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Nicotine, one of the more than 4700 ingredients in tobacco smoke, is a neurotoxin and once used as pesticides in
agriculture. Although its use in agriculture is prohibited in many countries, nicotine intoxication is still a pro-
blem among the workers in tobacco farms, and young children as well as adults due to the accidental or suicidal
ingestions of nicotine products. Understanding the mechanism of nicotine intoxication is important not only for
the prevention and treatment but also for the appropriate regulatory approaches. Here, we review pharmaco-
kinetics of nicotine and the molecular mechanisms for acute and chronic intoxication from nicotine that might be
relevant to the central and the peripheral nervous system. We include green tobacco sickness, acute intoxication
from popular nicotine products, circadian rhythm changes, chronic intoxication from nicotine through prenatal

nicotine exposure, newborn behaviors, and sudden infant death syndrome.

1. Introduction

Nicotine is a water-soluble bioactive alkaloid with potent para-
sympathomimetic and addictive properties. Nicotine is obtained from
the dried leaves and stems of tobacco plant Nicotiana tabacum that
grows natively in North and South America. Native Americans (e.g.,
Anishinaabe-Ojibwe people living around Great Lakes region in
America and Canada) began using tobacco in many different ways, such
as in religious, ceremonial and medicinal practices thousands years ago
and continues the tradition till now (Johnston, 1990; Struthers and
Hodge, 2004). Christopher Columbus, in 1492, was offered dried to-
bacco leaves as a ceremonial gift from the Native Americans (Brooks,
1953). Tobacco was then introduced to Europe for its pleasurable ef-
fects and some medicinal use (Charlton, 2004).

Nicotiana tabacum is now cultivated in more than 100 countries, and
some 5.73 million metric tons dry weight of tobacco were grown
worldwide in 2004 (McKnight and Spiller, 2005). The tobacco plants
are now grown in China (39.5% of world total production), Brazil
(7.2%), India (8.7%), the US (9.0%) as well as other countries, but these
four countries obviously occupy 65% or more of total tobacco pro-
duction (McKnight and Spiller, 2005; Yoo et al., 2014). However, 80%
of tobacco smokers live in low-and middle-income countries where the
burden of tobacco-related illness and death is heaviest and tobacco

regulatory approaches are not well-established (McKnight and Spiller,
2005; The World Health Organization, 2018b).

Although the number of smokers is declining in developed coun-
tries, it is increasing significantly in developing countries thanks to
population growth (Ng et al., 2014). Approximately 1.1 billion people
smoke tobacco worldwide in 2015, more than half of them reside in
eight regions or countries - Bangladesh, Brazil, China, the European
Union, India, Indonesia, the Russian Federation, and the United States
(Prabhat Jha et al., 2015; The World Health Organization, 2018a).
Tobacco is mostly smoked in the form of cigarettes, and an estimated
5.9 trillion cigarettes sold globally in 2006 (Prabhat Jha et al., 2015).
Based on these estimates, a smoker smokes average 15 cigarettes a day.
Nicotine is the main component found in fresh leaves of tobacco, and
the average nicotine content ranges from 2% to 6% of the dry weight of
leaves (Gonzalez-Coloma et al., 2010).

Each cigarette contains approximately 8-20mg of nicotine, the
average amount in one cigarette being 12 mg, and merely more than
40 mg nicotine intake at a time is needed to kill an adult (Francisco
Garcia Calvo-Flores et al., 2017; Mayer, 2014). Tobacco smoke contains
more than 4700 toxic and carcinogenic compounds in addition to ni-
cotine (Talhout et al., 2011; Thielen et al., 2008). Although tobacco
smoking itself does not cause immediate death, the tobacco plant has
probably been responsible for more deaths, when consider deaths from
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the tobacco-related cancers and chronic diseases, than any other plants
in the world (Charlton, 2004).

2. Nicotine

Nicotine, 3-(1-methyl-2-pyrrolidinyl) pyridine, is pale yellow and
hygroscopic oily liquid. Nicotine was first isolated from tobacco by
German chemists Posselt and Reimann in 1828 and named after Jean
Nicot, who introduced tobacco to the French court around 1560
(Henningfield and Zeller, 2006; Ujvary, 1999). Nicotine was found to
be a powerful neurotoxin to insects and has since been used as a potent
insecticide in agriculture and families worldwide. Nicotine is never
smoked or ingested alone until recent innovation of electronic cigarette
(e-cigarette) and nicotine gum.

From World War II to 1980s, nicotine consumption for insecticide
use amounted to more than 2500 tons worldwide with most of it from
waste of the tobacco industry (Ujvary, 1999). However, due to its fatal
toxicity following accidental ingestion, inhalation, or skin contact, the
production and the use of nicotine as insecticide are decreased sig-
nificantly. Currently, nicotine insecticide is totally prohibited for or-
ganic farming in Japan and the United States (Francisco Garcia Calvo-
Flores et al., 2017; Ikka et al., 2018).

The lethal dose of nicotine has been estimated to be 40-60 mg
(0.8-1 mg/kg) for adults and about 10mg (1 mg/kg) for children
(Goshman, 1985). The severity of nicotine intoxication is dependent on
dose, dose duration and frequency, route of exposure, formulation of
the nicotine product, and interpersonal variability (National Center for
Chronic Disease Prevention and Health Promotion (US) Office on
Smoking and Health, 2014). The time course of nicotine accumulation
in the brain and other body organs, and the resultant pharmacologic
effects, are highly dependent on route and rate of dosing (Benowitz
et al., 2009).

3. Pharmacokinetics

The majority (70-80%) of nicotine is metabolized to cotinine in
human liver microsomes, and the enzyme cytochrome P450 2A6
(CYP2A6) mediates approximately 90% of this reaction (Benowitz
et al., 1994; Nakajima et al., 2006; Nakajima et al., 2002; Nakajima
et al., 2001; Nakajima et al., 1996b; Yamanaka et al., 2004). Cotinine is
further metabolized by CYP2A6 to trans-3’-hydroxycotinine (Nakajima
et al., 1996a; Zhu et al., 2013). Nicotine is also metabolized to norni-
cotine via N-demethylation by CYP2A6 and CYP2B6 at low and high
substrate concentrations, respectively (Yamanaka et al., 2005;
Yamanaka et al., 2004; Yamazaki et al., 1999). The contributions of
CYP2A6 and CYP2B6 in the metabolism of nicotine would be dependent
on the expression levels of these isoforms in the human liver (Yamanaka
et al., 2005). It has also been reported that the genetic polymorphism of
CYP2A6 gene causes large interindividual differences of nicotine me-
tabolism and smoking behavior (Nakajima et al., 2000; Soeroso et al.,
2018; Yamanaka et al., 2004; Yoshida et al., 2002).

Three metabolites of nicotine including cotinine, nornicotine, and
norcotinine are identified in the brain (Crooks et al., 1997). Both CYP2B
and CYP2A6 are expressed in the brain. Human smokers, rats, and
monkeys with chronic nicotine treatment have higher levels of CYP2B
in the brain (Lee et al., 2006; Miksys et al., 2000; Miksys et al., 2003).
Chronic nicotine exposure increases the protein levels of CYP2B6 in
human brain and the activity of CYP2B6, which reduces nicotine levels,
in the rat brain (Garcia et al., 2017; Miksys et al., 2003). Chronic ni-
cotine treatment increases CYP2B expression in rat brain but not in the
liver (Miksys et al., 2000). In a microdialysis study, after nicotine
treatment with intravenous infusion, the intracerebroventricular in-
jection of CYP2B inhibitor C8X increases nicotine levels in the rat brain
without altering peripheral levels of nicotine (Garcia et al., 2015).

After chronic continuous infusion of nicotine, blood nicotine, coti-
nine and nornicotine concentrations remain relatively constant,
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whereas concentrations of nicotine and nornicotine in brain increase
approximately 4-fold (Ghosheh et al., 2001). Nornicotine, like nicotine,
increases dopamine in the midbrain (Green et al., 2001; Hoffman and
Evans, 2013; Papke et al., 2007). Nornicotine inhibits dopamine
transporter function via a nAChR-mediated mechanism (Middleton
et al., 2007). Similar to nicotine, nornicotine self-administeration level
in rats is significantly above than that of saline control (Bardo et al.,
1999). Pre-treatment with nicotine or nornicotine produces a dose-de-
pendent decrease in nicotine self-administration in rats (Green et al.,
2000). These reports suggest that nornicotine may contribute to the
long-lasting neuropharmacological effects of nicotine.

In humans, nicotine and its metabolites are eliminated from the
body via renal excretion (Benowitz et al., 2009); however, only 2-3% of
nicotine is excreted as nornicotine in urine (Kyerematen et al., 1990;
Yamanaka et al., 2004), suggesting that the metabolism of nicotine to
nornicotine would be a relatively minor pathway in the systemic
clearance of nicotine (Yamanaka et al., 2005). The brain half-lives of
nicotine, cotinine, and nornicotine were 52, 333, and 166 min, re-
spectively (Ghosheh et al., 1999). Peak brain concentrations of nicotine
metabolites were 300, 70, and 7nM for cotinine, nornicotine, and
norcotinine, respectively (Ghosheh et al., 1999). The nornicotine con-
centration in brain is nearly equal to that of nicotine, indicating that
nornicotine is a major metabolite of nicotine in the brain (Crooks et al.,
1997; Ghosheh et al., 1999).

The elimination half-life of nicotine is around 2h in non-pregnant
adults (Benowitz et al., 1982). The elimination half-life of nicotine from
blood during and after pregnancy is 1.6 h and 1.8 h, respectively, while
the elimination half-life from breast milk is 1.6h (Dempsey and
Benowitz, 2001). In tobacco smoke-exposed newborns, due to the low
activity of CYP2A6, the elimination half-life of nicotine is 3-4 times
longer than that in adults (Benowitz et al., 2009; Dempsey et al., 2000).

4. Acetylcholine receptors

Acetylcholine receptors (AChRs) are classified into nicotinic AChRs
(nAChRs) and muscarinic AChRs (mAChRs), according to their relative
affinities and sensitivities to different molecules. These two AChRs play
important roles in control of cardiac rate and rhythm, respiration, blood
pressure, digestion, muscular motion, memeory, addiction, circardian
rhythm and many other functions.

4.1. Nicotinic acetylcholine receptors

Nicotine exerts its effects via the stimulation of the ion channel
nAChRs (Fig. 1A). The nAChRs are transmembrane polypeptides whose
subunits form cation-selective ion channels which are permeable to
Ca®*,Na™, and K*. The nAChRs are located on plasma membranes of
the central nervous system (CNS) neurons, of postganglionic cells in all
autonomic ganglia, and of muscles innervated by somatic motor fibers
(Pappano, 2015).

Neuronal nAChRs, which are composed of alpha (a2-a7, a9, and
a10) and beta (32—-f34) subunits, are localized in ganglionic cells as well
as in non-neuronal cells (Dani, 2015; Paterson and Nordberg, 2000;
Posadas et al., 2013). The most abundant nAChR subtypes in the ner-
vous system are homomeric a7 receptor and heteromeric receptors that
containing only one type of a and one type of B subunit (Millar and
Gotti, 2009). Agonists of nAChRs bind at subunit interfaces and both a
and non-a subunits are able to contribute to the agonist binding site
(Luetje and Patrick, 1991; Millar and Gotti, 2009; Sine, 2002). Both a4
and 2 subunits contribute to the high affinity nicotine binding sites
(Millar and Gotti, 2009). The a432 subtype is the most abundant and
widely distributed nAChR in mammalian brain, and characterized by its
high-affinity for ACh and nicotine (Millar and Gotti, 2009; Posadas
et al., 2013).

All heteromeric nAChRs contain at least one a-type subunit which
can act as the principal subunit at the agonist binding site, but not all a
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Fig. 1. Nicotinic acetylcholine receptors and the half-lives of their two agonists.
A: The nAChRs are transmembrane polypeptides whose subunits form cation-
selective ion channels. Both ACh and nicotine bind to nAChRs to exert their
effects. B: The half-lives of ACh and nicotine in the blood circulation and the
synaptic cleft. ACh: acetylcholine. nAChRs: nicotinic acetylcholine receptors.

subunits can perform this role; for example, the a5 and al10 subunits
are only able to form nAChRs agonist binding site when co-assembled
with another a subunit (Millar and Gotti, 2009). A single a5 subunit
may combine as an “accessory” subunit that does not contribute to the
agonist-binding site, but its presence modifies the functional properties
of the receptor/channel complex (Dani, 2015; Gotti et al., 2009). The
a5 subunit is the most common additional subunit but is present in less
than 20% of nAChRs in the brain (Brown et al., 2007; Millar and Gotti,
2009).

Peripheral nAChRs, which are composed of al, 1, y and 8 or ¢
subunits, are localized in the neuromuscular junction of somatic muscle
(Dani, 2015; Posadas et al., 2013). The a3p4 subtypes are commonly
found in the peripheral nervous system which have low affinity for
nicotine and have much slower desensitization kinetics than a4f2
nAChRs (Dani, 2015; Fenster et al., 1997).

Physiologically, nAChRs are activated by neurotransmitter acet-
ylcholine (ACh) to depolarize neurons in the central nervous system
and on target organs throughout the body as part of the para-
sympathetic autonomic nervous system (Fig. 2A). Through its binding
sites on nAChRs, ACh activates the receptors and rapidly changes the
three-dimensional structures of the receptors to open the ion channel
allowing an influx of cations (Ca®?*, Na*, and K*) for a few seconds
which results in the rapid depolarization of the cell (Quick and Lester,
2002). Normally, in both the central and peripheral nervous systems,
ACh is released through the presynaptic membrane and diffuses across
the synaptic cleft where it binds to nAChRs in postsynaptic membrane.
But within a second after the release of ACh, acetylcholinesterase
(AChE) degrades it into choline and acetic acid with the result of the
termination of function (Quick and Lester, 2002). ACh is also an au-
tocrine or paracrine hormone synthesized and secreted by airway
bronchial epithelial cells into blood circulation (Proskocil et al., 2004;
Slevin et al., 2018). The blood also contains abundant AChE both on the
surface of the red cells and in the plasma. As soon as secreted acet-
ylcholine enters the blood circulation it is very rapidly destroyed. The
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Fig. 2. Acetylcholine and nicotine act via nicotinic acetylcholine receptors. A:
ACh exerts its effect by stimulating and opening the cation-selective ion channel
nAChRs, which are permeable to Ca>*, Na*, and K*, to cause depolarization of
the target cell. The effect is brief, because as soon as ACh binds with nAChRs,
AChE in the synaptic cleft hydrolyzes ACh into choline and acetic acid and
terminates its function to close the ion channel. B: Nicotine exerts its effect by
stimulating and opening the cation-selective ion channel nAChRs to cause de-
polarization of the target cell. The effect is persistent, because after binding
with nAChRs, nicotine cannot be rapidly hydrolyzed to be ineffective like ACh
and the ion channel stays open. The persistent stimulation of nAChRs raises the
intracellular (depolarizing) positive ion concentration to a pathological level
and causes cellular dysfunction. This ultimately leads to desensitized non-
conducting conformation of AChRs and causes rapid development of depolar-
ization blockade which results in signal transmission blockade. The persistent
stimulation of nAChRs contributes the intoxication from nicotine. ACh: acet-
ylcholine. AChE: acetylcholinesterase. nAChRs: nicotinic acetylcholine re-
ceptors.

half-life of ACh in blood circulation is less than 2s (Vane, 1969). Thus,
even if acetylcholine leaks into the venous circulation, it is very quickly
destroyed and is unlikely to reach the arterial side of the circulation in
effective amounts to have a significant role as circulating ACh (Vane,
1969). After a brief stimulation by ACh, nAChRs become desensitized or
temporarily inactive. The desensitization by ACh is a readily reversible
form of signal plasticity and might be responsible for synaptic efficacy
and protection of the cells from uncontrolled excitation (Giniatullin
et al., 2005; Quick and Lester, 2002). Interestingly, a7-containing
nAChRs desensitize rapidly (in milliseconds), while non-a7 containing
nAChRs receptors desensitize slowly (in seconds) in the mammalian
nervous system (Giniatullin et al., 2005). Thus, the brief depolarization
and the desensitization of nAChRs at subtype-dependent individual
speed regulate the normal signal transductions as well as the various
physiological functions of the cell.

Nicotine, in the same way as ACh, also activates nAChRs (Fig. 1A).
However, since nicotine cannot be rapidly hydrolyzed by AChE like
ACh in the synaptic cleft (Fig. 1B), the stimulatory function of nicotine
on nAChRs is prolonged (Fig. 2B). The prolonged activation of nAChRs
raises the intracellular calcium concentration to pathological levels and
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causes cellular dysfunction. Further, this persistent activation ulti-
mately changes the structures of the AChRs to a desensitized non-con-
ducting conformation and causes rapid development of depolarization
blockade which results in signal transmission obstruction even when
the membrane has repolarized (Krejci et al., 2006; Pappano, 2015).

4.2. Muscarinic acetylcholine receptors

Nicotine modulates the expression and function of mAChRs.
Prenatal nicotine exposure (PNE) reduces mAChRs subtypes in devel-
oping rat brain, in part, through suppression of the messenger RNA
expression (Zhu et al., 1998). Chronic nicotine treatment during ge-
station and lactation significantly inhibits developmental increase of
mAChRs in the brain of rat neonates (Zhu et al., 1996). Adolescent
nicotine exposure regulates cardiac autonomic receptors that are in-
volved in the control of heart rate and contractility, the stimulatory -
adrenergic receptors, and inhibitory M2 subtype of mAChRs (Chow
et al., 2000). Chronic nicotine exposure induces a significant reduction
of M2 subtype of mAChR and a tendency toward initial suppression and
subsequent elevation [3-receptors in the heart of adolescent rats (Chow
et al., 2000). Chronic treatment with nicotine has no effect on mAChR
binding sites in the brain of aged rats (Zhang et al., 2002). Chronic
administration of nicotine causes an increase in the density of al-and
a2-binding sites in some brain regions, but decrease of the affinity of
mAChR binding sites in the brain and in the heart (Yamanaka et al.,
1985). Nicotine increases the affinity of brain mAChR for muscarinic
agonist, but decreases the affinity of brain mAChR for muscarinic an-
tagonist (Wang et al., 1996). Nicotine improves memory performance
when the functions of mAChRs are normal; when the mAChRs are
blocked, nicotine does not enhance spatial memory, suggesting that
mAChRs are involved in the spatial memory-enhancing effect of nico-
tine (Liu et al., 2004). However, by activating the nAChR, nicotine at-
tenuated the impairment of short-term memory induced by mAChR
blockade (Hefco et al., 2003).

5. Acute nicotine intoxication

Nicotine stimulates both autonomic ganglia (sympathetic ganglion
and parasympathetic ganglion) and elicits simultaneous discharges of
both the sympathetic and the parasympathetic nervous systems
(Pappano, 2015). Nicotine activates nAChRs, with greater affinity for
neuronal than for skeletal muscle nAChRs at neuromuscular junctions,
to initiate action potentials in postganglionic neurons (Benowitz, 1988).

The acute mild toxicity of nicotine usually occurs as early as 15 min
to one hour after ingestion or inhalation and may last up to several
hours, while severe toxicity may last up to 3 days (McBride et al.,
1998). Historically, most cases of nicotine poisoning have been the
result of use of nicotine as an insecticide (McNally, 1922). Currently,
the main source of acute nicotine intoxication in young children is
accidentally chewing nicotine gum, nicotine patches, and smokeless
tobacco. Infants are most susceptible to accidental nicotine ingestion
because of their natural curiosity for oral examination of everything.
Ingestion of as little as 1 mg of nicotine by a small child can produce
acute mild to severe intoxication such as nausea and vomiting, weak-
ness, convulsions, respiratory arrest and death (Connolly et al., 2010).
As for the adolescents and adults, tobacco leaves in green tobacco farms
(for tobacco farmers) and e-cigarette are an emerging new source of
acute nicotine intoxication.

5.1. Mild intoxication

The mild acute intoxication from nicotine causes cholinergic
symptoms such as nausea, vomiting, diarrhea, respiratory difficulty,
and alternating tachycardia and bradycardia (Table 1).

The most common form of mild intoxication is green tobacco sick-
ness (GTS). GTS is caused by the absorption of nicotine by a variety of
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routes including the lungs, gastrointestinal tract, and intact skin when
farm workers have direct contact with tobacco plants while handling
wet tobacco leaves during cultivation and harvesting (Gehlbach et al.,
1974; McBride et al., 1998). The nicotine concentration in the work-
places of tobacco farming is very high and poses a great threat for acute
nicotine intoxication through skin absorption or inhalation of airborne
nicotine among tobacco farmers (Yoo et al., 2014). Tobacco smokers
rarely suffer from GTS because of tolerance to the effects of nicotine
(Gehlbach et al., 1974), underlie that GTS is an acute intoxication from
nicotine.

The initial response to nicotine often resembles simultaneous dis-
charge of both the parasympathetic and the sympathetic nervous sys-
tems. In the cardiovascular system, nicotine may induce sympathetic
tachycardia, via stimulation of (34 subunit-containing nAChRs, that al-
ternates with a a7-subunit-stimulated bradycardia mediated by vagal
discharge (Ji et al., 2002). In the neuromuscular junction, nicotine
stimulates the nAChRs on the neuromuscular end plate apparatus and
induces immediate depolarization of the end plate. Since nicotine can
be not rapidly hydrolyzed in the synaptic cleft like ACh, its persistent
stimulation causes rapid development of depolarization blockade which
results in transmission blockade even when the membrane has re-
polarized. This transmission blockade is manifested as weakness, flaccid
paralysis in the case of skeletal muscle including respiratory muscle
(Pappano, 2015). Nicotine induces bronchoconstriction (Hahn et al.,
1992). Thus, the bronchoconstriction and the weakness of respiratory
muscles may explain the respiratory difficulty induced by nicotine. The
pathophysiology involves in nausea, vomiting, and diarrhea is complex
and includes the central nervous system, autonomic nervous system,
gastrointestinal tract activity, and genetic susceptibility (Singh et al.,
2016; Thomas et al., 2005). Likewise, the exact mechanism by which
nicotine induces nausea, vomiting, diarrhea, increased salivation is not
yet completely understood.

The rare form of mild intoxication is the hallucination. Acute ni-
cotine intoxication by the ingestion of toxic quantities of tobacco can
induce hallucinations (Thomas, 2002), which are fake and involuntary
perceptions with seemingly-real quality in the absence of actual stimuli
(Alkam and Nabeshima, 2016). Exposure to smoking/nicotine results in
a transient decrease in slow-wave and an increase in fast-wave activity
of the electroencephalogram, indicating a positive relationship between
the amount of smoking and cortical excitability (Harkrider and
Champlin, 2001), and affects the afferent and efferent transmission of
acoustic information by enhancing cortical excitability in the site of
auditory hallucination generation (Fisher et al., 2012; Harkrider and
Champlin, 2001).

5.2. Severe intoxication

Severe intoxication can cause seizure, hypotension and respiratory
depression which lead to death. Suicidal ingestion of liquid nicotine
from e-cigarette in adults and accidental ingestion of nicotine products
in children are the leading causes of severe nicotine intoxication
(Table 1).

In the past decade a number of alternative e-cigarettes have hit the
market, rapidly gaining consumers especially among the younger po-
pulation (Kaisar et al., 2016; Siqueira et al., 2017). The e-cigarettes are
battery-powered devices that aerosolize liquid nicotine by heating a
solution of nicotine, glycerol and flavoring agents for inhalation and
simulate tobacco smoking. Due to the large amount and the high con-
centration of nicotine in e-cigarette solution, the direct oral intake of a
nicotine solution causes hypoxic brain injury and cardiac death
(Bartschat et al., 2015; Chen et al., 2015; Park and Min, 2018). Some
acute toxic effects of e-cigarettes on heart rate, blood pressure, and
airway resistance are reported (Orellana-Barrios et al., 2015). High but
not lethal concentration of nicotine causes seizures, hypotension and
respiratory depression (Centers for Disease Control and Prevention (US)
et al., 2010). Nicotine at a high toxic dose (4 mg/kg, i.p.) in mice elicits
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Table 1

A brief summary of the acute intoxication from nicotine.
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Types

Acute Intoxication

Mild

Severe

Sources of nicotine and
population

Causes

Final outcomes
Symptoms

Possible mechanisms learned
from animal researches

Adults: tobacco leaves in green tobacco farms.

Contacting with the tobacco leaves in tobacco farms.

Green tobacco sickness.

Tachycardia, bradycardia, respiratory difficulty, nausea, vomiting,
diarrhea.

Nicotine stimulates 34 subunit of nAChRs in sympathetic nerve
terminals to induce tachycardia, and a7-subunit to cause bradycardia
which is mediated by vagal discharge (Ji et al., 2002). Nicotine-induced
bronchoconstriction (Hahn et al., 1992) and weakness of respiratory
muscles (Pappano, 2015) may explain the respiratory difficulty. The
exact mechanism by which nicotine induces nausea, vomiting, and
diarrhea is not yet completely understood, though most likely involve in

Young children: chewing nicotine gum, nicotine patches, and
smokeless tobacco.

Adults: e-cigarettes.

Young children: accidental ingestion of nicotine products;
Adults: suicidal ingestion of liquid nicotine in e-cigarettes.
Death.

Seizure, hypotension and respiratory depression, and death.

Nicotine acts on neuronal nAChRs containing a5- and/or 4-
subunits to induce seizure (Kedmi et al., 2004). Nicotine acts on
nAChRs in the nucleus tractus solitaries of the brainstem to regulate
calcium-calmodulin-endothelial nitric oxide synthase signaling
pathways to induce hypotention (Cheng et al., 2011). Nicotine
persistently stimulates nAChRs in the neuromuscular end plate and
causes depolarization blockade which results in muscle weakness,

parasympathetic ganglia and vagal reflex.

flaccid paralysis that leads to respiratory (muscle) failure and death
(Pappano, 2015).

seizures at 15 min post-injection by activating neurons in amygdala (Iha
et al.,, 2017). The nAChRs containing either a5- (e.g., a4a5p32) or B4
(e.g., a4p4)-subunits are involved in nicotine-induced seizures, while
the nAChRs containing a5-subunit regulate the rate of response to high
doses of nicotine to induce seizures (Kedmi et al., 2004). Hypotensive
and bradycardic effects of nicotine intoxication might be mediated
through calcium-calmodulin-endothelial nitric oxide synthase signaling
pathways via nAChRs regulation in the nucleus tractus solitaries, which
is the primary integrative center for cardiovascular control and other
autonomic functions embedded in the medulla oblongata of the brain
stem (Cheng et al., 2011).

6. Chronic nicotine intoxication

Chronic intoxication from nicotine in relevance to the nervous
system is primarily induced during the fetal brain development by ni-
cotine exposure via by pregnant mother's tobacco smoke or use of ni-

Offspring from women who smoke during pregnancy show beha-
vioral abnormalities, including attentional deficits, impaired learning
and memory, lowered IQ, and cognitive dysfunction (Cornelius and
Day, 2009; Knopik, 2009). Although more than 80% of the world's
smokers live in low-income and middle-income countries, tobacco use
in pregnant women in these countries, except Turkey, is low. However,
higher prevalence of tobacco smoking in pregnant women have been
reported in high-income countries including the USA and the UK from
population-based studies, while tobacco smoking during pregnancy has
been reported decreasing in Japan (Caleyachetty et al., 2014; Zheng
et al., 2016). In addition to the increasing use of the smokeless tobacco
and e-cigarette in pregnant women in worldwide (Caleyachetty et al.,
2014), pregnant women are also exposed to tobacco smoke at public
places, eateries, and even at work places.

Nicotine, obtained from inhaled tobacco smoke or nicotine pro-
ducts, in pregnant mother's blood easily crosses the blood placenta
barrier and accumulates in fetal serum and amniotic fluid at a higher
concentration than that in maternal serum (Dempsey and Benowitz,

cotine products and/or second-hand smoke after birth (Table 2).

Table 2

A brief summary of the chronic intoxication from nicotine.

Types

Chronic Intoxication

Prenatal

Prenatal and/or Postnatal

Sources of nicotine

Causes

Final outcomes

Possible mechanisms learned
from animal researches

Pregnant mother's tobacco smoke and second-hand smoke, her use of
nicotine products such as nicotine gum, nicotine patch, smokeless
tobacco, and e-cigarette.

Prenatal exposure to nicotine (PNE) via maternal supply.

Brain developmental abnormality, Newborn abnormal
neurobehaviors, Cognitive and emotional behavioral abnormalities.
Persistent stimulation of the nAChRs by nicotine causes disruptions of
fetal brain development, which is regulated by ACh-controlled
transient and timely stimulation of nAChRs. PNE impairs neurogenesis
by suppressing the proliferation of neuronal progenitor cells in the
ventricular zone as well as the sub-ventricular zone via a7 subunit of
nAChRs (Aoyama et al., 2016). PNE causes deficits in expressions of
enzymes such as choline acetyltransferase in the cerebral cortex
(Slotkin et al., 2007), tyrosine hydroxylase in the medial prefrontal
cortex (PFC), and the synthesis as well as the release of noradrenaline
(NA) and dopamine in the PFC Alkam et al., 2013b; Alkam et al.,
2017). All of these disruptions may contribute to emotional and
cognitive abnormalities, including novel learning and memory,
attention-deficit/hyperactivity disorder, which are induced by
nicotine intoxication in the fetal brain (Alkam et al., 2013a; Alkam
et al., 2013b; Alkam et al., 2017).

Fetuses: Pregnant mother's tobacco smoke or her use of nicotine
products such as nicotine gum, nicotine patch, smokeless tobacco,
and e-cigarette.

Infants: second-hand smoke

PNE via maternal supply.

Neonatal exposure to nicotine (NNE) in tobacco smoke.

Newborn abnormal neurobehaviors, sudden infant death syndrome
(SIDS).

PNE and NNE increase serum levels of corticosterone and
catecholamine in newborns (Oliveira et al., 2010; Santos-Silva et al.,
2011), and impair the auditory information processing in newborns
by reducing the sensitivity of cortical nAChRs (Liang et al., 2006).
These changes may underlie the excitable, hypertonic, and stressed
behaviors in newborns (Bublitz and Stroud, 2012). In the brainstem,
PNE disrupts serotoninergic system which plays a critical role in
breathing and arousal, both of which are impaired in the SIDS. PNE
increases the density of serotonin (5-HT) receptor-1A in the
brainstem and decreases CO, retention-induced ventilator responses
(Cerpa et al., 2015). PNE increases the density of 5-HT transporter in
the brainstem (Muneoka et al., 2001) and decreases the turnover rate
of NA in the PFC Alkam et al., 2013b) which regulates the arousal in
the forebrain. Thus, PNE may lead to the failure of arousal and
respiratory regulation which protect against lethal asphyxia in SIDS.
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2001). Nicotine can change the development of both a and 3 subunits
of nAChRs in the fetal brain at gene level in association with restriction
of fetal brain growth (Lv et al., 2008). Human and animal data support
that nicotine exposure during periods of developmental vulnerability
causes impairments in fetal brain development and maturation of the
cerebral cortex and hippocampus that lasts through adolescents
(Cornelius and Day, 2009; England et al., 2015).

6.1. Fetal brain development

Once embryonic neurogenesis is initiated, neurotransmitter sig-
naling plays a critical role in aspects of neurogenesis including pro-
liferation, migration and differentiation in various locations in the
central nervous system (Berg et al., 2013). One of the neurotransmitter
receptor types involved in embryonic neurogenesis is nAChRs (Itou
etal., 2011). The nAChRs are detected in neural progenitors of the early
embryonic mouse cerebral cortex as early as embryonic day 10 (Atluri
et al., 2001).

Nicotine in the blood of the smoking mother easily crosses placenta
and interacts with functional nAChRs in the fetal brain (Dempsey and
Benowitz, 2001; Slotkin, 1998). The most significant chronic toxicity of
nicotine is due to its persistent over-stimulation of the nAChRs and
disruption of neurodevelopmental events that are normally ascribed to
the action of ACh at a physiologic concentration (Blood-Siegfried and
Rende, 2010). While cholinesterase rapidly hydrolyzes ACh in the sy-
naptic cleft and terminates its function on nAChRs, nicotine cannot be
hydrolyzed so rapidly in the synaptic cleft and keeps stimulating
nAChRs even when the stimulation is not needed or harmful. Thus,
abnormal regulations of nAChRs activity by nicotine result in the dis-
ruption of fetal brain development (Navarro et al., 1989).

PNE in animal models mimics the fetal nicotine exposure during
pregnancy in humans. Studies using various animal species or strains
provided evidence for PNE-induced impairments in neurogenesis,
neurochemical, and the various emotional and cognitive behaviors of
offspring (Huang et al., 2007; Matta et al., 2007; Slotkin et al., 2007;
Slotkin et al., 2005; Vaglenova et al., 2004; Vaglenova et al., 2008; Zhu
et al.,, 2014; Zhu et al., 2012; reviewed in Alkam and Nabeshima,
2019a, 2019b). We have also reported that PNE during different time-
windows of fetal brain development impairs neurogenesis, disrupts
neurotransmitters systems, induces abnormalities in emotional and
cognitive behaviors in mice offspring (Alkam et al., 2013a; Alkam et al.,
2013b; Alkam et al., 2017; Aoyama et al., 2016).

PNE during gestational day 14 (G14)-postnatal day 0 (P0) is found
to impair neurogenesis by suppressing the proliferation of neuronal
progenitor cells (NPCs) in ventricular zone as well as the sub-ven-
tricular zone, on gestational day 14 (G14), G15, and G16 in mice
(Aoyama et al., 2016). These impairments result in fewer glutamatergic
neurons in the medial prefrontal cortex on P70-P84 in offspring. The
anti-neurogenic effects of PNE are blocked by pretreatment with a
nAChRs a7 antagonist methyllycaconitine, but not with a nAChRs o432
antagonist dihidro-B-erythroidine (Aoyama et al., 2016). These results
suggest that a7 nAChRs-mediated decrease in the proliferation of
neuronal progenitors during prenatal period induced by PNE is critical
to behavioral dysfunctions of offspring observed during adolescent and
adult life (Alkam et al., 2013a; Alkam et al., 2013b; Alkam et al., 2017;
Aoyama et al., 2016). PNE with postnatal nicotine exposure during G6-
P21 suppresses the late-stage differentiation of NPCs in rat offspring on
P21, but this suppression disappears on P77 (Ohishi et al., 2014).

PNE leads to significant deficits in choline acetyltransferase, an
enzyme that is present at the presynaptic ends of axons and synthesizes
excitatory neurotransmitter ACh, in the cerebral cortex in offspring
(Slotkin et al., 2007). PNE reduces 5-HT;, receptor binding, while 5-
HT2 receptor binding showed significant overall increases in the cere-
bral cortex of offspring (Slotkin et al., 2007). PNE reduces the number
of tyrosine hydroxylase (TH)-positive varicosities in the medial pre-
frontal cortex and in the core as well as the shell of nucleus accumbens

122

Neurochemistry International 125 (2019) 117-126

examined on P70 (Alkam et al., 2017). Consistently, PNE reduces the
content and turn-over rate of noradrenaline (NA) and dopamine (DA) in
the frontal cortex on P56 (Alkam et al, 2013b; Ribary and
Lichtensteiger, 1989). Thus, the chronic toxicity of nicotine in fetal
brain lasts even long after the birth.

6.2. Infant neurobehaviors

Tobacco smoke during pregnancy has strong association with early
and long-term neurobehavioral deficits in infants (Bublitz and Stroud,
2012). The tobacco-exposed infants are found more excitable, hyper-
tonic, and stressed that require more handling compare to unexposed
infants (Law et al., 2003).

In animal studies, neonatal nicotine exposure (NNE) weakens the
function of cortical nAChRs and impairs the auditory information
processing as well as auditory learning in adult rats (Liang et al., 2006).
PNE or NNE through lactation increases serum leptin, serum corticos-
terone, and adrenal catecholamine content on postnatal day 15 (P15)
and P21 (Oliveira et al., 2010; Santos-Silva et al., 2011). In the same rat
model, nicotine increases DA receptor 1 (DR1) and DR2 but decreases
DA transporter (DAT) in the nucleus accumbens during lactation on P15
and induces anxiety-like behavior during P15-20 (Pinheiro et al., 2015).
Nicotine injection twice daily (1 or 2 mg/kg) during P8 -14 prolongs
the durations of excitatory postsynaptic potentials in auditory cortex in
electrophysiological study, suggesting disruption of synaptic develop-
ment of glutamate synapses and N-methyl-D-aspartate (NMDA) re-
ceptor -mediated synaptic transmission (Aramakis et al., 2000). NNE
diminishes the function of cortical nAChRs and impairs nicotinic en-
hancement of central auditory processing and auditory learning in adult
rats (Liang et al., 2006). In in vitro studies, cerebellar granule and glial
cells are cultured from 7 day-old rat pups with PNE or NNE. PNE in-
creases the basal glutamate uptake in the glial cells, and NNE increases
the NMDA-induced release of glutamate in the granule cells prepared
from 7 days old rat pups (Lim and Kim, 2001; Lim et al., 2000). Thus,
pathologic modulation glutamatergic and dopaminergic systems by
nicotine may explain abnormal neurobehaviors of infants born from
smoking mothers.

6.3. Sudden infant death syndrome

Sudden infant death syndrome (SIDS), also known as crib death, is
the sudden death of an infant less than one year of age and typically
associated with sleep. SIDS usually remains unexplained after a thor-
ough case investigation, including performance of a complete autopsy,
examination of the death scene, and review of the clinical history
(Willinger et al., 1991).

The functional abnormalities of brainstem prior to death are re-
garded as the main pathology in infants dying suddenly and un-
expectedly in both safe and unsafe sleep environments (Randall et al.,
2013). Analyses of brain tissue from infants died of SIDS have con-
sistently revealed a high prevalence of abnormalities in the brainstem
serotoninergic system including an increased number of serotonergic
neurons, a higher proportion of serotonergic neurons displaying im-
mature morphology, decreased tissue levels of serotonin (5-HT) and its
synthetic enzyme, tryptophan hydroxylase 2, and altered 5-HT receptor
binding intensity both in serotonergic nuclei themselves and in several
nuclei that are important in cardiorespiratory control (Bright et al.,
2018; Li et al., 2018).

The brainstem plays a critical role in respiratory and autonomic
regulation, sleep, and arousal, but these physiological processes become
abnormal in SIDS infants; this abnormality can lead to the failure of
arousal to protect against lethal asphyxia by lifting the head and
turning to escape asphyxiating environments to gain fresh air (Kinney
et al., 2001).

Victims of SIDS are more often and more heavily exposed to tobacco
smoke doses before death than infants who have sudden infectious
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deaths nicotine (Milerad et al., 1998). Accidental death in infancy and
childhood is often associated with a significant exposure to nicotine
(Milerad et al., 1998).

Tobacco smoke exposure by pregnant mother's tobacco smoke or
use of nicotine products and/or second-hand smoke after birth has been
shown to be a risk factor for SIDS (Bajanowski et al., 2008; Mitchell
et al., 1993). Infants from mothers who smoked during pregnancy have
deficient hypoxic awakening responses, which may contribute to the
increased risk of SIDS in infants from smoking mothers (Lewis and
Bosque, 1995). Reviews of clinical data suggest that medullary ser-
otonergic network deficiency is responsible for SIDS which results from
a failure of protective responses to life-threatening stressors (e.g. as-
phyxia, hypoxia, hypercapnia) during sleep (Kinney et al., 2001).

Investigations in animal models of PNE have demonstrated that
nicotine significantly diminishes resting ventilatory activity and re-
sponses to hypoxia in neonatal rats (St-John and Leiter, 1999). PNE
increases the parasympathetic control of heart rate in baboon fetuses.
These changes in heart rate are associated with increased 5-HT-1A re-
ceptor binding in the raphe obscurus (ROb) and increased nicotinic
receptor binding in the ROb and vagal complex (Duncan et al., 2009).
Prenatal-perinatal nicotine exposure decreases the carbon dioxide
(CO,) retention (hypercapnia)-induced ventilatory responses of new-
born mouse, reduces both the number of activated Rob neurons during
eucapnic normoxia and their hypercapnia-induced recruitment. In the
same study, PNE increases the density of 5-HT-1A receptor in ROb
neurons and reduces the spontaneous firing frequency of ROb neurons
without affecting their CO, sensitivity or their passive and active
electrical properties in neonatal mice (Cerpa et al., 2015). PNE in-
creases the density of 5-HT transporter (5-HTT) in the brainstem
(Muneoka et al., 2001), but decreases the density of 5-HTT in the cer-
ebral cortex (Xu et al., 2001). Obviously, PNE-induced disruption of the
respiratory network through reorganization of neurotransmitter sys-
tems and remodeling of neural circuits (Campos et al., 2009) may un-
derlie the mechanism of developmental nicotine exposure-induced SIDS
in infants.

6.4. Circadian rhythm

Circadian rhythm is the 24-h internal clock in the brain that reg-
ulates cycles of alertness and sleepiness by responding to light changes
in the environment (Reddy and Sharma, 2018). The development of the
circadian system occurs in mammals postnatally (Reddy and Sharma,
2018). Therefore, PNE has no effects on circadian rhythm of the fetus.
However, tobacco smoke or nicotine exposure during any stages of life
from infancy affects circadian rhythm.

Tobacco smoking or secondhand tobacco smoking disrupts circa-
dian clock function (Gentner and Weber, 2012; Hwang et al., 2014; Olff
et al., 2006). Nicotine exposure in smokers is a chronic intermittent
process, with episodic intake during wakefulness and abstinence during
sleep resulting in circadian fluctuation of blood nicotine levels (Shao
et al., 2018). Sleep disorders linked to the circadian rhythm are often
overlooked and can have detrimental effects on the human body (Reddy
and Sharma, 2018).

Nicotine advances the phase of the circadian neuronal activity
rhythm in rat suprachiasmatic nuclei explants (Trachsel et al., 1995).
Nicotine causes phase shifts in the circadian rhythms of rats by delays in
the early subjective night and advances in the late subjective night
(O'Hara et al., 1998). Effects of the oral intake of nicotine solution and/
or forced administration of nicotine at a fixed time-of-day on circadian
rhythm of ambulatory activity and drinking in rats are observed under
various conditions (Umezu et al., 1992). Rats show nocturnal pattern
under the light-dark cycle (light period 6:00-18:00). When the rats are
given 15-150 mg/ml of nicotine solution under the restricted feeding
condition (only for 1 h per day during 10:00-11:00), they demonstrate
a marked phase-shift in the circadian rhythm in the concentration-de-
pendent manner. Interestingly, the free-running rhythms of rats under
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the constant red dim light condition (CRDL) are not modified by the
intake of nicotine solution of 50-150 mg/ml. However, when nicotine
(1.5 mg/kg, po), but not tap water, is administered at 10:00 every day
under the CRDL condition, it also produces phase-shift which is similar
to that induced by the nicotine ingestion at a fixed time-of-day (Umezu
et al., 1992). Chronic oral nicotine administration affects the circadian
rhythm of DA and 5-HT metabolism in the striatum of mice, and thus
may affect the functions regulated by these transmitters (Pietila et al.,
1995).

While nicotine modulates circadian rhythm, the sensitization and
tolerance to nicotine are influenced by circadian timing cues (Shao
et al., 2018). The episodic and circadian dynamics of nicotine exposure
present a significant challenge to understand its long-term effects;
studies using chronic exposure, such as with osmotic pumps that deliver
continuous amounts of nicotine, likely miss critical aspects of the effects
of episodic nicotine, such as related to the time-dependent activation
and desensitization/resensitization of receptors, as well as any circa-
dian effects (Shao et al., 2018).

7. Future directions

Currently available research findings greatly improve our under-
standings about the molecular mechanisms of intoxication from nico-
tine. Nicotine is mainly degraded by enzymes in the liver and its half-
life is around 2h (Benowitz et al., 2009; Benowitz et al., 1982). Nico-
tine exerts its various toxicities through different subunits of nAChRs,
which are located in the pre- or post-synaptic membranes. The mem-
brane-bound nAChRs are degraded by membrane internalization as
well as intracellular lysosomal degradation, and the half-life is up to 10
days (Bezakova et al., 2001; Bruneau and Akaaboune, 2006; Engel and
Fumagalli, 1982). Nicotine increases the expression and the half-life of
surface membrane nAChRs (Kuryatov et al., 2005; Nashmi et al., 2003).
However, the process or mechanism involved in the degradation or the
elimination of nAChRs-binding or free nicotine in the synaptic cleft, as
well as its half-life, is not clearly known. The specific involvement of
nAChRs subunits in nicotine intoxication at the different nervous sys-
tems has not been well clarified. Therefore, future studies should an-
swer questions such as synaptic nicotine degradation and specific sub-
units of nAChRs that involved in the various toxicity of nicotine.
Understanding these unknowns may help identifying the molecular
targets for better treatment strategies for nicotine intoxication.
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