro-2a cells

To evaluate cytotoxicity of MZ, Neuro-2a cells were incubated for 24
hours with MZ at concentrations ranging from 2 to 10 pM. Significant reductions in cells
viability were observed with MZ concentrations 4, 6, 8 and 10 pM when compared to
control group. MZ concentration of 2 uM did not result in significant changes in cells

viability compared to control group (Figure 2).
3.1.3 Cytotoxicity of GL and MZ combinations on Neuro-2a cells

To evaluate cytotoxicity of GL and MZ combinations, mixture of 100 uM
GL plus 2 uM MZ was initially assessed. Neuro-2a cells were incubated for 24 hours
with GL (100 uM), MZ (2 uM) or GL (100 uM) + MZ (2 uM) mixture. None of the
treatment groups resulted in significant changes in cells viability compared to the control

group. Mixture of GL (100 uM) + MZ (2 uM) did not result in significant changes in
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cells viability when compared to GL (100 uM) or MZ (2 uM) treatment groups (Figure

3).

Cytotoxicity of 100 uM GL plus 4 uM MZ was then assessed. Neuro-2a cells
were incubated for 24 hours with GL (100 uM), MZ (4 uM) or GL (100 uM) + MZ (4
uM) mixture. Significant reductions in cells viability were observed with MZ (4 uM)
treatment group compared to control. GL (100 uM) and GL (100 uM) + MZ (4 uM)
mixture however didn’t result in significant changes in neuro-2a cells viability when
compared to control. Mixture of GL (100 uM) + MZ (4 uM) also didn’t result in
significant changes in cells viability when compared to GL (100 pM) or MZ (4 uM)

(Figure 4).

Finally, cytotoxicity of 100 uM GL and 6 uM MZ combinations was assessed.

Neuro-2a cells were incubated with:

a. 100 uM GL for 30 minutes, GL (30 min)

b. 100 uM GL for 24 hours, GL (24 h)

c. 6 uM MZ for 30 minutes, MZ (30 min)

d. 6 uM MZ for 24 hours, MZ (24 h)

e. Mixture of 100 uM GL plus 6 puM MZ for 24 hours, GL + MZ (24 h)

f. Combination of 6 pM MZ for 30 minutes followed by 100 uM GL for 24
hours, MZ (30 min) + GL (24 h)

g. Combination of 100 uM GL for 30 minutes followed by 6 pM MZ for 24

hours, GL (30 min) + MZ (24 h)

Significant reductions in cells viability were observed with treatment groups, MZ

(30 min), MZ (24 h), GL + MZ (24 h) mixture, MZ (30 min) + GL (24 h) combination
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and GL (30 min) + MZ (24 h) combination when compared to control. While there were
no significant changes in cells viability observed with GL (30 min) or GL (24 h)
treatment groups when compared to control. Mixture of GL + MZ (24 h) resulted in
significant reduction in cells viability compared to GL (24 h) treatment group. There
however were no significant changes in cells viability when the mixture of GL + MZ (24
h) was compared to MZ (24 h) treatment group. Combination of MZ (30 min) + GL (24
h) resulted in significant reductions in cells viability compared to MZ (30 min) and GL
(24 h) treatment groups. Combination of GL (30 min) + MZ (24 h) also resulted in
significant reductions in cells viability compared to GL (30 min) and MZ (24 h) treatment

groups (Figure 5).

3.2 Phase contrast light microscopy of Neuro-2a cells treated with GL, MZ or their
combinations
Phase contrast micrographs of Neuro-2a cells (Figures 6-13) were taken to

observe morphological changes following treatment with:

a. 100 uM GL for 30 minutes, GL (30 min)

b. 100 uM GL for 24 hours, GL (24 h)

c. 6 uM MZ for 30 minutes, MZ (30 min)

d. 6 uM MZ for 24 hours, MZ (24 h)

e. Mixture of 100 uM GL plus 6 uM MZ for 24 hours, GL + MZ (24 h)

f. Combination of 6 M MZ for 30 minutes followed by 100 uM GL for 24
hours, MZ (30 min) + GL (24 h)

g. Combination of 100 uM GL for 30 minutes followed by 6 pM MZ for 24

hours, GL (30 min) + MZ (24 h)
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Figure 6 shows control Neuro-2a cells demonstrating polymorphic appearance
with fusiform and stellate shaped cells. Control Neuro-2a cells also showed long neuretic

processes characteristic of this cell line (Figure 6).

Neuro-2a cells treated with 100 uM GL for 30 minutes, GL (30 min) had
translucent appearance, but they still showed an extensive network of neuretic processes
similar to that seen in control Neuro-2a cells (Figure 7). Neuro-2a cells treated with 100
uM GL for 24 hours, GL (24 h) had similar appearance to GL (30 min) treatment except
that cells were more rounded with a loss of neuretic processes following the GL (24 h)

treatment (Figure 8).

Neuro-2a cells treated with 6 uM of MZ for 30 minutes, MZ (30 min) or for 24
hours, MZ (24 h) showed altered neuretic processes and round floating cells. Cellular

debris were also noted with MZ (24 h) treatment (Figure 9 and Figure 10).

Neuro-2a cells treated with combinations of 100 uM GL and 6 pM MZ including
GL + MZ (24 h), MZ (30 min) + GL (24 h) and GL (30 min) + MZ (24 h) demonstrated
altered neuretic processes, round floating cells, and numerous cellular debris (Figures 11-

13).

3.3 Scanning electron microscopy of Neuro-2a cells treated with GL, MZ or their
combinations

Scanning electron micrographs were taken for control and treated Neuro-2a cells
to observe morphological changes. Neuro-2a cells were treated with GL, MZ or their
combinations. GL and MZ concentrations used were 100 uM and 6 uM, respectively.

Figures 14-16 are representative micrographs showing control Neuro-2a cells extending
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long neuretic processes which appear as thin tubular structures or as flattened projections.

Control cells also demonstrate abundance of retraction fibers (Figures 14-16).

Figures 17 and 18 are representative micrographs showing Neuro-2a cells treated
with GL for 30 minutes, GL (30 min). GL (30 min) treated cells had a rounded
appearance (Figure 17 and Figure 18). Figures 19 and 20 are representative micrographs
showing Neuro-2a cells treated with GL for 24 hours, GL (24 h). GL (24 h) treated cells
demonstrated rounded appearance with few retraction fibers and blebbing (Figure 19 and

Figure 20).

Figures 21-23 are representative micrographs showing Neuro-2a cells treated with
MZ for 30 minutes, MZ (30 min). MZ (30 min) treated cells appeared round with surface
blebbing and few retraction fibers. Cytoplasmic fragments were also noted (Figures 21-
23). Figures 24 and 25 are representative micrographs showing Neuro-2a cells treated
with MZ for 24 hours, MZ (24 h). MZ (24 h) treated cells showed disrupted processes

and loss of retraction fibers (Figure 24 and Figure 25).

Figures 26 and 27 are representative micrographs for Neuro-2a cells treated for 24
hours with GL + MZ mixture, GL + MZ (24 h). Mixture treated cells demonstrated
rounded appearance with plasmalemmal toroids, disrupted neuretic processes and
cytoplasmic fragments (Figure 26 and Figure 27). Figures 28 and 29 are representative
micrographs of cells treated with MZ for 30 minutes followed by GL for 24 hours, MZ
(30 min) + GL (24 h). MZ (30 min) + GL (24 h) combination treated cells demonstrated
plasmalemmal toroids and loss of retraction fibers (Figure 28). Blebbing along the
neuretic processes were also noted (Figure 29). Figures 30 and 31 are representative

micrographs of cells treated with GL for 30 minutes followed by MZ for 24 hours, GL
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(30 min) + MZ (24 h). GL (30 min) + MZ (24 h) combination treated cells demonstrated
plasmalemmal toroids, disrupted neuretic processes and loss of retraction fibers (Figure

30 and Figure 31).

3.4 Metal analysis using Inductively Coupled-Optical Emission Spectroscopy
Copper, zinc, manganese, magnesium and iron levels were measured using

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Tables 1-6)

in 100 pM GL and 6 uM MZ treatment solutions, in culture media before and after

treatments and in Neuro-2a cells after treatment with:

a. 100 uM GL for 30 minutes, GL (30 min)

b. 100 uM GL for 24 hours, GL (24 h)

c. 6 uM MZ for 30 minutes, MZ (30 min)

d. 6 uM MZ for 24 hours, MZ (24 h)

e. Mixture of 100 uM GL plus 6 uM MZ for 24 hours, GL + MZ (24 h)

f. Combination of 6 uM MZ for 30 minutes followed by 100 uM GL for 24
hours, MZ (30 min) + GL (24 h)

g. Combination of 100 uM GL for 30 minutes followed by 6 pM MZ for 24

hours, GL (30 min) + MZ (24 h)

3.4.1 Metal levels in media, GL and MZ solutions

Levels of copper, magnesium, manganese, iron and zinc were measured
using ICP-OES in the media and in solutions of 100 uM GL and 6 uM MZ which were
prepared by diluting stock solutions of these compounds in media. No significant changes

were observed in levels of copper, magnesium, iron and zinc with the treatment solutions
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when compared to media. Levels of manganese however were significantly higher in 6

uM MZ treatment solution when compared to media (Table 1).

3.4.2 Copper levels in Neuro-2a cells and in media following treatment with GL, MZ

or their combinations

Copper levels were measured in Neuro-2a cells and in the media collected from
the flasks after treatments. Intracellular copper levels were significantly increased in MZ
(24 h) treatment and in combinations MZ (30 min) + GL (24 h) and GL (30 min) + MZ
(24 h) compared to control cells. Intracellular copper levels were significantly higher in
MZ (30 min) + GL (24 h) combination treatment compared to GL (24 h) and MZ (30
min) treatment groups. Intracellular copper levels were significantly higher in GL (30
min) + MZ (24 h) combination treatment compared to GL (30 min) treatment group,
while the increase in intracellular copper levels was not significant compared to MZ (24
h) treatment group. GL treatments, GL (30 min) and GL (24 h), MZ (30 min) treatment
group as well as GL + MZ (24 h) mixture treatment group did not result in significant

changes in intracellular copper levels compared to control Neuro-2a cells (Table 2).

In media collected after treatments, copper levels were significantly decreased in
media collected from MZ (24 h) treatment and GL (30 min) + MZ (24 h) combination
treatment compared to media collected from control cells. No significant changes in
copper levels were observed in media collected from GL (30 min), GL (24 h), MZ (30
min), GL +MZ (24 h) mixture and MZ (30 min) + GL (24 h) combination treatments

compared to media collected from control cells (Table 2).
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3.4.3 Zinc levels in Neuro-2a cells and in media following treatment with GL, MZ or

their combinations

Zinc levels were measured in Neuro-2a cells and in the media collected from the
flasks after treatments. Intracellular zinc levels were significantly increased in MZ (24 h)
treatment and in all GL and MZ combination treatments, MZ + GL (24 h), MZ (30 min) +
GL (24 h) and GL (30 min) + MZ (24 h) compared to control cells. Intracellular zinc
levels were significantly higher in MZ (30 min) + GL (24 h) combination treatment
compared to GL (24 h) and MZ (30 min) treatment groups. Intracellular zinc levels were
significantly higher in GL (30 min) + MZ (24 h) combination treatment and in GL + MZ
(24 h) mixture compared to GL (30 min) treatment and GL (24 h) treatment, respectively,
while the increases in intracellular zinc levels with both combination treatments were not
significant compared to MZ (24 h) treatment group. GL treatments, GL (30 min) and GL
(24 h) and MZ (30 min) treatment group did not result in significant changes in

intracellular zinc levels compared to control Neuro-2a cells (Table 3).

In media collected after treatments, zinc levels were significantly decreased in
media collected from combination treatments MZ (30 min) + GL (24 h) and GL (30 min)
+ MZ (24 h) compared to media collected from control cells. No significant changes in
zinc levels were observed in media collected from GL (30 min), GL (24 h), MZ (30 min),
MZ (24 h) and GL +MZ (24 h) mixture compared to media collected from control cells

(Table 3).
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3.4.4 Manganese levels in Neuro-2a cells and in media following treatment with GL,

MZ or their combinations

Manganese levels were measured in Neuro-2a cells and in the media collected
from the flasks after treatments. Intracellular manganese levels were significantly
increased in MZ (24 h) treatment and in the combination treatments, MZ + GL (24 h) and
GL (30 min) + MZ (24 h) compared to control cells. Intracellular manganese levels were
significantly higher in GL (30 min) + MZ (24 h) combination treatment and in GL + MZ
(24 h) mixture compared to GL (30 min) treatment and GL (24 h) treatment, respectively,
while the increases in intracellular manganese levels with both combination treatments
were not significant compared to MZ (24 h) treatment group. GL treatments, GL (30 min)
and GL (24 h), MZ (30 min) treatment group and MZ (30 min) + GL (24 h) combination
treatment did not result in significant changes in intracellular manganese levels compared

to control Neuro-2a cells (Table 4).

In media collected after treatments, manganese levels were significantly higher in
media collected from MZ (24 h) treatment group and from combination treatments GL +
MZ (24 h) and GL (30 min) + MZ (24 h) compared to media collected from control cells.
No significant changes in manganese levels were observed in media collected from GL
(30 min), GL (24 h), MZ (30 min) and MZ (30 min) + GL (24 h) treatment groups

compared to media collected from control cells (Table 4).

3.4.5 Magnesium levels in Neuro-2a cells and in media following treatment with GL,

MZ or their combinations

Magnesium levels were measured in Neuro-2a cells and in media collected from

the flasks after treatments. No significant changes in intracellular magnesium levels were
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observed with any of the treatment groups compared to control cells. There were also no
significant changes in magnesium levels in media collected from treatment groups

compared to media collected from control cells (Table 5).

3.4.6 Iron levels in Neuro-2a cells and in media following treatment with GL, MZ or

their combinations

Iron levels were measured in Neuro-2a cells and in media collected from the
flasks after treatments. No significant changes in intracellular iron levels were observed
with any of the treatment groups compared to control cells. There were also no significant
changes in iron levels in media collected from treatment groups compared to media

collected from control cells (Table 6).

3.5 GSH/GSSG ratio in Neuro-2a cells treated with GL, MZ or their combinations
To determine if exposure to GL, MZ or their combinations will disrupt redox
balance, reduced glutathione to oxidized glutathione ratios (GSH/GSSG) were evaluated

using GSH/GSSG-glo glutathione assay in Neuro-2a cells treated with:

a. 100 uM GL for 30 minutes, GL (30 min)

b. 100 uM GL for 24 hours, GL (24 h)

c. 6 uM MZ for 30 minutes, MZ (30 min)

d. 6 uM MZ for 24 hours, MZ (24 h)

e. Mixture of 100 uM GL plus 6 uM MZ for 24 hours, GL + MZ (24 h)

f. Combination of 6 uM MZ for 30 minutes followed by 100 uM GL for 24
hours, MZ (30 min) + GL (24 h)

g. Combination of 100 uM GL for 30 minutes followed by 6 pM MZ for 24

hours, GL (30 min) + MZ (24 h)
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No significant changes in GSH/GSSG ratios were observed with GL treatment
groups, GL (30 min) and GL (24 h) compared to control group. Significant decreases in
GSH/GSSG ratios were observed with MZ treatment groups, MZ (30 min) and MZ (24 h)
as well as all three forms of GL and MZ combinations including GL + MZ (24 h), MZ
(30 min) + GL (24 h) and GL (30 min) + MZ (24 h) when compared to control group.
The decreases in GSH/GSSG ratios observed with GL + MZ (24 h) mixture and with MZ
(30 min) + GL (24 h) were significant when compared to GL (24 h) treatment group and
were however not significant when compared to MZ (24 h) and MZ (30 min) treatment
groups, respectively. On the other hand, decreases in GSH/GSSG ratios observed with
GL (30 min) + MZ (24 h) combination treatment were significant when compared to GL

(30 min) and MZ (24 h) treatment groups (Figure 32).

3.6 Post-treatment with butylated hydroxytoluene (BHT)

Antioxidant butylated hydroxytoluene (BHT) was tested as a post-treatment for
its ability to alleviate cytotoxicity associated with MZ and GL + MZ mixture. Neuro-2a
cells were treated for 24 hours with 100 uM GL, 6 uM MZ or mixture of GL + MZ. Cells
were then post-treated for 24 hours with 50 uM BHT or were left to recover in media.

Cell viability was assessed afterwards using Trypan blue exclusion assay.

3.6.1 GL exposed Neuro-2a cells post-treated with BHT

No significant changes in Neuro-2a cells viability were observed with
control BHT group, 50 uM BHT when compared to control group, untreated cells (Figure
33). No significant changes were observed in Neuro-2a cells viability with GL groups,
whether cells were post-treated with BHT for 24 hours, GL (24 h) — BHT (24 h) or were

left in media for 24 hours, GL (24 h) — media (24 h) compared to control group (Figure
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33). There were also no significant changes in cells viability with GL group post- treated

with BHT, GL (24 h) — BHT (24 h), when compared to control BHT group (Figure 33).
3.6.2 MZ exposed Neuro-2a cells post-treated with BHT

Significant decreases in Neuro-2a cells viability were observed with MZ
groups whether post-treated with BHT, MZ (24 h) — BHT (24 h) or were left to recover in
media, MZ (24 h) — media (24 h) when compared to control group. (Figure 34). There
were also significant decreases in cells viability with MZ group post-treated with BHT,

MZ (24 h) — BHT (24 h) when compared to control BHT (Figure 34).
3.6.3 GL + MZ mixture exposed Neuro-2a cells post-treated with BHT

Significant decreases in Neuro-2a cells viability were observed with GL +
MZ mixture groups whether post-treated with BHT, GL + MZ mix (24 h) - BHT (24 h)
or were left to recover in media, GL + MZ mix (24 h) — media (24 h) when compared to
control group. (Figure 35). There were also significant decreases in cells viability with
GL + MZ mixture group post-treated with BHT, GL + MZ mix (24 h) — BHT (24 h) when

compared to control BHT (Figure 35).
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Figure 1. Cytotoxicity of glyphosate on Neuro-2a cells as determined by Tryban blue
exclusion assay. Neuro-2a cells were treated for 24 hours with various concentrations of
glyphosate (GL) ranging from 100 to 10,000 uM. Significant decreases in cell viability
were observed at GL concentrations 500 to 10,000 uM as compared to the control. All
values are expressed as percentage of control group. The experiment was repeated in
triplicate, n=3. Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc
test. **p<0.01, ***p<0.001.
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Figure 2. Cytotoxicity of mancozeb on Neuro-2a cells as determined by Tryban blue
exclusion assay. Neuro-2a cells were treated for 24 hours with various concentrations of
mancozeb (MZ) ranging from 2 to 10 uM. Significant decreases in cell viability were
observed at MZ concentrations 4 to 10 uM as compared to the control. All values are
expressed as percentage of control group. The experiment was repeated in triplicate, n=3.
Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc test. **p<0.01,
**%p<0.001.
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Figure 3. Cytotoxicity of glyphosate (100 pM) plus mancozeb (2 pM) mixture on
Neuro-2a cells as determined by Tryban blue exclusion assay. To determine GL and MZ
concentrations to be used in combination treatments, a mixture of 100 uM GL + 2 uM MZ
was assessed. Neuro-2a cells were treated for 24 hours with GL at a concentration of 100
UM, MZ at a concentration of 2 uM or mixture of 100 uM GL + 2 uM MZ. No significant
changes in cell viability were observed when treatment groups were compared to control.
No significant changes in cell viability were observed when comparing GL (100 uM) +
MZ (2 uM) mixture to GL (100 pM) or MZ (2 uM). All values are expressed as percentage
of control group. The experiment was repeated in triplicate, n=3. Data were analyzed using
one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4. Cytotoxicity of glyphosate (100 pnM) plus mancozeb (4 pM) mixture on
Neuro-2a cells as determined by Tryban blue exclusion assay. To determine GL and MZ
concentrations to be used in combination treatments, a mixture of 100 uM GL +4 uM MZ
was also assessed. Neuro-2a cells were treated for 24 hours with GL at a concentration of
100 uM, MZ at a concentration of 4 uM or mixture of 100 uM GL + 4 uM MZ. No
significant changes in cell viability were observed when treatment groups were compared
to control. Significant decrease in cell viability was observed in MZ (4 uM) treatment
group when compared to control. No significant changes in cell viability were observed
when comparing GL (100 uM) and GL (100 pM) + MZ (2 uM) mixture to control. No
significant changes in cell viability when comparing GL (100 uM) + MZ (4 uM) mixture
to GL (100 uM) or MZ (2 uM). All values are expressed as percentage of control group.
The experiment was repeated in triplicate, n=3. Data were analyzed using one-way
ANOVA followed by Tukey’s post-hoc test. ***p<0.001.
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Figure 5. Cytotoxicity of glyphosate (100 pM) and mancozeb (6 pM) combinations on
Neuro-2a cells as determined by Tryban blue exclusion assay. Neuro-2a cells were
treated with 100 uM of GL for 30 minutes, GL (30 min) or for 24 hours, GL (24 h), 6 uM
of MZ for 30 minutes, MZ (30 min) or for 24 hours, MZ (24 h), mixture of 100 uM GL
plus 6 uM MZ for 24 hours, GL + MZ (24 h), combination of 6 uM MZ for 30 minutes
followed by 100 uM GL for 24 hours, MZ (30 min) + GL (24 h) or combination of 100 uM
GL for 30 minutes followed by 6 uM MZ for 24 hours, GL (30 min) + MZ (24 h).
Significant decreases in cell viability were observed with MZ treatment groups, MZ (30
min) and MZ (24 h) and all three forms of combinations, MZ + GL (24 h), MZ (30 min) +
GL (24 h) and GL (30 min) + MZ (24 h) when compared to control group. Significant
decreases in cell viability were observed in mixture of MZ + GL (24 h) treatment group
when compared to GL (24 h) treatment. Significant decreases in cell viability were
observed in MZ (30 min) + GL (24 h) treatment group when compared to MZ (30 min) or
GL (24 h) treatment groups. Significant decreases in cell viability were observed in GL (30
min) + MZ (24 h) treatment group when compared to GL (30 min) or MZ (24 h). All values
are expressed as percentage of control group. The experiment was repeated in triplicate,
n=3. Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc test.
**p<0.01, ***p<0.001 compared to control, ++p<0.01, +++p<0.001 compared to GL (24
h), $p<0.05 compared to MZ (30 min), ###p<0.001 compared to GL (30 min), aop<0.01
compared to MZ (24 h).
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Figure 6. Phase contrast light micrograph of control Neuro-2a cells. Control Neuro-2a
cells appear polymorphic with fusiform and stellate shaped cells. Control Neuro-2a cells
show long neuretic processes characteristic of this cell line. x200
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Figure 7. Phase contrast light micrograph of Neuro-2a cells treated with 100 pM
glyphosate for 30 minutes. Neuro-2a cells were treated for 30 minutes with 100 uM of
glyphosate and then were refed with media for 24 hours. Mainly cells appear translucent

as if they are lifting off the substrate but still show a complex pattern of neuretic processes.
x200
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Figure 8. Phase contrast light micrograph of Neuro-2a cells treated with 100 pM
glyphosate for 24 hours. Neuro-2a cells were treated for 24 hours with 100 uM of
glyphosate. GL (24 h) treated cells appear somewhat similar to GL (30 min) treated cells

except that many cells are more rounded (arrow heads) with loss of neuretic processes.
x200
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Figure 9. Phase contrast light micrograph of Neuro-2a cells treated with 6 pM
mancozeb for 30 minutes. Neuro-2a cells were treated for 30 minutes with 6 uM of
mancozeb and then were refed with media for 24 hours. Cells appear less confluent with
round floating cells (arrow heads) and altered neuretic processes (arrows). x200
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Figure 10. Phase contrast light micrograph of Neuro-2a cells treated with 6 pM
mancozeb for 24 hours. Neuro-2a cells were treated for 24 hours with 6 uM of mancozeb.

Cells appear to have altered neuretic processes (arrows) with round floating cells (arrow
heads) and cellular debris (star). x200
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Figure 11. Phase contrast light micrograph of Neuro-2a cells treated with mixture of
100 uM glyphosate plus 6 pM mancozeb for 24 hours. Neuro-2a cells were treated for
24 hours with MZ + GL mixture. Cells showed altered neuretic processes (arrows) with
cellular debris (star) and round floating cells (arrow heads). x200
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Figure 12. Phase contrast light micrograph of Neuro-2a cells treated with 6 pM
mancozeb for 30 minutes followed by 100 uM glyphosate for 24 hours. Cells showed
altered neuretic processes (arrows) with numerous cellular debris (star) and round floating
cells (arrow heads). x200
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Figure 13. Phase contrast light micrograph of Neuro-2a cells treated with 100 pM
glyphosate for 30 minutes followed by 6 pM mancozeb for 24 hours. Cells showed
disrupted neuretic processes (arrows) with numerous cellular debris (star). x200
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Figure 14. Scanning electron micrograph of control Neuro-2a cells. This micrograph is
a representative of control Neuro-2a cells. Control Neuro-2a cells demonstrate long
neuretic processes which appear as flattened projections or as thin tubular structures (n).

Control Neuro-2a cells also show numerous retraction fibers (r). Total magnification,
x1600.
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Figure 15. Higher magnification Scanning electron micrograph of a control Neuro-2a
cell. Representative micrograph of control Neuro-2a cell with numerous retraction fibers
(r). Total magnification, x3,000.
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Figure 16. Scanning electron micrograph of a control Neuro-2a cell showing a neuretic
process. Representative micrograph of control Neuro-2a cell showing long neuretic
process (n) with numerous retraction fibers (r). Total magnification, x4,500.
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Figure 17. Scanning electron micrograph of Neuro-2a cells treated with 100 uM of
glyphosate for 30 minutes. This micrograph is a representative of Neuro-2a cells treated

for 30 minutes with 100 uM of glyphosate. Some cells have rounded appearance. Total
magnification, x1,300.
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Figure 18. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 100 pM of glyphosate for 30 minutes. Representative micrograph of Neuro-
2a cell treated for 30 minutes with 100 uM of glyphosate. Cells have a more rounded
appearance. Total magnification, x3,300.
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Figure 19. Scanning electron micrograph of Neuro-2a cells treated with 100 uM of
glyphosate for 24 hours. This micrograph is a representative of Neuro-2a cells treated for
24 hours with 100 uM of glyphosate. Cells appear rounded with fewer retraction fibers
(black arrow). Total magnification, x1,500.
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Figure 20. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 100 uM of glyphosate for 24 hours. Representative micrograph of Neuro-
2a cell treated for 24 hours with 100 uM of glyphosate. Cell surface blebbing (white arrow)
and fewer retraction fibers are noted (black arrow). Total magnification, x3,300.
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Figure 21. Scanning electron micrograph of Neuro-2a cells treated with 6 pM of
mancozeb for 30 minutes. This micrograph is a representative of Neuro-2a cells treated

for 30 minutes with 6 pM of mancozeb. Cells have a rounded appearance. Total
magnification, x1,700.
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Figure 22. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 6 pM of mancozeb for 30 minutes. Representative micrograph of Neuro-2a
cell treated for 30 minutes with 6 uM of mancozeb. Cell surface blebbing (white arrow)
and fewer retraction fibers are noted. Total magnification, x3,300.
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Figure 23. Scanning electron micrograph of a Neuro-2a cell neuretic process treated
with 6 pM of mancozeb for 30 minutes. Representative micrograph of Neuro-2a cell
process treated for 30 minutes with 6 uM of mancozeb. Blebs are noted along the neuretic
process (white arrows). Total magnification, x3,000.
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Figure 24. Scanning electron micrograph of Neuro-2a cells treated with 6 pM of
mancozeb for 24 hours. This micrograph is a representative of Neuro-2a cells treated for
24 hours with 6 uM of mancozeb showing disrupted neuretic processes. Total
magnification, x1,300.
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Figure 25. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 6 pM of mancozeb for 24 hours. Representative micrograph of Neuro-2a
cell treated for 24 hours with 6 uM of mancozeb. Loss of retraction fibers and disrupted
neuretic processes are noted. Total magnification, x2,700.
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Figure 26. Scanning electron micrograph of Neuro-2a cells treated with a mixture of
100 pM glyphosate plus 6 pM of mancozeb for 24 hours. This micrograph is a
representative of Neuro-2a cells treated for 24 hours with mixture of glyphosate plus
mancozeb. Cells show disrupted neuretic processes and plasmalemmal toroids (white star).
Some cells demonstrate a rounded appearance. Total magnification, x1,500.
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Figure 27. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with mixture of 100 pnM glyphosate plus 6 pM of mancozeb for 24 hours.
Representative micrograph of Neuro-2a cells treated for 24 hours with mixture of
glyphosate plus mancozeb showing plasmalemmal toroids (white star). Total
magnification, x3,000.
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Figure 28. Scanning electron micrograph of Neuro-2a cells treated with 6 pM of
mancozeb for 30 minutes followed by 100 pM glyphosate for 24 hours. This micrograph
is a representative of Neuro-2a cells treated with mancozeb for 30 minutes followed by
glyphosate for 24 hours showing loss of retraction fibers (black arrow), blebbing (white
arrow) and plasmalemmal toroids (white star). Total magnification, x1,800.
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Figure 29. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 6 uM of mancozeb for 30 minutes followed by 100 pM glyphosate for 24
hours. Representative micrograph of Neuro-2a cells treated with mancozeb for 30 minutes
followed by glyphosate for 24 hours. Multiple blebs are noted along the neuretic processes
(white arrow). Total magnification, x2,700.
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Figure 30. Scanning electron micrograph of Neuro-2a cells treated with 100 pM
glyphosate for 30 minutes followed by 6 pM of mancozeb for 24 hours. This micrograph
is a representative of Neuro-2a cells treated with glyphosate for 30 minutes followed by
mancozeb for 24 hours showing disruption of the neuretic processes and plasmalemmal
toroids (white star). Total magnification, x1,900.
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Figure 31. Higher magnification Scanning electron micrograph of Neuro-2a cells
treated with 100 pM glyphosate for 30 minutes followed by 6 pM of mancozeb for 24
hours. This micrograph is a representative of Neuro-2a cells treated with glyphosate for
30 minutes followed by mancozeb for 24 hours showing plasmalemmal toroids (white star).
Total magnification, x3,300.
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Media 100 pM GL 6 pM MZ
Copper (ppb/mg) 0.066+0.024 0.071+0.020 0.070+0.022
Magnesium (ppb/mg) 85.95+21.16 88.49+9.28 123.3+£16.30
Manganese (ppb/mg) 0.000£0.06 0.000£0.05 1.696+0.180
%
Iron (ppb/mg) 1.044+0.013 1.021+0.041 0.962+0.018
Zinc (ppb/mg) 0.653+0.148 0.669+0.012 1.608+0.033

Table 1. ICP-OES: Metal levels in Media, 100 pM glyphosate and 6 pM mancozeb.
Levels of copper, magnesium, manganese, iron and zinc were measured in media, 100 pM
glyphosate (GL) and in 6 uM of mancozeb (MZ) using Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES). Both the 100 uM of GL and the 6 uM of MZ
were prepared by diluting stock solutions of GL and MZ, respectively using media. No
significant difference was observed in levels of copper, magnesium, iron and zinc between
the treatment compounds and the media. Levels of manganese were significantly higher in
6 uM of MZ compared to the media. Metal levels are expressed as ppb/mg of dry weight.
Values represent mean +/- SEM of three experiments, n=3. Data were analyzed using a
one-way ANOVA followed by Dunnett’s post-hoc test. *p<0.05.
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Copper Copper
in Neuro-2a cells in Media
(ppb/mg) (ppb/mg)
Control 0.119 £0.010 0.1454+0.002
GL (30min) 0.153 £0.019 0.1214+0.040
GL (24 h) 0.129 +£0.012 0.081+0.016
MZ (30 min) 0.124 +0.014 0.095+0.024
MZ (24 h) 0.257+0.013 0.048+0.003
%% %
GL+MZ (24 h) 0.202 £0.042 0.105+0.03
MZ (30 min) + GL (24 h) 0.238 +£0.027 0.073+0.02
*, +, :i:
GL (30 min) + MZ (24 h) 0.265 +£0.032 0.046+0.003
7’:7’:’ # %

Table 2. ICP-OES: Copper levels in Neuro-2a cells and in media after treatment with
glyphosate, mancozeb or their combinations. Neuro-2a cells were treated with 100 uM
of GL, 6 uM of MZ or their combinations. Copper concentrations were assessed in the cells
and in the media collected from the flasks following the treatment period using ICP-OES.
Copper levels are expressed as ppb/mg of dry weight. The experiment was repeated in
triplicate, n=3 and each n number represent a pooled sample from 6 to 12 flasks. Significant
increases in intracellular copper levels were observed in MZ (24 h) treatment and in
combination treatments MZ (30 min) + GL (24 h) and GL (30 min) + MZ (24 h) when
compared to control Neuro-2a cells. Increases in intracellular copper levels were
significantly higher in combination treatment MZ (30 min) + GL (24 h) compared to MZ
(30 min) and GL (24 h) treatment groups. Increases in intracellular copper levels were also
significantly higher in combination treatment GL (30 min) + MZ (24 h) compared to GL
(30 min) treatment group. In the media collected after treatments, significant decreases in
copper levels were observed in MZ (24 h) treatment and in combination treatment of GL
(30 min) + MZ (24 h) when compared to media collected from control group. Data were
analyzed using one—way ANOVA followed by Dunnett’s post-hoc test, *p<0.05, **p<0.01
compared to control group. Data were analyzed using Student’s t-test when comparing
between two treatment groups, +p<0.05 compared to GL (24hr), #P<0.05 compared to GL
(30min), $p<0.05 compared to MZ (30min).
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Zinc Zinc
in Neuro-2a cells in Media
(ppb/mg) (ppb/mg)
Control 5.403+£0.267 2.389+0.122
GL (30min) 4.614+0.260 1.410+0.088
GL (24 h) 5.416+0.166 1.121 +0.106
MZ (30 min) 5.9924+0.216 1.430+0.049
MZ (24 h) 6.992+0.403 0.973+0.622
%k
GL+MZ (24 h) 6.717+0.073 1.049+0.535
* 4+
MZ (30 min) + GL (24 h) 7.862+0.354 0.417+0.048
7’:7’:7’:’++, i %
GL (30 min) + MZ (24 h) 7.719+0.151 0.653+0.039
7’:**’# %

Table 3. ICP-OES: Zinc levels in Neuro-2a cells and in media after treatment with
glyphosate, mancozeb or their combinations. Neuro-2a cells were treated with 100 uM
of GL, 6 uM of MZ or their combinations. Zinc concentrations were assessed in the cells
and in the media collected from the flasks following the treatment period using ICP-OES.
Copper levels are expressed as ppb/mg of dry weight. The experiment was repeated in
triplicate, n=3 and each n number represent a pooled sample from 6 to 12 flasks. Significant
increases in intracellular zinc levels were observed in MZ (24 h) treatment and in all
combination treatments MZ + GL (24 h), MZ (30 min) + GL (24 h) and GL (30 min) + MZ
(24 h) when compared to control Neuro-2a cells. Increases in intracellular zinc levels were
significantly higher in mixture of MZ + GL (24 h) compared to GL (24 h) treatment group.
Increases in intracellular zinc levels were significantly higher in combination treatment
MZ (30 min) + GL (24 h) compared to MZ (30 min) and GL (24 h) treatment groups.
Increases in intracellular zinc levels were also significantly higher in combination
treatment GL (30 min) + MZ (24 h) compared to GL (30 min) treatment group. In the media
collected after treatments, significant decreases in zinc levels were observed in MZ (30
min) + GL (24 h) and in GL (30 min) + MZ (24 h) combination treatments when compared
to media collected from control group. Data were analyzed using one—way ANOVA
followed by Dunnett’s post-hoc test, *p<0.05, **p<0.01, ***p<0.001 compared to control
group. Data were analyzed using Student’s t-test when comparing between two treatment
groups, ++p<0.01 compared to GL (24hr), #P<0.05 compared to GL (30min), {p<0.05
compared to MZ (30min).
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Manganese Manganese
in Neuro-2a cells in Media
(ppb/mg) (ppb/mg)
Control 0.000+0.000 0.000+0.001
GL (30min) 0.000+0.008
0.000+0.000
GL (24 h) 0.000 +£0.038
0.000+0.000
MZ (30 min) 0.000+0.000 0.0156+0.193
MZ (24 h) 0.178+0.012 1.604+0.100
% %k
GL+MZ (24 h) 0.152+0.010 1.177+£0.199
* 4 *k 4t
MZ (30 min) + GL (24 h) 0.016+0.005 0.003+0.002
GL (30 min) + MZ (24 h) 0.248+0.021 1.545+0.133
***,# ***’#

Table 4. ICP-OES: Manganese levels in Neuro-2a cells and in media after treatment
with glyphosate, mancozeb or their combinations. Neuro-2a cells were treated with 100
uM of GL, 6 uM of MZ or their combinations. Manganese concentrations were assessed
in the cells and in the media collected from the flasks following the treatment period using
ICP-OES. Manganese levels are expressed as ppb/mg of dry weight. The experiment was
repeated in triplicate, n=3 and each n number represent a pooled sample from 6 to 12 flasks.
Significant increases in intracellular manganese levels were observed in MZ (24 h)
treatment, in GL + MZ (24 h) mixture treatment and GL (30 min) + MZ (24 h) combination
treatment when compared to control Neuro-2a cells. Increases in intracellular manganese
levels were significantly higher in mixture of GL + MZ (24 h) compared to GL (24 h)
treatment group. Increases in intracellular manganese levels were also significantly higher
in combination treatment GL (30 min) + MZ (24 h) compared to GL (30 min) treatment
group. In the media collected after treatments, significant increases in manganese levels
were observed in MZ (24 h), GL + MZ (24 h) mixture and in GL (30 min) + MZ (24 h)
combination treatment groups when compared to media collected from control group. Data
were analyzed using one—way ANOVA followed by Dunnett’s post-hoc test, *p<0.05,
*#p<0.01, ***p<0.001 compared to control group. Data were analyzed using Student’s t-
test when comparing between two treatment groups, ++p<0.01 compared to GL (24hr),
#P<0.05 compared to GL (30min).
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Magnesium Magnesium

in Neuro-2a cells in Media

(ppb/mg) (ppb/mg)
Control 151.449.774 107.7£17.69
GL (30min) 152.6+5.070 100.5+16.00
GL (24 h) 157.449.531 82.08+13.71
MZ (30 min) 155.1+£7.646 102.0+4.930
MZ (24 h) 158.5+8.647 103.5+13.17
GL+MZ (24 h) 159.849.282 102.0+£9.614
MZ (30 min) + GL (24 h) 162.5+£12.276 102.7+£5.870
GL (30 min) + MZ (24 h) 159.4+12.046 85.92+16.02

Table 5. ICP-OES: Magnesium levels in Neuro-2a cells and in media after treatment
with glyphosate, mancozeb or their combinations. Neuro-2a cells were treated with 100
uM of GL, 6 uM of MZ or their combinations. Magnesium concentrations were assessed
in the cells and in the media collected from the flasks following the treatment period using
ICP-OES. Magnesium levels are expressed as ppb/mg of dry weight. The experiment was
repeated in triplicate, n=3 and each n number represent a pooled sample from 6 to 12 flasks.
No significant changes in magnesium levels were observed with any of the treatment
groups whether in the cells or in the media collected after treatments from the flasks. Data
were analyzed using one—way ANOVA followed by Dunnett’s post-hoc test, *p<0.05.
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Iron Iron

in Neuro-2a cells in Media

(ppb/mg) (ppb/mg)
Control 2.41240.220 1.511 £0.136
GL (30min) 2.240+0.198 1.702+0.011
GL (24 h) 2.5824+0.167 1.165 £0.015
MZ (30 min) 2.728+0.122 1.646+0.012
MZ (24 h) 2.8014+0.128 0.928+0.392
GL + MZ (24 h) 3.104+0.216 1.134+0.013
MZ (30 min) + GL (24 h) 3.28240.564 1.330+0.103
GL (30 min) + MZ (24 h) 3.076+0.473 1.021+0.427

Table 6. ICP-OES: Iron levels in Neuro-2a cells and in media after treatment with
glyphosate, mancozeb or their combinations. Neuro-2a cells were treated with 100 uM
of GL, 6 uM of MZ or their combinations. Iron concentrations were assessed in the cells
and in the media collected from the flasks following the treatment period using ICP-OES.
Iron levels are expressed as ppb/mg of dry weight. The experiment was repeated in
triplicate, n=3 and each n number represent a pooled sample from 6 to 12 flasks. No
significant changes in iron levels were observed with any of the treatment groups whether
in the cells or in the media collected after treatments from the flasks. Data were analyzed
using one—way ANOVA followed by Dunnett’s post-hoc test, *p<0.05.
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Figure 32. GSH/GSSG ratio in Neuro-2a cells treated with glyphosate, mancozeb or
their combinations. Neuro-2a cells were treated with GL (100 uM), MZ (6 uM) or their
combinations. Reduced glutathione (GSH) to oxidized glutathione (GSSG) ratio
(GSH/GSSG) was assessed by dividing the RLU of reduced glutathione by the RLU of
oxidized glutathione. No significant changes in GSH/GSSG ratio were observed with GL
treatment groups. Significant decreases in GSH/GSSG ratios were observed with MZ
treatment groups and all three forms of GL and MZ combinations. Combination treatments
of MZ + GL (24 h) and MZ (30 min) + GL (24 h) resulted in a significant decrease in
GSH/GSSG ratio compared to GL (24 h) treatment. Combination treatment of GL (30min)
+ MZ (24hr) resulted in a significant decrease in GSH/GSSG ratio when compared to both
GL (30 min) and MZ (24 h). The experiment was repeated in triplicate, n=3. Data were
analyzed using one-way ANOVA followed by Tukey’s post-hoc test. ***p<0.001 compared
to control, ++p<0.01, +++p<0.001 compared to GL (24 h), ###p<0.001 compared to GL
(30 min), ap<0.05 compared to MZ (24 h).
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Figure 33. Glyphosate exposed Neuro-2a cells post-treated with butylated
hydroxytoluene. Neuro-2a cells were treated for 24 hours with 100 uM of GL. Following
the 24 hours, GL was removed and cells were post-treated for 24 hours with 50 uM
butylated hydroxytoluene (BHT), GL (24 h) - BHT (24 h) or were left to recover in media,
GL (24 h) - media (24 h). No significant changes in cell viability were observed with GL
groups whether cells were post-treated with BHT, GL (24 h) - BHT (24 h), or were left to
recover in media, GL (24 h) - media (24 h) compared to control group. No significant
changes in cell viability were also observed with GL (24 h) - BHT (24 h) compared to
control BHT group. All values are expressed as percentage of control group. The
experiment was repeated in triplicate, n=3. Data were analyzed using one-way ANOVA

followed by Tukey’s post-hoc test. *p<0.05
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Figure 34. Mancozeb exposed Neuro-2a cells post-treated with butylated
hydroxytoluene. Neuro-2a cells were treated for 24 hours with 6 uM of MZ. Following
the 24 hours, MZ was removed and cells were post-treated for 24 hours with 50 uM
butylated hydroxytoluene (BHT), MZ (24 h) - BHT (24 h) or were left to recover in media,
MZ (24 h) - media (24 h). Significant decreases in cell viability were observed with MZ
groups whether cells were post-treated with BHT, MZ (24 h) - BHT (24 h), or were left to
recover in media, MZ (24 h) - media (24 h) compared to control group. Significant
decreases in cell viability were also observed with MZ (24 h) - BHT (24 h) compared to
control BHT group. All values are expressed as percentage of control group. The
experiment was repeated in triplicate, n=3. Data were analyzed using one-way ANOVA
followed by Tukey’s post-hoc test. *p<0.05, **p<0.01 compared to control, *p<0.01
compared to control-BHT.
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Figure 35. Mixture exposed Neuro-2a cells post-treated with butylated
hydroxytoluene. Neuro-2a cells were treated for 24 hours with a mixture of 100 uM GL
plus 6 uM of MZ, GL + MZ. Following the 24 hours, the mixture was removed and cells
were post-treated for 24 hours with 50 uM butylated hydroxytoluene (BHT), GL + MZ mix
(24 h) - BHT (24 h) or were left to recover in media, GL + MZ mix (24 h) - media (24 h).
Significant decreases in cell viability were observed with mixture groups whether cells
were post-treated with BHT, GL + MZ mix (24 h) - BHT (24 h), or were left to recover in
media, GL + MZ (24 h) mix - media (24 h) compared to control group. Significant
decreases in cell viability were also observed with GL + MZ (24 h) mix - BHT (24 h)
compared to control BHT group. All values are expressed as percentage of control group.
The experiment was repeated in triplicate, n=3. Data were analyzed using one-way
ANOVA followed by Tukey’s post-hoc test. **p<0.01 compared to control, *'p<0.01
compared to control-BHT.
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CHAPTER 4. DISCUSSION

Excessive application of pesticides has increased the risk of environmental
contamination and hence the possibility of combined exposure to multiple pesticides.
Toxicological effects of pesticides in combination are often different from those reported
when pesticides are tested separately and therefore toxicological assessments of single
pesticides may rarely reflect their combined adverse outcomes (Hernandez et al., 2017).
The herbicide glyphosate and the fungicide mancozeb are pesticides with massive global
application. In Europe, traces of both compounds have been identified in fruits such as
kiwi, oranges and pears, in vegetables such as potatoes and in dry beans, rye and rice
(EFSA, 2022). In France, glyphosate metabolite, aminomethyl phosphonic acid (AMPA)
and mancozeb metabolites, ethylene thiourea (ETU) and ethylene urea (EU) were among
pesticides that are frequently found in urine samples of residents living in proximity to
vineyards (Dereumeaux et al., 2022). In Brazil, both glyphosate and mancozeb have been
detected in levels exceeding their maximum limits in drinking water (Panis et al., 2022).
Combined exposure to glyphosate and mancozeb whether simultaneously or sequentially
is therefore likely to occur in occupational or industrial settings or through food or water
consumption. Toxicities associated with glyphosate and mancozeb have been investigated
separately in several studies. Glyphosate and glyphosate-based formulations have been
linked to adverse effects on liver, kidneys, thyroid and nervous system as well as
teratogenic and carcinogenic effects (Benedetti et al., 2004; Cattani et al., 2014;
Dallegrave et al., 2003; De Liz Oliveira Cavalli et al., 2013; Dedeke et al., 2018; Gasnier
et al., 2009; Gui et al., 2012a; Marrie, 2004; Myers et al., 2016; Peixoto, 2005; Romano

et al., 2012a; Tizhe et al., 2014; Wunnapuk et al., 2014; L. Zhang et al., 2019). Mancozeb
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has also been linked to hepatotoxicity, nephrotoxicity, GI toxicity, neurotoxicity,
reproductive toxicity and endocrine disruption (Akthar et al., 2020; Domico et al., 2006;
Hoffman et al., 2016; Hoffman and Hardej, 2012; Kistinger and Hardej, 2022;
Ksheerasagar and Kaliwal, 2003; Pirozzi et al., 2016). In the current investigation, mouse
neuroblastoma Neuro-2a cell line is used as an in vitro model to assess neurotoxicity of
different glyphosate and mancozeb combinations and to compare it to that of glyphosate

and mancozeb when examined separately.

In this study, cell viability was assessed using trypan blue exclusion assay in Neuro-
2a cells treated with glyphosate, mancozeb or their combinations. Concentrations of
glyphosate and mancozeb evaluated in the study are comparable to reference doses (RfD)
of either compound as set by the EPA (USEPA, 1993, 2005). Data from trypan blue
exclusion assay demonstrate that 24 hours treatment with glyphosate from 500 to 10,000
uM and mancozeb from 4 to 10 uM cause a concentration dependent reduction in Neuro-
2a cells viability. This is consistent with previous in vitro studies where glyphosate at
concentrations from 5,000 to 40,000 uM caused a concentration dependent reduction in
PC-12 cells viability following 24 to 72 hours of treatment (Gui et al., 2012). Martinez et
al. (2020) observed similar results where glyphosate 100 to 20,000 uM induced reduction
in SH-SYSY cells viability following 48 hours of treatment (Martinez et al., 2020).
Similarly, mancozeb at 5 to 20 pM resulted in concentration dependent reduction in rat
hippocampal astrocytes cells viability following one hour treatment (Tsang and
Trombetta, 2007). Domico et al. (2006) have also reported a reduction in mesencephalic
cells viability following 24 hours treatment with mancozeb from 10 to 120 pM (Domico

et al., 2000).
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Cell viability of Neuro-2a cells were also assessed after treatment with various
combinations of glyphosate and mancozeb. A mixture of non-lethal concentrations of
glyphosate (100 uM) and mancozeb (2 uM) was initially tested. This mixture of 100 uM
glyphosate plus 2 uM mancozeb did not induce significant changes in Neuro-2a cells
viability following 24 hours of treatment when compared to control Neuro-2a cells and
when compared to either of the compounds alone. Next a mixture of 100 uM glyphosate
plus 4 uM of mancozeb was tested and this mixture also did not result in significant
changes in cells viability after 24 hours of treatment when compared to control Neuro-2a
cells and when compared to either of the compounds alone. Mixture of 100 uM
glyphosate plus 6 uM mancozeb was then tested and it induced a reduction in Neuro-2a
cells viability following 24 hours of treatment when compared to control Neuro-2a cells
and when compared to glyphosate treated cells. This mixture however did not induce
greater reduction in Neuro-2a cells viability when compared to mancozeb treated cells. In
addition to mixtures, sequential forms of glyphosate and mancozeb combinations were
also assessed. Combination of 6 pM mancozeb for 30 minutes followed by 100 uM
glyphosate for 24 hours induced a reduction in cells viability when compared to control
Neuro-2a cells and it also induced a greater reduction in cells viability than that caused
by either glyphosate or mancozeb alone. Similarly, combination of 100 uM glyphosate
for 30 minutes followed by 6 uM mancozeb for 24 hours induced a reduction in cells
viability when compared to control Neuro-2a cells and it also induced a greater reduction
in cells viability than that caused by either glyphosate or mancozeb alone. This is in
agreement with observations of Astiz, Alaniz and Marra (2009) reporting a greater

reduction in liver and brain cells survival upon treatment with combinations of
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glyphosate, zineb (zinc ethylene bis-dithiocarbamate) and the insecticide dimethoate

compared to any of the pesticides when tested separately (Astiz, Alaniz, et al., 2009).

Light micrographs of Neuro-2a cells were taken following treatment with glyphosate,
mancozeb and their combinations. Neuro-2a cells treated with 100 uM glyphosate had a
rounded appearance with loss of neuretic processes in the 24 hours treatment. Neuro-2a
cells treated with 6 uM of mancozeb for 30 minutes and for 24 hours demonstrated
altered neuretic processes and round floating cells with cellular debris noted in the 24
hours treatment. This is in agreement with light microscopy observations of Tsang and
Trombetta (2007) reporting morphological changes in rat hippocampal astrocytes after 1
hour treatment with mancozeb at concentration of 7.5 uM (Tsang and Trombetta, 2007).
Light micrographs of Neuro-2a cells treated with mixture of 100 uM glyphosate plus 6
uM mancozeb for 24 hours, combination of 6 pM mancozeb for 30 minutes followed by
100 uM glyphosate for 24 hours and combination of 100 uM glyphosate for 30 minutes
followed by 6 uM mancozeb for 24 hours confirmed cell viability results where all
combination groups showed less confluent cells with severely altered neuretic processes,

cellular debris and numerous round floating cells.

Morphological changes in Neuro-2a cells were further observed using scanning
electron microscopy following treatment with glyphosate, mancozeb and their
combinations. Glyphosate (100 uM) treated cells had rounded appearance with fewer
retraction fibers. Similar observations were seen by Coullery et al. (2016) who observed
shorter and fewer retraction fibers in axons of primary hippocampal pyramidal cells
treated with 4 mg/ml of glyphosate from 2 to 4 days (Coullery et al., 2016). In the current

study, cellular blebbing was also noted with 24 hour 100 pM glyphosate treatment that is

87



a sign of cells undergoing apoptosis (Poon et al., 2010). Studies by Gui et al (2012) and
Martinez et al. (2020) showed induction of apoptotic pathways in PC-12 cells and in SH-
SYSY cells as a result of glyphosate treatment as indicated by increases in caspase-3/7
activity, over expression of BAX and down expression of BCL2 proteins (Gui et al.,

2012b; Martinez et al., 2020).

Scanning electron micrographs of the 6 uM mancozeb treated Neuro-2a cells
demonstrated cytoplasmic fragmentation and cellular blebbing. This is indicative of
cellular injury and apoptosis might be undergoing. Evidence of apoptosis activation in
response to mancozeb exposure has been reported in number of in vitro studies (Calviello
et al., 2006; Hoffman and Hardej, 2012). Calviello et al (2006) showed pro-oxidant
effects and altered expression of the apoptotic proteins BCL2 and cMYC in mancozeb
treated rat fibroblasts and peripheral blood mononucleated cells (Calviello et al., 2006).
Likewise, Hoffman and Hardej (2012) reported activation of intrinsic and extrinsic
apoptotic pathways in mancozeb treated HT-29 cells as indicated by increased caspase-

3/7, 8 and 9 activities (Hoffman and Hardej, 2012).

Scanning electron micrographs of mancozeb (6 uM) treated Neuro-2a cells for 24
hours as well as glyphosate (100 uM) and mancozeb (6 pM) combinations including
mixture of glyphosate plus mancozeb for 24 hours, mancozeb for 30 minutes followed by
glyphosate for 24 hours and glyphosate for 30 minutes followed by mancozeb for 24
hours demonstrated disrupted neuretic processes and plasmalemmal toroids indicating
damage to the plasma membrane. Cellular blebbing was also noted in mancozeb for 30
minutes followed by glyphosate for 24 hours combination treated Neuro-2a cells. In

addition, disruptions in the neuretic processes and plasmalemmal toroids were noted to be
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more severe in Neuro-2a cells treated with glyphosate for 30 minutes followed by
mancozeb for 24 hours. Previous unpublished scanning electron microscopy work from
our lab showed the presence of holes in the myocyte surface in the Tibialis cranialis of
Long Evans rats treated with dithiocarbamates, mancozeb and disulfiram. Similarly,
Scanning electron microscopic observations of Dhaneshwar and Hardej (2021) showed
cellular blebbing and deterioration of the plasmalemma in mancozeb treated HT-29 cells
(Dhaneshwar and Hardej, 2021). Disruptions in neuretic processes observed in this study
could be a sign of oxidative damage. Previous studies have demonstrated inhibitory
effects of oxidative stress on neuritic processes outgrowth. Neely et al. (1999) observed
neuritic outgrowth inhibition in Neuro-2a cells exposed to the lipid peroxidation product,
4-hydroxynonenal (HNE) (Neely et al., 1999). In addition, Ghaffari et al. (2014) showed
Neuro-2a cells with altered neuretic processes outgrowth following H20O2-induced
oxidative challenge (Ghaffari et al., 2014). Cellular blebbing, neuretic processes
disruptions and plasmalemmal toroids observed in our scanning electron microscopy data
are suggestive of cytotoxicity of mancozeb and glyphosate and mancozeb combinations

to Neuro-2a cells and that cytotoxicity might be related to undergoing oxidative injury.

Glyphosate and dithiocarbamate compounds such as mancozeb are potent metal
chelators (Cheng and Trombetta, 2004; Delmaestro and Trombetta, 1995; Mertens et al.,
2018; Yahfoufi et al., 2020). Alterations in levels of essential metals in response to
exposure to glyphosate or mancozeb have been reported in previous studies (Kistinger
and Hardej, 2022; Stephenson and Trombetta, 2020; Tsang and Trombetta, 2007;
Yahfoufi et al., 2020). Essential metals are crucial for several cellular functions such as

redox reactions, electron transport, cell proliferation and neurotransmitter synthesis and
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accordingly alterations in their levels might lead to toxicity (Chen et al., 2016; Garza-
Lombo et al., 2018). In the current investigation levels of copper, zinc, manganese, iron
and magnesium were measured using ICP-OES in Neuro-2a cells treated with glyphosate,
mancozeb or their combinations and also in the culture media before and after treating the

cells.

Copper levels were measured in culture media and in treatment solutions prepared in
culture media including 100 pM glyphosate and 6 uM mancozeb. Copper levels were
also measured in Neuro-2a cells following treatment with 100 uM glyphosate, 6 uM
mancozeb or their combinations and in the culture media collected from each treatment
group after the incubation period. In the treatment solutions of 100 uM glyphosate and 6
uM mancozeb, levels of copper were not significantly different than copper levels found

in the culture media.

Intracellular copper levels in Neuro-2a cells as well as copper levels in culture media
collected after treatment were not changed in any of the 100 uM glyphosate treatment
groups. Glyphosate’s ability to chelate copper has been documented (Caetano et al.,
2012; Undabeytia et al., 2002). Undabeytia et al. (2002) showed using infrared
spectroscopy the formation of glyphosate-copper complexes mainly via participation of
glyphosate’s carboxylate and phosphonic moieties (Undabeytia et al., 2002). The
formation of glyphosate-metal complexes has been reported to be largely dependent on
glyphosate concentration and that might explain unaltered copper levels seen in this study
in response to glyphosate treatments. Previous studies have reported the glyphosate-
copper chelate formation happening at glyphosate concentrations higher than 500 uM

(Glass, 1984; Undabeytia et al., 2002). In addition, a previous study by Glass (1984)
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detected increase in the glyphosate-copper chelates formation at lower pH values (pH =
5) and with high glyphosate concentrations (600 uM) using polarograghy, ultraviolet and

infrared spectrophotometric as well as liquid chromatographic techniques (Glass, 1984).

Intracellular copper levels were elevated in Neuro-2a cells following 24 hours
treatment with 6 uM mancozeb. Several previous studies manifested the ability of
mancozeb and other dithiocarbamate compounds to chelate copper and alter its levels
(Hoffman et al., 2016; Kistinger and Hardej, 2022; Rose Stein and Trombetta, 1993;
Trombetta et al., 1988). Hoffman et al. (2016) reported elevations in copper
concentrations in human colon cells, HT-29 and Caco2 following treatment with EBDC
compounds including, maneb, mancozeb, nabam and zineb (Hoffman et al., 2016).
Kistinger and Hardej (2022) showed copper accumulation in the kidneys of rats exposed
to EBDCs, mancozeb and nabam (Kistinger and Hardej, 2022). Akhtar and Trombetta
(2023) observed copper accumulation in the hippocampus of rats treated with mancozeb
(Akhtar and Trombetta, 2023). In addition, copper concentration elevations were reported
in rat cerebral astrocytes and Neuro-2a cells treated with diethyldithiocarbamate (Rose
Stein and Trombetta, 1993; Trombetta et al., 1988). Intracellular copper levels elevations
seen in this study after 24 hours treatment with mancozeb were however associated with
decrease in copper levels in the culture media collected from mancozeb treated cells. This
suggests that intracellular copper levels elevations are due to transport of extracellular
copper from the culture media into the cells. This is in agreement with previous in vitro
studies suggesting intracellular copper levels elevations in rat thymocytes following

treatment with dithiocarbamate compounds, diethydithiocarbamate and pyrrolidine
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dithiocarbamate were a result of dithiocarbamates-mediated copper transport from culture

media into the cells (Burkitt et al., 1998; Stefan et al., 1995).

Though intracellular copper levels were not changed with mancozeb 30 minutes,
glyphosate 30 minutes and glyphosate 24 hours treatments, combinations of glyphosate
and mancozeb including, mancozeb for 30 minutes followed by glyphosate for 24 hours
and glyphosate for 30 minutes followed by mancozeb for 24 hours mancozeb induced
elevations in intracellular copper levels in Neuro-2a cells. Intracellular copper levels
elevations were higher in mancozeb 30 minutes followed by glyphosate 24 hours
combination compared to either mancozeb 30 minutes or glyphosate 24 hours treatment.
Intracellular copper levels elevations were higher in glyphosate 30 minutes followed by
mancozeb 24 hours combination compared to glyphosate 30 minutes treatment and not
when compared to mancozeb 24 hours treatment. This might indicate that intracellular
copper elevations seen with glyphosate 30 minutes followed by mancozeb 24 hours are
mainly induced by mancozeb. Similar to mancozeb 24 hours treatment, copper levels
were reduced in culture media collected from glyphosate 30 minutes followed by
mancozeb 24 hours combination treatment. Also suggesting the transport of extracellular
copper from culture media into the cells causing intracellular copper levels elevations.
Copper levels were also reduced in culture media collected from mancozeb 30 minutes
followed by glyphosate 24 hours combination treatment the reduction in copper levels

however was not statistically significant.

Zinc levels were measured in culture media and in treatment solutions prepared in
culture media including, 100 uM glyphosate and 6 uM mancozeb. Zinc levels were also

measured in Neuro-2a cells following treatment with 100 uM glyphosate, 6 uM
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mancozeb or their combinations and in the culture media collected from each treatment
group after the incubation period. In the treatment solutions of 100 uM glyphosate and 6
uM mancozeb, levels of zinc were not significantly different than zinc levels found in the

culture media.

Intracellular zinc levels in Neuro-2a cells as well as zinc levels in culture media
collected after treatment were not changed in any of the 100 uM glyphosate treatment
groups. Glyphosate’s ability to chelate zinc and alter its levels has been documented
(Caetano et al., 2012; Tang et al., 2017). In a study by Caetano et al. (2012), glyphosate-
zinc chelate was found to be the most thermodynamically stable among all other
glyphosate-divalent metal complexes evaluated in the same study (Caetano et al., 2012).
In addition, Tang et al. (2017) reported elevated zinc levels in liver of rats treated with
glyphosate at doses 50 and 500 mg/kg which is approximately equivalent to 300 and
3000 uM, respectively (Tang et al., 2017). Lack of change in zinc levels seen in our
study could be attributed to the lower concentration of glyphosate tested. In this study,
alterations in zinc levels might have been observed if higher glyphosate concentrations

were evaluated.

Intracellular zinc levels were elevated in Neuro-2a cells following 24 hours treatment
with 6 pM mancozeb. Several previous studies manifested the ability of mancozeb and
other dithiocarbamate compounds to chelate zinc and alter its levels (Hoffman et al.,
2016; Kim et al., 1999; Stephenson and Trombetta, 2020). Hoffman et al. (2016)
demonstrated elevated zinc levels in HT-29 and Caco2 colon cells after treatment with
EBDCs, maneb, mancozeb and zineb (Hoffman et al., 2016). In addition, Stephenson and

Trombetta (2020) reported elevated zinc levels in the right ventricular myocardium of
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rats treated with mancozeb (Stephenson and Trombetta, 2020). In the current study, the
intracellular elevations in zinc levels were associated with a decrease in zinc levels in the
culture media collected from the 24 hours mancozeb treated Neuro-2a cells, the decrease

however was not statistically significant.

Though intracellular zinc levels were not changed with mancozeb 30 minutes,
glyphosate 30 minutes and glyphosate 24 hours treatments, mixture of glyphosate plus
mancozeb for 24 hours as well as combinations of glyphosate and mancozeb including,
mancozeb for 30 minutes followed by glyphosate for 24 hours and glyphosate for 30
minutes followed by mancozeb for 24 hours mancozeb induced elevations in intracellular
zinc levels in Neuro-2a cells. Intracellular zinc levels elevations were higher in mancozeb
30 minutes followed by glyphosate 24 hours combination compared to either mancozeb
30 minutes or glyphosate 24 hours treatment. Intracellular zinc level elevations were
higher in glyphosate 30 minutes followed by mancozeb 24 hours combination and in
glyphosate plus mancozeb 24 hours mixture compared to glyphosate 30 minutes
treatment and glyphosate 24 hours treatment, respectively but not when compared to
mancozeb 24 hours treatment. This might indicate that intracellular zinc elevations seen
with glyphosate 30 minutes followed by mancozeb 24 hours combination and with
glyphosate plus mancozeb mixture are mainly induced by mancozeb. Zinc levels were
reduced in culture media collected from all combination groups treatments, though the
decrease in zinc levels was not statistically significant in the mixture treatment. This
suggests that elevations in intracellular zinc levels seen in this study are due to the
transport of extracellular zinc from culture media into the cells. This in agreement with a

previous study by Kim et al. (1999) suggesting intracellular zinc levels elevations in
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cerebral endothelial cells treated with the dithiocarbamate, pyrrolidine dithiocarbamate
were due to transport of transport of extracellular zinc from the culture media into the

cells (Kim et al., 1999).

Manganese levels were measured in culture media and in treatment solutions
prepared in culture media including 100 uM glyphosate and 6 uM mancozeb. Manganese
levels were also measured in Neuro-2a cells following treatment with 100 uM
glyphosate, 6 LM mancozeb or their combinations and in the culture media collected
from each treatment group after the incubation period. In the treatment solution of 100
uM glyphosate, levels of manganese were not significantly different than those found in
the culture media. Whereas in the treatment solution of 6 puM mancozeb, manganese

levels were significantly higher than levels found in the culture media.

Intracellular manganese levels in Neuro-2a cells as well as manganese levels in
culture media collected after treatment were not changed in any of the 100 pM
glyphosate treatment groups. The effect of glyphosate treatment on manganese levels was
never reported in any previous in vitro study. Manganese levels however were assessed in
Danish dairy cows that were exposed to glyphosate, low blood serum manganese and
cobalt levels were associated with increased excretion of glyphosate in urine. In the same
study serum levels of copper and zinc remained unchanged (Kruger et al., 2013). In
addition, greenhouse experiments studying the effects of glyphosate on mineral
concentrations in leaves and seeds of soybean plants showed decreased manganese levels

with no change in copper or zinc levels (Cakmak et al., 2009).
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Intracellular manganese levels were elevated in Neuro-2a cells following 24 hours
treatment with 6 uM mancozeb. Several previous studies manifested the ability of
mancozeb and other dithiocarbamate compounds to alter manganese levels (Hoffman et
al., 2016; Stephenson and Trombetta, 2020; Tsang and Trombetta, 2007). Hoffman et al.
(2016) demonstrated elevated intracellular manganese levels in HT-29 and Caco2 colon
cells after treatment with EBDCs, maneb, mancozeb and zineb (Hoffman et al., 2016).
Tsang and Trombetta (2007) also observed increase in manganese levels in mancozeb
treated rat hippocampal astrocytes (Tsang and Trombetta, 2007). In addition, Stephenson
and Trombetta (2020) reported increased manganese levels in the right ventricular
myocardium of rats treated with mancozeb (Stephenson and Trombetta, 2020). In the
present study, in addition to the intracellular manganese levels elevations, increases in
manganese levels were observed in the culture media collected from the 24 hours
mancozeb treated Neuro-2a cells. Also as mentioned earlier treatment solution of 6 uM
mancozeb had significantly higher manganese levels than the culture media. Overall,
these results suggest that mancozeb itself is the source of manganese elevations observed

with mancozeb 24 hours treatment.

Even though intracellular manganese levels were not changed with glyphosate 30
minutes and glyphosate 24 hours treatments, mixture of glyphosate plus mancozeb for 24
hours as well as combination of glyphosate for 30 minutes followed by mancozeb for 24
hours induced elevations in intracellular manganese levels in Neuro-2a cells. Intracellular
elevations in manganese were higher in glyphosate 30 minutes followed by mancozeb 24
hours combination and in glyphosate plus mancozeb 24 hours mixture compared to

glyphosate 30 minutes treatment and glyphosate 24 hours treatment, respectively but not
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when compared to mancozeb 24 hours treatment. This might indicate that intracellular
manganese elevations seen with glyphosate 30 minutes followed by mancozeb 24 hours
combination and with glyphosate plus mancozeb mixture are mainly induced by
mancozeb. Similar to mancozeb 24 hours treatment, manganese levels were elevated in
culture media collected from glyphosate 30 minutes followed by mancozeb 24 hours
combination treatment as well as from glyphosate plus mancozeb 24 hours mixture
treatment. These results are also suggestive of mancozeb being the source of manganese
elevations seen with glyphosate plus mancozeb 24 hours mixture treatment and with

glyphosate 30 minutes followed by mancozeb for 24 hours combination treatment.

Magnesium levels were measured in culture media and in treatment solutions
prepared in culture media including, 100 uM glyphosate and 6 pM mancozeb.
Magnesium levels were also measured in Neuro-2a cells following treatment with 100
uM glyphosate, 6 ptM mancozeb or their combinations and in the culture media collected
from each treatment group after the incubation period. In the treatment solutions of 100
uM glyphosate and 6 uM mancozeb, levels of magnesium were not significantly different

than the levels found in the culture media.

Intracellular magnesium levels in Neuro-2a cells as well as magnesium levels in
culture media collected after treatment were not changed in any of the 100 pM
glyphosate treatment groups, in the 6 uM mancozeb treatment groups or in the
combination treatment groups. Previous work by Caetano et al. (2012) documented the
ability of glyphosate to chelate magnesium, though glyphosate-magnesium complex was
the least thermodynamically stable among glyphosate-metal complexes tested in the

study (Caetano et al., 2012). Glyphosate was reported to alter magnesium levels in leaves
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and seeds of plants due to its chelating properties (Cakmak et al., 2009). In addition, rats
orally treated with glyphosate at doses 50 to 500 mg/kg showed elevated magnesium
levels in the brain (Tang et al., 2017). In the present study, lack of change in magnesium
levels might be attributed to the low concentration of glyphosate tested. With regards to
mancozeb, we believe this is the first in vitro study to assess magnesium levels following
mancozeb treatment. The effect of mancozeb on magnesium levels also has never been

reported in an in vivo study.

Iron levels were measured in culture media and in treatment solutions prepared in
culture media including, 100 uM glyphosate and 6 uM mancozeb. Iron levels were also
measured in Neuro-2a cells following treatment with 100 uM glyphosate, 6 uM
mancozeb or their combinations and also in the culture media collected from each
treatment group after the incubation period. In the treatment solutions of 100 uM
glyphosate and 6 uM mancozeb, levels of iron were not significantly different than the

levels found in the culture media.

Intracellular iron levels in Neuro-2a cells as well as levels in culture media
collected after treatment were not changed in the 100 pM glyphosate treatment groups.
Previous data have reported glyphosate’s potential to chelate iron and to alter its levels in
plants (Caetano et al., 2012; Cakmak et al., 2009). In vivo observations, documented iron
accumulation in kidneys and of rats exposed to glyphosate (Tang et al., 2017). In vitro
study by Liu et a. (2023) also showed increased intracellular iron levels in LO2
hepatocytes following treatment with glyphosate at concentrations from 500 to 2000 uM
(Liu et al., 2023).In the present study, lower glyphosate concentration was assessed

which could explain the unaltered iron levels noted.
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Intracellular iron levels in Neuro-2a cells as well as levels in culture media
collected after treatment were not changed in the 6 uM mancozeb treatment groups.
Though the effect of mancozeb on iron levels has not been reported in any previous in
vitro study, few in vivo studies have examined iron levels following mancozeb exposure
(Kistinger and Hardej, 2022; Stephenson and Trombetta, 2020). Stephenson and
Trombetta (2020) showed that levels of iron remained unaffected by mancozeb
treatments in the myocardium and in the Vastus medialis of mancozeb treated rats
(Stephenson and Trombetta, 2020). Kistinger and Hardej (2022) also observed no
changes in iron levels in liver, kidneys, serum or clotted blood and a decrease in iron

levels in feces of mancozeb treated rats (Kistinger and Hardej, 2022).

Iron levels in culture media collected after treatment were not changed in the
glyphosate and mancozeb combination treatments. Intracellular iron levels in Neuro-2a
cells were slightly elevated in all glyphosate and mancozeb combination treatments. The

elevation however was not statistically significant compared to control Neuro-2a cells.

The present study demonstrated that mancozeb as well as glyphosate and mancozeb
combinations can alter copper, zinc and manganese levels in Neuro-2a cells. The present
study also showed that the type of metal altered, and the level of metal alteration differ

from one glyphosate and mancozeb combination to another.

One of the aims of this study was to investigate redox balance disruptions in Neuro-
2a cells exposed to glyphosate, mancozeb or their combinations. Intracellular metal
overload has been associated with over-production of ROS through Fenton-like reactions

(Bleackley and MacGillivray, 2011). Previous studies have documented the ability of
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metal-containing DTC compounds such as mancozeb to generate ROS via Fenton-like
reactions and to induce oxidative stress (Fitsanakis et al., 2002). In addition, glyphosate-
based formulations such as Round-up® were reported to induce over-production of ROS
and to diminish GSH levels (De Liz Oliveira Cavalli et al., 2013; El-Shenawy, 2009;
Martinez et al., 2020). In the current study, ratio of reduced glutathione to oxidized
glutathione, GSH/GSSG was evaluated as an indicator of redox balance disruptions in

Neuro-2a cells exposed to glyphosate (100 uM), mancozeb (6 uM) or their combinations.

The GSH/GSSG ratio was significantly decreased in mancozeb treated Neuro-2a
cells. This is in agreement with previous study by Hoffman et al. (2016) reporting
reduction in GSH/GSSG ratio in mancozeb and maneb treated HT-29 and Caco2 colon
cells (Hoffman et al., 2016). Similarly, lorio et al. (2015) demonstrated a decrease in

GSH/GSSG ratio in mancozeb treated mouse granulosa cells (Iorio et al., 2015).

The GSH/GSSG ratio was not changed in glyphosate treated Neuro-2a cells. A
previous study by Cavalli et al. (2013) demonstrated a decrease in reduced glutathione
(GSH) levels in Sertoli cells treated with glyphosate-based formulation (De Liz Oliveira
Cavalli et al., 2013). Similarly, El-Shenawy (2009) reported decreased GSH levels in rats
treated with a glyphosate-based formulation (EI-Shenawy, 2009). In both aforementioned
studies however Round-up®, a glyphosate-based herbicide was tested which in addition
to glyphosate, it contains surfactants such as polyethyoxylated tallowamine (POEA) and
other impurities (Cattani et al., 2017). Previous studies have demonstrated glyphosate-
based formulations to induce more toxicity than the pure glyphosate (Benbrook, 2019). In
the present study, we used the pure glyphosate for our investigation and also the

concentration of glyphosate tested was lower than those used in the previously mentioned
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studies which can explain the unchanged GSH/GSSG ratio in glyphosate treated Neuro-

2a cells.

The GSH/GSSG ratio was significantly decreased in glyphosate and mancozeb
combinations treated Neuro-2a cells including glyphosate plus mancozeb mixture
treatment, mancozeb for 30 minutes followed by glyphosate for 24 hours combination
treatment and in glyphosate for 30 minutes followed by mancozeb 24 hours combination
treatment. This is in agreement with previous work by Astiz et al. (2009) showing a
decrease in GSH/GSSG ratio in the plasma and the brains of rats treated with
combination of glyphosate in addition to the insecticide dimethoate and the EBDC zineb
and no change in GSH/GSSG ratio when rats were treated with glyphosate alone (Astiz,

de Alaniz, et al., 2009).

In the present study, the decrease in GSH/GSSG ratio was greater in the
glyphosate plus mancozeb 24 hours mixture and in the mancozeb 30 minutes followed by
glyphosate for 24 hours combination treated Neuro-2a cells compared to glyphosate 24
hours treated cells and not when compared to mancozeb 24 hours or mancozeb 30
minutes treated cells, respectively. In contrast, the decrease in GSH/GSSG ratio was
greater in the glyphosate 30 minutes followed by mancozeb 24 hours combination treated
Neuro-2a cells compared to either glyphosate 30 minutes or mancozeb 24 hours treated
cells. Overall, our results suggest that toxicity of mancozeb and combinations of
glyphosate and mancozeb in Neuro-2a cells might be related to their ability to induce

redox balance disruptions.
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As mentioned earlier, mancozeb 24 hours treatment as well as glyphosate plus
mancozeb for 24 hours mixture treatment were able to cause disruptions in the redox
balance in Neuro-2a cells. Therefore, in the present study we aimed to investigate the
ability of mancozeb and mancozeb plus glyphosate mixture treated Neuro-2a cells to
recover when post-treated with the antioxidant, butylated hydroxytoluene (BHT). BHT as
an antioxidant acts by capturing ROS and by terminating lipid peroxidation chain
reactions (Hossain et al., 2020). Previous work by Tsang and Trombetta (2007) showed
that post-treatment of rat hippocampal astrocytes for 24 hours with BHT improved cell
viability in cells that were exposed to mancozeb for one hour (Tsang and Trombetta,
2007). In the current study, however no improvement in cell viability was noticed in
Neuro-2a cells exposed to mancozeb for 24 hours then post-treated with BHT and hence
mancozeb associated cytotoxicity was not alleviated by BHT post-treatment. Failure of
BHT to alleviate mancozeb associated cytotoxicity in the current study might indicate
that cellular antioxidant system has been too overwhelmed to be rescued at this timepoint
and that this might be related to the duration of exposure of the cells to mancozeb.
Similarly, unpublished work by Dhaneshwar and Hardej demonstrated failure of pre-
treatment and co-treatment with BHT to increase cells viability in HT-29 colon cells
exposed to mancozeb for 24 hours. In addition, a previous study by Eltayeb et al. (2023)
demonstrated failure of antioxidants BHT and BHA (butylated hydroxy alanine) to
ameliorate toxicity associated with potato by-products acrylamide and alpha-solanine and
their combination in BEAS-2B cells also suggesting failure of antioxidant treatments to

alleviate toxicity when the oxidative insult is too overwhelming (Eltayeb et al., 2023).
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In the current study, no improvement in cell viability was noted in Neuro-2a cells
exposed to mancozeb plus glyphosate mixture for 24 hours then post-treated with BHT
for 24 hours. This also suggests failure of BHT to alleviate toxicity associated with
glyphosate plus mancozeb mixture which might be an indication that the cellular

antioxidant system is too overwhelmed to be recovered at this timepoint.

In conclusion, the current work demonstrates the ability of glyphosate, mancozeb
and their combinations to induce cytotoxicity in Neuro-2a cells. The cytotoxicity exerted
by combinations of glyphosate and mancozeb including mixture of glyphosate plus
mancozeb, glyphosate followed by mancozeb or mancozeb followed by glyphosate was
greater than that induced by the same concentration of glyphosate when tested alone. In
addition, combination of glyphosate followed by mancozeb resulted in greater
cytotoxicity than that induced by the same concentration of mancozeb or glyphosate
when each of them was tested alone. Intracellular elevations in the levels of the metals,
copper, zinc and manganese were observed in Neuro-2a cells exposed to mancozeb or
combinations of glyphosate and mancozeb. The type of metal and the level of
intracellular metal level elevations however differed from one form of combination to the
other. This work also reported elevations in the intracellular metal levels in all forms of
glyphosate and mancozeb combinations at a glyphosate concentration that did not induce
any changes when glyphosate was tested alone. Redox balance disruptions as indicated
by the decrease in GSH/GSSG ratio were observed in Neuro-2a cells exposed to
mancozeb or combinations of glyphosate and mancozeb. The decrease in GSH/GSSG
ratio reported with all forms of glyphosate and mancozeb combinations occurred at a

glyphosate concentration that did not induce any changes in GSH/GSSG ratio when
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glyphosate was tested alone. In addition, combination of glyphosate followed by
mancozeb resulted in greater decrease in GSH/GSSG ratio in Neuro-2a cells than that
seen in mancozeb alone treated cells. These findings suggest that the increase in
intracellular metal levels that leads to disruptions in redox balance and oxidative injury
are underlying mechanisms for toxicity associated with mancozeb as well as
combinations of glyphosate and mancozeb in Neuro-2a cells. The findings in this study
are significant since they add credence to the reports claiming the unpredictability of
combined exposure to pesticides and hence more efforts should be directed towards
studying and understanding the impacts of environmentally relevant pesticide

combinations on human health.
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