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GENERAL ABSTRACT

People are exposed to variety of environmental electrophiles such as acrylamide (ACR) in baked
foods, methylmercury accumulated in fish, cadmium in rice, aromatic hydrocarbon quinones formed
during gasoline combustion or crotonaldehyde in tobacco smoke. The mechanism how these
electrophiles induce toxicity is thought to modify nucleophilic functions in proteins, such as cysteine
residues, forming adducts and activating cellular redox signal transduction pathways such as kinases
and transcription factors. Higher concentrations of electrophiles, on the other hand, disrupt such
signaling by nonselective covalent modification of cellular proteins leading to eventually oxidative and
inflammatory response which may be the cause of the neurotoxicity and or neurodegeneration. This

work focus on the ACR and (B[a]P) neurotoxicity in mice.

Acrylamide (ACR) is, a white, odorless, and water-soluble substance, a soft electrophile which is
known as a potent neurotoxicant in humans. It is generated during processing food at high temperatures
through the Maillard reaction. There are different sources of ACR including fried, baked potatoes,
coffee and bakery products contain substantial amounts of acrylamide. It is also used in water sanitation
and production flocculators, grouts, and press fabrics. Besides, chemical monomer acrylamide is used
to produce polymer compounds that are utilized to make plastic, sheets, adhesive tapes, colors, and
food packaging. Therefore, humans are exposed to ACR through different sources in addition to
occupationally exposure. In humans and experimental animals, acrylamide is a known neurotoxicant
that causes neuropathies and encephalopathies. Inflammatory cytokines play an important role in the
inflammatory response of the body against stress, damage, or disease. One of the important
proinflammatory cytokines is interleukin-1B (IL-1). It is secreted from microglia and considered a
critical neuroinflammatory component of brain reaction to any insults, but its role in electrophile-

induced neurotoxicity is not well understood.

Benzo[a]pyrene (B[a]P) is the most common polycyclic aromatic hydrocarbon (PAH) found in the
atmosphere, surface water, soil, and sediments. It is present in cigarette smoke as well as food products,
particularly when smoked and grilled, so humans are exposed to B[a]P from multiple sources. B[a]P
and other PAHs have been shown to be formed during the burning of fossil fuels, wood, and other
organic materials. B[a]P has been detected at high levels in cigarette smoke, diesel exhaust, charcoal-
based foods, as well as industrial wastes. The main sources of human B[a]P exposure are contaminated
food and the air. Occupational exposure also to B[a]P, occurs mainly through inhalation or dermal
absorption through combustion of PAHs mixture at workplaces. There are several studies

demonstrating that these electrophiles act through increase in ROS formation and induced imbalance



in the biological oxidant to antioxidant ratio leading to oxidative stress and alteration of antioxidant
defense system which causes subsequently DNA damage or neurological impairments such as neuronal

loss, glial activation or neuroinflammation.

This thesis aims to clarify the mechanisms which may be the cause of neurotoxicity or
neurodegeneration caused by environmental electrophiles. The first study aims to investigate the role
of IL-1f in ACR-induced neurotoxicity in mice as /L-1f one of cytokines that released in response to
any harmful stimuli to relive inflammatory response. The second study aims to investigate the
underlying mechanisms and histopathological changes in mouse brain in relation to B[a]P-induced

neurotoxicity in mice.

In the first study, Ten-week-old male wild-type and /L-1f knock-out mice (C57BL/6JJmsSLC)
were allocated into three groups each (n=10) and exposed to acrylamide at 0, 12.5, 25 mg/kg body
weight by oral gavage for 28 days. Compared to wild-type mice, the results showed a significant
increase in landing foot spread test and a significant decrease in density of cortical noradrenergic axons
in IL-1f KO mice exposed to acrylamide at 25mg/kg bw. Exposure to acrylamide at 25mg/kg
significantly increased cortical gene expression of Gclc , GpxI and Gpx4 in wild-type mice but
decreased them in /L-1§ KO mice. The same exposure level significantly increased total glutathione
and oxidized glutathione (GSSG) in the cerebellum of wild-type mice but neither changed total
glutathione nor decreased GSSG in the cerebellum of /L-/f KO mice. The basal level of
malondialdehyde in the cerebellum was higher in /L-/f KO mice than in wild-type mice. The results
suggest that IL-1B protects the mouse brain against acrylamide-induced neurotoxicity, probably
through suppression of oxidative stress by glutathione synthesis and peroxidation. This unexpected

result provides new insight on the protective role of IL-1p in acrylamide-induced neurotoxicity.

In the second study, 48 wild-type male mice (10 weeks of age) were allocated into 4 groups and
exposed to B[a]P at 0, 2.88, 8.67 or 26.00 pg/mice, which is approximately equivalent to 0.12, 0.37
and 1.12 mg/kg bw, respectively, by pharyngeal aspiration once/week for 4 weeks. The density of
noradrenergic and serotonergic axons was evaluated by immunohistochemistry in the hippocampal
CA1 and CA3 areas. Exposure to B[a]P at 2.88 pg/mice or more decreased the density of noradrenergic
or serotonergic axons in the CA1 area and the density of noradrenergic axons in the CA3 area in the
hippocampus of mice. Furthermore, exposure to B[a]P dose-dependently upregulated 7nfa at 8.67
pg/mice or more, as well as upregulating //-1f at 26 pg/mice, //-18 at 2.88 and 26 pg/mice and Nirp3

at 2.88 pg/mice. The results demonstrate that exposure to B[a]P induces degeneration of noradrenergic



or serotonergic axons and suggest the involvement of proinflammatory or inflammation-related genes

with B[a]P- induced neurodegeneration.

Key Words: Acrylamide, Benzo[a]pyrene, IL-1f, Neurotoxicity; Noradrenergic axons, Serotonergic

axon, Neuroinflammation.
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1. INTRODUCTION

We are surrounded by numerous chemicals in all environments, which is not surprising given that
the Chemical Abstracts database holds the records for 115 million small molecules. Among them,
electrophiles are commonly found. The environmental electrophiles are aromatic hydrocarbon
quinones formed during combustion of gasoline, crotonaldehyde in tobacco smoke, methylmercury
accumulated in fish, cadmium contaminated in rice, and acrylamide in baked foods (Kumagai & Abiko,
2017). Environmental electrophilic chemicals readily react with a variety of biological nucleophiles
such as GSH, cysteine, histidine, and lysine residues on proteins as well as nitrogen centers in the

nucleic acids to from adducts. Among many environmental electrophiles is acrylamide and B[a]P.

Electrophiles have low electron-density sites that form adducts by covalently binding to nucleophilic
substituents such as high electron-density DNA guanine residues and protein cysteine residues. As a
result, this electrophile covalently reacts with nucleophilic moieties of DNA, resulting in the formation
of DNA adducts involved in carcinoma (Berenblum, 1945; Borgen et al., 1973). These chemicals
undergo biotransformation, yielding electro- philic metabolites that covalently bind to the abundant
small nucleophile glutathione (GSH), leading to the GSH adducts associated with detoxification of
these chemicals (Mitchell et al., 1973).

Consumers can be directly exposed to ACR via the oral intake of high-carbohydrate foods, such as
potato chips, baked cereals, and bread (Pennisi et al., 2013). High-temperature cooking (mainly
roasting, baking, and frying), such as heating potatoes (or carbohydrate-rich foods above 120 °C),
yields acrylamide (M.Tornqvist, 2005; Tareke et al., 2002). As a raw material used during industrial
production, ACR often enters the water, soil, atmosphere, and other environmental media, damaging
human health and severely affecting the nervous system (Friedman, 2003). Occupational exposure is
one of the main ACR exposure pathways. As early as the 1950s, it was reported that several workers
exposed to ACR showed symptoms of poisoning, such as weakness, numbness, leg weakness, and
unsteady gait (Pennisi et al., 2013). ACR exposure can occur via drinking water, especially when public
drinking water sources are treated using polyacrylamide as a flocculant (Backe et al., 2014), leading to
high ACR concentrations in tap water. ACR toxic have two pathway, Briefly, an enzymatic reaction
occurs when catalyzed by the cytochrome P450 enzyme system, CYP2EI, converting ACR into
glycidamide (GA) (Rifai & Saleh, 2020). Studies have found that GA can combine with purine bases
on deoxyribonucleic acid (DNA) molecules to form DNA adducts, inhibit the release of
neurotransmitters, cause nerve terminal degeneration, damage nerve structures, and display distinct

cumulative effects. Chronic ACR poisoning can cause selective peripheral and central nerve fiber
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degeneration, which initially occurs at the ends of long and large nerve fibers, followed by progressive,
continuous proximal axon degeneration (Spencer & Schaumburg, 1975). Further studies show that
ACR affects the levels of actin, motor proteins, and other neuronal proteins, resulting in an insufficient

supply of adenosine triphosphate, impairing axonal transport functionality (An et al., 2016).

Benzo[a]pyrene (B[a]P) is one of the representatives of polyaromatic hydrocarbons (PAHs).
Benzopyrene itself is inactive, but undergoes metabolic activation mediated by microsomal enzymes,
forming its dihydrodiol epoxide that is unstable and rapidly converted into an electrophilic metabolite
(Berenblum, 1945; Borgen et al., 1973). B[a]P and other PAHs have been shown to be formed during
the burning of fossil fuels, wood, and other organic materials. B[a]P has been detected in high levels
in cigarette smoke, diesel exhaust, charcoal-based foods, as well as industrial wastes (Bostrom et al.,
2002). The main sources of human B[a]P exposure are contaminated food and the air (Bukowska &
Sicinska, 2021). An important source of exposure to B[a]P is tobacco smoke. B[a]P concentrations in
the side stream of cigarette smoke. Most emissions of PAHs derive from human sources, i.e., fossil
fuels pyrolysis, incomplete combustion, and burning of biomass (Dejchanchaiwong et al., 2020). B[«]P,
which is created as a result of food preparation and processing during its baking, frying, grilling, or
smoking (high tem- perature processes), is an important source of this substance for humans (Sampaio

et al., 2021).

Based on the above-mentioned introduction, this thesis aims to clarify the effect of different
environmental proelectrophile and or electrophile on monoaminergic axons degeneration and the role

of proinflammatory cytokines IL-1beta on electrophile induced neurotoxicity in mice.
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2. LITERATURE REVIEW

2.1 Electrophiles

We are surrounded by numerous chemicals in all environments, which is not surprising given that
the Chemical Abstracts database holds the records for 115 million small molecules. Among them,
electrophiles are commonly found such as aromatic hydrocarbon quinones formed during combustion
of gasoline, crotonaldehyde in tobacco smoke, methylmercury accumulated in fish, cadmium
contaminated in rice, and acrylamide in baked foods. Environmental electrophilic chemicals readily
react with a variety of biological nucleophiles such as GSH, cysteine, histidine, and lysine residues on

proteins as well as nitrogen centers in the nucleic acids to from adducts (Kumagai & Abiko, 2017).

Electrophiles have low electron-density sites that form adducts by covalently binding to nucleophilic
substituents such as high electron-density DNA guanine residues and protein cysteine residues. As a
result, this electrophile covalently reacts with nucleophilic moieties of DNA, resulting in the formation
of DNA adducts involved in carcinoma (Berenblum, 1945; Borgen et al., 1973). These chemicals
undergo biotransformation, yielding electrophilic metabolites that covalently bind to the abundant
small nucleophile glutathione (GSH), leading to the GSH adducts associated with detoxification of
these chemicals (Mitchell et al., 1973). However, overdoses of the chemicals cause substanial depletion

of GSH 1in the liver.

Exposure to such environmental electrophiles at lower levels can be tolerated because of
detoxification systems; most electrophiles can be detoxified and then excreted into extracellular space
by phase-II xenobiotic metabolizing enzymes and phase-III transporters. However, at higher levels that
exceed the capacity of the detoxification system, electrophiles can disrupt redox signaling and cause

cell damage (Kumagai & Abiko, 2017).

2.2. Physiochemical properties of acrylamide

Acrylamide is an odorless and colorless crystalline solid at room temperature. Its molecular formula
is CH2=CH—CO-NH2 and molecular weight is 71.08. AA boiling point is 125 °C (25 mm Hg), and
melting epoint is at 84.5 °C, and density is 1.27 g/ml (25 °C) (Hawley GG, 1997).

=12 -



2.2.1 Sources of acrylamide exposure

2.2.1.1 Food borne exposure

Consumers can be directly exposed to ACR via the oral intake of high-carbohydrate foods, such as
potato chips, baked cereals, and bread (Pennisi et al., 2013). High-temperature cooking (mainly
roasting, baking, and frying), such as heating potatoes (or carbohydrate-rich foods above 120 °C),
yields acrylamide (M.Tornqvist, 2005; Tareke et al., 2002). This process occurs via the Maillard
reaction (Mottram et al., 2002). Multiple factors influence the amount of acrylamide in food, including
the temperature and duration of cooking, level of moisture in the food product, and amount of reducing
sugar and asparagine in fresh foods (Elmore et al., 2005; Ishihara et al., 2005). Plant food products,
e.g., potatoes and cereals, contain the uppermost quantities of acrylamide because of the natural
presence of glucose, fructose, or asparagine. However, meat food products include diminutive or no

acrylamide owing to the absence of these ingredients (Lineback et al., 2012).

As early as 2010, the JECFA presented data regarding the ACR detected in 12,582 food samples from
31 countries, which included fried potatoes, bread, biscuits, coffee, and other food products. The results
indicated the presence of ACR in almost all the analyzed food samples, with the highest levels in fried
potato products and coffee (WHO, 2011). In 2011, the JECFA evaluated the dietary intake of ACR in
eight representative countries. The findings showed that the average daily intake of the general
population was about 1 pug/kg b.w., with the highest consumption at about 4 pg/kg b.w. (Viswanath,
2012).

2.2.1.2 Occupational exposure

As a raw material used during industrial production, ACR often enters the water, soil, atmosphere,
and other environmental media, damaging human health and severely affecting the nervous system
(Friedman, 2003). Those at risk for exposure to acrylamide include workers of construction
manufacturing, coal mine plants, flocculator industries, acrylamide production plants, or tunnel
construction. Acrylamide can be absorbed through the skin, respiratory system, or digestive system
(Exon, 2006) during the process of polarization or treatment of contaminated aqueous liquid (Pennisi
et al., 2013). Occupational exposure is one of the main ACR exposure pathways. As early as the 1950s,
it was reported that several workers exposed to ACR showed symptoms of poisoning, such as weakness,

numbness, leg weakness, and unsteady gait (Pennisi et al., 2013).
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2.2.1.3 Environmental exposure

ACR exposure can occur via drinking water, especially when public drinking water sources are
treated using polyacrylamide as a flocculant (Backe et al., 2014), leading to high ACR concentrations
in tap water. In the United Kingdom, ACR was found in tap water in an area where polyacrylamide
was used for water treatment (Brown L, 1982; WHO, 2011). Moreover, residual ACR is present in
cosmetics (1 pg/kg b.w./day) while exposure can also occur via direct skin contact and alimentary
contact (LuX, 2014; Smith et al., 1997), packaging materials (0.5- 8.8 mg/kg) exposure dose as ACR
is widely used as a papermaking additive in many paper packages. Cigarettes also contain substantial
amount of ACR, Zhang et al. examined 51 local volunteers and further correlated the exposure model
with the daily intake of ACR and he found that the expected exposure dose for non-smokers 1.08 =
0.51 pg/kg b.w./day, and smokers 4.18 + 1.13 pg/kg b.w./day (Zhang et al., 2018)

2.2.2 Mechanism of acrylamide metabolism

ACR is small hydrophilic substance that is absorbed via the gastrointestinal tract and diffuse
passively to entire human and animal body, in addition, ACR can pass the blood brain barrier and
develop neurotoxicity (Koszucka et al., 2020). The ACR toxic have two pathway, (1) Briefly, an
enzymatic reaction occurs when catalyzed by the cytochrome P450 enzyme system, CYP2EI,
converting ACR into glycidamide (GA) (Rifai & Saleh, 2020). Studies have found that GA can
combine with purine bases on deoxyribonucleic acid (DNA) molecules to form DNA adducts, inhibit
the release of neurotransmitters, cause nerve terminal degeneration, damage nerve structures, and
display distinct cumulative effects. In addition, the ability of GA to form Hb and DNA adducts is more
significant than ACR. Therefore, it is believed that this pathway is the main route of ACR-induced
neurotoxicity (Li et al., 2016; Mucci & Wilson, 2008). (2) ACR undergoes biotransformation and is
catalyzed by glutathione S-transferase in the liver, combining with glutathione to generate N-acetyl-S-
cysteine. It is further degraded into mercapturic ACR acids, which are excreted in the urine. This

pathway is mainly responsible for ACR detoxification (Kirman et al., 2003).

2.2.3 Different mechanisms of acrylamide induced neurotoxicity

2.2.3.1 Axonal degeneration

Acrylamide can change the B-actin, B-tubulin, and other cytoskeletal proteins, destroying the neuron
structures to cause neurotoxicity. Subsequent morphological, electrophysiological, and

electrochemical research shows that nerve endings represent the primary target of ACR toxicity (Von
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Burg et al., 1981). Chronic ACR poisoning can cause selective peripheral and central nerve fiber
degeneration, which initially occurs at the ends of long and large nerve fibers, followed by progressive,
continuous proximal axon degeneration (Spencer & Schaumburg, 1975). Further studies show that
ACR affects the levels of actin, motor proteins, and other neuronal proteins, resulting in an insufficient
supply of adenosine triphosphate, impairing axonal transport functionality (An et al., 2016). ACR, as
an electrophilic reagent, can quickly attack the sulfhydryl group on proteins and react with molecular
DNA while adduct formation may be a reason for its neurotoxicity (LoPachin et al., 2006). ACR can
also attack protein sites containing thiols, interfere with the presynaptic nitric oxide (NO) signaling
pathway, damage presynaptic nerve endings, disturb nerve signal transmission, and produce

neurotoxicity (Mohr et al., 1994).

2.2.3.2 Inflammatory related pathway

The primary manifestation of immune inflammation involves inflammatory factor secretion, such
as tumor necrosis factor- o (TNF-a), interleukin-1p (IL-1f), interleukin-6 (IL-6), and interleukin-18
(IL-18) (Tschopp & Schroder, 2010). Previous research by Zhao et al. found increased TNF-a, IL-6,
and IL-1 levels in the primary microglia during the later stage of ACR exposure, further confirming
the involvement of the immune-inflammatory response in ACR-induced neurotoxicity (Zhao et al.,
2017). Recent studies have shown that the NLRP3 inflammasome level was up-regulated in the
hippocampi of rats after oral ACR administration, further increasing the expression levels of pro-
inflammatory cytokines, IL-1f, IL-6, and IL-18 (C. Zong et al., 2019). Liu and his colleagues reported
that inflammatory factors were released via the microglial activation facilitated by persistent ACR
exposure. NLRP3 inflammasome activation increased the level of IL-1p, raising the levels of other
inflammatory factors directly responsible for neuronal injury in the cerebrums of rats (Y. Liu et al.,

2020).

2.2.3.3 Oxidative stress

Recent studies have shown that oxidative stress may be involved in the occurrence and development
of neurodegenerative and chronic diseases (such as stroke, diabetes, Parkinson’s, Alzheimer’s, and
other diseases (Patil et al., 2014). The brain is more vulnerable to oxidative stress than other organs (da
Silva et al., 2014; Foyet et al., 2017), and most neurocyte components can be oxidized and damaged
(Chen & Zhong, 2014). ACR-induced neurotoxicity typically manifests as intracellular glutathione
depletion (Kopanska et al., 2015), indicating that oxidative stress may play a significant role in ACR
neurotoxicity. In recent years, some studies have demonstrated that ACR induced oxidative stress.

ACR affect the cellular redox chain and it can generate reactive oxygen species (ROS). AA is oxidized
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to glycidamide and then conjugate with GSH. ACR and its metabolite, glycidamide, capable to interact
with nucleophiles group in cells (such as —SH, -NH2 or —OH). ACR reacts with GSH by helping of
glutathione s teransferase. With increase of AA concentration, GST and SOD activity is increased and

the GSH count is depleted (Chen et al., 2014; Yousef & El-Demerdash, 2006)

2.2.4 IL-1$ and inflammatory response

Acute inflammation is a self-limiting, complex biological response mounted to combat pathogen
invasion, to protect against tissue damage, and to promote tissue repair should it occur. However,
unabated inflammation can be deleterious and contribute to injury and pathology. Interleukin-1f (IL-
1B), a prototypical “pro-inflammatory” cytokine, is essential to cellular defense and tissue repair in
nearly all tissues. With respect to brain, however, studies suggest that IL-1f has pleiotrophic effects. It
acts as a neuromodulator in the healthy central nervous system (CNS), has been implicated in the
pathogenic processes associated with a number of CNS maladies, but may also provide protection to
the injured CNS (Hewett et al., 2012). The triad of neurons, astrocytes, and microglia is crucial to brain
function. Astrocytes perform a neurotrophic role (Sofroniew & Vinters, 2010) and microglia represent
the resident immune cells of the CNS (Czeh et al., 2011; Streit & Xue, 2009). Microglia activation is
essential for immune surveillance protection, but excessive activation might result in the uncontrolled
release of proinflammatory cytokines (Block et al., 2007). They rapidly become activated in response
to injury or infection and release neurotoxic signals including reactive oxygen species (ROS) and pro-
inflammatory mediators such the cytokines /L-1, TNF-o, and IL-6 (Li et al., 2014; Sloan & Barres,
2014). Furthermore, glial cells play a crucial role in the onset and development of neurotoxicity and
brain disorders (Dheen et al., 2007). CNS glia produce a substantial amount of interleukin-1 (/L-15)
which is a cytokine that promotes inflammation, when there is damage, stress, or illness. In the brain,
IL-1p has a wide range of functional effects. This cytokine induces the synthesis of additional cytokines
and growth factors in astrocytes and microglia, ultimately boosting inflammatory activity in the brain

(Benveniste, 1992; Merrill & Benveniste, 1996).

2.3. Physiochemical properties of Benzo[a]|pyrene

Benzo[a]pyrene (B[a]P) is one of the representatives of aromatic hydrocarbons. Having five
benzene rings, B[a]P belongs to a group of polycyclic aromatic hydrocarbons (PAHs). A single
molecule of benzene is liquid, while benzopyrene is solid. PAHs containing two or more fused benzene
rings form stable molecule structures of a high hydrophobic nature (Bezza & Chirwa, 2017).

Benzopyrene itself is inactive, but undergoes metabolic activation mediated by microsomal enzymes,
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forming its dihydrodiol epoxide that is unstable and rapidly converted into an electrophilic metabolite

(Berenblum, 1945; Borgen et al., 1973).
2.3.1 Sources of Benzo[a]pyrene

B[a]P and other PAHs have been shown to be formed during the burning of fossil fuels, wood, and
other organic materials. B[a]P has been detected in high levels in cigarette smoke, diesel exhaust,
charcoal-based foods, as well as industrial wastes (Bostrom et al., 2002). In mammals, B[a]P is readily
absorbed after inhalation, oral administration, and through the skin (Knafla et al., 2006). The main
sources of human B[a]P exposure are contaminated food and the air (Bukowska & Sicinska, 2021). An
important source of exposure to B[a]P is tobacco smoke. B[a]P concentrations in the side stream of
cigarette smoke was shown to be in the range of 52 to 95 ng/cigarette—over three times higher than in

main stream smokers (IARC et al., 2010).
2.3.2 Different routes of exposure to Benzo[a]pyrene

Occupational exposure to PAHs, including B[a]P, occurs mainly through inhalation and dermal

contact. The highest mean level of PAHs has been determined in aluminum production (Soderberg
process) with concentrations up to 100 ug/m3. Average levels of PAHs are detected in roof coverings

and pavements (e.g., 10-20 ug/m3), and the lowest (i.e., 1 pg/m or below) have been noted in coal

liquefaction, coal-tar distillation, wood impregnation, chimneys, and power plants (IARC et al., 2010).
2.3.2.1 Air exposure

Polyaromatic hydrocarbons (PAHs), including B[a]P, are significant components of air pollution.
Most emissions of PAHs derive from human sources, i.e., fossil fuels pyrolysis, incomplete combustion,
and burning of biomass (Dejchanchaiwong et al., 2020). The highest B[a]P levels, reaching several
dozens of nanograms per cubic meter, were found in road tunnels and in big cities, which intensively
utilize coal and other fuels to heat houses (Europe.2020.; Report et al., 2021). Huge concentrations of
PAHs, including B[a]P, are often detected in the indoor air of workplaces. Sen and his colleagues (Sen
etal., 2018) assessed the exposure of iron foundry workers (Shimoga, India) to PAHs, including B[a]P.

3 atthe melting section

They detected mean concentrations of total PAHs, which were from 23.48 pg/m
to 82.64 ug/m?’ at the molding section, while mean and maximum B[a]P levels were determined to be

as high as 7.20 = 1.11 pg/m?’ and 45.37 ug/m?’ , respectively. High mean concentrations of B[a]P, at
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levels of 14 pg/m- and 3.3 pg/m-, were also determined in the indoor air of aluminum manufacturing

factories and in coke oven facilities, respectively (Brandt & Watson, 2003; Ny et al., 1993).
2.3.2.2 Contaminated food

Consumption of food contaminated with B[a]P, which is created as a result of food preparation and
processing during its baking, frying, grilling, or smoking (high temperature processes), is an important
source of this substance for humans. (Sampaio et al., 2021), such as olive oil (2.19 + 0.2 ppb), Alwana
olive oil (31.3 £ 0.3 ppb) (Gharby et al., 2018), milk (0.06-2.09 pg/kg), and meat/fish-based baby
foods (0.00-1.66 pg/kg) (Santonicola et al., 2017). B[a]P has also been determined in traditionally
smoked goat cheeses, such as Wallahian-style cheese (0.85 + 0.255 pug/kg) or smoked “Ritta” (17.0 £

5.10 pug/kg) (Migdal et al., 2022), charcoal-grilled chicken with and without marinating at 270 °C (1.19
+0.31 pg/kg; 2.22 +£0.13 pg/kg) (Wang et al., 2019), oysters (1.26 + 1.22 pg/kg), mussels (0.24 = 0.18
ng/kg), fresh shellfish (0.31 £ 0.42 pg/kg) (Bogdanovic et al., 2019), Iranian bread samples (mean 0.1
ng/kg) (Kamalabadi et al., 2020).

2.3.2.3 Soil contamination

Li and his colleagues (Li et al., 2020) showed that the spatial distribution of PAHs and B[a]P
produced by industry impact the surrounding quality of soil. They pointed to following sources:
combustion of coal (40.77%), exhausts from vehicles (32.94%), combustion of biomass (14.89%), and
cooking (11.40%). Coal combustion and cooking were the prevalent sources (52.17%) of PAHs, as
well as carcinogenic risk (46.48%) assessed by B[a]P toxic equivalent level in soil. The authors
concluded that coal combustion mainly contributed to PAHs contamination and health risk in Taiyuan

soil.
2.3.3 Mechanism of Benzo[a]pyrene metabolism

The metabolism of B[a]P involves several phases, as it also is in the case of many other hydrophobic
xenobiotics (Figure 3). The first phase of biotransformation of PAHs, including B[a]P, involves the
activity of cytochrome P450 (CYP1 family) and of microsomal epoxide hydrolase. During the first
phase, PAHs are transformed to some phenols (hydroxy derivatives), phenol diols, dihy- drodiols,
quinones, and reactive-diol-epoxides enantiomers. During PAHs transformation, ROS are also

produced as by-products of these reactions.
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Several enzymes acting within cytochrome P450, including CYP1A1, CYP1A2, and CYP1B1, have
been shown to be implicated in B[a]P oxidation, while CYP1A1 is considered to be the most active in
mammals (Barnes et al., 2018; Chung et al., 2007). B[a]P epoxidation by P450 at the 7,8 positions has
been found to be one of the most dangerous reactions, which leads to the formation of B[a]P toxic
metabolites. Interestingly, B[a]P oxidation at the 4 and 5 positions leads to the cre- ation of an inactive
metabolite, which is eliminated from the organism (Bukowska, 2015). As mentioned above, CYP1A1
can convert B[a]P to B[a]P-7,8-epoxide, which (in the presence of epoxide hydrolase) is transformed
to (+/—)-B[a]P-trans-7,8-dihydrodiol (DHD). B[a]P-7,8-DHD is a substrate for the reaction of the
second CYP-dependent oxidation, which forms the final car- cinogenic metabolite—78,8a-dihydroxy-
9a,100-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE). It has been shown that in the cell nucleus,
diol-epoxides can bind covalently to DNA, creating deoxyguanosine-DNA adducts that may lead to
erroneous replication and mutagenesis (Barnes et al., 2018; Bukowska, 2015). Metabolism of B[a]P

may therefore lead to the produc tion of electrophilic metabolites exhibiting a carcinogenic potential.
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3. AIMS OF STUDY

The aim of this dissertation is to investigate the effect of different environmental pro-electrophile and
or electrophile on noradrenergic axons degeneration and the role of proinflammatory cytokines /L-1/

on electrophile induced neurotoxicity in mice.

More specifically the studies for this dissertation are designated as follow:

1. Deletion of IL-1p exacerbates acrylamide induced neurotoxicity in mice
2. Exposure to benzo[a]pyrene decreases noradrenergic and serotonergic axons

in hippocampus of mouse brain
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4. Chapter I: Deletion of IL-1f Exacerbates Acrylamide Induced

Neurotoxicity In mice

4.1 INTRODUCTION

Acrylamide (C3H5NO) is a white, odorless, and water-soluble substance (Bin-Jumah et al., 2021),
and an environmental electrophile commonly used in industry (Ruenz et al., 2016). Monomer
acrylamide is used in the production of polymer compounds necessary for the manufacturing of plastic
sheets, adhesive tapes, colors, and food packaging. Recent studies have also indicated that various
cooking practices, such as roasting, baking and frying, result in the production of significant amounts
of acrylamide through Maillard reaction of reducing sugars and amino acids (Tareke et al., 2000, 2002).
In addition to fried/baked potatoes, coffee and bakery products also contain substantial amounts of
acrylamide (Bin-Jumah et al., 2021). Acrylamide is also used in water sanitation and production of
flocculators, grouts, and press fabrics. The widespread use of acrylamide in industries translates into
occupational exposure with potential negative health effects (Pennisi et al., 2013).

In humans and experimental animals, acrylamide is known to cause various neuropathies and
encephalopathies (Erkekoglu & Baydar, 2010; Spencer & Schaumburg, 1974). Previous reports
described several cases of acrylamide exposure who presented with various neurological features
ranging from numbness, leg weakness to unsteady movements. Based on these features, bioscientists
and toxicologists focused on the issue of acrylamide neurotoxicity, especially acute occupational
acrylamide intoxication in the construction, coal mining, flocculator manufacture, and tunnel building
industries (Pennisi et al., 2013). These studies and more recent evidence from animal experiments
suggest that neuroinflammation is potentially the underlying mechanism of acrylamide-induced
neurotoxicity (Ekuban et al., 2021; Zong et al., 2019).

The triad of neurons, astrocytes, and microglia is crucial to brain function. Glial cells, including
astrocytes and microglia, play a critical role in the central nervous system (CNS), which includes
neurotrophic support, transporter regulation, pathogen clearance, promotion of neuronal development,
and immune response modulation (Anderson & Swanson, 2000; Streit et al., 1988). Glial cells are
rapidly activated in response to injury or infection to release neurotoxic signals, such as reactive oxygen
species (ROS) and pro-inflammatory mediators (e.g., IL-1, TNF-a, and IL-6 cytokines) (Li et al., 2014;
Sloan & Barres, 2014).

CNS glia produce substantial amounts of inflammation-promoting interleukin-1beta (IL-1p),
following tissue damage, stress, or illness. In the brain, IL-1 has a wide range of functions; it induces

the synthesis of additional cytokines and growth factors by astrocytes and microglia, ultimately
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boosting brain inflammatory activity (Benveniste, 1992; Merrill & Benveniste, 1996). Our previous
study found that acrylamide-induced neurotoxicity in the cerebral cortex of rats and BV-2 microglia
cell line was associated with microglia activation and upregulation of pro-inflammatory cytokine genes
(IL-1p and IL-18) (Zong et al.,, 2019). We also demonstrated that microglia activation and
overexpression of pro-inflammatory cytokine genes (/L-1f, iNOS, TNF-o) accompanied greater
acrylamide-induced sensorimotor impairment and degradation of noradrenergic and serotonergic axons
in the prefrontal cortex of nuclear factor erythroid 2-related factor 2 (Nrf2)-null mice, compared to
wild-type mice (Ekuban et al., 2021).

Nrf2 is a transcription factor involved in the process of oxidative stress. Once activated, Nrf2 is
transferred to the nucleus, where it activates the transcription of downstream antioxidant protective
genes. Nrf2 provides neuroprotection through enhancement and/or suppression of the expression of
pro-inflammatory cytokines (Davuljigari et al., 2021; Ekuban et al., 2021; Kobayashi et al., 2016).
Cultures of primary microglia released pro-inflammatory mediators, including /L-14, IL-6, TNF-o and
G-CSF, at 24 and 96 h after exposure to acrylamide (Zhao et al., 2017). Furthermore, rats exposed to
acrylamide showed upregulation of NF-«B, IFN-y, IL-1f, and TNF-a mRNAs in the liver and brain
(Acaroz et al., 2018).

Based on the above background, the present study was designed to determine the role of IL-1p in

acrylamide-induced neurotoxicity.

4.2 MATERIALS AND METHODS

4.2.1 Chemical preparations

Acrylamide (lot #A9099, purity >99%) was purchased from Sigma Aldrich (St. Louis, MO).
Acrylamide was freshly prepared at the beginning of each week by dissolving in a G-10 ion exchange
cartridge (Organo Co., Tokyo, Japan) filtered drinking water, stored at 4 °C degrees Celsius and

administered by oral gavage every day in autoclaved tube.

4.2.2 Animal husbandry and experimental design

Ten-week-old male mice were used in the present study 60 male specific-pathogen free
C57BL/6msSlc mice were purchased from (SLC Japan, Inc. (Tokyo) at 9-weeks of age and allowed to
acclimatize for one week before the start of study. The IL-1 B KO mice were backcrossed
C57BL/6msSlc having a congenicity of > 99.998 by (SLC Japan), At 68 weeks of age, the DNA was
extracted from ear samples of each mouse and analyzed by polymerase chain reaction (PCR) to confirm

its genotype using primers (Lac Z GAGGTGCTGTTTCTGGTCTTCACC, IL-18 common
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CACATATCCAGCACTCTGCTTTCAG, IL-1f WT GGTCAGTGTGTGGGTTGCCTT). The PCR
was conducted by a three-step cycle under conditions of 96 °C for 2 min followed by 35 cycles of 96°C

for 20s, 59°C for 30s and 72°C for 45s.The amplified DNA samples were then run on a 2% agarose gel
electrophoresis and visualized by a CCD camera (Fusion Solo S, Vilber Lourmat, Collegien, France).
IL-1f KO mice (-/-) showed one band which confirm that all the mice were homozygous recessive. As
the control, 30 specific pathogen-free age matched male C57BL/6msSlc wild type mice were purchased
from SLC Japan, Inc. (Tokyo, Japan) and acclimatized to the new environment for one week before

the start of treatment or toxicity studies.

All Mice were initially housed in separate cages of four, six each respectively and had access to
filtered drinking water and normal chow diet (Charles River Formular-1; SLR1) ad libitum. They were
housed in a controlled environment of temperature (23—-25°C), humidity (57-60%) and light (lights on
at 0800 h and off at 2000 h). After the first week of acclimatization the mouse was weighed and then
assigned at random to one of six groups, each consisting of 10 mice, which were exposed to acrylamide
(0, 12.5 or 25 mg/kg). Groups 1 to 3 (Wild type mice) and group 4-6 (IL-1 KO mice) were exposed
to acrylamide. Acrylamide was dissolved in G-10 ion exchange cartridge (Organo Co., Tokyo, Japan)
filtered drinking water and administered using oral gavage. Mice of each group (n=4, n=6 each) were
housed in four and six per cage for morphology and biochemical analysis respectively and treated with
the compounds every day of the week for four weeks. In the present study, 25 mg/kg was used as the
highest exposure level for acrylamide based on the findings of previous studies in rat using 20 mg/kg

body weight (Zong et al., 2019; C. Zong et al., 2019)

The protocol and experimental design of the present study were approved by the animal experiment
committee of the Tokyo University of Science (Experiment approval Number Y 21016) and strictly
followed the guidelines of Tokyo University of Science on animal experiments in accordance with the

Japanese act on welfare and management of animals.
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Figure 1: Schematic illustration of the experimental design. Acrylamide is used with different concentration
(0, 12.5, 25 mg/kg B.W), given by oral gavage 7days/week for 28 days for both wild type and IL-1B KO mice.
The mice subjected to functional test (Landing foot spread test) after 21 days of exposure. After 4 weeks of
exposure, tissue harvest is done to assess biochemical changes and morphological changes using
immunohistochemical staining of NA axons.

4.2.3 Landing foot spread test

The landing foot spread test was carried out in accordance with the United States Environmental
Protection Agency's (USEPA) recommended protocol for functional observatory battery testing for the
effects of drugs and other chemicals on the nervous system, as previously described (Edwards &
Parker, 1977b; Ekuban et al., 2021; Gilbert & Maurissen, 1982).

Briefly, after applying a dye ink to the soles of the hindlimbs, mice were dropped from a height of
15 cm. The hindlimb splay length is the distance between both sides’ soles spread upon landing. The
test was repeated three times, and the mean landing foot splay length was calculated each time and
used as the representative value of individual mouse for statistical analysis.

4.2.4 Euthanasia, tissue harvest, processing, and morphological assessment

At 24 hours after the last exposure of acrylamide, mice were randomly selected and euthanized for
morphological examinations. For morphological examination, mice (n=4/group) were deeply
anesthetized with intraperitoneal injection of sodium pentobarbitone (50 mg/kg). Upon confirmation
of loss of sensation, the animals were transcardially perfused through the ascending aorta with 4%
paraformaldehyde in phosphate buffer (4% PFA). The perfused mice were wrapped in aluminum foil

and kept on ice for a period of 1 hour to increase the penetrative effect of paraformaldehyde particularly
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through the brain tissues. The brain was dissected out of the skull carefully and fixed for additional 24
hours at 4°C. After this, the brain was divided into three parts by cutting coronally at the anterior
margin of the cerebellum and the optic-chiasm and then placed in a series of 10, 20 and 30% sucrose
solutions over changing intervals of 24 hours each. Brain tissues (Cortex area) were then embedded in
optimum cutting temperature (OCT) medium with the use of plastic Tissue Tek cryomolds (SFJ 4566,
Sakura, Japan) and then stored at -80°C.
4.2.5 Cryosection of brain tissues

Brain tissues (Cortex) embedded in O.C.T. medium were serially sectioned in the coronal plane on a
freezing microtome (Leica CM3050S, Leica Microsystems, Wetzlar, Germany) at 40 um thickness
from bregma Bregma —0.34 according to Paxinos and Franklin (Paxinos & Franklin, 2004), which is
representative of the full extent of somatosensory cortex in mice. The tissue sections were placed on
positively charged slides (Matsunami MAS superfrost slides, Matsunami Glass Ind., Osaka, Japan) and
allowed to air-dry at room temperature for about 1 h, after which they were stored at -80 -C for

immunostaining.
4.2.6 Immunohistochemical examination

4.2.6.1. Noradrenergic axons staining

The frozen section in -80 °C allowed to air dry in RT for about 30 min, the air-dried sections were
rinsed in Tris buffered saline (TBS; 50 mM Tris, 0.15 mM NaCl, pH 7.5-7.8) and transferred into an
antigen retrieval solution containing 10 mM sodium citrate buffer (pH 8.5) that had been pre-heated to
and maintained in a water bath at 80°C for 30 min. After the incubation, the sections were cooled to
room temperature together with the buffer solution and washed in Tris-buffered Saline with 0.01%
Tween-20 (TBST) for three times/5 min for each. Endogenous peroxidase activity was blocked for 20
minutes by incubating the sections with peroxidase blocking reagent Bloxal (Vector Laboratories,
Burlingame, CA, USA). After triple washing in TBST, non-specific protein binding was blocked at
4°C overnight using protein blocking reagent [1% bovine serum albumin (BSA; Sigma Aldrich), 2.5%
normal horse serum (NHS; Vector Laboratories, Burlingame, CA), 0.3M glycine (Wako) and 0.1%
Tween-20 (Wako)]. This was followed by brief incubation at 37°C for 30 minutes followed by rinsing
three times in TBST. Endogenous interferences of Avidin-Biotin were blocked by incubating the
sections in avidin/biotin blocking reagent (Sp-2001; Vector Laboratories), as described by the
manufacturer. The sections were then incubated for 2 hours at 37°C with mouse anti-noradrenaline
transporter antibody (NAT; 1:1000, #ab211463, Abcam, Japan). Following incubation with the
primary antibody, the sections were washed three times and then incubated for 1 hour with horse anti-
mouse biotinylated secondary antibody (BA-2000; Vector Laboratories) and further washed three

times in TBST. Finally, the sections were stained with the avidin-biotin peroxidase complex (Elite
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ABC reagent, Vector Laboratories) and visualized by reacting with diaminobenzidine peroxidase
substrate as the chromogen (ImmPACT DAB (Brown) peroxidase substrate SK-4105, Vector
Laboratories), the DAB peroxidase reaction was stopped and rinsed with water, followed with three
times in TBS. The sections were wiped off any liquid, allowed to air-dry and mounted with an aqueous

mounting medium (VectaMount Mounting Medium, H-5501, Vector Laboratories).

4.2.6.2. Morphometric analysis of noradrenergic axons

Uncompressed photomicrographs of the stained somatosensory cortex regions were taken with a
Leica FlexCam C1 digital camera-assisted microscope (BX 50, Olympus, Tokyo.), using the whole
area with the vessel analysis plugin in the ImagelJ software (Schneider et al., 2012). The density of
noradrenergic axons was quantified in the primary somatosensory cortex (S1) of forelimb (S1FL),
hindlimb (S1HL) and barrel field (S1BF) and secondary somatosensory cortex (S2) sub-regions of the
somatosensory cortex at Bregma —0.34 (Paxinos & Franklin, 2004), using a 300 pm X% 300 pm,
modified from (Davuljigari et al., 2021) square sampling frame with the vessel analysis plugin in the
Image] software (Schneider et al., 2012). We also determined the vascular density, which represented
the ratio of the vessel area relative to the total area multiplied by 100%. These studies were conducted

in 4 mice and 2 sections from each were used for analysis.

4.2.7. Isolation of total mRNA, synthesis of cDNA and real-time quantitative polymerase chain
reaction (PCR)

Total messenger RNA (mRNA) was isolated from the cerebral cortex (n=6/ each group) using the
ReliaPrep™ RNA Tissue Miniprep System (Promega, Madison, WI), according to the instructions
provided by the manufacturer. The concentration of the extracted mRNA following elution with
RNase-free water was measured using NanoDrop 2000 spec-trophotometer (Thermo Fisher Scientific,
Waltham, MA). The quality of mRNA was determined by confirming that the A260/A280 ratio was
>2.0 after measuring absorbance at 260 nm and 280 nm. Complementary DNA (cDNA) was then
synthesized by using 4ug of the extracted total RNA with SuperScript III reverse transcriptase

(Invitrogen, Carlsbad, CA) according to the instructions supplied by the manufacturer. Real-time

quantitative PCR was performed by using the THUNDERBIRD® SYBR® qPCR Mix (Toyobo,
Osaka) and the AriaMx Real-Time PCR System (Agilent Technologies, Santa Clara, CA). The PCR
reaction component (20 pL final volume): cDNA 2 pL, forward primer (10 pM) 0.4 pL, reverse primer
(10 uM) 0.4 pL, SYBR qPCR mix 10 pL, 50X ROX reference 0.04 uL and nuclease free water 7.16
pL. A three-step real-time PCR amplification reaction comprising an initial denaturation step at 95°C

for 1 min, followed by an amplification step of 40 denaturation cycles at 95°C for 15 sec, primer
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annealing at 60°C for 30 sec, extension at 72°C for 60 sec and reading of plate was utilized. A melting
curve step from 55 to 95°C with 0.5°C increments for 5 sec followed by a plate read was also
incorporated. A standard curve constructed using serial concentrations of diluted cDNA samples from
the control group was used to quantify the relative expression level of each gene. The latter was
calculated by standardization to the endogenous mRNA levels of the housekeeping gene B-actin. The
mRNA expression levels of Nrf2 and antioxidant genes: heme oxygenase 1 (Ho-1), NAD(P) H: quinone
oxidoreductase 1 (Ngol), superoxide dismutase -1 (Sod-1), glutathione-s-transferase mu (Gst-m),
glutathione-s-transferase mu-5 (Gst-mJ3), thioredoxin reductase 1 (Txnrdl), thioredoxin reductase L
(TxnL) and metallothionein 1 (M¢-1), glutathione peroxidase 1 (Gpx1), glutathione peroxidase 4 (Gpx4),
glutamate-cysteine ligase, catalytic subunit (Gclc), and glutamate-cysteine ligase, modifier subunit
(Gclm), as well as genes of several pro-inflammatory cytokines, including interleukin -6 (7L-06),
interleukin-18 (/L-18), nuclear factor kB (Nf-kB), caspase-1, tumor necrosis factor alpha (TNF-a),
inducible nitric oxide synthase (Nos2), and cyclooxygenase 2 (Cox-2) were analyzed. Primer sequences

for the various genes are listed in (Table 1).
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Table 1: Primer sequences for the various genes used in this study

Gene

Primer Sequence

Reference

Nfe212 (Nrf2)

F: CGAGATATACGCAGGAGAGGTAAGA
R: GCTCGACAATGTTCTCCAGCTT

(Jiang et al., 2016)

Ho-1 F: CACAGATGGCGTCACTTCCGTC (Innamorato et al., 2010)
R: GTGAGGACCCACTGGGAGGAG
Ngol F: AGCGTTCGGTATTACGATCC (Sehsah et al., 2019)

Gst-m (Gstu)

R: AGTACAATCAGGGCTCTTCTCG
F: CTGAAGGTGGAATACTTGGAGC
R: GCCCAGGAACTGTGAGAAGA

(Shanmugam et al., 2017)

Mt-1 F: ACCTCCTGCAAGAAGAGCTG (Kim et al., 2012)
R: GCTGGGTTGGTCCGATACTA

Txndrl1 F: GGGTCCTATGACTTCGACCTG (Checker et al., 2012)
R: AGTCGGTGTGACAAAATCCAAG

Gst-m5 F: AGAAACGGTACATCTGTGGGG (Chung et al., 2013)
R: GGATGGCGTTACTCTGGGTG

Sod-1 F: CAGGACCTCATTTTAATCCTCAC
R: TGCCCAGGTCTCCAACAT

Txndl F:GGGAGCGATCCAGATTTCCAG
R:CAATGGGAAGACAGGGTCCAC

1-6 F: CCTACCCCAATTTCCAATGCT
R: TATTTTCTGACCACAGTGAGGAAT

Cox-2 F: TTCGGGAGCACAACAGAGT (Innamorato et al., 2008)
R: TAACCGCTCAGGTGTTGCAC

NfkB F: ATTCCGCTATGTGTGTGAAGG
R: GTGACCAACTGAACGATAACC

Caspl F: TCCGCGGTTGAATCCTTTTCAGA (Mezzaroma et al., 2011)
R: ACCACAATTGCTGTGTGTGCGCA

Nos?2 F: CCTCCTTTGCCTCTCACTCTT
R: AGTATTAGACGCGTGGCATGG

Tnf-a F: CATCTTCTCAAAATTCGAGTGACAA (Innamorato et al., 2008)
R: TGGGAGTAGACAAGGTACAACCC

1-18 F: TGGTTCCATGCTTTCTGGACTCCT
R: TTCCTGGGCCAAGACGAAGTGATT

Gpx1 F: AAGGAGGTGCAGGCGGCTGTGAGC G
R: GCGCGGAGAAGGCATACACGGTGG

Gpx4 F: TGTGCATCCCGCGATGATT
R: CCCTGTACTTATCCAGGCAGA

Gcle F: AGATGATAGAACACGGGAGGAG
R: TGATCCTAAAGCGATTGTTCTTC

Gcelm F: CCTTGGAGCATTTACAGCCTTACT
R: AGTTCTTTCGGGTCATTGTGAGTC

Actb F: TCCTTCCTGGGCATGGAG (Rojo et al., 2008)

R: AGGAGGAGCAATGATCTTGATCTT

4.2.8 Preparation of cytoplasmic and nuclear extracts for western blotting and Nrf2 activation assay
Cytoplasmic and nuclear extracts were prepared from the cerebral cortex tissues using NE-PER
Nuclear and Cytoplasmic Extraction Reagent 78833 (Thermo Fisher Scientific Inc., Rockford, IL). The

cytoplasmic and nuclear extracts were used for western blotting and Nrf2 activation assay, respectively.
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4.2.9 Western blotting

The protein concentration in the cytoplasm was determined using Pierce 660nm Protein Assay
Reagent (Pierce Biotechnology, Waltham, MA). The concentration-adjusted protein solutions were
mixed with the sample buffer (final concentration; 62.5mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol,
0.0075% bromophenol blue, 5% B-mercaptoethanol) and boiled at 95°C for 5 min. Each 10 pg protein
sample was separated on Mini-PROTEAN TGX Gels 4-20% (Bio-Rad Laboratories Inc., Hercules,
CA) and transferred onto PVDF membranes. Protein-blocking was applied using BlockPRO Blocking
Buffer (BFO1-1L, Visual Protein, Taipei, Taiwan) for 30-60 min. The membranes were incubated
overnight at 4°C with the primary antibody dissolved in 1% BSA/TBS-T: anti-B-actin rabbit mAb
(49708, dilution 1:5000; Cell Signaling Technology, Danvers, MA), anti-NQO1 rabbit mAb (11451-
1-AP, dilution 1:5000; Proteintech Group, Inc, Rosemont, IL), anti-GSTM1 rabbit mAb (12412-1-AP,
dilution 1:5000; Proteintech), anti-HO-1 rabbit mAb (ab13243, dilution 1:4000; Abcam) or IL-6
(D5W4V) XP® rabbit mAb (#12912, dilution 1:2000, Cell Signaling Technology) and then incubated
with the secondary antibody; goat anti-rabbit IgG-peroxidase Ab (A0545, dilution 1:40000; Sigma-
Aldrich) dissolved in 1% BSA/TBS-T at room temperature for lhour. Protein bands were emitted with
ImmunoStar Zeta (FUJIFILM Wako Pure Chemical) for NQO1, GSTM1, HO-1, IL-6 and B-actin,

followed by visualization in Fusion Solo S (Vilber Lourmat, Collégien, France).

4.2.10 Assay for Nrf2 activation using ELISA with oligonucleotide containing ARE (Antioxidant
Response Element) consensus binding site

TransAM®Nrf2 (Active Motif, Carlsbad, CA) was used to quantify Nrf2 activation using the method
supplied by the manufacturer. Active Nrf2 was captured by the kit component 96-well plate with an
immobilized oligonucleotide containing ARE consensus binding site (5'-
GTCACAGTGACTCAGCAGAATCTG-3"). Anti-Nrf2 antibody followed by HRP-conjugated
antibody and color developing was applied to the nuclear extracts, and absorbance at 450 and 655 nm
was measured as the extent of Nrf2 activation. The final absorbance was calculated by subtraction of
the value at 450 nm from the value at 655 nm. Twenty five pg nuclear protein per well was applied in
this ELISA-based assay.
4.2.11 Assessment of oxidative stress
4.2.11.1 Glutathione assay (Quantification of total and oxidized glutathione)

Since the quantity of the cortical samples available for glutathione assay was inadequate, the
cerebellum was used in this part of the study as a surrogate for the cerebral cortex. Cerebellar levels of
total glutathione and oxidized glutathione were measured using glutathione assay kit #703002 (Cayman

Chemical Company, Ann Arbor, MI). Frozen cerebellum was broken into powder on aluminum foil
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placed on a stainless steel block pre-cooled by liquid nitrogen, and well mixed. Approximately 25 mg
of frozen powdered cerebellar tissue sample was homogenized in 250uL of 50 mM 2-(N-morpholino),
ethanesulphonic acid (MES) buffer containing 2 mM ethylenediaminetetraacetic acid (EDTA). The
homogenate was centrifuged at 10,000 g for 15 min at 4°C. The supernatant was then deproteinated
with an equal volume of 0.1% metaphosphoric acid (#239275; Sigma Aldrich) and mixed by vortex.
The resultant mixture was allowed to stand at room temperature for 5 min and centrifuged at 2000x g
for 2 min. The supernatant was aliquoted and stored at —20°C until analysis of total and oxidized
glutathione. In the next step, 40 pL of the supernatant was treated with 2 pL of 4 M solution of
triethanolamine (TEAM; Sigma Aldrich) and vortexed immediately. For determination of total reduced
glutathione (GSH), 20 uL. TEAM-treated sample was diluted 10-fold using the MES buffer.
Subsequently, 50 pL of the diluted sample was added to 150 pL freshly prepared assay cocktail
(mixture of cofactors, enzymes and DNTB reconstituted in MES buffer) and incubated for 25 min.
Absorbance of the mixture at 405 nm was measured with a microplate reader (Gen5STM Secure,
BioTek® Instruments, Inc. Charlotte, VT).

To determine the level of oxidized glutathione (GSSG), 20uL of the TEAM-treated sample was
diluted 5-fold with MES buffer and 100uL of the diluted solution was derivatized with 1 pL of 2-
vinylpyridine (Sigma Aldrich). The mixture was vortexed and incubated for 1 h at room temperature.
Next, 50 uL of the derivatized sample was mixed with 150 pL of freshly prepared assay cocktail as
explained earlier, incubated for 25 min in the dark and then the absorbance of mixture was measured
at 405 nm using a microplate reader. The concentrations of GSH and GSSG were calculated using a
standard plot with GSSG standard provided with the kit and expressed in mM/mg protein of GHS or
GSSG.

4.2.11.2 Malondialdehyde assay

The cerebellum was also used as a surrogate for cerebral cortex in malondialdehyde (MDA) assay.
Cerebellar MDA level was measured using NWLSS™, Malondialdehyde kit (NWK-MDAOI,
Northwest Life Science Specialties, LLC, Vancouver, WA) and the instruction provided by the
manufacturer. Briefly, 25 mg of frozen powdered cerebellar tissue sample was homogenized in cold
assay buffer, centrifuged at 5000xg for 15 min, then the supernatant was stored on ice. Next, 30 uL of
the sample was diluted 5 times with the cold assay buffer, then 150uL of the diluted sample or the
calibrator was mixed with 6uL of butylated hydroxytoluene (BHT) reagent, 150uL of acid reagent and
150uL of 2-thiobarbituric acid (TBA) reagent. The mixture was vortexed vigorously, then incubated
at 60°C for 60 minutes. One hour later, the mixture was centrifuged at 10000xg for 2-3 minutes, then

transferred to a microplate and absorbance was measured at 532 with a microplate reader (Gen5TM
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Secure, BioTek® Instruments, Inc. Charlotte, VT). Finally, MDA concentration was calculated using

the MDA colorimetric standard curve and expressed in mM/mg protein of MDA.

4.2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad Software, La Jolla,
CA) or JMP (version 14, SAS Institute, Cary, NC). Data are expressed as mean + standard deviation
(SD) or =+ standard error of the mean (SEM), as indicated. Differences among groups in each genotype
of wild-type and /L-1 KO mice were analyzed by one-way ANOVA followed by Dunnett’s multiple
comparison test. When ANOVA showed difference between groups, simple regression analysis with
independent variable of ACR level was carried out in each genotype to test the trend with ACR
exposure level and multiple regression analysis with independent variables of ACR level and genotype,
which is defined by dummy variable (0: wild type and 1: /L-1f KO), in the full model with interaction
was carried out to test the interaction between ACR level and genotype. A probability (p) of <0.05
denoted the presence of a statistically significant difference, except that p value was empirically
determined for the criteria in simple regression analysis to identify genes whose expressions were ACR

level-dependently changed in the transcriptome analysis

4.3 RESULTS

4.3.1 Body weight and brain weight

Dunnett’s multiple comparison following ANOVA showed that acrylamide exposure at 12.5 and 25
mg /kg B.W did not affect body weight and brain weight in both wild type and /L-1 KO mice. (Table
2).

Table 2: ANOVA test analysis of acrylamide effect and /L-1/ deletion on the body weight and whole
brain weight in wild type and /L-14 KO mice

Test parameters  Treatment Concentration of Acrylamide
(mg/kg body weight)
0 12.5 25

Body Weight (g) Wild Type 24.88 £0.77 2471+ 1.14 24.57+0.2

IL-1 KO 27.33£2.26 2718 £ 1.74 27.08 £ 1.7
Whole brain Wild Type 682.8 512 472.18% 20.64 451.33 £7.05
(mg)

IL-1 KO 459.2 £13.38 469.85 £36.2 447.63 £8.4

Abbreviation: ACR, acrylamide. Data are mean + SD. *p < 0.05, compared with the corresponding genotype control by
Dunnett’s multiple comparison following ANOVA for the body weight (n = 10) and whole brain weight (n = 6).
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4.3.2 Functional changes (Landing foot spread test)

Dunnett’s multiple comparison following ANOVA showed that exposure to acrylamide dose-
dependently increased the foot spread (hind limb splay) with a significant change at 25 mg/kg in IL-1f
KO mice, but ANOVA did not show any difference between groups in wild-type mice. Multiple
regression analysis showed significant interaction between ACR level and /L-1§ KO genotype,
suggesting different intensity of ACR-induced increase in hindlimb splay length by genotype (Figure
2).

P=0.0006
1
6 =<
P=<.0001 R 0 mg/kg
L%, R %_ s 12.5mglkg
£ 4+ . o 25 mgl/kg
s _i_ _I_ 'f
4 2 s
- 2-
0 I I
WT IL-18 KO

Figure 2. Functional effects of acrylamide (0, 12.5, 25 mg/kg bw) on the landing foot spread (LFS) test in wild-
type and IL-1f KO mice. The effect was significant in /L-1§ KO mice than wild-type mice at 25 mg/kg bw
(n=10, ANOVA followed by Dunnett’s multiple comparison test). Differences in the results of exposure to 25
mg/kg bw between wild-type and /L-15 KO mice were also examined by the Student’s #-fest. Data are mean+SD.

4.3.3 Morphological changes of noradrenergic axons
The density of noradrenergic-immunoreactive axons was quantified in the primary (SIHL, S1BF,

S1FL) and secondary (S2) regions of the somatosensory cortex (Figures 3-6).
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Figure 3. Representative photomicrographs (A) and density of noradrenaline transporter (NAT)-
immunoreactive axons in the Barrel field primary somatosensory cortex (S1BF) following exposure to
acrylamide at 0, 12.5, 25 mg/kg bw in wild-type and /L-1/5 KO mice. Scale bars = 40 um, n=4, each. Data are
mean+SD. Statistical analyses by Student’s t-test.
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Figure 4. Representative photomicrographs (A) and density of noradrenaline transporter (NAT)-
immunoreactive axons in the forelimb primary somatosensory cortex (S1FL) following exposure to acrylamide

at 0, 12.5, 25 mg/kg bw in wild-type and /L-1f3 KO mice. Scale bars=40 um, n=4, each. Data are mean+SD.
Statistical analyses by Student’s t-test.
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Figure 5. Representative photomicrographs (A) and density of noradrenaline transporter (NAT)-
immunoreactive axons in the hindlimb primary somatosensory cortex (STHL) following exposure to acrylamide
at 0, 12.5, 25 mg/kg bw in wild-type and /L-1/3 KO mice. Scale bars = 40 pum, n=4, each. Data are mean+SD.
Statistical analyses by Student’s t-test.
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Figure 6. Representative photomicrographs (A) and density of noradrenaline transporter (NAT)-
immunoreactive axons in the secondary somatosensory cortex (S2) following exposure to acrylamide at 0, 12.5,
25 mg/kg bw in wild-type and IL-13 KO mice. Data are mean + SD. Statistical analyses by Student’s t-test.

ANOVA followed by Dunnett’s multiple comparison and simple regression analysis showed that
exposure to ACR dose-dependently decreased the density of noradrenergic (NA) axons with a
significant change at 12.5 or 25 mg/kg in SIBF, S1FL, STHL and S2 of /L-/ KO mice. On the other
hand, exposure to ACR dose-dependently decreased the density of NA axons in SIHL of wild-type

mice with a significant change at 25 mg/kg but did not significantly change the density of NA axons

in other investigated somatosensory cortex area (Table 3).
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Table 3: Results of simple regression analysis of the effect of acrylamide and multiple regression
analysis of the interaction of acrylamide and IL-1f deletion on the landing foot spread test (LFS)
(n=10/group) and the density of noradrenergic-immunoreactive axons in the primary and secondary
somatosensory cortex areas (S1BF, SIFL, STHL, S2) (n=4/group).

Coefficient of ACR Interaction of ACR and
Genotype (n=4/group) in simple IL-14 KO in multiple
regression analysis regression analysis
Landing Foot Spread Test Wild -type - 0.034 (p=0.019)
IL-15 KO 0.05 (p<0.0001)
Density of NA axons in SIBF  Wild-type - -0.34 (p=0.0013)
(%) IL-15 KO -0.29 (p=0.0016)
Density of NA axons in SIFL  Wild -type - -0.28 (p=0.0224)
(%) IL-1 KO -0.26 (p=0.0075)
Density of NA axons in SITHL ~ Wild -type - -0.34 (p=0.0019)
(%) IL-15 KO -0.28 (p=0.0028)
Density of NA axons in S2 Wild -type - -0.26 (p=0.0131)
(%) IL-15 KO -0.25 (p=0.0099)

Abbreviation: ACR, acrylamide; NA, Noradrenergic axon; Primary somatosensory cortices (S1BF: barrel field; SIFL: forelimb;

S1HL: hindlimb). Data are mean + SD. * p < 0.05, compared to the corresponding genotype control by Dunnett’s multiple
comparison following ANOVA for the density noradrenergic axons (n = 4). Simple regression analysis in each genotype (n =12
per each genotype) and test for interaction in multiple regression model with dummy variable (0: wild type and 1: IL-1f knockout
mice) for genotype were conducted for density of noradrenergic axons. When interaction was not significant for density of
noradrenergic axons (S1FL, STHL and S2), multiple regression analysis in a model without interaction was conducted to estimate

the effect of acrylamide or /L-14 deletion.

4.3.4 Effects of acrylamide on mRNA expression

4.3.4.1 Nrf-2 and antioxidant genes

Exposure to acrylamide at 25 mg/kg bw significantly increased the mRNA expression levels of Nrf-2,

heme oxygenase 1 (Ho-1) and NAD(P)H: quinone oxidoreductase 1(Ngo-1) and increased the mRNA

expression level of glutathione S-transferase mu (Gs#m), with a significant change at 12.5 mg/kg in

wild-type mice (ANOVA followed by Dunnett’s multiple comparison test, Figure 6A) but there was

no significant interaction between acrylamide concentration and Nrf2 deletion for the above genes.

Exposure to acrylamide at 25 mg/kg bw significantly increased the expression levels of Gpx1, Gpx4

and Gclc in wild-type mice, while significantly decreased the expression of GpxI, Gpx4 and Gclc in

IL-15 KO mice (ANOVA followed by Dunnett’s multiple comparison test, Figure. 7A). Multiple

regression analysis showed significant interaction between acrylamide concentration and Nrf2 deletion

for GpxI, Gpx4 and Gcle, suggesting significant effect of /L-/f deletion on the rate of acrylamide-

induced change in the above genes (Supplementary Table 1). Acrylamide had no effect on the

expression of other investigated antioxidant genes in both the wild-type and /L- 15 KO mice (ANOVA,

Figure 7A, 10A).
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Figure 7. (A) Changes in Nrf-2 (a), Ho-1 (b), Ngo-1 (¢), Gstm (d), Mt-1 (e), Txndl (f), Txnl (g), Sod-1 (h),
Gstm-5 (i) in the cerebral cortex of wild-type and IL-15 KO mice exposed to acrylamide at 0, 12.5, 25 mg/kg
bw for 28 days. (B) The extent of Nrf2 activation using ELISA test. Data are mean = SD. *P< 0.05, compared
to the corresponding genotype control (by Dunnett’s multiple comparison following ANOVA). (n=6, each)

4.3.4.2 Pro-inflammatory cytokines
Exposure to acrylamide dose-dependently increased the mRNA expression of IL-6 with a significant

change at 25mg/kg bw in wild-type mice, but no such effect was noted in IL-1 KO mice (ANOVA

followed with Dunnett’s multiple comparison test, Figure. 8).
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Figure 8. Changes in the mRNA expression levels of pro-inflammatory cytokines: /L-6 (a), Cox-2 (b), Nfkbl
(c), 1I-18 (d), i-Nos (e), Caspase-1 (f), Tnf-a (g), in the cerebral cortex of wild-type and /L-15 KO mice exposed
to acrylamide at 0, 12.5, 25 mg/kg bw for 28 days. Data are mean + SD. *P< 0.05, compared to the corresponding
genotype control (by Dunnett’s multiple comparison following ANOVA).

4.3.5 Effects of acrylamide on HO-1, NQO1 and GSTM1 protein levels

The protein levels of IL-6, HO-1, NQO1 and GSTM1 were measured in wild-type and IL-13 KO mice
by western blot technique. Exposure to acrylamide had no significant effect on IL-6, HO-1, NQO1 and

GSTM1 protein levels in both genotypes (Figure. 9).
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Figure 9. Changes in expression of proteins related to Nrf2-regulated antioxidative response in mice cerebral
cortex. Protein expression in the cerebral cortex of control and acrylamide exposed mice as determined by
western blotting. B-actin was used as a loading control. (A) Target protein were as follows: NQO1 (31kDa),
GSTM1 (27kDa), HO-1 (31kDa), IL-6 (24kDa). (B) Quantification of the relative intensity of the bands, (n=6)
for each group. Data are mean+SD. *p<0.05, compared with the control group of each genotype, by ANOVA
followed by Dunnett’s multiple comparison test
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4.3.6 Effects of acrylamide on extent of Nrf2 activation

The extent of Nrf2 activation was measured by ELISA using oligonucleotide containing the ARE
consensus binding site. Exposure to acrylamide dose-dependently decreased the extent of Nrf2
activation with significant changes at 12.5 and 25 mg/kg bw in the wild-type but not in IL-18 KO mice
(Figure 7B).

4.3.7 Effects of acrylamide on total and oxidized glutathione levels

Exposure to acrylamide at 25 mg/kg bw significantly increased the levels of total glutathione and
oxidized glutathione (GSSG) in wild-type mice but significantly decreased oxidized glutathione and
the ratio of GSSG/GSH in IL-1B KO mice (ANOVA followed by Dunnett’s multiple comparison test,
Figure 10B)
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Figure 10. (A) Changes in mRNA expression levels of glutathione metabolism pathway genes: GpxI, Gpx4,
Gcle, Gelm. Data are mean + SD. Statistical analyses by ANOVA followed by Dunnett’s multiple comparison
test (n=06, each). (B) Changes in mRNA expression levels of markers of oxidative stress in the cerebellum (total
glutathione, glutathione redox ratio (GSSG/GSH) and malondialdehyde (MDA)) in the cerebral cortex of wild-
type and /L-1 KO mice exposed to acrylamide at 0, 12.5, 25 mg/kg bw for 28 days. Data are mean+SD, n=6,
each. ¥*P<0.05, **P<0.01, ***P<0.001, compared to the corresponding genotype control (by Dunnett’s multiple
comparison following ANOVA).

4.3.8 Effects of acrylamide on malondialdehyde (MDA)

Acrylamide had no effect on MDA levels in both mice genotypes (ANOVA). However, comparison
of baseline data (i.e., at 0 mg acrylamide/kg bw) showed a significant difference in MDA level
between wild-type and IL-18 KO mice (p= 0.0358, by Student’s t-test) (Figure 10B).
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4.4 DISCUSSION AND CONCLUSION

In the present study, we used /L-1f knockout mice to test the hypothesis that deletion of /L-1f
protects the mice brain against acrylamide-induced neurotoxicity. This concept arose from our previous
work that showed an increase in mRNA and protein expression levels of /L-1f in rats exposed to
acrylamide at 20 mg/kg bw, as well as in BV2 murine microglia cell line (Zong et al., 2019).
Surprisingly, the findings of this study suggest that deletion of /L-1/ exacerbate the neurotoxicity of
acrylamide in mice. The results of the landing foot spread test and the morphometric study
demonstrated the protective role of /L-1f against acrylamide-induced sensorimotor dysfunction and
degeneration of noradrenergic axons.

Previous in vivo studies reported the neuroprotective role of IL-1f in mechanically injured brain or
experimental compound-induced neurodegeneration in rodents. Experimental evidence suggests that
IL-1p promotes the survival of cortical neurons around the stab wound brain injury in mice (Abd-El-
Basset et al., 2020). Furthermore, remyelination failed to occur in /L-1f KO mice treated with
cuprizone, which induces demyelination (Mason et al., 2001). However, to the best of our knowledge,
the present study is the first to demonstrate the protective role of IL-1f in environmental chemical-
induced encephalopathy.

The toxic effect was especially pronounced in the 25 mg/kg bw IL-1 KO group, compared with the
wild-type group. Splaying of the hind limbs (Figure 1) is a sign of neurotoxicity and also a sign of
motor dysfunction (Mangiarini et al., 1996; Takahashi et al., 2009). Previous studies reported that the
landing foot spread test is a sensitive marker of early acrylamide-induced neurotoxicity (Edwards &
Parker, 1977a; Gilbert & Maurissen, 1982). Furthermore, our recent work demonstrated a clear positive
association between increase in landing foot splay and monoaminergic axon degeneration in Nrf2 KO
mice (Ekuban et al., 2021).

Exposure to acrylamide also dose-dependently decreased the density of noradrenergic axon in the
area of mouse somatosensory cerebral cortex. This area consists of primary somatosensory cortex (S1)
of the forelimb (S1FL), hind limb (S1HL), and barrel filed (S1BF) and secondary somatosensory cortex
(S2) (Davuljigari et al., 2021)._The above changes were noted in /L-/4-KO mice but were attenuated
in the wild-type (Figures 2-5), suggesting the protective role of /L-/f against acrylamide-induced
neurodegeneration. The somatosensory cortex is responsible for processing sensory information from
various parts of the body, including the face, fingers, legs, toes, and hands. The entire body is
completely represented in both the SI and SII (Disbrow et al., 2000; Kaas et al., 1979; Ruben et al.,
2001), highlighting the importance of the brain somatosensory cortex area. Admittedly, it is not clear

at this stage whether the more profound effect of acrylamide on LFS in the /L-/5 KO mouse (relative
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to the wild-type) is due to noradrenergic axon degeneration in the somatosensory cortex area, effect of
IL-1p deletion on peripheral nerves, or the synergistic effect of both of these pathologies, since previous
studies reported that /L- 1/ plays a role in sciatic nerve regeneration (Rotshenker et al., 1992; Wu Ruoyu,
2018). Further studies are needed to determine the exact link between deletion of /L-// and acrylamide-
induced toxic effect on the peripheral nerves.

The results of acrylamide-induced increase in total glutathione and Gclc expression in wild-type
mice compared with downregulation of Gclc in IL-1 KO mice suggest that the neuroprotective effect
of IL-1p is mediated through glutathione synthesis. In this regard, it was reported previously that /L-
1§ can provide protection for neurons against oxidant-induced injury through enhancement of
glutathione production in astrocytes (Chowdhury et al., 2018). Our findings of acrylamide-induced
increase in GSSG as well as enhanced Gpx/ and Gpx4 expression in wild-type mice compared with
decrease in GSSG and downregulation of Gpx/ and Gpx4 in IL-1 KO mice suggest that the
neuroprotective effect of /L-1f is mediated through the enhancement of GSSG production. Our finding
of acrylamide-induced upregulation of Gpx/ and Gpx4 in wild-type mice is in agreement with a
previous study that reported increase in GPX activity in the rat brain after exposure to acrylamide by
drinking water at 50 mg/300 ml for 24 hours on alternate days for 13 days (Dasari et al., 2018). Another
in vitro study showed no accumulation of GSSG, slower clearance of H>O: and increased susceptibility
to peroxide-induced cell death in GPX1”- mouse astrocytes treated with H>O, (Liddell et al., 2006),
suggesting the contribution of GPX1 to the production of GSSG and clearance of H>O: in astrocytes,
resulting in astrocyte survival.

Another important finding of our study was that acrylamide induced upregulation of Nrf2 and
antioxidants (Ho-1, Nqo-1 and Gst-m) in wild-type mice, compared with the lack of these effects in /L-
1 KO mice (Figure 6). However, the extent of Nrf2 activation decreased dose-dependently in wild-
type mice although acrylamide had no effect on HO-1, NQO-1 and GST-M protein levels in wild-type
and IL-1B KO mice. These results makes it difficult to define the role of Nrf2 pathway and related
antioxidants in the observed increased susceptibility of /L-1f KO mice to acrylamide-induced
neurotoxicity.

The present study has certain implications for occupational and environmental health and/or clinical
medicine. First, the study highlighted the protective role of IL-1B in acrylamide-induced
encephalopathy, by indicating that acrylamide-induced increase in IL-1p is not necessarily associated
with neurotoxicity. This is useful for interpreting the rise in IL-1p in extrapolation from experimental
animals to humans in risk neurotoxicity assessment of acrylamide. Second, the study implies that IL-
1B inhibitors can be used carefully in treatment of patients suspected with environmental chemicals-

induced encephalopathy.
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The present study has also certain limitations. First, we used the cerebellum for glutathione and
MDA assay as a surrogate for the cerebral cortex because of the limited amounts of samples. Although
changes in the levels of glutathione and oxidized glutathione follow similar trends in the cerebrum and
cerebellum after acute or subchronic exposure to the electrophile 1-bromopropane (Wang et al., 2002;
Wang et al., 2003), we need to confirm that regulation of glutathione metabolism is similar in the
cerebral cortex and cerebellum. Second, we did not investigate the exact mechanism of acrylamide-
induced upregulation of Gcle, GpxI or Gpx4 and the role of IL-1 in this process. Third, we limited
our investigation of the neuroprotective effect of IL-1P to the roles of glutathione synthesis and
glutathione peroxidation; the roles of other mechanisms cannot be ruled out. Further studies are needed
to clarify the above problems.

In conclusion, we have demonstrated in the present study the protective role of IL-1p against
acrylamide-induced sensorimotor dysfunction and degeneration of noradrenergic axons in the
somatosensory cortex of mice. This action is probably mediated through the suppression of oxidative

stress by glutathione synthesis and peroxidation.
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5. Chapter 1II: Exposure to benzo|a]pyrene decreases noradrenergic

and serotonergic axons in hippocampus of mouse brain

5.1 INTRODUCTION

Millions of individuals are exposed to air pollution daily. As a result, air pollution-related
morbidity and mortality continue to be significant public health concerns around the world. One of
these air pollutants is benzo[a]pyrene (B[a]P), the most characterized family member of polycyclic
aromatic hydrocarbons (PAHs), due to its carcinogenic effect on different organs in humans and
experimental animals. B[a]P is released into a variety of environments including air, water or soil
from both natural and man-made sources, such as industrial, automobile exhaust fumes and cigarette
smoke (Courter et al., 2007; Kaiserman & Rickert, 1992; Wong et al., 2017). Epidemiological
studies showed that neurobehavioral functions, learning ability and autonomic nervous function
negatively associated with airborne benzopyrene level in coke oven workers (Niu et al., 2010; Qiu
et al., 2013; Zhang et al., 2013; Zhang et al., 2008). Experimental studies showed that exposure of
rats or mice to benzo(a)pyrene by intraperitoneal injection caused learning and memory deficits,
anxiolytic like behavioral response and induced loss in dendritic length and number in the
hippocampus (Das et al., 2019; Grova et al., 2007; Maciel et al., 2014; Qiu et al., 2011; Xia et al.,

2011). Despite the above studies, the mechanism of B[a]P-induced neurotoxicity remains elusive.

The present study investigated effect of intratracheal exposure to benzopyrene, which simulates
air pollution exposure, focusing on noradrenergic axons involved in cognitive function (Holland
et al.,, 2021) and serotonergic axons involved in anxiety phenotype (Albert et al., 2014) in
hippocampus of mice. In addition, the study investigated possible role of oxidative stress and

inflammatory response by gene expression analysis.

5.2 MATERIAL AND METHODS

5.2.1 Chemicals
B[a]P was purchased from (A2385, Sigma Aldrich Co., LLC, St. Louis, MO), dissolved in
dispersion media (DM), sonicated by bath-type sonicator, and stored in a refrigerator at 4°C. the

DM was prepared as described previously (Wu et al., 2014).

-42 -



5.2.2 Animals and Benzo[a]Pyrene administration

Forty-eight (9 weeks age and 21-23 gm BWT) wild-type male mice (C57BL/6J) were purchased
from CLEA Japan, Inc. (Tokyo, Japan). The mice were kept under standard conditions of
temperature at 21-23°C, humidity (47-..%), and natural light/dark cycles of 12/12 h with food and
water ad libitum. All animals were acclimatized for 1 week prior to the initiation of the experiment.
Mice were weighted and randomly allocated into 4 groups (n=12/ group). Then, exposed once/week
for 4 weeks to B[a]P at doses 0, 2.88, 8.67,26.00 png/mice (that are relevant to occupational exposure,
as reviewed in (Chepelev et al., 2015) respectively, through pharyngeal aspiration under inhalation
anesthesia by sevoflurane 5%. The animals were observed daily and body weight was taken 2 times/
week. All animal procedures were approved by the animal experiment committee of the Tokyo
University of Science. The guidelines of Tokyo University of Science on animal experiments were

strictly followed throughout the animal experiment.

5.2.3 Functional analysis test (Landing foot splay test)

The landing foot splay was performed weekly after B[a]P exposure according to the method
described by (Edwards & Parker, 1977a) with little modification. Holding the mice in a horizontal
position after panting his hind foot with ink, at the specified height of 15 cm dropped the mice on a
soft and the distance between the fourth digits of the two hind feet was marked and measured. The

test was conducted three times for each mouse and the mean of three measurements was calculated.
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Figure 1: Schematic illustration of the experimental design. Benzo[a]pyrene is used with different concentration
(0, 2.88, 8.67, 26.00 pg/mice), given by pharyngeal aspiration once/week for 4 weeks for wild type mice. The
mice subjected to functional test (Landing foot spread test) after 21 days of exposure. After 4 weeks of exposure,
tissue harvest is done to assess biochemical changes using mRNA expression analysis, and morphological changes

using immunohistochemical staining of noradrenergic and serotonergic axons.

5.2.4 Sample collection

For histopathological analysis, four mice from each experimental groups After one week from
last B[a]P exposure after one week from the last B[a]P exposure, four mice from each experimental
group were anesthetized with pentobarbital sodium and infused via the left ventricle with 4%
paraformaldehyde (PFA) solution for histopathological analysis. The whole brains were dissected
after perfusion and fixed in 4% PFA for an overnight period. The brains were divided into three
parts (forebrain, midbrain, and hindbrain) and then dried using different dilutions % of sucrose
solutions 10%, 20%, and 30% for overnight period/each, respectively. Then dried midbrain samples
were embedded in Tissue-Tek (optimal cutting temperature (OCT)) compound (Sakura Finetek Co.,
Japan) and frozen on dry ice then stored the blocks in -80°C until cryosectioning and
immunohistochemistry staining. The remaining 8 mice from each experimental group were

decapitation and lung and whole brains were dissected and weighted. The whole brain was placed
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in a mouse brain slicer and cut into different anatomical regions which were immediately frozen on

dry ice then weighted and stored at -80°C until biochemical analysis.

5.2.5 Immunohistochemistry for noradrenergic and serotonergic axon

Frozen midbrain blocks were sectioned at 40 um thickness using a freezing microtome (Leica
CM3050S, Leica Microsystems, Wetzlar, Germany). The sections were mounted on Matsunami
MAS coated slides (Matsunami Glass Ind. MAS-02, Osaka, Japan) and air-dried for approximately
one hour at ambient temperature then placed and stored at -80°C until immunostaining. Frozen
hippocampus sections from -80°C were dried by air for 30 minutes to an hour at room temperature
and then hydrated in Tris-buffered saline (TBS; 50 mM Tris, 0.15 mM NaCl, pH 7.5-7.8) for 5 min.
Antigen recovery was performed using preheat Na-Citrate buffer (10 mM, pH 8.5). Sections were
placed in sodium citrate buffer and kept at 80°C for 30 minutes then allowed to cool to room
temperature and were washed in Tris-buffered saline with 0.01% Tween-20 (TBST). The
Endogenous peroxidase activity was repressed by incubating the section for 20 min in BLOXALL®
Endogenous Blocking Solution (Vector Laboratories, Inc., USA) at room temperature then sections
were washed 3 times with TBST for 5 min/each. The non-specific binding sites were blocked with
protein/serum block reagent at 4°C overnight then continuous blocking at 370C for 30 min in the
case of noradrenergic axons were incubated for 1h at room temperature for serotonergic axons. The
biotin sites were blocked by using Avidin/Biotin blocking kit (Vector laboratories, Inc., USA) in
accordance with the directions provided by the manufacturer, then sections were washed 3 times
with TBST for 5 min/each. The sections were incubated with primary antibody (1:1000 Mouse Anti-
Noradrenaline Transporter (NAT) (Abcam, Japan) at 37°C for 2 h and 1:2000 Rabbit Anti-Serotonin
Transporter (5-HT) (Immunostar, Hudson, WI) at 37°C for 48h), then sections were washed 3 times
with TBST for 5 min/each. Thereafter, the sections were incubated with secondary antibody (Horse
Anti-Mouse IgG antibody (H+L) Biotinylated (BA-2000, Vector Laboratories, Inc., USA) and
Biotinylated Horse Anti-Rabbit IgG antibody (H+L) Biotinylated (BP-1100, Vector Laboratories,
Inc., USA) for anti-NAT and anti-5-HT, respectively, for 1h at room temperature. Then, sections
were washed 3 times with TBST for 5 min/each. To allowing more accessibility for binding to a
biotinylated target, the sections were incubated for 45 min with VECTASTAIN® Elite® ABC
Reagent, Peroxidase (Vector Laboratories, Inc., USA). The sections were stained by using

ImmPACT® DAB Substrate Kit, Peroxidase (Vector Laboratories, Inc., USA) as directed by the

manufacturer. Finally, sections were dried and mounted with VectaMount® AQ Aqueous Mounting
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Medium (Vector Laboratories, Inc., USA) then two sections/each animal were visualized with a
light microscope (Olympus, Japan). The axon length densities were quantified by using vessel

analysis of Image J software (National Institute of Health, USA).

5.2.6 RNA isolation, cDNA synthesis, and quantitative polymerase chain reaction (qPCR)
Total RNA was isolated from hippocampus tissue using ReliaPrep RNA tissue miniprep system
(Promega, Madison, WI) according to the manufacturer’s instructions. RNA concentration and
purity were determined by using a NanoDrop 2000 spectrophotometer (Thermo Scientific Inc.,
Waltham, MA, USA). The SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
was used for cDNA synthesis according to the manufacturer’s instructions. Briefly, 4ug of total
RNA was mixed with 1 pl oligo (dt) and 1 pul ANTP Mix, 5X first strand buffer, 0.1 DTT, 1 UL
RNaseOUT, 1 ul SuperScript III reverse transcriptase, and the reaction was carried out as following
65°C for 5 min, 50°C for 60 min, 70°C for 15 min, and 4°C holds for 1 min. The cDNAs were then
stored at 4°C until analysis. The quantitative real-time PCR was carried out to investigate the
expression levels of candidate selected genes by using the THUNDERBIRD® SYBR® qPCR Mix
(Toyobo Co., Osaka) on AriaMx Real-Time PCR System (Agilent Technologies, Inc., Santa Clara,
CA) following the protocol of the manufacturer. The reaction conditions were performed as follows:
an initial denaturation step at 95°C for 1 min, followed by an amplification step of 40 cycles at 95°C
for 15 s, primer annealing at 60 °C for 30 s, extension at 72°C for 1min and a melting curve was
generated after the last cycle as follow 95°C for 30 sec, 60°C for 30 sec and 95°C for 30 sec. The
primer sequences of selected genes are listed in Table (1). To quantify the relative expression level
of each gene, a standard curve was formed from a serial concentration of diluted cDNA samples
from the control group. The relative expression level of each gene was calculated by normalization

to the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level.
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Table 1: Primers used for quantitative real-time PCR

Gene name and

Primer Sequence (5'-3")

Amplicon size

accession no. (bp)
CYPI1Al F: ACCCTTACAAGTATTTGGTCGT 80
NM 001136059.2 R: GTCATCATGGTCATAACGTTGG
CYPIBI F: TTGACCCCATAGGAAACTGC 113
NM 009994.2 R: GCTGTCTCTTGGTAGGAGGA
NFKBI F: ATTCCGCTATGTGTGTGAAGG 135
NM 001410442.1 R: GTGACCAACTGAACGATAACC
TNF F: CAGGCGGTGCCTATGTCTC 89
NM 001278601.1 R: CGATCACCCCGAAGTTCAGTAG
COX-2 F: TTCGGGAGCACAACAGAGT 148
NM 011198.5 R: TAACCGCTCAGGTGTTGCAC
IL-18 F: TAACCTGCTGGTGTGTGACG 182
NM 008361.4 R: TGTCGTTGCTTGGTTCTCCT
IL-18 F:-TGGTTCCATGCTTTCTGGACTCCT 132
NM 001357222.1 R: TTCCTGGGCCAAGAGGAAGTGATT
Nlrp3 F: TCACAACTCGCCCAAGGAGGAA 147
NM 145827.4 R: AAGAGACCACGGCAGAAGCTAG
Nrf2 F: GGACATGGAGCAAGTTTGGC 165
NM 010902.5 R: TCCAGCGAGGAGATCGATGA
SOD-1 F: ATTGGCCGTACAATGGTGGT 116
NM 011434.2 R: ATCCCAATCACTCCACAGGC
HO-1 F: AGGCTAAGACCGCCTTCCT 72
NM 010442.2 R: TGTGTTCCTCTGTCAGCATCA
NQO1 F: GCAGGATTTGCCTACACATATGC 81
NM 008706.5 R:AGTGGTGATAGAAAGCAAGGTCTTC
GSTM4 F: CTGAAGGTGGAATACTTGGAGC 63
NM 001160411.1 R: GCCCAGGAACTGTGAGAAGA
GSTMS F: AGAAACGGTACATCTGTGGGG 141
NM 010360.3 R: GGATGGCGTTACTCTGGGTG
Msh3 F: TGCAAGCATACCTACCCACAGA 95
NM 001311120.2 R: CGGCAGTTTCAGTTTGCTTCAC
Ddbl1 F: TGCAGTGGAGATCTTGGATGATG 150
NM 015735.3 R: TTGACAAACTCGCCCAGGTG
Erccl F: CTGGAGACCTACAAGGCGTATG 107
NM 007948.2 R: GATTTCACGGTGGTCAGACACTC
GAPDH F: GCCTGGAGAAACCTGCCAA 117

NM 001289726.2

R: TGAAGTCGCAGGAGACAACC

5.2.7 Statistical analysis

The results were analyzed with GraphPad Prism 8 (GraphPad Software, La Jolla, CA) and JMP
Pro 14.0 also was used to analyze the data (SAS Institute Inc., Cary, NC, USA). The data were

presented as the mean + SD. Significant differences between treatment groups and the control one
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and among all groups were determined using one-way ANOVA followed by Dunnett’s test. The

significance level was set as p < 0.05.

5.3 RESULTS

5.3.1 Body, brain weight and functional analysis test

B[a]P exposure for 4 weeks period did not affect body weight, irrespective of dose. Likewise,
there was no change in the brain weights relative to body weights in the treated groups compared
with the control group. Landing foot spread distance showed a slight increase in the third and fourth

weeks of B[a]P exposure in all treated groups (Fig. 2).
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Fig. 2 Effect of exposure to benzo[a]pyrene on landing foot spread distance. Data are mean + SD

5.3.2 Quantification of noradrenergic and serotonergic axons

As the hippocampus plays a curial role in regulating learning, memory encoding, memory
consolidation, and spatial navigation. The density of noradrenergic and serotonergic axons length
was quantified in the hippocampal cornu ammonis (CA1) and (CA3) regions as shown in (Fig. 3A
and 3B). The density of noradrenergic axons significantly reduced in the hippocampal CA1 area for
all B[a]P treated groups (Fig. 3A). Moreover, noradrenergic axons density of CA3 hippocampal
area showed a reduction in the high treated group and a significant reduction in low and middle

B[a]P treated groups compared with a control group (Fig. 3B).
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Fig. 3 Effect of exposure to B[a]P on density of noradrenergic axons in hippocampal CA1(A) and
CA3 (B) area. Control group (a), group exposed to low (b), middle (c¢), and high dose (d). Scale
bars = 40 um. Data are mean + SD. *p < (0.05 and ** p <0.01.

B[a]P exposure induced a slight reduction in the density of serotonergic axon and this reduction was

significant in high dose treated group compared with control in both CA1 and CA3 hippocampal
regions (p < 0.01 and p < 0.05) as indicated in Fig. (4A and 4B).
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CA3 (B) area. Control group (a), group exposed to low (b), middle (c¢), and high dose (d). Scale

bars = 40 um. Data are mean = SD and Statistical significance: *p < 0.05 and ** p <0.01.

5.3.3 The expression levels of selected mRNA

In the current study, the effect of B[a]P exposure on the expression of genes involved in B[a]P
metabolism, Pro-inflammatory cytokines, and inflammatory mediator genes, Nrf2 and its
downstream antioxidant genes and genes involved in the DNA repair process in mice hippocampus
tissue was quantified using quantitative real-time PCR. In comparison to the control group, the
B[a]P-treated groups showed a change in expression levels of studied genes after 4 weeks of
exposure (Fig. 5, 6, 7, and 8).

As CYPIAI and CYPIBI genes are essential and play a crucial role in the oxidation and
metabolism of B[a]P to its metabolite. B[a]P induced CYPIAI and CYPIBI mRNA expression
hippocampus tissue. CYP1A1 expression level was revealed increase in all B[a]P treated groups

with a significant (P<0.001) upregulated (2.545+0.74) in the high dose treated group compared with
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the control. CYP1B1 expression level showed a slight increase in low, and middle-treated groups

(Fig. 5aand b).
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Fig. 5 Relative hippocampal expression levels genes involve in B[a]P metabolism. a: CYPIAI and
b: CYPIBI1. Data were presented as the mean + SD and statistical significance: *p < 0.05 and
*x% p <0.001.

The finding results indicated that B[a]P has the ability to promote the expression of inflammatory
factors in hippocampal tissue (Fig. 6). B[a]P exposure significantly up-regulate TNFa mRNA levels
in both middle and high doses compared with control. TNFa, IL-1§ and IL-18 mRNA levels
showed the highest and significant (P<0.001, P<0.05) up-regulation (4.64+1.59,1.70+£0.41, and
1.3540.32, respectively) in the group exposed to a high dose of B[a]P (Fig.6a, b, and c¢). Moreover,
the TNFo expression level was significant (P<0.01) up-regulated (3.38+2.01) in the group of middle
dose relative to control. There were also significant differences in 7TNFo mRNA levels between the
high and middle-treated group compared with the group exposed to low dose (Fig.6a). likewise, /L-
1/ revealed significant differences between high treated group compared with group exposed to the
middle dose (Fig.6b). Low B[a]P treated group showed a significant (P<0.05) increase of NLRP3
and /L-18 mRNA expression levels (2.03+£0.81 and 1.38+0.28) and increase of IL-1 COX-2 and
NFKBI1 mRNA relative to control group as shown in Fig. (6 b, c, d, e, and f). Besides, the COX-2
and NFKBI mRNA showed an increase in expression levels in middle and high groups relative to

control one (Fig. 6d and e).
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Fig. 6 Relative hippocampal expression levels of Pro-inflammatory cytokines and inflammatory
mediator. a: TNFa, b: IL-14, c: IL-18, d: COX-2, e: NFKBI and f: NLRP3. Data were presented as

the mean + SD and statistical significance: *p < 0.05, **p < 0.01, and *** p <0.001.

B[a]P exposure revealed minor disturbed expression of Nrf2 and antioxidant genes in hippocampal
tissue (Fig. 7), where expression levels of Nrf2, Ho-1, and NQO! declined (0.91£0.12, 0.9310.18,
and 0.80+0.23), respectively, especially in high dose treated groups (Fig.7 a, ¢, and d). SODI and
NQOI mRNA also decline (0.89+0.18 and 0.9140.42) in the middle dose treated group compared
with control ones (Fig.7 b and d). However, the expression of GSTM5 was increased (1.1110.30,

1.0840.23, and 1.19+0.14) in low, middle, and high dose treated groups, respectively relative to the

control (Fig. 71).
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Fig. 7 Relative hippocampal expression levels of Nrf2 and its downstream antioxidant genes. a: Nrf2,

b: SODI, c: HO-1,d: NOOI, e: GSTM4 and f: GSTM5 mRNAs. Data were presented as the mean +
SD.

The same pattern of expression was observed in DNA repair genes (MSH3, Ddbl1, and ERCCI).
The DNA repair gene expression levels were lower in all groups exposed to different doses of B[a]P

relative to control ones. The lowest levels were in the group exposed to the high dose of B[a]P

(0.77£ 0.15, 0.80+0.10 and 0.84%0.09) as shown in Fig. (8 a, b and ¢).
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5.4 DISCUSSION AND CONCLUSION

The study demonstrated that exposure to B[a]P reduced the density of noradrenergic axons in
CALl and CA3 and serotonergic axons in CA3 in the hippocampus of mice. Exposure to B[a]P
upregulated gene expression of Cyplal, Tnfa, Il-1f and [/-18 largely in a dose-dependent
manner and that of Nlrp3 only at low exposure level, while did not change expression of
examined antioxidative genes. The study reveals adverse effect of B[a]P on noradrenergic and
serotonergic axons in the hippocampus of mice and suggests involvement of inflammatory

pathway with neurotoxicity of B[a]P.

A previous study using Golgi staining showed that exposure to B[a]P induced loss in dendritic
length and number in the hippocampus in adult rats, but it did not specify type of affected axons
(Das et al., 2019). Our study revealed that exposure to B[a]P decreased noradrenergic and
serotonergic axons in CA1 or CA3 region of hippocampus, and noradrenergic axons were more

susceptible to B[a]P exposure than serotonergic axons in CA1 region of hippocampus in mice.

The hippocampus is known to play a pivotal role in learning and memory processes (Lynch,
2004; Varallyay et al., 2013). In Alzheimer disease, there is significant loss of locus coeruleus
noradrenergic neurons projecting to the hippocampus (Holland et al., 2021). On the other hand,
decreased serotonergic activity has been implicated with anxiety and major depression (Albert et
al., 2014). The result on noradrenergic axons should be noted as epidemiological studies show
negative association between B[a]P exposure and learning ability (Niu et al., 2010; Qiu et al.,
2013; Zhang et al., 2013; Zhang et al., 2008) and experimental studies show that exposure to
B[a]P induces learning and memory impairment (Das et al., 2019; Grova et al., 2007; Maciel et

al., 2014; Qiu et al., 2011; Xia et al., 2011).

Greater susceptibility of noradrenergic axons than serotonergic axons in CA1 region might be
related with a previous study which shows exposure to B[a]P by intraperitoneal injection at 50
mg/kg bw decreased the level of NA, DA or DOPAC but did not induce major alteration in 5-HT
or 5-HIAA, and the most important change in midbrain was decrease in NA (Stephanou et al.,

1998).

In the present study, exposure to B[a]P upregulated expression of proinflammatory

cytokines (7nfa, 1l-1f and 1l-18) and Nirp3. A previous study showed that exposure to B[a]P at

-54 -



Img/kg bw by intraperitoneal injection for 2 months upregulated gene expression of 7nfa, but
downregulated that of /L-1f in wild-type mice (D. Liu et al., 2020). It is possible that the level of
gene expression of //-1f depends on exposure duration or level. In this regard, B[a]P-induced
production of IL-1p is demonstrated by an in vitro study that exposure of mouse microglia BV2
cells to B[a]P at 10 uM resulted in production of pro-inflammatory factors, including nitric

oxide, IL-1B, and IL-6, iNOS and COX-2 (Bao et al., 2019).

On the other hand, the expression of Nrf2-dependent antioxidant genes in the hippocampus
was not affected by B[a]P exposure in the present study. A previous study (Saunders et al., 2006)
showed that exposure to B[a]P by gavage at 25 mg/kg bw or more inhibited the activity of
superoxide dismutase and glutathione peroxidase, and increased catalase activity and lipid
peroxidation, suggesting production of oxidative stress, but it should be noted that the exposure
level was far higher compared to the present study. The present study shows that exposure to
B[a]P upregulates expression of proinflammatory cytokine genes but does not upregulate
antioxidative genes, suggesting greater role of inflammatory pathway than oxidative stress in

B[a]P-induced neurodegeneration at low exposure level.

After B[a]P enters the body, it binds with AhR and enhances the expression of CYP P450
genes which metabolize the B[a]P into benzo(a)pyrene-7,8- epoxides that are further hydrated
into diol epoxides, which are very active metabolites, by epoxide hydrolase (Fujii-Kuriyama &
Mimura, 2005; Ramadoss et al., 2005; Yang et al., 1977) In the present study, Cyplal
expression level was significantly upregulated at 26 pg/mice, while Cyp/b1 didn’t show high
alterations in its expression. The brain is one of the extrahepatic tissues that express CYP1A1
both constitutively and following induction (Iba et al., 2003; Strobel et al., 2001). In a recent
study, exposure to B[a]P by oral gavage at 20 and 200 mg/kg for 11 consecutive days induced
significant overexpression of Cyplal/Cyplbl in the frontal cortex, temporal cortex, and
hippocampus regions of mouse brains (Cherif, 2021). The difference in the result of Cyplb1
between the previous study and the present study might be due to the difference in exposure

level.

Exposure to B[a]P once per week for 4 weeks did not affect body weight and brain weight,
irrespective of exposure level. The result on body weight is in agreement with a previous study

[26] which reports that exposure to B[a]P at 0.02-200 mg/kg/day for 11 days has no effect on
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body weight. However, the result of brain weight is different from a previous study which shows
that exposure to B[a]P by intraperitoneal injection at 3.2 and 7.8 mg/kg bw decreases the brain
weight (Tu et al., 2004). The discrepancies between the present study and the previous study

might be due to differences in exposure level, and duration of treatment.

In conclusion, exposure to B[a]P decreases the density of noradrenergic and serotonergic
axons. Upregulation of proinflammatory cytokines may contribute to the neurotoxicity of B[a]P,

but further studies are needed to understand fully the mechanism of toxicity.
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