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Abstract

Cigarette smoking is common despite its adverse effects on health, such as cardiovascular disease
and stroke. Understanding the mechanisms that contribute to the addictive properties of nicotine
makes it possible to target them to prevent the initiation of smoking behavior and/or increase the
chance of successful quit attempts. While highly addictive, nicotine is not generally considered to
be as reinforcing as other drugs of abuse. There are likely other mechanisms at work that
contribute to the addictive liability of nicotine. Nicotine modulates aspects of the endocrine
system, including the thyroid, which is critical for normal cognitive functioning. It is possible that
nicotine’s effects on thyroid function may alter learning and memory, and this may underlie some
of its addictive potential. Here, we review the literature on thyroid function and cognition, with a
focus on how nicotine alters thyroid hormone signaling and the potential impact on cognition.
Changes in cognition are a major symptom of nicotine addiction. Current anti-smoking therapies
have modest success at best. If some of the cognitive effects of nicotine are mediated through the
thyroid hormone system, then thyroid hormone agonists may be novel treatments for smoking
cessation therapies. The content of this review is important because it clarifies the relationship
between smoking and thyroid function, which has been ill-defined in the past. This review is
timely because the reduction in smoking rates we have seen in recent decades, due to public
awareness campaigns and public smoking bans, has leveled off in recent years. Therefore, novel
treatment approaches are needed to help reduce smoking rates further.
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1. Introduction

A large portion of the population is affected by some form of thyroid disorder, and this can
have effects on cognitive function. Some estimates place the percentage of the population
with a thyroid disorder at 10% (Muller et al., 1995). The thyroid hormone signaling system
is required for proper neural formation (Iglesias et al., 1996; Thompson and Potter, 2000)
and low thyroid hormone levels during gestation can contribute to impaired cognitive
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development (Pop et al., 1999, 2003). Additionally, thyroid dysfunction during adulthood is
associated with altered cognitive processes and mental disorders such as major depressive
disorder (Mistry et al., 2009). Thyroid function is often implicated in developmental
disorders such as cretinism (Mistry et al., 2009; Cheng et al., 2010) and metabolic disorders
(Smith et al., 2002). In addition to thyroid function being critical for development, thyroid
hormone receptors (TRs) continue to be expressed in the adult brain and have an array of
effects that could contribute to adult neural functioning, synaptic plasticity, and cognition.

Thyroid function can be modulated by multiple factors (Koibuchi and Iwasaki, 2006) and an
increasing amount of evidence suggests that cigarette smoking can alter thyroid function
(Kapoor and Jones, 2005). Currently, little is known about how cognition is affected by
cigarette smoking/nicotine-induced thyroid alterations. Nicotine is an addictive drug that has
been used throughout history and across the world. It has low reinforcing properties
(Henningfield and Goldberg, 1983), suggesting that nicotine possesses other unique qualities
that contribute to its high rate of use. Some examples may include the effects of nicotine on
attention, learning and memory, and/or anxiety (Gould, 2010; Gould and Leach, 2013). For
instance, the ability of nicotine to facilitate maladaptive associations could contribute to
context-evoked cigarette cravings (Gould, 2006). In contrast, chronic cigarette smoking/
nicotine use is associated with deficits in cognitive function (Durazzo et al., 2010).
Specifically, longitudinal studies have identified negative consequences of chronic cigarette
smoking on cognition and memory (Richards et al., 2003; Sabia et al., 2008). Further,
research suggests there is an association between cigarette smoking and impaired cognitive
control later in life (for review, see Poorthuis et al., 2009). In support of a causative role of
nicotine in these long-lasting cognitive deficits, adolescent nicotine exposure in rodents
caused long-lasting disruptions in attention and memory (Counotte et al., 2009; Mateos et
al., 2010; Portugal et al., 2012). Deficits in cognitive processes brought on by chronic
nicotine and withdrawal from smoking and nicotine use may contribute to continued use as
an attempt by negatively affected individuals to return to baseline levels of cognition (Gould
and Leach, 2013). It is possible that nicotine alters thyroid function, and this may underlie
some of its cognitive effects.

In this review, we examine how nicotine may interact with thyroid hormone signaling and if
itis likely to alter cognitive processes through this interaction. First, background
information on thyroid signaling is included in order to understand potential mechanisms
whereby nicotine may affect thyroid signaling. To this end, we include a thorough
characterization of the thyroid hormone signaling system and how thyroid signaling
contributes to synaptic plasticity, learning, and memory so that we may explore how
nicotine affects these processes. Then, we review the literature on the relationship between
cigarette smoking and thyroid function from both an epidemiological (human) and
experimental (rodent) perspective (Table 1).

2. Thyroid hormone

2.1. Hormone activation and transport

Thyroid hormones are synthesized in the thyroid gland and circulate throughout the
bloodstream (Schussler, 2000). Thyroid hormones are thought to enter the brain through the
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end feet of astrocytes (Schroeder and Privalsky, 2014). Deiodinase enzymes activate and
deactivate thyroid hormones by removing iodine molecules, which alters their metabolic
activity. Deiodinases 1 and 2 activate thyroid hormone by converting thyroxine (Ty) to tri-
iodothyronine (T3), while deiodinase 3 deactivates thyroid hormone by converting T3 to di-
iodothyronine (T,) (Gereben et al., 2008). Approximately half of the T, secreted by the
thyroid gland is deiodinated to T3 by deiodinase 1 in the kidney and liver (St Germain et al.,
2009). The remainder of T4 to T3 conversion occurs via the activity of deiodinase 2, which
has a very specific tissue and sub-cellular localization. In most tissues, deiodinase 2 is
located in the endoplasmic reticulum, providing a long-lasting and proximal T3 presence
within the nucleus (Gereben et al., 2008). Neurons, however, lack deiodinase 2 activity but
contain thyroid hormone receptors (TRs), which can regulate neuronal gene transcription
(Cheng et al., 2010). Glial cells, on the other hand, contain deiodinase 2, thus providing the
necessary T3 for thyroid regulation of neuronal function (Guadano-Ferraz et al., 1997;
Asteria, 1998). Glial cells have traditionally been thought of as playing a supporting role in
neural function, but recent evidence suggests glial cells are critically involved in cognitive
processes (Ben Achour and Pascual, 2010). It is becoming well accepted that glial cells
contain receptors and can release chemical signals, or “gliotransmitters” (for review see
Carmignoto, 2000). Glial-derived T3 may be another important contributor to neural
function.

Recently, an elegant set of studies showed the thyroid hormone signaling capabilities of glial
cells and their relationship to neuronally expressed genes under TR control. Freitas et al.
(2010) showed that administration of T, to a co-culture of neurons and glia enhanced Ts-
mediated neuronal genes, but had no effect on neuronal gene expression when glial cells
were absent. They also found that the glia effect was due to deiodinase 2 activity. These
findings show that deiodinase 2 activity in astrocytes converts T, to T3 to alter transcription
of genes in nearby neurons. Alterations in neuronal levels of T3 may affect learning and
memory through its effects on gene transcription. Another way to regulate thyroid activity in
addition to deiodinase activity is through changes in thyroid hormone transporters, which are
important for the proper localization of thyroid hormones. Major thyroid hormone
transporters include monocarboxylate transporter 8 (MCT8), which is critical for T3
transport, and the organic anion transporting polypeptides (OATPS), which are critical for T4
transport (Fig. 1). Morte et al. (2010) showed that deiodinase 2 and MCT8 are both required
to provide enough T3 for normal transcriptional activity in the cortex of mice.

Thyroid-specific enhancer-binding protein (T/EBP), or thyroid transcription factor 1
(TTF-1) is critical for normal thyroid development and is also expressed in the brain
(Lazzaro et al., 1991). Overall, thyroid hormones are controlled by a complex hormone
signaling system commonly referred to as the hypothalamic—pituitary—thyroid axis. Thyroid
hormones are secreted by the thyroid gland. Subsequently, they are activated and transported
throughout the body and brain where they alter gene product levels in various tissues. The
following sections will describe thyroid hormone mechanism of action in order to better
understand its role in neural function.
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2.2. Thyroid hormones’ role in gene regulation

Thyroid hormones and their receptors constitute a mechanism by which gene transcription
can be altered in a highly dynamic way. Thyroid hormone receptors are members of the
nuclear receptor superfamily that includes the retinoic acid receptors, vitamin D3 receptor,
and steroid receptors (Gronemeyer et al., 2004). Thyroid hormone receptors bind to specific
DNA sequences called thyroid hormone response elements (T3RES) consisting of the
sequence (A/G)GGT(C/A/G)A. Thyroid hormone response elements occur most often as
direct repeats (i.e., two iterations of the same sequence) separated by 4 nucleotides. Thyroid
hormone receptors exist in homo- or heterodimeric complexes. Often, retinoic acid receptors
will form a complex with TRs to form these heterodimers. Various genes may be
differentially controlled by homodimeric TR complexes compared to heterodimeric receptor
complexes (Wu et al., 2001). Unlike some of the other hormone receptors, TRs are found
constitutively bound to DNA with or without the hormone present and they recruit different
complexes depending on whether they are liganded or unliganded. Thyroid hormone
receptors are encoded by two genes (a and ) and alternative splicing creates several
isoforms of these receptors. The most abundant isoforms of TRs in the brain are TRal,
TRa2, TRP1 and TRP2 (Cheng et al., 2010). Currently, little is known about the specific TR
isoforms responsible for control of specific gene regulation, although recent studies have
made progress in this regard (Gil-1banez et al., 2013). Gene regulation effects of thyroid
hormone are carried out through epigenetic mechanisms that include the recruitment of co-
activators and co-repressors that function as histone acetyltransferases and histone
deacetylation enzymes (Cheng et al., 2010). These histone modifications alter the physical
structure of DNA making it more or less accessible for the transcriptional machinery.
Thyroid-associated epigenetic mechanisms regulate N-methyl-D-aspartate (NMDA)
receptor signaling. Lee et al. (2003) found that changes in thyroid status affects hippocampal
NR1 and NR2b expression. These findings underscore the importance of thyroid functioning
to intact neuronal signaling, as NMDA receptors are a key component of synapses that
participate in synaptic plasticity and other learning and memory processes (Gould et al.,
2002).

Furthermore, thyroid signaling regulates brain development through changes in expression
of genes such as reelin (Pathak et al., 2010; Sui and Li, 2010; Sui et al., 2010). Reelin is a
protein critical for proper neuronal migration and cortical layering (D’Arcangelo et al.,
1995; Curran and D’Arcangelo, 1998; Pathak et al., 2010; Tan et al., 2010). TRs control
reelin gene expression through epigenetic mechanisms (Sui and Li, 2010). Reelin is
typically associated with disorders of development, but the protein is also present in adult
neuronal tissue (Garcia-Ayllon et al., 2003; Beffert et al., 2005; Chen et al., 2005; Qiu et al.,
2006; Pujadas et al., 2010) and is implicated in many functions related to synaptic plasticity.
Reelin gene expression remains under TR control during adulthood, as it was during
development. Reelin mMRNA and protein were upregulated in the hippocampus after
systemic or direct hippocampal infusions of T3 (Sui et al., 2010). Reelin has been implicated
in both glutamate signaling in the adult brain (Qiu et al., 2006) and normal cholinergic
signaling (Sigala et al., 2007). Therefore, the effects of thyroid signaling on
neurotransmission may be mediated in part by reelin.
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2.3. Thyroid hormones’ effects on cognition

Thyroid hormones have long been implicated in learning and memory processes. As will be
reviewed, changes in thyroid hormone signaling both during development and adulthood can
disrupt learning and memory. Further, supplemental thyroid hormone treatment can, in
certain situations, improve cognition. Various rodent models indicate that a lack of adequate
thyroid hormone during development disrupts learning and memory processes. Studies with
a genetic mouse (hyt/hyt) model of hypothyroidism revealed that congenital hypothyroidism
caused deficits in spatial and non-spatial navigation (Anthony et al., 1993). The work of
Provost et al. (1999) demonstrated polychlorinated bisphenol treatment during development
significantly reduced T3 and Ty levels after treatment ended, which also led to spatial
navigation deficits in adulthood. Even transient periods of reduced exposure to adequate
thyroid hormones during development can lead to long-lasting effects on cognition (Opazo
et al., 2008). It has also been suggested that brief periods of lower thyroid hormone levels in
pregnant mothers, especially prior to fetal production of thyroid hormones, can produce an
autism-like phenotype in children (Roman, 2007; Sullivan, 2009; Hoshiko et al., 2011; de
Cock et al., 2012; Roman et al., 2013).

In addition to thyroid hormone being important during development, thyroidectomy-induced
hypothyroidism occurring in adulthood produces learning and memory impairment as well.
Briefly, both short and long-term spatial working memory are disrupted in this “adult-onset”
model of hypothyroidism (Alzoubi et al., 2006b, 2009). Additionally, supplemental thyroid
hormone abolished the hypothyroidism-induced deficits (Alzoubi et al., 2009). Thyroid
disruption, either in adulthood or during development, can produce profound neurocognitive
symptoms, and environmental factors, such as polychlorinated bisphenols and nicotine (as
will be described later), that contribute to thyroid dysfunction should be identified and
avoided.

Further support of a role for thyroid signaling in learning and memory processes comes from
studies that administered supplemental thyroid hormone to rodents. Smith et al. (2002)
found enhanced Morris water maze performance in rats administered levothyroxine.
Similarly, Leach et al. (2014) demonstrated that levothyroxine administered to mice prior to
contextual and delay-cued fear conditioning enhanced performance in both learning
paradigms. Further, infusion of T3 directly into the hippocampus also enhanced contextual
and trace-cued fear conditioning (Sui et al., 2006). Taken together, these studies reveal that
thyroid hormone can directly enhance cognitive performance in a variety of hippocampus-
dependent (and some hippocampus-independent) tasks.

Supplemental thyroid hormone is also effective at reversing deficits in various
pharmacological and disease models. Specifically, levothyroxine reversed scopolamine-
induced deficits in the Morris water maze (Smith et al. 2002), suggesting an interaction
between acetylcholine and thyroid hormone signaling. Levothyroxine has also demonstrated
efficacy in reversing amyloid pathology in a mouse model of Alzheimer’s disease, a disease
characterized by loss of cholinergic function (Fu et al., 2010). Finally, levothyroxine
administered to mice experiencing nicotine withdrawal completely abolished deficits in
hippocampal learning (Leach et al., 2014). To determine a potential mechanism for the
effects of thyroid hormone on learning and memory, Smith et al. (2002) demonstrated that
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administration of levothyroxine to rats led to an increase in cholinergic activity in the
hippocampus, as assessed by cholinesterase levels. This finding suggests a direct link
between these two signaling systems. Cholinergic signaling in the central nervous system is
important for many cognitive processes (Hasselmo and Bower, 1993; Sarter and Bruno,
1997; Hasselmo, 2006) and nicotine signaling through hippocampal nAChRs are important
for its effects on learning, memory, and synaptic plasticity (for review, see Gould and
Leach, 2013).

Genetic alterations of thyroid receptors (TRs) also affect cognition. TRal mutant mice,
harboring a mutation rendering TRal highly resistant to thyroid hormone (i.e., 10-fold
lower affinity for the hormone), showed a deficit in novel object recognition (Venero et al.,
2005) and supplemental thyroid hormone ameliorated the deficit by overcoming the low-
affinity receptor binding and returning the system to a functionally euthyroid state (i.e.,
normal thyroid function). Similarly, Wilcoxon et al. (2007) showed that by reducing thyroid
hormone synthesis and activation in TRa KO mice, a striking deficit in Morris water maze
performance was observed compared to wildtype mice exposed to the same treatments
(Wilcoxon et al., 2007), indicating that the knockouts were more susceptible to thyroid
disruption. Further, TRal knockout mice demonstrated normal delay-cued and contextual
fear conditioning at 24 h, but showed a deficit in extinction when tested for contextual
freezing one week later (Guadano-Ferraz et al., 2003), indicating there may be subtle
alterations in cognition regardless of thyroid hormone status in TRal knockout mice. TRa,
and TRal in particular, are clearly important for thyroid’s effects on cognition, particularly
when thyroid function is disrupted.

A mouse strain that expresses low-affinity TRB(TRB1 and TRp2) also displayed learning
deficits in an operant lever pressing task (McDonald et al., 1998). Similar to the results
described above in low-affinity TRal mutants, a functionally hypothyroid condition is
produced by the low-affinity receptor mutant model that likely drives the observed cognitive
deficits. When tested under euthyroid conditions, complete TR knockouts (TRpP1 and
TRp2) also showed normal performance in several hippocampus-dependent memory tasks
(Forrest et al., 1996b; Leach et al., 2015). TRB KO mice did exhibit reductions in auditory
cued fear conditioning (Leach et al., 2015), but this was presumably driven by deficient
auditory processing observed in these mice (Forrest et al., 1996a). No studies to date have
evaluated the effect of thyroid disruption on cognition in TR knockout mice. It is possible
that inducing thyroid dysfunction would reveal deficits in cognitive processes in these mice,
similar to those observed in TRal knockouts. As with TRal, TRp function is important for
cognition, especially when thyroid function at the receptor is functionally disrupted. VVarious
rodent models have been used to study the specific contributions thyroid signaling makes to
neural development, neural functioning, and cognitive processing (see Table 2 for
summary). Thyroid hormone signaling has far reaching effects on cognition. Thyroid
signaling affects learning and memory in both hippocampus-dependent and hippocampus-
independent paradigms, indicating the potential for broad involvement in cognitive
processes. Therefore, the effects of nicotine on thyroid function could perturb cognition.
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2.4. Thyroid hormones’ effects on synaptic plasticity

Thyroid hormone signaling contributes to short- and long-term synaptic plasticity in normal
individuals and any alterations by nicotine would perturb this functioning. Thyroidectomies
led to profound deficits in paired pulse facilitation (a model of short-term synaptic plasticity)
and increased neurotransmitter release, both of which were reversed by thyroid hormone
administration (Vara et al., 2002). This indicates that normal thyroid hormone signaling is
critical to intact short-term synaptic plasticity. Thyroid hormone is critical for the
development of hippocampal (CA1) LTP (Niemi et al., 1996). The work of Gerges and
colleagues have demonstrated that thyroid hormone is important for both the early and late
phases of LTP (Gerges et al., 2001; Gerges and Alkadhi, 2004), which are protein synthesis-
independent and dependent, respectively (Frey et al., 1988). Further, Gerges, Alkadhi and
colleagues provided molecular evidence that a reduction in thyroid hormone leads to a
reduction in phosphorylated levels of hippocampal extracellular-signal regulated kinase
(ERK1/2), which is critical for hippocampus-dependent learning and memory (Atkins et al.,
1998; Selcher et al., 1999; Adams et al., 2000; Szapiro et al., 2003). Alzoubi and Alkadhi
(2007) also determined that thyroidectomized rats demonstrated reduced levels of adenylyl
cyclase I, calcium calmodulin kinase IV (CaMKIV), and phosphorylated and total cyclic
adenosine monophosphate response element binding protein (CREB) and that hippocampal
slices subjected to LTP protocols did not show activity-dependent changes in hypothyroid
rats. These studies provide further evidence that intact thyroid hormone signaling is critical
to synaptic plasticity that underlies the molecular basis of learning and memory. Another set
of studies revealed a significant disruption of LTP in hippocampal tissue from hypothyroid
rat pups (Taylor et al., 2008). Overall, deficient thyroid hormone signaling leads to disrupted
synaptic plasticity.

2.5. Thyroid hormones’ effect on neural development and adult neurogenesis

Thyroid hormone is critical for successful brain development, and therefore it is of interest
to determine what bi-directional effects environmental exposures, such as cigarette smoking,
may have on this system. Specifically, there is strong evidence that TR signaling is
required for normal cerebellar development (Portella et al., 2010). In mice lacking TR}
completely, the majority of thyroid hormone responsive genes were normally expressed
(Gil-lbanez et al., 2013), indicating that other transcription factors maintain control over
these genes even in the absence of regulation by TRf. In addition to being implicated in
cerebellar development, it has been demonstrated that thyroid signaling has a critical role in
hippocampal development as well (Madeira et al., 1992; Gong et al., 2010a,b). Briefly,
hypothyroidism led to decreased cell survival in the hippocampus (Gong et al., 2010a) and
decreased nerve fiber numbers (Gong et al., 2010b). Further, hippocampal sections from
hypothyroid rats showed reduced pyramidal layer volume (CA1 and CA3) and reduced
number of pyramidal cells in CA1.

There is also evidence that TRa regulates adult neurogenesis (Kapoor et al., 2010). These
studies provide evidence that TRs regulate adult hippocampal neurogenesis and the levels of
thyroid hormone play a critical role in this process. It has been suggested that adult
neurogenesis in the hippocampus is critical for some forms of learning and memory (Shors
et al., 2002). This is a potential mechanism whereby intact thyroid signaling plays a crucial

Neurosci Biobehav Rev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leach and Gould

Page 8

role in cognitive processes. Conversely, TRp (TRB1 and TRB2) knockout mice exhibited
increased progenitor activity, but did not show increased neurogenesis after 4 weeks
(Kapoor et al., 2011). This indicates a potential contribution to adult neurogenesis, but the
relationship is unclear and requires further study.

3. Interaction between nicotine and thyroid

3.1. Nicotine’s effects on thyroid function

There has been a long standing interest in the effect of cigarette smoking on endocrine
function and this interest includes putative effects of nicotine on the thyroid hormone system
(Kapoor and Jones, 2005). As cigarette smoke contains many chemicals, an important issue
is which components have the greatest effect on endocrine function. Nicotine is the main
addictive component of cigarette smoke (USDHHS, 1988), but there are also other toxic
compounds that are absorbed through smoking. Non-nicotine toxins in cigarettes, such as
thiocyanate and 2,3-hydroxypyridine, may cause disruption in thyroid function (Kapoor and
Jones, 2005). Thiocyanate decreases iodide absorption and causes goiter in the absence of
sufficient iodine. Decreased iodide absorption directly reduces the capacity of the thyroid to
synthesize T,. 2,3-Hydroxypyridine prevents de-iodization and activation of Ty, indicating
that there may be a reduced supply of the active thyroid hormone, T3. Nicotine seems to
have effects on thyroid function, but these other components of cigarette smoke may also
contribute to changes in thyroid function. The vast number of chemicals found in cigarette
smoke makes it difficult to determine the specific components responsible for any
alterations in thyroid activity in human cigarette smokers.

There is a strong association between smoking and Grave’s disease, a disorder of severe
hyperthyroidism (Bartalena et al., 1989; Prummel and Wiersinga, 1993; Bertelsen and
Hegedus, 1994; Utiger, 1998; Vestergaard, 2002). One interpretation of this association is
that smoking may increase thyroid secretion, directly contributing to the development of a
hyperthyroid state; another is that smoking decreases thyroid secretion and that smokers
with Grave’s disease smoke in an effort to self-medicate. In support of the former, several
studies demonstrated that smokers had higher thyroid hormone levels than non-smokers.
One study demonstrated that smokers had higher serum T levels, with no difference in
serum Ty4 or thyroid stimulating hormone (TSH) (Christensen et al., 1984), indicating
potential hyperthyroidism. The thyroid and pituitary contain a negative feedback loop, such
that higher levels of thyroid hormones act to reduce the release of TSH from the pituitary.
Therefore, TSH is often used as a measure of thyroid function (although TSH levels alone
do not describe the full range of thyroid function). A second study demonstrated that
smokers had higher T4 and lower TSH than non-smokers (Fisher et al., 1997), also
suggesting hyperthyroidism. Another study demonstrated no difference in serum T3, but
significantly lower TSH levels in smokers (Ericsson and Lindgarde, 1991), suggesting
subclinical hyperthyroidism. A fourth study, only examining TSH levels, found lower TSH
in current and former smokers compared to never smokers (Asvold et al., 2007), which may
indicate subclinical hyperthyroidism. Additionally, one study identified changes in thyroid
function including higher free T3 (i.e., hormone cleaved from thyroxine-binding globulin,
TBG), higher free T4, and lower TSH (Vejbjerg et al., 2008). Further, even brief passive/
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secondhand smoke exposure significantly increased total T3 and free T, levels (Metsios et
al., 2007; Flouris et al., 2008). It is important to note that some studies looked specifically at
free levels of hormone, while others looked at overall (bound and free) levels.
Measurements of free hormone levels are often described as an assessment of the readily
available hormone; however, total levels of hormone, including those bound to TBG, may
represent hormone reserves that would be available for substantial localized use should the
system require it (Schussler, 2000).

It is also possible that smoking decreases thyroid secretion, leading to attempts of self-
medication in patients with Grave’s disease. One study showed that smoking cigarettes
decreased T4 levels (Banerjee and Muthu, 1994). Another study found that heavy smokers
had reduced levels of T, and T3 (Sepkovic et al., 1984). Smoking also increased the
incidence of hypothyroidism in subjects with Hashimoto’s thyroiditis (Fukata et al., 1996),
an autoimmune disease characterized by antibodies that develop against thyroglobulin and
thyroid peroxidase, two molecules critical for thyroid hormone synthesis (Pearce et al.,
2003). Similarly, Muller et al. (1995) compared smokers versus non-smokers in several
categories of thyroid function: women with normal thyroid function (euthyroid), women
who were subclinically hypothyroid, and women with overt hypothyroidism. The authors
found that subclinical hypothyroid women who smoked had significantly higher T3 to free
T, ratios than non-smoking subclinical hypothyroid women, driven by a significant decrease
in free T4 levels (p < 0.05). In addition, hypothyroid women who smoked exhibited more
severe clinical symptoms of hypothyroidism than non-smoking hypothyroid women (Muller
et al., 1995). Further, studies have found that smoking increased the rate of
hypothyroxinemia (low T,4) in women of reproductive age (Vanderver et al., 2007), which
may adversely affect their children (this will be discussed in more detail later in this review).
Maternal smoking during pregnancy may also induce a mild iodine deficiency, which
indicates a disruption in thyroid function (Hiéronimus et al., 2012). Mild iodine deficiency
during pregnancy contributed to long-lasting cognitive deficits in children (Bath et al.,
2013), presumably due to iodine’s role in thyroid hormone synthesis.

Finally, a recent report found that smoking cessation was associated with a dramatic
increase in the risk (i.e., odds ratio of 7.36 and 6.34 for those who quit smoking less than 1
year ago or 1-2 years ago, respectively) of developing autoimmune hypothyroidism (Carle
et al., 2012), suggesting that withdrawal from chronic nicotine may also disrupt thyroid
function. It is possible that smoking cigarettes has differential effects based on the
population studied, such that individuals who smoke may be predisposed to thyroid
disruption if they have pre-existing thyroid disease, are women of reproductive age, or are
heavy smokers. The positive and negative correlations between smoking and thyroid
function are summarized in Table 3.

Studies utilizing rodent models are better able to elucidate the cause-effect relationship
between nicotine and thyroid signaling due to the experimental control these models
provide. Few rodent studies have evaluated the effects of nicotine on adult thyroid hormone
function. First, acute nicotine administered to adult male rats did not affect T3 or T4 levels at
any point during a 24-h period (Cam and Bassett, 1983). Because nicotine may differentially
affect subjects with various predispositions (as described above), nicotine was evaluated in
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rodent models of hypothyroidism (thyroidectomy-induced). Twice daily injections of
nicotine for 4-6 weeks did not affect T4 or TSH levels in either euthyroid or hypothyroid
adult male rats (Alzoubi et al., 2006b). Similarly, Colzani et al. (1998) carried out a series of
experiments to determine the effects of chronic nicotine on thyroid function in male
euthyroid, subclinical hypothyroid, and hypothyroid rats. There was no effect of nicotine on
T3, T4, or TSH in any of the groups tested.

Null effects described above may be due to several possibilities. First, based on human
association studies, women (particularly those at reproductive age or who have subclinical
thyroid dysfunction) are at the highest risk for smoking-induced thyroid disruption (Muller
et al., 1995; Vanderver et al., 2007), whereas men were less likely to be affected. In support
of this, de Oliveira et al. (2011) found that exposure of chronic nicotine to lactating dams
significantly lowered maternal free T, suggesting that chronic nicotine may produce a
hypothyroid state in these rats. A second possibility for the null effects described above is
that the doses of nicotine tested were too low to affect thyroid function, as human studies
suggest that heavy smokers may be at increased risk for thyroid dysfunction (Sepkovic et al.,
1984). To address this other possibility, and because it is also possible that withdrawal from
chronic nicotine may affect thyroid function (Carle et al., 2012), Leach et al. (2014) tested
the effects of chronic and withdrawal from chronic nicotine on thyroid hormone levels at a
dose of nicotine that more closely approximates the plasma-nicotine levels observed in
heavy smokers (Turner et al., 2011, 2013; Wilkinson and Gould, 2013). The results
indicated that nicotine withdrawal significantly reduced serum T, levels, and that both
chronic and withdrawal from chronic nicotine treatment increased the ratio of T3 to Ty,
indicating potential alterations in thyroid hormone function.

Thorough analysis of the effects of cigarette smoking and nicotine on thyroid function reveal
some key findings. Several factors likely contribute to whether cigarette smoking alters
thyroid function and in what direction. Individuals with Grave’s disease and Grave’s
opthalmopathy are more likely to smoke and this may represent an attempt at self-
medication to reduce high levels of thyroid hormone or it may represent cigarette smoking-
induced thyroid hyperfunctionality. Other factors appear to increase the likelihood that
smoking will disrupt thyroid function. These factors include sex, particularly women at
reproductive age or who have subclinical thyroid dysfunction (Muller et al., 1995;
Vanderver et al., 2007), heavy smoking (Sepkovic et al., 1984), and autoimmune thyroid
disease (Fukata et al., 1996). Additionally, both smoking cessation in humans (Carle et al.,
2012) and withdrawal from chronic nicotine in mice (Leach et al., 2014) disrupt thyroid
function. Individuals who smoke, or are attempting to quit smoking, with any of these
potential risk factors would likely benefit from careful thyroid monitoring by a health
professional.

3.2. Thyroid effects on cholinergic function

Just as nicotine may alter thyroid function, thyroid hormone may directly regulate
cholinergic signaling by controlling the expression of the gene responsible for the synthesis
of acetylcholine, ChAT. The ChAT gene is regulated by TRs (Quirin-Stricker et al., 1994).
Many in vitro and in vivo studies have correlated thyroid hormone signaling with ChAT
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protein expression, especially during development (Juarez de Ku et al., 1994; Quirin-
Stricker et al., 1994; Sawin et al., 1998; Provost et al., 1999). Thyroid hormone control of
gene and subsequent protein expression are important for many metabolic processes
including signaling systems critical for learning, memory, and synaptic plasticity (i.e.,
NMDA receptors, reelin, and ChAT). Thus, the ability of thyroid to control gene expression
could contribute to cell signaling cascades critical for learning and memory.

The authors were unable to find evidence of thyroid control of nicotinic acetylcholine
receptor expression or trafficking. There have, however, been observed links between the
thyroid-specific enhancer-binding protein (T/EBP), also known as thyroid transcription
factor-1 (TTF-1) or Nkx2.1, and the nicotinic cholinergic system. Specifically, TTF-1 was
shown to regulate the a5 subunit of the nAChR in lung epithelial cells (Reynolds et al.,
2010) and a7 subunits in the lung (Reynolds and Hoidal, 2005). Other neural activities of
TTF-1 are facilitating cerebrospinal fluid development (Kim et al., 2007) and successful
development of the ventral fore-brain and the pituitary (Kimura et al., 1996).

3.3. Developmental effects of cigarette smoking and nicotine on thyroid function

Smoking has been implicated in altered thyroid function in adult smokers, yet the effects of
exposure to cigarette smoking on development may be even more profound. Parents who
smoke may risk long term neurodevelopmental harm to their children, which could translate
into deficits in learning, memory, and the synaptic plasticity underlying these processes.
While it is important to understand the risk factors and extent to which cigarette smoking
affects thyroid function in the adult, it is even more critical to understand the adverse effects
of cigarette smoke on children of smokers because it may have long-lasting effects on their
quality of life.

As mentioned previously, smoking during pregnancy induced a mild iodine deficiency
(Hiéronimus et al., 2012), which may contribute to long-lasting cognitive deficits in children
(Bath et al., 2013). Prospective iodine treatment of smoking-induced mild iodine deficiency
ameliorated negative effects on infant thyroid function (Hiéronimus et al., 2012), which may
reduce the risk of adverse cognitive effects in these children. Similarly, a study conducted
by Chanoine et al. (1991) observed an increase in the size of the thyroid in infants born to
smoking mothers. This occurred with a corresponding increase in thyroglobulin
concentrations in the same infants (Chanoine et al., 1991), which has been proposed as a
marker of iodine deficiency (Pacini et al., 1984; Sava et al., 1986). Recently, animal studies
have begun to elucidate the long-term consequences on offspring of mothers exposed to
chronic nicotine (Oliveira et al., 2009; de Oliveira et al., 2011) and chronic cigarette smoke
(Santos-Silva et al., 2013).

Rodent models have demonstrated that prenatal and perinatal nicotine administration
disrupted thyroid function. Oliveira et al. (2009) demonstrated that nicotine administration
to a lactating rat dam produced lower serum free T3 and free T4 with higher TSH levels
when the pups were examined at 15 days of age. Recently, de Oliveira et al. (2011) revealed
that exposure of lactating dams to chronic nicotine reduced free T3 and free T4 levels in
offspring. The findings from these studies revealed short- and long-term detrimental effects
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of maternal nicotine exposure to thyroid function in rats, without the confound of other toxic
compounds such as thiocyanate or 2,3-hydroxypyridine.

Findings describing the developmental effects of nicotine on thyroid function are not
entirely consistent. For instance, one study revealed decreased TSH levels in infants whose
parents smoke (Meberg and Marstein, 1986), which would suggest a hyperthyroid state. It is
unclear what may underlie these discrepant findings. Further, rodent studies have revealed
similar contrary findings to those described above. Specifically, some experiments that
administered nicotine to pregnant dams identified no differences in thyroid function in the
pups (Chen and Kelly, 2005). These results did, however, reveal an increase in the offspring
body weights when they were evaluated in adulthood, indicating a likely change in offspring
metabolism. However, Chen and Kelly (2005) only looked at thyroid hormone levels at one
developmental time point (10 day old pups) and therefore, long-term effects on thyroid
function after maternal nicotine exposure cannot be ruled out. Finally, contrary to what
would be expected from the human literature, offspring of mice chronically exposed to
tobacco smoke showed no abnormalities in thyroid hormone function (Santos-Silva et al.,
2013). Despite these discrepant findings, it seems likely that parental nicotine/smoking has
severe long-term effects on thyroid hormone function of the offspring.

Maternal cigarette smoking likely affects fetal thyroid function and this may have long-term
detrimental outcomes to the individual. Even subtle alterations in thyroid hormone function
during development can lead to long-lasting deficits in cognition (Bath et al., 2013). Since
exposure to adequate levels of thyroid hormones throughout development (gestation and
beyond) are critical for normal cognitive development (Roman, 2007; Opazo et al., 2008;
Sullivan, 2009; Hoshiko et al., 2011; de Cock et al., 2012; Roman et al., 2013),
environmental compounds that disrupt thyroid function, like nicotine, should be avoided.

4. Nicotine, thyroid, and cognition

Thyroid signaling has an established role in learning, memory, and cognition, as does
nicotine (Gould and Leach, 2013). If nicotine alters thyroid function, then this may
contribute to nicotine’s effects on learning and memory. The interaction between nicotine
and thyroid signaling in various rodent models have recently been investigated (Table 4).
Twice daily nicotine for 4-6 weeks reversed a deficit in water radial arm maze performance
in thyroidectomy-induced hypothyroid rats (Alzoubi et al., 2006b). In the same rat model,
thyroidectomies caused impairments in LTP and ERK1/2 and CREB phosphorylation
(Alzoubi and Alkadhi, 2007) and nicotine reversed these deficits as well (Alzoubi et al.,
2006a,b, 2007). Therefore, nicotine may be acting through the ERK1/2 signaling pathway to
ameliorate hypothyroidism-induced deficits in LTP, similar to the way nicotine enhances
contextual conditioning through ERK1/2 signaling (Raybuck and Gould, 2007). Further,
Leach et al. (2014) demonstrated that levothyroxine (L-T,) treatment ameliorated nicotine
withdrawal-induced deficits in learning, presumably by normalizing the thyroid dysfunction
described in the previous section. Overall, nicotine not only reverses hypothyroidism-
induced deficits in learning and synaptic plasticity, but supplemental thyroid hormone
reverses nicotine withdrawal-related cognitive deficits as well.
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Recent research has implicated thyroid signaling in the acute effects of nicotine on learning.
While acute nicotine and/or learning did not affect serum levels of T3, T4, or the T3/T4 ratio,
hippocampus-dependent learning in the presence of acute nicotine activated hippocampal
TRs (Leach et al., 2015). Leach et al. (2015) tested 319 unique transcription factors, using
transcription factor array technology, and 2 out of 3 “hits” for selective effects of nicotine on
learning consisted of TR activity (direct repeat 4 and T3RE half-site activity, respectively).
Further, the ability of nicotine to enhance contextual learning was abolished in mice lacking
TR, but was intact in wildtype mice and knockout mice lacking TRal, indicating a
selective role of TR in nicotine’s effects on learning (Leach et al., 2015).

Recently, through the use of animal models, a direct link between nicotine and thyroid
signaling has been established and this effect seems to modulate learning. Nicotine reversed
hypothyroidism-induced learning-related deficits at the molecular, cellular, and behavioral
level (Alzoubi et al., 2006a,b, 2007). Further, thyroid hormone normalized nicotine
withdrawal-induced behavioral deficits (Leach et al., 2014). Finally, learning in the presence
of acute nicotine recruited TR activity, and nicotine-augmented learning required intact TR
signaling (Leach et al., 2015). An interesting possibility is that acute nicotine increases the
supply of neuronal T3 by stimulating deiodinase 2 activity in nearby glial cells (Gondou et
al., 1999), which may contribute to observed behavioral effects. In support of this putative
relationship, hippocampal astrocytes contain nicotinic acetylcholine receptors (Gahring et
al., 2004), and thyroid signaling represents a mechanism whereby glial cells may contribute
substantially to neural function. This putative model is described in Fig. 1. Modern
immunohistochemical and microscopy techniques may now be capable of assessing
nicotine’s transient effects on neural T3 and T4, and their specific localization (i.e., glial vs
neuronal and nuclear vs cytosolic), but these studies have not been conducted.

5. Conclusion

Cigarette smoking dynamically alters thyroid function, and the direction of the relationship
may relate to the underlying susceptibilities of the individuals involved. For instance,
women of reproductive age, women with subclinical hypothyroidism, heavy smokers, or
individuals attempting to quit smoking may be at increased risk for hypothyroidism-like
symptoms. In contrast, the general population and those with hyperthyroidism may be
affected by nicotine in the opposite direction (i.e., produce hyperthyroidism-like effects). It
is also possible that subjects with high basal levels of thyroid hormone, including subjects
with Grave’s disease, smoke cigarettes to self-medicate, but this supposition requires further
testing. Further, cigarette smoking/nicotine administration during pregnancy/lactation alters
thyroid hormone status of the offspring, which could have long-lasting effects on cognition,
learning, and memory.

The hypothalamic—pituitary—thyroid axis regulates thyroid signaling that can control gene
expression in a highly temporal and tissue-specific manner. In the central nervous system,
glial-derived deiodinase activity provides active thyroid hormone to neurons and controls
transcription of developmentally important and plasticity-related genes such as NMDA
receptor subunits, ChAT, critical for cholinergic function, and reelin. Further, thyroid
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hormone is critical not only during development, but also during adulthood for efficient
neural signaling and cognition.

Nicotine’s interaction with thyroid signaling also has consequences for cognitive processes
in adulthood. Specifically, learning in the presence of acute nicotine increased TR activity,
and intact TR was critical for these effects. Further, nicotine withdrawal-induced deficits in
learning were associated with disrupted thyroid hormone levels and deficits were reversed/
ameliorated by thyroid hormone supplementation. In total, nicotine reversed/ameliorated
hypothyroidism-induced deficits in learning and memory at the molecular, cellular, and
behavioral level.

In summary, thyroid function should be clinically monitored in cigarette smokers and those
interested in quitting smoking, in order to avoid adverse effects on thyroid function and
cognition. Successfully monitoring and treating thyroid status may result in significantly
higher rates of abstinence, which has remained stubbornly low despite pharmacological
interventions. In addition, during pregnancy, thyroid hormone status should be closely
monitored in current or former smokers to allow for successful normalization of thyroid
function to eliminate the possibility of detrimental effects on the cognitive development of
their children.
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Putative effects of nicotine on thyroid signaling through astrocytes. Nicotine binds to
nAChRs on astrocytes to stimulate deiodinase 2 (D2) activity. Deiodinase 2 converts Ty4 to
T3 in astrocytes and active thyroid hormone passively diffuses to nearby neurons. T3 binds
to receptors in the nucleus of target neurons where it acts to regulate gene transcription
activity. Thyroid hormone transporters with higher affinity for T4 (OATP1C1) and T3
(MCTS8) are included on astrocytes and neurons, respectively.
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Table 1

Term

Definition

Choline acetyltransferase (ChAT)
TRa, TRal

TRB

Thyroxine, T4

Tri-iodothyronine, T3

Thyroid stimulating hormone, TSH
Thyroid binding globulin, TBG
Propylthiouracil, PTU

Bromodeoxyuracil, BrdU

Deiodinase 1, 2, 3

Enzyme critical for the synthesis of acetylcholine from acetyl coenzyme A and choline
Thyroid receptor alpha, Thyroid receptor alphal

Thyroid receptor beta

Primary synthesis product of the thyroid, inactive thyroid hormone

Metabolically active form of thyroid hormone

Regulatory hormone responsible for stimulating thyroid hormone synthesis and release
Main thyroid hormone carrier molecule

Hypothyroid-inducing compound that works through the inhibition of thyroxine synthesis and deiodinase
1 activity

Modified form of thymidine that is incorporated into the DNA of proliferating cells during mitosis

Enzymes that remove iodine molecules from thyroid hormone to activate/inactivate them
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Overview of studies regarding nicotine exposure and thyroid function.

Table 4
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Population Experimental conditions Main findings Citation Interpretation
Euthyroid Acute nicotine exposure T3, <T4, (n.d.)TSH Leach et al. Acute nicotine does not affect
(2015) thyroid function, but thyroid
receptors are selectively activated
by learning in the presence of
nicotine and TR is critical for
acute nicotine’s effects on
learning
Euthyroid 12 day nicotine exposure (24 <T3,1T4, (n.d.)TSH Leach et al. Nicotine withdrawal decreases
h withdrawal) (2014) thyroid function, but chronic
. - nicotine does not affect thyroid
Euthyroid 13 day nicotine exposure T3, <T3, (n.d.)TSH function
Euthyroid 7 day nicotine exposure <T3, T3, <T3 Colzanietal.  Short-term nicotine exposure does
. . i L (1998) not affect thyroid function
Hemithyroidectomized 7 day nicotine exposure ~T3, <T3, T3
Thyroidectomized 7 day nicotine exposure —T3, <T3, T3
Euthyroid 4-6 weeks twice daily (n.d.)T3, <+T4, <TSH Alzoubietal.  Nicotine reversed behavioral and
nicotine (2006) electrophysiological deficits of
. i i . hypothyroidism, but did not affect
Thyroidectomized 4-6 weeks twice daily (n.d.)T3, <+T4, <TSH thyroid function
nicotine
15 Day old pups Nicotine during lactation T3, [fT4, 1TSH Oliveiraetal.  Nicotine decreases thyroid
L i . (2009) function of offspring (short- and
180 Day old pups Nicotine during lactation IfT3, |fT4, |TSH long-term)
15 Day old pups Nicotine during lactation T3, [fT4, 1TSH de Oliveiraet  Nicotine decreases thyroid
L i . al. (2011) function of mother and offspring
21 Day old pups Nicotine during lactation T3, &fT4, &T3, (short-term)
15 Day maternal Nicotine during lactation ~fT3, [fT4, 1TSH
exposure (Dams)
21 Day old pups Smoke exposure during T3, <fT4, (n.d.)TSH Santos-Silva Smoke exposure for this duration
lactation etal. (2013) does not affect offspring thyroid
hormones
10 Day old pups Prenatal nicotine exposure (n.d.)T3, <+T4, (n.d.)TSH  Chen and Prenatal nicotine does not affect
Kelly (2005)  thyroid function at this timepoint

NOR = novel object recognition, CFC = contextual fear conditioning, MWM = Morris water maze, WRAM = water radial arm maze, and Operant

= lever pressing acquisition.
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