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Abstract

Cytisine, a natural bioactive compound that is mainly isolated from plants of the Leguminosae family
(especially the seeds of Laburnum anagyroides), has been marketed in central and eastern Europe as an aid
in the clinical management of smoking cessation for more than 50 years. Its main targets are neuronal
nicotinic acetylcholine receptors (nAChRs), and pre-clinical studies have shown that its interactions with
various nAChR subtypes located in different areas of the central and peripheral nervous systems are
neuroprotective, have a wide range of biological effects on nicotine and alcohol addiction, regulate mood,
food intake and motor activity, and influence the autonomic and cardiovascular systems. lIts relatively rigid
conformation makes it an attractive template for research of new derivatives. Recent studies of structurally
modified cytisine have led to the development of new compounds and for some of them the biological
activities are mediated by still unidentified targets other than nAChRs, whose mechanisms of action are still
being investigated.

The aim of this review is to describe and discuss: 1) the most recent pre-clinical results obtained with cytisine
in the fields of neurological and non-neurological diseases; 2) the effects and possible mechanisms of action

of the most recent cytisine derivatives; and 3) the main areas warranting further research.

Abbreviations
AD: Alzheimer disease; ACh, acetylcholine ; ACHE, acetylcholinesterase ; AKT, protein kinase B ; AChR,
acetylcholine receptor; mAChR, muscarinic acetylcholine receptor ; nAChR, neuronal nicotinic acetylcholine
receptor; ARC, arcuate nucleus of the hypothalamus ; BBB, blood brain barrier; Bcl2, B-cell lymphoma 2;
aBgtx, a-Bungarotoxin; BDNF, brain derived neutrofic factor ; DA, dopamine ; CC4, cytisine dimerl,2-bisN-
cytisinylethane; ClI, confidence interval; CNS, central nervous system; CPP, conditional place preference;
CREB, cAMP-response element binding; ECs,, half maximal excitatory concentration ; ER, endoplasmic
reticulum; ERK, extracellular signal-regulated kinase; DMPP, 1,1-dimethyl-4-phenylpiperazinium iodide;
HAAF, hypoglycemia-associated autonomic failure; IP3, inositol trisphosphate; JAK2, Janus kinase 2; JNK,
c-Jun N-terminal kinase; CHOP, C/EBP homologous protein ; hiPSC-CMs, human-induced pluripotent stem
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kB, nuclear factor k-light-chain-enhancer of activated B cells; mAChR, muscarinic acetylcholine receptor;
MAPK, mitogen-activated protein kinase; MMP, matrix metalloproteinase ; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; NR-2B NMDAR, N-methyl-D-aspartate receptor containing the NR2B subunit; 6-OHDA,
6-hydroxydopamine ; PD, Parkinson disease; PI3K, phosphoinositide 3-kinase; PNS, peripheral nervous
system; PTK, protein tyrosine kinase; RANK, receptor activator of nuclear factor -kB; RANKL, receptor



activator of nuclear factor -kB ligand ; ROS, reactive oxygen species; RTK, receptor tyrosine kinase; STAT,
signal transducer and activator of transcription
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1. Introduction

Cytisine is the main alkaloid in the plants of the Faboideae sub-family of the Fabaceae family (Figure 1) ,
which includes the ornamental trees Laburnum anagyroides or Cytisus laburnum and Laburnum alpinum
Genista, Sophora and a number of hybrids. Gaius Plinius Secundus, in its book of Naturalis Historia vol
XIll, 73, reports that Cytisus has been well known from antiquity and cultivated in Greece for its beauty, and
pharmaco-toxicological properties. The plants are now known as golden chain trees or golden rain acacias,
they are common in northern Europe and the mountains of southern Europe and, since antiquity, all of their
parts (but particularly the seeds) have been recognised as being poisonous and causing symptoms such as
vomiting, pupil dilatation, tachycardia, prostration, torpor, excitement, delirium, hallucinations, muscle
twitches, diarrhea, sweating, and even death due to respiratory paralysis[1-3]

Cytisine (Figure 2) was used in the USSR as a respiratory stimulant similar to lobeline and, since 1960, it
has been used to treat nicotinism in Bulgaria and other eastern and central European countries [4]. In
traditional Chinese medicine it is used to treat hepatitis and liver cancer exploiting a small but promising
effect of cytisine on cell growth [5]. Very recently, a renewed interest in cytisine has arisen not only as an aid
to smoking cessation and a possible drug for other pathologies, but also as a template for the synthesis of
new cytisine derivatives that should be more target specific and have more appealing pharmacokinetics [4,
6].

The pharmacological effects of cytisine on skeletal muscles, respiration, heart and blood circulation,
alimentary canal, salivary glands, eyes, uterus and urinary bladder of various animal species were first
described in detail in a paper published in 1912 by Dale and Laidlaw [1], who compared them with the effects
of nicotine. This seminal paper clearly established two important points: 1) the effects of cytisine and nicotine
are very similar in terms of the quality of the responses obtained albeit with some differences in doses and
between species; and 2) the two drugs compete with each other and have different potencies in different
organs and/or different experimental settings. These first experimental findings amplified and rationalised
later by various authors, clearly established the particular sensitivity of ganglionic cells to cytisine, and
anticipated the discovery that it acts through nicotinic receptors that were discovered more than 80 years
later.

The role of cytisine, particularly in smoking cessation has been the subject of many previous reviews
[7-11] and so this review will concentrate on the literature of the last 10 years describing cytisine selective
molecular targets,and its potential effects other than those in smoking cessation, and finally will provide a
brief survey of new cytisine derivatives, their bioactivities and their possible use in the treatment of human

diseases.



2. Major pharmacological targets of cytisine: neuronal nicotinic acetylcholine

receptors
2.1 Nicotinic receptor structure
As we have pointed out before, since the early pharmacological studies on cytisine it appeared evident that
its activity is very similar to that of nicotine, suggesting that the most relevant targets of the drug are
cholinergic nicotinic acetylcholine receptors (AChRs). Acetylcholine (ACh) is released in both central and
peripheral tissues and can control target cell activity via a wide range of mechanisms and signals through
two families of receptors (neuronal nicotinic receptors,nAChRs and muscarinic acetylcholine receptors,
MAChHRS). Since the most important targets of cytisine are NAChRs we report here the most relevant findings

on these receptors in order to better understand cytisine activity.

Brain and ganglionic nAChRs are a heterogeneous family of ubiquitously expressed pentameric ion
channels, whose responses to endogenous ACh or choline ligands and exogenous nicotine are involved in a
number of physiological processes and pharmacological effects [12-14]. Sixteen subunits (a1-a7, a9, a10,
B1-B4, y and & and ¢€) have so far been identified in mammals that form receptors with a common basic
structure, but different and specific pharmacological and functional properties. The a1, B1, y ,0 and ¢
subunits form muscle-type receptors that play a major role in neuromuscular transmission, whereas the most
widely expressed subtypes in the brain are heteromeric a4p2* (*means that additional subunits may be
present) and homomeric a7 receptors, whereas a3B4* subtypes are most widely expressed in autonomic
ganglia of the peripheral nervous system [14]. In addition to these major central and peripheral nAChR
subtypes, many other native NAChR subtypes with more complex subunit compositions have been identified
in the rodent mesotelencephalic, habenulo-interpeduncular and visual pathways including the a6p2p3*
receptors that consist of the a6p2B33 and a4a6p2B3 subtypes [15].

The heteromeric a4pf2 and a3B4 receptors may have the same subunit composition but different subunit
stoichiometries (2a:3B or 3a:2 subunits), depending on the type of subunit in the fifth position [15, 16].
Homomeric nAChRs have five ACh orthosteric binding sites. Although it was thought that heteromeric
receptors had two ACh binding sites at the a/f subunit interfaces, it has recently been discovered that the a4
B2 subtype with a stoichiometry of 3a:23 subunits has a third binding site at the a4/a4 interface, and the two
stoichiometries of the a4p2 and a3B4 subtypes are differently sensitive to ACh (see Table 1). However,
concentration-response studies of oocytes expressing uniform populations of (a4)s(82), or (04),(B2);
receptors have shown that the presence of an a4/a4 interface has a very limited effect on cytisine receptor
activation [17]. In the a6B2* receptors the two orthosteric ACh binding sites are identical in the a6p2p3
subtype, but different in the a4a6B2B33 subtype, which has both an a6p2 and an a4p2 interface [18].

2.2 Cytisine binding to nAChRs

The earliest autoradiographic and ligand binding studies of rodent brain demonstrated that *H-cytisine binds
with nM affinity to the same sites as those bound by ®H-nicotine and *H-ACh, and that this binding was
distinct from that obtained using the antagonist 125 aBungarotoxin that selectively binds a7or a9-containing
receptors [19, 20]. Patch clamp electrophysiological measurements of heteromeric combinations of a3 or a4
and 32 or B4 subunits and various chimeric constructs have confirmed that cytisine potently binds (32-

containing receptors (see Table 1), but primarily activates p4-containing receptors, and shown that, despite
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the large difference in cytisine binding affinity between p2- and 4-containing receptors, maximal efficacy is
fully determined by the 4 subunit [17].
These studies clearly indicate that cytisine binds with high affinity (low nM) to the a4p2, a32 and a6p2*

subtypes, and with lower affinity to the a3B4, a7 and al1B1yd subtypes, with a rank order of a a4B2= a6p2>

a3B2>a3p4>a7>alBlyd [17, 21, 22]. On the other hand functional characterisations of the subtypes

expressed in heterologous systems clearly show that cytisine is a very high affinity, partial agonist of the
a4f32 subtype and a full agonist of the a334 and a7 subtypes [22-24].

The effect of cytisine on rat and human a4f2 and a7 subtypes is similar, but is species specific in the case of
a3pB4 subtype; in fact cytisine is as efficacious as ACh on the rat a3p4 subtype, but much less efficacious
than ACh on the human subtype [25] (See Table 1).

Most neuronal nAChRs have a pre-synaptic and/or pre-terminal location, and modulate the release of almost
all neurotransmitters but, in some brain areas, they have a somato-dendritic post-synaptic location and their
activation mediates fast synaptic transmission, as in the case of autonomous ganglionic neurons [26].
Recent studies have also shown that nAChRs are found in a large number of non-neuronal cell types
including endothelial cells, glia, immune cells, lung epithelia, and cancer cells where they regulate cell
differentiation, proliferation and inflammatory responses [27].

By acting as a partial agonist of a4f2* and a nearly full agonist of a6p2*-containing receptors, cytisine
mediates the release of dopamine from rodent striatal slices and synaptosomes [22, 28] with a potency on
0632 subtype that is 15 times higher than on the a4B2 subtype (see Table 1) [28]. Moreover, by acting on
a3B4*-containing receptors, cytisine modulates noradrenaline release from the hippocampus [22].

Nicotine activates nAChRs, but nicotine-bound nAChRs can also be desensitised and inactivated by nicotine
sometimes regardless of NAChR activation (reviewed in [29]) . Moreover, chronic nicotine exposure leads to
neural adaptations that may be due to nAChR activation and/or desensitisation and, in the latter case, can

alter neuronal function by interrupting the transmission of endogenous ACh [30].

2.3 Cytisine regulation of nAChRs assembly and intracellular trafficking

nNAChRs are multisubunit, multispan, integral membrane proteins, and their folding and assembly is a very
inefficient process, with only a small portion of subunits forming functional pentamers. Among nAChRs the
efficiency of assembly and trafficking varies widely depending on the nAChR subtypes and the cell type in
which they are expressed (reviewed in [31])

Cell biology studies have shown that nicotine is a target-specific, pharmacological chaperone that increases
surface expression of nAChR subtypes by facilitating receptor assembly, enhancing export of assembled
pentamers from the endoplasmic reticulum (ER), and/or stabilizing assembled receptors, thus enabling more
NAChRs to be inserted into the plasma membrane (see Fig 3). Most studies of the effects of nicotine have
examined the a4B2 subtype, which is the most expressed in the brain and have shown that chronic nicotine
exposure in vitro and in vitro up-regulates the (a4),(B2); stochiometry [32, 33] whereas chronic treatment
with cytisine up-regulates the (a4)s(32), stoichiometry [34, 35] .

Relatively little is known about a3B4 receptors, and study performed by our group [36] have demonstrated
that exposure to nicotine, cytisine or CC4 (a cytisine dimer) of HelLa cells expressing the a3p4 subtype
induces the assembly of a pentameric receptor with a stoichiometry of (a3),(B4); subunits that it is less prone

to proteasome degradation and can more easily exit from the ER and reach the plasmamembrane.



The SH-SY5Y human neuroblastoma cells express both homomeric (a7) and heteromeric nAChRs (a3p4*
and a3B2*). Treatment of SH-SY5Y cells for 48 hours with 100 uM cytisine or CC4 leads to un upregulation
of heteromeric receptors and to a lesser degree of homomeric a7 receptors [37]. In particular we found that
cytisine and CC4 treatments led to a much higher level of assembled receptors containing the 2 subunit, in
particular the a3B2B4 and a3p2 subtypes, and to a lesser degree to the upregulation of the a3p4 subtype
and these receptors present in the plasmamembrane are functional. The increased level of the heteromeric
receptors was due to a post-transcriptional mechanism and treatment of the cells with the cell impermeable
antagonist d-Tubocurarine did not block the upregulation of the subtypes. These studies clearly indicate that
cytisine and CC4 as well as nicotine could upregulate the plasmamembrane expression of functional a4p2
and a3B4 subtypes by modifying their assembly and intracellular trafficking.

From the above reported data we can conclude that cytisine can affect nicotinic transmission by acting both
1) at the cell surface as a high affinity, partial agonist of the a4p2 subtype, a nearly full agonist of a6p2*-
containing receptors and a full agonist of the a3f4 and of a7 subtypes. 2) as an intracellular chaperon that

modulates nAChR assembly and trafficing leading to an up regulation of cell surface receptors .

3. Cytisine toxicity and pharmacokinetics

3.1 Cytisine toxicity

Before describing the cytisine pharmacological activity it is worth considering its toxicity and
pharmacokinetics, two properties that are relevant for the full understanding of its possible pharmaco-
therapeutical activity.

It has been known since long time that all of the parts of plants containing cytisine are toxic, particularly the
seeds [3].The lethal dose of Laburnum anagyroides/alpinum-seeds in sheep and horses is in the order of
0.5g/kg, whereas well-tolerated chronic ingestion in dogs and rats is between 0.45 and 0.9 mg/kg. The LDs
in rat per oral administration is in the order of 5-50 mg/kg but cytisine does not have embryotoxic or
teratogenic activity in experimental animals.

In humans, particularly children [38], cytisine intoxication has effects on the gastrointestinal system (nhausea,
emesis, and bowel movements), the central nervous system (CNS) (drowsiness, fatigue, dizziness,
delirium), and the motor system (muscle twitching and fasciculation, difficulty in walking). The ingestion of
seeds of cytisine- containing plants (particularly Spartium junceum or Spanish broom) by children [39] or
animals [40] can induce nicotine-like symptoms that usually fully recover, although some fatal cases have
been reported [41]. In addition to its nicotinic-related toxicological effects, cytisine has moderate activity as
an acetylcholinesterase (AChE) inhibitor [42]. In humans, cytisine may be safe when given in a single 4.5 mg
dose, which leads to a mean plasma concentration of 50.8 +4.7 ng/mL: i.e. three times higher than the
plasma concentration associated with the single administration of the recommended dose for nicotinism [43].
Moreover, It has been reported that cytisine induces partial seizures in mice [44], and more recently it has
been shown that intraperitoneal injection of a subthreshold dose of cytisine significantly alters the protection

provided by some antiepileptic drugs against seizures [45, 46].

3.2 Cytisine pharmacokinetics
Although suitable methods for detecting cytisine and other toxic plant alkaloids in body fluids and tissues

have been described [47-49], and the use of cytisine in humans has been well established for a long time, its
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identification and quantitative determination in biological samples and pharmaceutical formulations is still
difficult [50]. Furthermore, there is still much to learn about its pharmacokinetic properties. However, studies
of mice, rats, rabbits and humans [8, 21, 43, 49, 51-53] have provided some initial data.

On the basis of physico-chemical parameters, it can be argued that protonated cytisine is very hydrophilic,
and more lipophilic in a basic environment and therefore easily soluble in gastrointestinal fluids, however its
gastrointestinal permeability is limited, and it is the combination of these properties that contribute to its poor
bioavailability [53]. In mice, peak blood level is reached two hours after administration, indicating an
adsorption rate of 42%. In rabbits, oral biovailability is 34% and peak plasma concentrations are reached
after 35 minutes [8]. After oral and intravenous administration in mice, the highest concentrations are found
in the liver, bile, adrenal gland, and kidney [51]. Brain concentrations in rats are lower than those of equal
doses of nicotine or varenicline, a cytisine analogue, because of its low lipophilicity and, probably, a still
unknown brain efflux mechanism [21]. It does not reach in brain more than 30% of its plasma concentration,
whereas the brain concentration of nicotine under the same conditions is 65% of its plasma concentration.
These data indicate poor penetration of the blood- brain barrier (BBB). Cytisine is not metabolised but
excreted unchanged in urine. Its ty, in rabbits is in the order of 37-52 minutes.

Human data are very scanty but, by taking into account the experimental animal data, it is possible to
foresee hypothetical values for the most common kinetic parameters such as its plasma half-life (average
4.8 hours), peak plasma concentration (1-2 hours post dosing) [43] clearance (2-5 mL/min/kg), volume
distribution (1.6 L/kg), t,, (3.6 hours), unbound brain concentration (2-10 nM) [21]. Cytisine is eliminated
unchanged through the kidneys: after oral or intravenous administration, respectively 18% and 32% of the
drug is found in urine after 24 hours [9].

One conclusion that can be drawn from these data is that one of the limitations affecting the clinical use of
cytisine is its low brain penetration, much less than that of nicotine or varenicline, and so any new cytisine
derivatives developed for the treatment of brain diseases needs to have better favourable pharmacokinetics

than cytisine.

4. Main activities of cytisine in the nervous system and metabolism
In addition to acting on nAChRs, cytisine can also interfere with neuronal functions by modifying non-
classical neural activities such as inflammation, immunity, and neuroprotection [54]. We here report the most

relevant effects of cytisine on behavioural activities and its molecular mechanism of action.

4.1 Effects on nicotine addiction and smoking cessation

Tobacco smoking is the most important and dangerous preventable pathology in industrialized countries
killing more than 6 million people/every year worldwide [7, 55, 56]. The carcinogenic potential of tobacco
smoke is due to the presence of various carcinogens and other compounds whose highly addictive
properties favour and maintain the smoking habit. Nicotine triggers the neurobiological and psychological
effects associated with smoking dependence and addiction by interacting with nAChRs in the mesolimbic
pathway [57] and, although it does not initiate tumorigenesis in humans or rodents, it does promote tumour
growth and metastasis by inducing cell cycle progression, epithelial-to-mesenchymal transition, cell migration
and invasion, angiogenesis, and the evasion of apoptosis in a number of systems (reviewed in [58-60].

These effects may facilitate the carcinogenic potential of tobacco smoke and represent a major limitation of
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the long-term use of nicotine in replacement therapy. In addition nicotine has numerous activities on
circulatory vasculature and on heart that lead to cardiovascular toxicity that is maintained at doses used in
smoking prevention and nicotine has addictive properties that also can interfere with brain activities. To avoid
all these effects nicotine replacement therapy, the most effective and widely adopted therapeutic approach to
counteracting tobacco smoking (see recent reviews [61-64]) can be substituted by the use of drugs such as
cytisine and cytisine analogues that interact with nAChRs [21, 65]). It is beyond the scope of this review to
consider all of the aspects of nicotine replacement therapy [7, 62, 66] and so we will concentrate on the role
of cytisine as an aid in inducing smoking cessation.

Cytisine has been used for this purpose in eastern and central Europe since 1960, and is currently marketed
under the name of “Tabex” in 18 countries [2, 4, 7, 8, 67]. Cytisine is a partial agonist of a42 and a near full
agonist of a6B2 nAChRs and at low doses can activate the nAChRs in the mesolimbic reward pathways,
inhibit the sensory stimulation of nicotine and decrease withdrawal symptoms. Pre-clinical evidence from
experimental models of smoking addiction indicates that it aids smoking cessation [2, 4, 8, 67] and a number
of clinical studies have found that it is more effective than placebo [68] and superior to nicotine replacement
therapy [10]. It has been successfully used as the main agent for smoking cessation in countries such as
Poland [69], and meta- analyses of papers published over the last 40 years have confirmed these findings
[70], although these have been criticised on methodological grounds [71]. One recent meta-analysis has
found that the overall relative risk of successful continuous abstinence at the longest follow-up versus
placebo was 1.74 (95% confidence interval [Cl] 1.38-2.19) and that the most frequent adverse reactions are
mild or moderate nausea, vomiting, dyspepsia, upper abdominal pain and dry mouth, with a relative risk
versus placebo of 1.10 (95% CI 0.95-1.28) [7].

In the search for new partial a432 agonists for smoking cessation, a number of cytisine derivatives or
analogues have been studied, and this has led to the introduction of varenicline (Fig 2B), which has all of
the characteristics of cytisine but is more efficient and possibly has fewer side effects [6, 65, 72]. Two studies
have compared the two partial agonists by analysing recent clinical trials and found that both are active and
more effective than placebo, although cytisine may be more clinically effective than varenicline, whereas
varenicline may have fewer side effects [73, 74]. However, the comparision of cytisine versus varenicline is
not yet fully determined and one very recent randomised controlled study of indigenous Maori in New
Zealand has confirmed that cytisine is as effective as varenicline in supporting smoking cessation but has
significantly fewer side effects [75]. The greatest advantage of cytisine is that it is much cheaper than
varenicline, but the latter has been investigated in more clinical studies using different scientific approaches.
It is difficult for governments to choose which of the two to use in the first-line treatment of tobacco
dependence, particularly because the decision may affect the lives of millions of people. There is therefore a
need for further studies of the long-term effectiveness and safety of smoking cessation policies in the general
population, as well as more consolidates cost effectiveness studies of smoking cessation.

However the recent report on in vitro cytisine cardiotoxicity [76], should be taken in consideration in the

search for anti-smoking nicotinic drugs.

4.2 Effects on alcohol use disorder (AUD)
This is the clinical term for the misuse of alcohol, and includes the pathologies of alcohol abuse and alcohol

dependence, which are both very difficult to treat and have, among others, devastating effects on brain



structure and functions. There is constant and persistent association between alcohol abuse and the use of
nicotine, marijuana and cocaine, and epidemiological studies have shown that there is a close correlation
between the use of alcohol and tobacco smoking [77-79] and that they share genetic and neural
mechanisms. Furthermore, the relationship between depression and alcohol dependence [80] suggests the
involvement of nAChRs [81, 82]. None of this is surprising because, among the other biological targets for
obtaining drug-related reward effects, the direct and indirect effects of alcohol on the nAChRs in the
dopaminergic mesolimbic system play a very important role [80, 83], though it is not yet clear which subtypes
are involved in alcohol addiction and withdrawal or their mechanism of action (direct or allosteric activation,
inhibition) [84, 85].The effects of alcohol are complex and depend on the receptor subtype, the tested dose,
and the length of the alcohol chain (in general, short chain alcohols potentiate NAChR currents but, as the
carbon chain lengthens, the currents are inhibited).

Antagonists of a7 receptors such as methyllycaconitine [81] have little or no effect on alcohol consumption in
a number of animal models, but the results of experiments involving a7KO mice suggest that a7 receptors
modulate various ethanol responses, including consumption, sedation, hypothermia, ethanol-induced
locomotor stimulation, and neurotoxic effects [86]. Mecamylamine and other general antagonists of
heteromeric nAChRs reduce alcohol drinking in animals [81, 87].

The most effective drugs in animal models of alcohol consumption and in human alcoholics are those that
bind to a4p2 receptors such as varenicline, cytisine, lobeline, and sazetidine [81, 87-90]. Varenicline is not
active in a4KO mice [91], and mecamylamine is not active in humans [92]. Dihydrobetaerythroidine, a
selective a4f32 antagonist, does not decrease ethanol drinking in animals [93], indicating that a432 receptors
are not the only ones involved, and inhibitors of a334 receptors, such as CP-601932, PF 4575180 [93] and
18-Methoxycoronaridine [94] are also very active in decreasing alcohol consumption. Experiments involving
mice devoid of different nicotinic subunits partially confirm the results obtained using selective drugs, but
there are some discrepancies and the relative roles of the different subtypes are not completely clear (for a
review, see [84]). Demonstration of the involvement of NnAChRs in alcohol intake, abuse and withdrawal has
come from clinical evidence showing that varenicline, reduces alcohol self-administration in smokers [38,
88], and that cytisine and varenicline reduce alcohol consumption and seeking behaviour in animal models of
alcoholism [89, 90, 95]. This effect is quite specific as nicotinic drugs do not decrease saccharine or sucrose
consumption [89], although the effect has a bell-shaped curve indicating a gradual loss of effectiveness that
is probably due to the development of tolerance.

Another feature of alcohol addiction is relapse and, in a mouse model of relapse, cytisine treatment reduces
intake and preference after re-exposure to ethanol [95, 96].

The mechanisms underlying nAChR modulation of alcohol consumption are still unknown, but one important
mechanism could be modulation of the expression and activity of the early genes triggering the gene
expression patterns necessary for the neuro-adaptations leading to drug addiction [97, 98]. Chronic voluntary
alcohol consumption increases the expression of the delta FosB transcription factor involved in promoting
reward and progression to addiction, and exposure to cytisine decreases chronic voluntary alcohol
consumption and the level of striatal delta Fos B [95].

In connection with cytisine effect on alcohol consumption, it is worth considering its protective effect on liver

disease, particularly liver fibrosis, a factor that can potentiate its use in alcohol use disorders [99, 100].



4.3 Effects on reward and cognition

Cytisine is as active as nicotine at CNS level, although higher doses are required probably because of its
poor penetration of the BBB [21], but the effects of the two substances are not the same [101]: cytisine
reduces the pleasurable sensations that smokers get from cigarettes, reduces withdrawal symptoms in
human smokers, and diminishes the dysphoric-like state associated with nicotine withdrawal in rodents [102].
Moreover, using the drug discrimination assay, a tool that directly assesses the agonist and antagonist
properties of cytisine, it was found that the latter has weak nicotine-like discrimination stimuli being much
less potent than nicotine in behavioural experiments [103]. Intracranial self-stimulation (ICSS) is a
behavioural procedure used to study the abuse potential of drugs and in this procedure, unlike nicotine that
diminishes the ICSS threshold thus indicating a potentiation of brain reward function, cytisine does not
facilitate ICSS or the re-instatement of seeking behaviour [101]. These latter results indicate that cytisine
does not potentiate reward functions in rodent and the different effects obtained by nicotine and cytisine are
due to the different affinity and efficacy of the two compounds for NnAChR subtypes present in different
cerebral nuclei.

One important effect of cytisine binding to the a4B2 and a6B2 subtypes in mesolimbic nuclei is to modulate
dopamine release. Moreover, as a partial agonist, it can interfere with nicotine binding to nAChRs and thus
minimise the addictive effect of nicotine and attenuate withdrawal symptoms, which is why it has been widely
used in the treatment of nicotinism [2]. Increased brain dopaminergic activity may also be responsible for
enhanced cognitive activity, particularly the retention of avoidance training, learning and memory.

Over the last decade, zebrafish (Danio rerio) have become a valuable complementary model in
neurobehavioural research as the learning and memory capabilities of teleosts are as complex as those of
mammals and share homologous neural mechanisms [104]. The zebrafish cholinergic system is generally
similar to that of other vertebrates having mAChRs and the full set of nAChRs. It has been shown that the
effects of nicotine and other cognition-enhancing drugs on zebrafish are similar to those observed in rodents,
monkeys and humans [105, 106]. Braida et al. [107] demonstrated that cytisine given alone improved
learning and memory in zebrafish by acting on a432/a6(32 receptors, and that its dose-response curve was

similar to that of the partial a432 agonist varenicline.

4.4 Effects on mood regulation

A number of studies have shown that tobacco smoke can modulate depressive symptoms in humans, and
pre-clinical studies of animal models and human clinical trials have shown that nicotinic agents have
antidepressant-like effects and that nAChRs are involved in controlling depression [54, 108-111]. Increased
cholinergic signalling in the brain increases behaviours related to anxiety and depression in mice [110, 112],
and decreasing cholinergic signalling trough nAChRs using partial agonists or antagonists can have
anxiolytic and antidepressant effects [113-115].

Behavioural studies have shown that, being a partial agonist of a432 receptors, cytisine can limit cholinergic
signalling and is particularly active in various rodent models of acute and chronic depression [82, 114, 116-
118]. On the basis of these findings, a series of cytisine derivatives have been investigated and it has been
found that the most active are those acting on 0432 receptors [119, 120], although hippocampal a7
contributes to alleviating depression-like behaviours in some stress-induced depression-like phenotype

[116].These compounds include varenicline that has a stronger antidepressant effect [121]. The mechanism



of cytisine’s antidepressant activity is not clear but interactions between the nicotinic and aminergic systems
may be involved as serotonin depletion prevents the antidepressant-like effects of cytisine and an 5-HT1A
receptor agonist potentiates cytisine effect [122]. Moreover, cytisine has synergistic antidepressant activity
with a number of selective serotonin reuptake inhibitors [117], and its effect on a number of animal models of
depression depends on the expression of post-synaptic 5-HT1A receptors in the hippocampus [122]. Chronic
cytisine treatment relieves depression-like behaviours in a mouse model of depression, and increases the
number of 5-HT1A receptors and the levels of brain-derived neurotrophic factor (BDNF) and mTOR in the
hippocampus and amygdala, which are normally decreased in depressive disorders [118, 123]. Recent
studies [112] have also shown that signalling interactions between 32-containing nAChRs and a2 adrenergic
receptors in the amygdala are critical for the control of anxious and depressive behaviours.

The findings of pre-clinical and clinical studies (reviewed in [54, 123] show that inflammation, with the up-
regulation of pro-inflammatory cytokines and a decrease in BDNF levels, plays an essential role in the
pathophysiology of major depressive disorder (MDD). They have also shown that a7 nAChRs are expressed
by non-neuronal cells and that those present in microglial cells inhibit microglia activation and reduce
inflammatory processes in CNS disorders. Moreover, in animal models, the positive allosteric a7 nAChR
modulator PNU120596 has anti-inflammatory effects by deactivating microglial activation and reducing the
other inflammatory markers associated with MDD-related symptoms [54].

As cytisine is a full agonist of a7 nAChRs, it cannot be excluded that the cytisine-induced relief of depression
and increased levels of BDNF [118] may also be due to the activation of a7 receptors.

Despite the interesting preclinical studies that consistently have demonstrated antidepressant-like effects of
cytisine and other cytisine-based partial 042 nAChR agonists, the clinical trials in humans were in general
rather negative. Only some small clinical trials have found that in a particular type of depressive patients,
those resistant to a SSRi treatment, the nicotinic antagonist mecamylamine can have significant effects
[124]. Also, add-ons of nicotinic partial agonists to classical antidepressants show greater effects than
monoaminergic compounds alone [125]. However, there is a need for more sophisticated clinical studies in
order to determine whether there is a sub-set of depressive patients who may be more sensitive to nicotinic

partial agonists and /or antagonists [82, 109, 126, 127].

4.5 Effects on food intake and body weight

Tobacco smoking in humans reduces food intake and weight gain, and its cessation leads to the return of the
body weight of a typical non-smoker. Similar results have been obtained in animal studies showing that the
chronic administration of nicotine by various routes affects food intake and fat storage by acting on nAChRs,
and that the co-administration of nicotine and the BBB-permeable antagonist mecamylamine can prevent
these effects.

Acute cytisine administration also reduces food intake in mice [108] and, when chronically delivered
contingently or non-contingently at a high dose of 5 mg/kg, decreases weight gain and food intake in a
manner that is comparable to the effect of nicotine even though it does not substitute nicotine as a reward (
see above and [128]).

The acute effect of cytisine on food intake is abolished by abolishing the expression of p4-containing
receptors by means of the viral-mediated knockdown of the 4 nAChR subunit in neurons of the arcuate

nucleus of the hypothalamus (ARC) [108], a brain area that is known to affect appetite. The ARC is a central
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node in the hypothalamus that regulates food intake, and stimulation of its two main cell populations (agouti-
related peptide[AgRP]- and pro-opiomelanocortinfPOMC]-expressing neurons) respectively induce hunger
and satiety [129, 130]. Recent studies have shown that both cell populations express a large number of
different NAChR subunits and similar receptor subtypes and, despite their different roles in regulating food
intake, knocking down the 4 subunit in either cell type blocks or blunts the decreased feeding induced by
the acute administration of cytisine or nicotine [131].

The relevance of B4-containing receptors in food intake is further supported by studies showing that selective
targeting of the a3B4 subtype, using the positive allosteric a3f4 modulator levamisole [132], or the agonist
1,1-dimethyl-4-phenylpiperazinium iodide (DMPP) [133], prevented weight gain in mice fed with a high-fat
diet [132] and lowered body weight in diet-induced obese mice [133].

Cytisine is a partial a4B2 agonist and, when given to animals, can decrease dopaminergic activity in the
mesolimbic reward pathway [134], in which dopamine drives and maintains behaviours that perpetuate
addiction to substances of abuse, and the consumption of sucrose, and alcohol. Consequently, cytisine may
further contribute to weight loss by decreasing sugar consumption [134].

Although its exact mechanism of action is unknown, cytisine by acting on the B4-containing nAChR within the
ARC decreases food intake in mice, but is not effective in reducing long term weight gain in smokers

probably because is a less efficacious agonist on human B4-containing receptors [25](see Tablel).

4.6 Effects on motor activity.

The complex control of movement requires inputs from both the central and peripheral nervous system, and
the involvement of many neurotransmitter networks. Pre-clinical studies have demonstrated that the nicotinic
cholinergic system plays an important role in regulating motor activity, and great expectations were raised by
the discovery that, like nicotine, the direct injection of cytisine into the ventral tegmental area and the nigro-
striatal pathway (two brain areas controlling movement) has pro-locomotion activity [135]. However, these
expectations were disappointed when it was found that the peripheral, intra-peritoneal or subcutaneous
administration of cytisine concentrations that block the effect of nicotine had no effect on locomotion [101,
114]. Consequently, more active cytisine derivatives that are more selective on the receptor subtypes in the
locomotor pathway and have more favourable pharmacokinetic characteristics are now being investigated
[136-138]. Furthermore, cytisine may facilitate locomotion by acting peripherally on the neuro-muscular
junctions activating the negative-feedback exerted by pre-junctional nicotinic auto-receptors [139].

High cytisine levels at the neuro-muscular junctions (such as those reached in the case of cytisine
poisoning) induce muscle weakness and possible respiratory muscle paralysis that may be caused by the

inactivation of muscle AChR [8, 49].

4.7 Neuroprotective effects

Parkinson's disease (PD) is a neurodegenerative disorder in which the loss of nigrostriatal dopaminergic
neurons depletes striatal dopamine (DA) levels, thus causing motor and cognitive dysfunctions.
Epidemiological studies have shown that there is an inverse correlation between smoking and the incidence
of PD [140] and studies of animal models with selectively lesioned nigrostriatal dopaminergic neurons and

PD patients have shown that there is a significant decline in the number of nicotinic a4p32* and a6p2*
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receptors in the substantia nigra and striatum, with little or no change in the number of a7 receptors [140,
141].

The epidemiological evidence on a possible protective effect of smoking in PD has prompted many
researchers to investigate whether cytisine can prevent or attenuate symptoms in animal models of PD in the
way that smoking seems to do in humans [142].

In mouse PD models of MPTP or 6-OHDA-induced DA denervation, Ferger et al. [143] and Abin et al. [137]
(2010) found that cytisine treatment is neuroprotective, because it prevents the decrease in striatal tissue DA
levels and increases the striatal release of DA by acting on a4p2* and a6pB2* receptors. Ferger et al. [143]
also showed that, as an iron chelator, cytisine decreases hydroxyl radical production in the brain and its toxic
effects on neurons.

Very recently, Zarate et al. [144] have tested the effects of chronic cytisine treatment on 6-OHDA-lesioned
mice and found that its protective effects include a reduction in PD-like behaviours and the loss of DA
neurons, although these effects were only observed in female mice. This sex-specific effect was obtained
using a cytisine concentration of 0.2 mg/kg, which does not activate nAChRs, and was potentiated by co-
treatment with 17-B-estradiol. The authors hypothesised that the protective effect of cytisine was due to the
inhibition of apoptotic ER stress signalling pathways in DA neurons due to the cytisine-mediated chaperoning
of nAChRs, the up-regulation of ER exit sites, and a change in the outflux of proteins from the ER (see
Figure 3).

Early indications that smoking may also correlate with protection and a delay in the onset of Alzheimer’s
disease (AD) [145] stimulated research into whether the nicotinic cholinergic pathway has a neuroprotective
effect. However, more recent and more precise clinical and pre-clinical investigations have reached the
opposite conclusion that cigarette smoking increases the risk of developing AD probably as a result of
smoking-related cerebral oxidative stress, neuro-inflammation, and impaired neuro-protection [146].
However, the dilemma is not solved yet since these CNS alterations could be due to the toxic effects of the
other compounds present in cigarette smoke and do not rule out the possible beneficial effects of a specific
nicotinic stimulation.

Possible neuroprotective effects are also suggested by data showing that in vitro cytisine protects cortical
neurons from the excitotoxicity of NMDA by reducing the number of surface NR2B-containing NMDA
receptors and has an anti-apoptotic effect by regulating the Bcl-2 family of proteins [147]. Moreover, in a
model of cerebral ischemia/reperfusion injury, cytisine significantly decreased infarct size and neuronal
apoptosis, and improved histopathological lesions by promoting ERK and CREB phosphorylation and mRNA
expression, suppressing the expression of NR2B, and down-regulating related genes [148].This and the data
showing that cytisine reduces stress-related hydroxyl radicals [5, 143] need to be further investigated in

order to establish whether other inter-related mechanisms underlie the effects of cytisine on CNS.

4.8 Effects on autonomic nervous system

As suggested by Dale and Laidlaw [1], cytisine activity in peripheral organs is due to the stimulation of
nNAChRs in the sympathetic autonomic ganglia and adrenal gland (mainly a3p2 and, to a lesser extent, a7
and (4-containing AChRs [26]), which increases blood pressure, blood glucose levels, and heart rate,
slightly stimulates respiratory centres by activating the carotid sinus, and directly stimulates the respiratory

centres themselves at low doses [26, 149]. At gastrointestinal level, it stimulates the contractility of the
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intestinal musculature and increases the intestinal secretion underlying vomiting and diarrhea. Stimulation of
the superior cervical ganglion dilates the pupil of the eye, retracts the nictitating membrane in cats, and
broadens the palpebral fissure. All these effects are very similar to those of nicotine and are inhibited by the
previous administration of hexamethonium; moreover, cytisine pre-treatment counteracts the effect of
nicotine in peripheral ganglia, once again indicating that it is a partial agonist of nAChRs.

In mouse trachea, cytisine increases ciliary beat frequency and particle transport by stimulating a3p4*
receptors in epithelial cells [150]. At high doses or after repeated administration, it desensitises NAChRs and

therefore ganglionic stimulatory activity.

4.9 Effects on sugar metabolism

Hypoglycaemia triggers the release and turnover of noradrenaline and adrenaline by activating ganglionic
nNAChRs in the adrenal medulla [151], and recurrent hypoglycaemia can interfere with the normal counter-
regulatory hormonal response that should defend against hypoglycaemia. Cytisine preserves this counter-
regulatory response in an animal model of hypoglycemia-associated autonomic failure (HAAAF).

ACh released from the cholinergic interneurons of the nucleus accumbens (NAc) binds to nAChR, and
modulates the release of DA from dopaminergic terminals and reinforced behaviours. Interestingly also
increased sugar consumption, albeit indirectly, affects the release of DA in the NAc via nAChRs [152].
Inhibitors or partial inhibitors of NAChRs, such as cytisine, varenicline and mecamylamine, decrease sucrose
consumption in a long-term paradigm measured using the intermittent-access two-bottle choice in
experimental animals [134] and therefore could have a marginal effect on sugar metabolism.

In humans chronic nicotine smoking is associated with progression in insulin resistance [153] but recently it
has been shown that chronic treatment with DMPP improves glycaemic tolerance in diet-induced obese mice
[133]. This effect is specifically due to the agonism of B4-containing receptors that determines a robust
increase in peripheral insulin sensitivity, with improved in vivo glucose clearance in skeletal muscle, heart
and brown adipose tissue [154].

Pursuing a completely different pathway, Jin et al, [155] explored a drug-induced gene expression dataset,
and found that cytisine together with a vitamin E analogue may help in the treatment of type 2 diabetes. and
demonstrated that the treatment is effective in an experimental model of diabetes. These observations open
up the possibility of developing new therapeutic uses of nicotinic drugs for major diseases such as diabetes
and obesity, and should be borne in mind when using cytisine to induce smoking cessation in diabetic

patients.

4.10 Effects on cardiovascular system

NAChRs are present in the sympathetic and parasympathetic ganglia, and their stimulation can increase or
decrease heart rate and blood pressure, however cardiovascular control also involves central nAChRs
primarily located in nuclei of the brainstem [156, 157].

In freely moving rats, subcutaneous injection of cytisine induces changes in sympathetic and
parasympathetic cardiovascular activity: a small increase in arterial pressure similar to that obtained with
lower concentrations of nicotine, and a non-significant reduction in heart rate [158]. However, these small

cardiovascular effects are not blocked by peripheral (hexamethonium) or general (mecamylamine) anti-
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nicotinic drugs, although it has previously been reported that the in vivo effects of cytisine are partially or fully
attenuated by mecamylamine [103, 159].

On the contrary, the cardiovascular effects induced by varenicline, that increases blood pressure and
decreases heart rate, are more similar to those induced by nicotine and are counteracted by nicotinic
antagonists [158] probably because of drug binding to peripheral nAChRs.

The strong cardiac toxicity due to long and severe tobacco smoking could suggest that nicotinic agents could
have a direct toxic effect on cardiomyocytes. Recently, the use of human-induced pluripotent stem cell
derived cardiomyocytes (hiPSC-CMs) has allowed to better evaluate the effects of drugs on cardiac function
and structure. Using hiPSC-CMs Wang et al. [76], found that Cytisine, at a dose of 50 uM, has cytotoxic
effect, impairs oxidative stability and increases lipid peroxidation. Moreover, by increasing oxidative stress
and disrupting calcium homeostasis cytisine showed significant cardiotoxicity with functional changes of
cardiomiocytes. These findings on direct toxicity exerted by nicotinic drugs on cardiomyocytes, can further

arise the attention to the safety of a nicotinic approach for smoking cessation.

5. Other activities of cytisine outside the nervous system

5.1 Anti-proliferative effects

Over recent years, the search for possible drugs originating from the Sophora plant species used in
traditional Chinese herbal medicine has led to the discovery of new pharmacological properties of cytisine
and its derivatives [160]. Specifically, it was found that cytisine and its derivatives can affect many tumor-
related processes, such as apoptosis, and various molecular targets or signaling pathways, such as reactive
oxygen species (ROS), nuclear factor kappa B (NF-kB), mitogen-activated protein kinase (MAPK), and
PI3K/AKT/mammalian target of rapamycin (mTOR) pathways.

Some cytisine derivatives are slightly cytotoxic in some cancer cell lines [161] and cytisine inhibits the growth
of lung cancer cell lines in vitro and suppresses lung tumour growth in mouse xenograft models [162]. It
inhibits the proliferation of human lung cancer cells in a dose-dependent manner by inducing the excessive
production of ROS, which leads to intracellular stress, mitochondria dysfunction, and unbalanced redox
reactions, and eventually cell apoptosis [162].

Cytisine also induces apoptosis in HepG2 human hepatocellular carcinoma cells through the mitochondrial
pathway by increasing the mitochondrial release of cytochrome C, up-regulating caspase-3 and down-
regulating pro-caspase-3 [163]. Electron microscopy of Cytisine-treated HepG2 cells revealed apoptotic
bodies, an expanded ER, swollen mitochondria, and significant vacuolisation. Cytisine also caused a dose-
dependent increase in cytoplasmic Ca” levels and ER stress-mediated apoptosis by activating CHOP and
JNK and up-regulating caspase-4, thus suggesting its possible role in the treatment of hepatic tumours.
Recent studies have shown that the mixed-lineage leukemia (MLL) histone methyltransferases act as
epigenetic transcriptional regulators and methylate H3K4me3 genes. MLL makes a complex with menin, the
product of the multiple endocrine neoplasia type 1 (MEN1) gene, and it has been found that when this
complex is activated it promotes the development of human hepatocellular carcinoma in an H3K4me3-
dependent manner [164]. Cytisine and six of its derivatives inhibit the menin—MLL interaction to some

degree: in particular, Compound 1a (which bears the 5-phenylpentan-2-ol side chain) inhibits the expression
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of H3K4me3 and has potent antiproliferative activity on hepatocellular carcinoma cells possibly by inhibiting

the formation of the MLL-menin complex [165].

5.2 Anti-osteoclastogenesis effects

Another important effect of cytisine is its ability to decrease bone loss [166]. Post-menopausal osteoporosis,
the most frequent disease occurring in older women, is due to an imbalance between osteogenesis and
osteoclastogenesis. Osteoclasts are huge, multi-nucleated cells of monocyte/macrophage lineage that
differentiate into mature osteoclasts primarily as a result of interactions with macrophage colony-stimulating
factor (M-CSF) and the receptor activator of NF-kB ligand (RANKL) [167]. By interacting with RANK, RANKL
stimulates intracellular pathways that are important for the maturation of osteoclasts. Cytisine treatment of
the monocyte/macrophage RAW 264.7 cell line and bone marrow monocytes suppresses RANKL-induced
osteoclastogenesis by inhibiting osteoclast-precursor maturation to osteoclasts and decreases bone
absorption by impacting NF-kB, MAPKs and the PISK/AKT signalling pathways. Cytisine also plays a positive
role in decreasing bone loss in estrogen deficiency-induced osteoporosis mouse model, which suggests that
it may have effects against osteolytic diseases and may be used to treat osteoporosis [166]. These effects
may be of a large interest and could be exploited by further researches with more selective cytisine

derivatives on cell survival.

6. New cytisine derivatives and their bioactivities

As we have pointed out in this review, the multiple pharmacological and toxicological activities of cytisine and
its similar alkaloids found in several plants have been exploited since the antiquity in traditional medicine for
their therapeutical effects. However, the presence of so many and sometimes contradictory activities has
strongly hampered their large use in clinical practice. The effort was then put in the synthesis of new and
more specific cytisine derivatives, but this new line of research was difficult in view of the complexity of the
laboratory synthesis of these molecules.

As preclinical studies have shown [21] that the low brain concentration of cytisine, is due to its high
hydrophilicity and poor brain penetration, and by the possible presence of an unidentified active efflux
mechanism that excrete cytisine from the brain, the main original aims of modifying cytisine structure were to
increase its lipophilicity (thus allowing greater BBB permeability), to decrease its possible excretion from the
brain, to create more nAChR subtype-selective compounds for therapeutic purposes, but also to give rise to
compounds with activities beyond those of cytisine itself.

Cytisine (see Figure 2A) is characterised by the presence of a basic secondary amino group incorporated
into a bispidine scaffold and a quasi-aromatic pyridone nucleus, and the reactional capability of both makes it
a popular scaffold for the synthesis of biologically active compounds and allows the formation of a large
variety of derivatives.

Cytisine derivatives have previously been discussed in important reviews [6, 168, 169] and one more recent
review [170] and so we will here concentrate on the more recent highly potent and specific derivatives, and

those that have new activities.

6.1 Smoking cessation aid
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Our group, together with the chemist group of professor Sparatore, has previously synthetised and
pharmacologically characterised several cytisine derivatives with different substituents on the basic nitrogen
[171, 172]. All these compounds had a rather poor affinity for the a7-containing receptors but some of them
showed a nanomolar affinity towards the a42 subtype. Among all these different N- substituents we have
characterised the cytisine dimerl,2-bisN-cytisinylethane (CC4, Figs.3 and 4A), which binds to the a432 and
a6B2 subtypes with high affinity and selectivity, and to a334 and a7 subtypes with much lower affinity. CC4
is a partial agonist of all NAChR subtypes, although it is less efficacious on the a334 and a7 subtypes than
cytisine. It is more lipophilic than cytisine, and in vivo studies in rats have demonstrated that it has reinforcing
properties and, when co-administered with nicotine, it reduces the reinforcing properties of nicotine, which is
in line with the fact that it reduces nicotine-induced DA release when co-administered with nicotine in an in
vitro system [22].

The effect of CC4 and CC26 (another cytisine dimer,) (Fig 4A) on nicotine reward has been investigated in
zebrafish by means of CPP. Both derivatives had reinforcing properties similar to that of nicotine and, when
co-administered with the maximally effective dose of nicotine, significantly blocked nicotine-induced CPP
[107] thus indicating that they may be active in inducing smoking cessation.

The C(10) (IUPAC numbering) functionalisation of (-)-cytisine by the group of Gallagher [173] is efficient and
highly flexible as docking studies have shown that the C(10) substitution targets the complementary region of
the receptor binding site, thus mediating subtype differentiation. C(10)-modified cytisine ligands retain affinity
for 0432 nAChRs, are partial agonists, and more selective for the a4p2 than the a3B4 or a7 subtypes: in
particular, they are negligibly active on a7 receptors, which are considered off-target for smoking cessation.
The most active and selective compound was that with the C(10) methyl analogue (Fig 4B) which has been
used to identify a conserved arginine residue in the B3 strand that, in a7 nAChRs, not only suppresses the

agonism of 10-methylCytisine but also modulates agonist binding and channel function [174].

6.2 Nootropic activity

Makara et al. [175] have screened the nootropic effects of 10 new derivatives of (-)-cytisine on the learning,
memory and cognitive capacities of laboratory animals under stress conditions, and found that compound 2b
(Fig 4C) improves cognitive function in rats. The molecular docking of this compound in the active sites of
ionotropic glutamate receptors suggests an interaction between them that may also be responsible for the
nootropic activity of compound 2b.

The synthesised (—)-Cytisine derivatives N-allylCytisine-12-carbamide,cCytisine-12-carbamide and N-1-
adamantylCytisine-12-thiocarbamide are weak AChE inhibitors [176].

6.3 Anti-cancer activity

There is growing evidence that many herbal medicines have anti-cancer activity, and these are considered
important alternatives to conventional cancer treatments [177]. Given continuous interest in the development
of agents that are active on breast cancer cells, cytisine/pterocarpan-derived compounds have been
biomimetically synthesised even though they are naturally present in extracts of Sophora tonkinensis. The
most interesting is compound 4 (Fig 4D), which is more cytotoxic against MDA-MB-231 breast cancer cells

and differently toxic for cancer and normal cells [160].

16



Naturally occurring isoflavones present in plants belonging to the Fabaceae family have a long history in the
treatment of human diseases. Cytisine-linked isoflavonoids have been synthesised and, when tested on PC-
3 prostate and LS174T colon cancer cells, they inhibited proliferation by inhibiting the bi-functional
peroxisomal enzyme hydroxysteroid 173-dehydrogenase-4 (HSD17B4), which is overexpressed in prostate
and colon cancer tissues [178]. A new compound cytisine N-methylene-(5,7-dihydroxy-4_-methoxy)-
isoflavone (Fig 4E) has been isolated from the Sophora alopecuroides plant used in Chinese herbal
medicine, and preliminary pharmacodynamic studies have shown that it inhibits breast cancer cell

metastases [179].

6.4 Anti-liver fibrosis activity

Liver fibrosis is a histological hallmark of liver injury, and the persistent liver fibrosis that leads to cirrhosis,
hepatoma and liver failure is characterised by the excessive deposition of extracellular matrix proteins. New
cytisine derivatives with various substituents at the 12N-position of cytisine have been synthesised, of which
those with the 12N-benzyl being the more active and the dichlorobenzyl 5f (Fig 4F) the most active.
Preliminary data indicate that it targets the PI3K/Akt/Smad pathway, and is thus extensively active against a

number of fibrogenetic proteins in human hepatic stellate LX2 cells [99].

6.5 Anti-plasmodium, anti-fungal, and antiviral activities

New chloroquine analogues (cytisinyl derivatives) are active against Plasmodium falciparum at nM
concentrations, have very limited cytotoxicity against human cell lines, and non-hemolytic activity at
concentrations of up to 200 uM [180].

Eleven cytisine-containing 1,3-oxazoles have been synthesised and evaluated for their activity against
Candida spp. Compounds 10 and 11 (Fig 4G) were most active against Candida albicans and the
fluconazole-resistant Candida krusei strain. Docking studies suggest that they are potential inhibitors of
Candida glutathione reductase and have considerable anti-fungal properties [181].

Zhang et al. [182] have demonstrated that a dimer of matrine and (-)-Cytisine (Fig 4H) inhibits the
expression of hepatitis B DNA virus in HepG2.2.15 cells.

The pandemic caused by SARS-CoV-2 has turned attention to the anti-viral activity of cytisine derivatives
that are active against influenza viruses. The 9-carboxamides of methyl cytisine (compounds 13 and 14) are
non-toxic against HEK293, but active against influenza HLIN1 and pdm09 VIRUS (Fig 41) and compound 23
(Fig 41) against the human parainfluenza virus type3 ([183].

6.6 Pesticidal agents

Huang et al[184] have prepared a series of N-acyl/sulfonyl derivatives of 5(3,5)-
(di)halogenocytisines/cytisine as botanical pesticides by structurally modifying cytisine, and tested their
pesticidal activity against three seriously aggressive crop insects: M. separata, T. cinnabarinus and S.
avena. The compound with the strongest pesticidal activity was 5f (3,5-dichloroCytisine) (Fig 4L) , but all of

the compounds had potent acaricidal activity.

7. Conclusion and future research

17



Cytisine is an alkaloid present in a number of plants that binds to nAChRs with high affinity and potency, but
has a structure that also allows albeit weaker interactions with other receptor types that may be responsible
for its non-nicotinic effects in animals and humans. The fact that most of its effects on the nervous systems
are due to interactions with nAChRs is clearly demonstrated by the ability of nicotinic antagonists to interfere
with its activity or its lack of effects in mice devoid of specific NAChR subunits, but much less is known about
its mechanisms of action outside the nervous systems.

Cytisine is one of the most promising smoking cessation treatments as it is cheap and rapidly reduces the
rewarding effect of nicotine and attenuates nicotine withdrawal symptoms. It also seems to be a valid and
appropriate candidate for the treatment of alcohol addiction, although more studies are required to clarify the
mechanisms underlying its anti-alcohol effects. Another important field that merits further study is the
mechanism underlying the way in which it significantly reduces depression-like behaviours in pre-clinical
models of major depressive states and, as stress and depression are associated with neuronal atrophy and
decreasing synaptic connections, the way in which chronic cytisine treatment improves depression- and
stress-induced cognitive, behavioural and biochemical alterations.

One particular point of interest that could lead to practical consequences is its effect on Ca? metabolism in
different cell types: it is known that it induces neuroprotection by reversing intracellular Ca** overload and
balancing Bcl-2 and Bax expression levels in neurons [147], but by increasing intracellular ca” levels in
hepatoma Hep H2 cells [163] it induces apoptosis. Furthermore, the anti-cancer effects are mainly due to its
ability to increase cell apoptosis and/or induce cancer cell death by means of mitochondria-generated ROS
(particularly in the case of cytisine derivatives that have been synthetised with the aim of increasing
specificity or membrane permeability). An effect that can merit further studies is that on osteolytic diseases
that could be of interest if combined with the antismoking therapy.

When considering approaches to drug effects it is important to distinguish active and passive targeting: the
former exploits specific interactions with specific surface-exposed targets, whereas the latter includes
interactions or effects due to the physico-chemical characteristics of a compound. Modifying the structure of
cytisine may reinforce some of the non-nicotinic affinities of the original molecule and/or give rise to
molecules with previously unknown activities: for example, studies on the effects of cytisine on fibrosis or its,
anti-plasmodium, anti-fungal and anti-viral activity have never tested whether these can be blocked by
nicotinic antagonists, and we do not know whether they are due to the nicotinic or other effects of the new
compounds.

Much more research is required to define the targets of cytisine derivatives and their in vivo mechanisms of
action: for example, animal models such as pregnant mice or developing offspring can also allow studies of
multi-organ diseases.

Last but not least, there is a need for clinical studies in order to establish the safety and therapeutic effects of
cytisine in humans, and compare these with those of its possible clinical alternatives. As an important
medicinal herb, cytisine may be particularly attractive to smokers, alcohol users and/or depressed people

looking for 'natural’' medicines.

Declaration of Competing Interest

18



The two authors declare that they do not have conflict of interest, with no actual or potential conflict of
interest including any financial, personal or other relationships with other people or organizations within three

years of beginning the work submitted.

Acknowledgments

The authors gratefully acknowledge Prof Fabio Sparatore not only for sharing many of its synthetized
cytisine derivatives, but for the very interesting and fruitful scientific discussions and for the critical reading
of the manuscript. We also thank Prof.Michele Zoli and Prof Cristiano, Bolchi for the critical reading of the
manuscript. We greatly acknowledge Prof Bolchi for making the chemical structures of the cytisine

derivatives.

References

[1] H.H. Dale, and, P.P. Laidlaw, The physiological action of cytisine, the active alkaloid of Laburnum(Cytius-
Laburnum ), The Journal of Physiological and Experimental Therapeutics I11(3) (1912) 205-221.

[2] F. Musshoff, B. Madea, Fatal cytisine intoxication and analysis of biological samples with LC-MS/MS,
Forensic Sci Int 186(1-3) (2009) el1-4.

[3] P.P. Laidlaw, Laburnum Poisoning and Cytisine, Proc R Soc Med 5 (Ther Pharmacol Sect) (1912) 10-8.
[4] J.F. Etter, Cytisine for smoking cessation: a literature review and a meta-analysis, Arch Intern Med
166(15) (2006) 1553-9.

[5] L. Yu, B. Jiang, Z. Chen, X. Wang, D. Shang, X. Zhang, Y. Sun, J. Yang, Y. Ji, Cytisine induces
endoplasmic reticulum stress caused by calcium overload in HepG2 cells, Oncol Rep 39(3) (2018) 1475-
1484.

[6] E.G. Perez, C. Mendez-Galvez, B.K. Cassels, Cytisine: a natural product lead for the development of
drugs acting at nicotinic acetylcholine receptors, Nat Prod Rep 29(5) (2012) 555-67.

[7] P. Tutka, D. Vinnikov, R.J. Courtney, N.L. Benowitz, Cytisine for nicotine addiction treatment: a review of
pharmacology, therapeutics and an update of clinical trial evidence for smoking cessation, Addiction 114(11)
(2019) 1951-1969.

[8] P. Tutka, W. Zatonski, Cytisine for the treatment of nicotine addiction: from a molecule to therapeutic
efficacy, Pharmacol Rep 58(6) (2006) 777-98.

[9] V. Tzhankova, N. Danchev, From ethomedical use to the development as a natural alternative for
smoking cessation, Biotechnol & Biotechnol Eq 21 (2007) 151-160.

[10] N. Walker, C. Howe, M. Glover, H. McRobbie, J. Barnes, V. Nosa, V. Parag, B. Bassett, C. Bullen,
Cytisine versus nicotine for smoking cessation, N Engl J Med 371(25) (2014) 2353-62.

[11] A. Paduszynska, M. Banach, J. Rysz, M. Dabrowa, P. Gasiorek, A. Bielecka-Dabrowa, Cytisine - From
the Past to the Future, Curr Pharm Des 24(37) (2018) 4413-4423.

[12] E.X. Albuquerque, E.F. Pereira, M. Alkondon, S.W. Rogers, Mammalian nicotinic acetylcholine
receptors: from structure to function, Physiol Rev 89(1) (2009) 73-120.

[13] J.A. Dani, D. Bertrand, Nicotinic acetylcholine receptors and nicotinic cholinergic mechanisms of the

central nervous system, Annu Rev Pharmacol Toxicol 47 (2007) 699-729.

19



[14] C. Gotti, F. Clementi, Neuronal nicotinic receptors: from structure to pathology, Prog Neurobiol 74(6)
(2004) 363-96.

[15] C. Gotti, M. Zoli, F. Clementi, Brain nicotinic acetylcholine receptors: native subtypes and their
relevance, Trends Pharmacol Sci 27(9) (2006) 482-91.

[16] M. Zoli, F. Pistillo, C. Gotti, Diversity of native nicotinic receptor subtypes in mammalian brain,
Neuropharmacology 96(Pt B) (2015) 302-11.

[17] K. Harpsoe, H. Hald, D.B. Timmermann, M.L. Jensen, T. Dyhring, E.O. Nielsen, D. Peters, T. Balle, M.
Gajhede, J.S. Kastrup, P.K. Ahring, Molecular determinants of subtype-selective efficacies of cytisine and
the novel compound NS3861 at heteromeric nicotinic acetylcholine receptors, J Biol Chem 288(4) (2013)
2559-70.

[18] N. Champtiaux, C. Gotti, M. Cordero-Erausquin, D.J. David, C. Przybylski, C. Lena, F. Clementi, M.
Moretti, F.M. Rossi, N. Le Novere, J.M. Mclintosh, A.M. Gardier, J.P. Changeux, Subunit composition of
functional nicotinic receptors in dopaminergic neurons investigated with knock-out mice, J Neurosci 23(21)
(2003) 7820-9.

[19] H.K. Happe, J.L. Peters, D.A. Bergman, L.C. Murrin, Localization of nicotinic cholinergic receptors in rat
brain: autoradiographic studies with [3H]cytisine, Neuroscience 62(3) (1994) 929-44.

[20] C.G. Baddick, M.J. Marks, An autoradiographic survey of mouse brain nicotinic acetylcholine receptors
defined by null mutants, Biochem Pharmacol 82(8) (2011) 828-41.

[21] H. Rollema, A. Shrikhande, K.M. Ward, F.D. Tingley, 3rd, JW. Coe, B.T. O'Neill, E. Tseng, E.Q. Wang,
R.J. Mather, R.S. Hurst, K.E. Williams, M. de Vries, T. Cremers, S. Bertrand, D. Bertrand, Pre-clinical
properties of the alphadbeta2 nicotinic acetylcholine receptor partial agonists varenicline, cytisine and
dianicline translate to clinical efficacy for nicotine dependence, Br J Pharmacol 160(2) (2010) 334-45.

[22] M. Sala, D. Braida, L. Pucci, I. Manfredi, M.J. Marks, C.R. Wageman, S.R. Grady, B. Loi, S. Fucile, F.
Fasoli, M. Zoli, B. Tasso, F. Sparatore, F. Clementi, C. Gotti, CC4, a dimer of cytisine, is a selective partial
agonist at alphad4beta2/alpha6beta2 nAChR with improved selectivity for tobacco smoking cessation, Br J
Pharmacol 168(4) (2013) 835-49.

[23] L.M. Houlihan, Y. Slater, D.L. Guerra, J.H. Peng, Y.P. Kuo, R.J. Lukas, B.K. Cassels, |. Bermudez,
Activity of cytisine and its brominated isosteres on recombinant human alpha7, alpha4beta? and
alpha4beta4 nicotinic acetylcholine receptors, J Neurochem 78(5) (2001) 1029-43.

[24] R.L. Papke, S.F. Heinemann, Partial agonist properties of cytisine on neuronal nicotinic receptors
containing the beta 2 subunit, Mol Pharmacol 45(1) (1994) 142-9.

[25] C. Stokes, R.L. Papke, Use of an alpha3beta4 nicotinic acetylcholine receptor subunit concatamer to
characterize ganglionic receptor subtypes with specific subunit composition reveals species-specific
pharmacologic properties, Neuropharmacology 63(4) (2012) 538-46.

[26] M. De Biasi, Nicotinic mechanisms in the autonomic control of organ systems, J Neurobiol 53(4) (2002)
568-79.

[27] M. Zoli, S. Pucci, A. Vilella, C. Gotti, Neuronal and Extraneuronal Nicotinic Acetylcholine Receptors,
Curr Neuropharmacol 16(4) (2018) 338-349.

[28] O. Salminen, K.L. Murphy, J.M. Mclintosh, J. Drago, M.J. Marks, A.C. Collins, S.R. Grady, Subunit
composition and pharmacology of two classes of striatal presynaptic nicotinic acetylcholine receptors

mediating dopamine release in mice, Mol Pharmacol 65(6) (2004) 1526-35.

20



[29] M.R. Picciotto, N.A. Addy, Y.S. Mineur, D.H. Brunzell, It is not "either/or"; activation and desensitization
of nicotinic acetylcholine receptors both contribute to behaviors related to nicotine addiction and mood, Prog
Neurobiol 84(4) (2008) 329-42.

[30] M.R. Picciotto, M.J. Higley, Y.S. Mineur, Acetylcholine as a neuromodulator: cholinergic signaling
shapes nervous system function and behavior, Neuron 76(1) (2012) 116-29.

[31] S.F. Colombo, F. Mazzo, F. Pistillo, C. Gotti, Biogenesis, trafficking and up-regulation of nicotinic ACh
receptors, Biochem Pharmacol 86(8) (2013) 1063-73.

[32] M. Moroni, R. Zwart, E. Sher, B.K. Cassels, |I. Bermudez, alpha4beta2 nicotinic receptors with high and
low acetylcholine sensitivity: pharmacology, stoichiometry, and sensitivity to long-term exposure to nicotine,
Mol Pharmacol 70(2) (2006) 755-68.

[33] F. Fasoli, M. Moretti, M. Zoli, F. Pistillo, A. Crespi, F. Clementi, T. Mc Clure-Begley, M.J. Marks, C. Gotti,
In vivo chronic nicotine exposure differentially and reversibly affects upregulation and stoichiometry of
alpha4beta2 nicotinic receptors in cortex and thalamus, Neuropharmacology 108 (2016) 324-31.

[34] R. Srinivasan, C.l. Richards, C. Xiao, D. Rhee, R. Pantoja, D.A. Dougherty, J.M. Miwa, H.A. Lester,
Pharmacological chaperoning of nicotinic acetylcholine receptors reduces the endoplasmic reticulum stress
response, Mol Pharmacol 81(6) (2012) 759-69.

[35] A. Crespi, S.F. Colombo, C. Gotti, Proteins and chemical chaperones involved in neuronal nicotinic
receptor expression and function: an update, Br J Pharmacol 175(11) (2018) 1869-1879.

[36] F. Mazzo, F. Pistillo, G. Grazioso, F. Clementi, N. Borgese, C. Gotti, S.F. Colombo, Nicotine-modulated
subunit stoichiometry affects stability and trafficking of alpha3beta4 nicotinic receptor, J Neurosci 33(30)
(2013) 12316-28.

[37] L. Riganti, C. Matteoni, S. Di Angelantonio, A. Nistri, A. Gaimarri, F. Sparatore, C. Canu-Boido, F.
Clementi, C. Gotti, Long-term exposure to the new nicotinic antagonist 1,2-bisN-cytisinylethane upregulates
nicotinic receptor subtypes of SH-SY5Y human neuroblastoma cells, Br J Pharmacol 146(8) (2005) 1096-
109.

[38] R.G. Mitchell, Laburnum poisoning in children; report on ten cases, Lancet 2(6672) (1951) 57-8.

[39] N. Gimenez, N. Magro, N. Cortes, R. Guitart, Poisoning after Ingestion of Spartium junceum Seeds:
Dose-Dependent Effects in Three Boys, J Emerg Med 53(3) (2017) e41-e44.

[40] A. Ariano, A. Costagliola, M. D'Ambola, L. Cortese, L. Pietrobattista, G. Di Francesco, S. Salucci, V.
lovane, O. Paciello, L. Severino, Spartium junceum L. poisoning in small ruminants, Vet Ital 55(4) (2019)
369-373.

[41] L.J. Schep, R.J. Slaughter, D.M. Beasley, Nicotinic plant poisoning, Clin Toxicol (Phila) 47(8) (2009)
771-81.

[42] Wang L, Lu J, Sun W, Gu Y, Zhang C, Jin R, Li L, Zhang Z, Hepatotoxicity induced by radix Sophorae
tonkinensis in mice and increased serum cholinesterase as a potential supplemental biomarker for liver
injury, Exp Toxicol Pathol 6 (2017) 193-202.

[43] Jeong SH, Sheridan J, Bullen C, Newcombe D, Walker N, T. M, Ascending single dose
pharmacokinetics of cytisine in healthy adult smokers, Xenobiotica 49 (2019) 1332-1337.

[44] J.A. Stitzel, Y. Lu, M. Jimenez, T. Tritto, A.C. Collins, Genetic and pharmacological strategies identify a

behavioral function of neuronal nicotinic receptors, Behav Brain Res 113(1-2) (2000) 57-64.

21



[45] P. Tutka, T. Mroz, J. Bednarski, A. Styk, J. Ognik, J. Mosiewicz, J. Luszczki, Cytisine inhibits the
anticonvulsant activity of phenytoin and lamotrigine in mice, Pharmacol Rep 65(1) (2013) 195-200.

[46] P. Tutka, M.W. Kondrat-Wrobel, K. Zaluska, D. Zolkowska, M. Florek-Luszczki, J.J. Luszczki, Cytisine
inhibits the protective activity of various classical and novel antiepileptic drugs against 6 Hz-induced
psychomotor seizures in mice, Psychopharmacology (Berl) 234(2) (2017) 281-291.

[47] P.F. Beyer J, Kraemer T, Maurer HH., Detection and validated quantification of toxic alkaloids in human
blood plasma--comparison of LC-APCI-MS with LC-ESI-MS/MS, J Mass Spectrom 42(5) (2007) 621-633.
[48] S.W. Ng, C.K. Ching, A.Y. Chan, T.W. Mak, Simultaneous detection of 22 toxic plant alkaloids (aconitum
alkaloids, solanaceous tropane alkaloids, sophora alkaloids, strychnos alkaloids and colchicine) in human
urine and herbal samples using liquid chromatography-tandem mass spectrometry, J Chromatogr B Analyt
Technol Biomed Life Sci 942-943 (2013) 63-9.

[49] H. Astroug, R. Simeonova, L.V. Kassabova, N. Danchev, D. Svinarov, Pharmacokinetics of cytisine after
single intravenous and oral administration in rabbits, Interdiscip Toxicol 3(1) (2010) 15-20.

[50] K. Wroblewski, A. Petruczynik, T. Tuzimski, D. Przygodzka, G. Buszewicz, P. Kolodziejczyk, P. Tutka,
Comparison of Various Chromatographic Systems for Analysis of Cytisine in Human Serum, Saliva and
Pharmaceutical Formulation by HPLC with Diode Array, Fluorescence or Mass Spectrometry Detection,
Molecules 24(14) (2019).

[51] H.P. Klocking, M. Richter, G. Damm, Pharmacokinetic studies with 3H-cytisine, Arch Toxicol Suppl 4
(1980) 312-4.

[52] S.H. Jeong, D. Newcombe, J. Sheridan, M. Tingle, Pharmacokinetics of cytisine, an alpha4 beta2
nicotinic receptor partial agonist, in healthy smokers following a single dose, Drug Test Anal 7(6) (2015) 475-
82.

[53] T. Pienko, M. Grudzien, P.P. Taciak, A.P. Mazurek, Cytisine basicity, solvation, logP, and logD
theoretical determination as tool for bioavailability prediction, J Mol Graph Model 63 (2016) 15-21.

[54] S. Alzarea, S. Rahman, Alpha-7 nicotinic receptor allosteric modulator PNU120596 prevents
lipopolysaccharide-induced anxiety, cognitive deficit and depression-like behaviors in mice, Behav Brain Res
366 (2019) 19-28.

[55] G. Lippi, C. Mattiuzzi, Smoking-related mortality in the United States, N Engl J Med 368(18) (2013)
1752.

[56] M.J. Thun, B.D. Carter, D. Feskanich, N.D. Freedman, R. Prentice, A.D. Lopez, P. Hartge, S.M.
Gapstur, 50-year trends in smoking-related mortality in the United States, N Engl J Med 368(4) (2013) 351-
64.

[57] F. Pistillo, F. Clementi, M. Zoli, C. Gotti, Nicotinic, glutamatergic and dopaminergic synaptic transmission
and plasticity in the mesocorticolimbic system: focus on nicotine effects, Prog Neurobiol 124 (2015) 1-27.
[58] S.A. Grando, Connections of nicotine to cancer, Nat Rev Cancer 14(6) (2014) 419-29.

[59] V. Mucchietto, A. Crespi, F. Fasoli, F. Clementi, C. Gotti, Neuronal Acetylcholine Nicotinic Receptors as
New Targets for Lung Cancer Treatment, Curr Pharm Des 22(14) (2016) 2160-9.

[60] H. Shuller, Is cancer triggered by altered signalling of nicotinic acetylcholine receptors?, Nat Rev
Cancer. 9(3) (2009) 195-205.

22



[61] E. Beard, L. Shahab, D.M. Cummings, S. Michie, R. West, New Pharmacological Agents to Aid Smoking
Cessation and Tobacco Harm Reduction: What Has Been Investigated, and What Is in the Pipeline?, CNS
Drugs 30(10) (2016) 951-83.

[62] J.J. Prochaska, N.L. Benowitz, The Past, Present, and Future of Nicotine Addiction Therapy, Annu Rev
Med 67 (2016) 467-86.

[63] O.C.P. Van Schayck, S. Williams, V. Barchilon, N. Baxter, M. Jawad, P.A. Katsaounou, B.J. Kirenga, C.
Panaitescu, I.G. Tsiligianni, N. Zwar, A. Ostrem, Treating tobacco dependence: guidance for primary care on
life-saving interventions. Position statement of the IPCRG, NPJ Prim Care Respir Med 27(1) (2017) 38.

[64] M.N.S. Gendy, C. lbrahim, M.E. Sloan, B. Le Foll, Randomized Clinical Trials Investigating Innovative
Interventions for Smoking Cessation in the Last Decade, Handb Exp Pharmacol 258 (2020) 395-420.

[65] J.W. Coe, P.R. Brooks, M.G. Vetelino, M.C. Wirtz, E.P. Arnold, J. Huang, S.B. Sands, T.l. Davis, L.A.
Lebel, C.B. Fox, A. Shrikhande, J.H. Heym, E. Schaeffer, H. Rollema, Y. Lu, R.S. Mansbach, L.K.
Chambers, C.C. Rovetti, D.W. Schulz, F.D. Tingley, 3rd, B.T. O'Neill, Varenicline: an alpha4beta2 nicotinic
receptor partial agonist for smoking cessation, J Med Chem 48(10) (2005) 3474-7.

[66] N. Gomez-Coronado, A.J. Walker, M. Berk, S. Dodd, Current and Emerging Pharmacotherapies for
Cessation of Tobacco Smoking, Pharmacotherapy 38(2) (2018) 235-258.

[67] J.F. Etter, R.J. Lukas, N.L. Benowitz, R. West, C.M. Dresler, Cytisine for smoking cessation: a research
agenda, Drug Alcohol Depend 92(1-3) (2008) 3-8.

[68] R. West, W. Zatonski, M. Cedzynska, D. Lewandowska, J. Pazik, P. Aveyard, J. Stapleton, Placebo-
controlled trial of cytisine for smoking cessation, N Engl J Med 365(13) (2011) 1193-200.

[69] W. Zatonski, M. Zatonski, Cytisine versus nicotine for smoking cessation, N Engl J Med 372(11) (2015)
1072.

[70] P. Hajek, H. McRobbie, K. Myers, Efficacy of cytisine in helping smokers quit: systematic review and
meta-analysis, Thorax 68(11) (2013) 1037-42.

[71] J.M. Samet, Cytisine is effective for smoking cessation: should clinicians use it?, Evid Based Med 19(4)
(2014) 134.

[72] H. Rollema, J.W. Coe, L.K. Chambers, R.S. Hurst, S.M. Stahl, K.E. Williams, Rationale, pharmacology
and clinical efficacy of partial agonists of alphadbeta2 nACh receptors for smoking cessation, Trends
Pharmacol Sci 28(7) (2007) 316-25.

[73] K. Cahill, N. Lindson-Hawley, K.H. Thomas, T.R. Fanshawe, T. Lancaster, Nicotine receptor partial
agonists for smoking cessation, Cochrane Database Syst Rev (5) (2016) CD006103.

[74] J. Leaviss, W. Sullivan, S. Ren, E. Everson-Hock, M. Stevenson, J.W. Stevens, M. Strong, A. Cantrell,
What is the clinical effectiveness and cost-effectiveness of cytisine compared with varenicline for smoking
cessation? A systematic review and economic evaluation, Health Technol Assess 18(33) (2014) 1-120.

[75] N. Walker, B. Smith, J. Barnes, M. Verbiest, V. Parag, S. Pokhrel, M.K. Wharakura, T. Lees, H. Cubillos
Gutierrez, B. Jones, C. Bullen, Cytisine versus varenicline for smoking cessation in New Zealand indigenous
Maori: A randomized controlled trial, Addiction (2021).

[76] R. Wang, M. Wang, S. Wang, K. Yang, P. Zhou, X. Xie, Q. Cheng, J. Ye, G. Sun, X. Sun, An integrated
characterization of contractile, electrophysiological, and structural cardiotoxicity of Sophora tonkinensis

Gapnep. in human pluripotent stem cell-derived cardiomyocytes, Stem Cell Res Ther 10(1) (2019) 20.

23



[77] D. Kandel, K. Chen, L.A. Warner, R.C. Kessler, B. Grant, Prevalence and demographic correlates of
symptoms of last year dependence on alcohol, nicotine, marijuana and cocaine in the U.S. population, Drug
Alcohol Depend 44(1) (1997) 11-29.

[78] U. John, C. Meyer, H.J. Rumpf, A. Schumann, J.R. Thyrian, U. Hapke, Strength of the relationship
between tobacco smoking, nicotine dependence and the severity of alcohol dependence syndrome criteria in
a population-based sample, Alcohol Alcohol 38(6) (2003) 606-12.

[79] H.B. Moss, C.M. Chen, H.Y. Yi, Subtypes of alcohol dependence in a nationally representative sample,
Drug Alcohol Depend 91(2-3) (2007) 149-58.

[80] Y. Tizabhi, L. Bai, R.L. Copeland, Jr., R.E. Taylor, Combined effects of systemic alcohol and nicotine on
dopamine release in the nucleus accumbens shell, Alcohol Alcohol 42(5) (2007) 413-6.

[81] S. Rahman, Targeting brain nicotinic acetylcholine receptors to treat major depression and co-morbid
alcohol or nicotine addiction,

CNS Neurol Disord Drug Targets. 14(5) (2015) 647-53.

[82] N.S. Philip, L.L. Carpenter, A.R. Tyrka, L.H. Price, Nicotinic acetylcholine receptors and depression: a
review of the preclinical and clinical literature, Psychopharmacology (Berl) 212(1) (2010) 1-12.

[83] S. Rahman, E.A. Engleman, R.L. Bell, Recent Advances in Nicotinic Receptor Signaling in Alcohol
Abuse and Alcoholism, Prog Mol Biol Transl Sci 137 (2016) 183-201.

[84] C.N. Miller, H.M. Kamens, The role of nicotinic acetylcholine receptors in alcohol-related behaviors,
Brain Res Bull 163 (2020) 135-142.

[85] F. Gao, D. Chen, X. Ma, S. Sudweeks, J.T. Yorgason, M. Gao, D. Turner, J.B. Eaton, J.M. Mcintosh,
R.J. Lukas, P. Whiteaker, Y. Chang, S.C. Steffensen, J. Wu, Alpha6-containing nicotinic acetylcholine
receptor is a highly sensitive target of alcohol, Neuropharmacology 149 (2019) 45-54.

[86] B.J. Bowers, T.D. McClure-Begley, J.J. Keller, R. Paylor, A.C. Collins, J.M. Wehner, Deletion of the
alpha7 nicotinic receptor subunit gene results in increased sensitivity to several behavioral effects produced
by alcohol, Alcohol Clin Exp Res 29(3) (2005) 295-302.

[87] P. Steensland, J.A. Simms, J. Holgate, J.K. Richards, S.E. Bartlett, Varenicline, an alphadbeta2 nicotinic
acetylcholine receptor partial agonist, selectively decreases ethanol consumption and seeking, Proc Natl
Acad Sci U S A 104(30) (2007) 12518-23.

[88] S.A. McKee, E.L. Harrison, S.S. O'Malley, S. Krishnan-Sarin, J. Shi, J.M. Tetrault, M.R. Picciotto, I.L.
Petrakis, N. Estevez, E. Balchunas, Varenicline reduces alcohol self-administration in heavy-drinking
smokers, Biol Psychiatry 66(2) (2009) 185-90.

[89] R. Sotomayor-Zarate, K. Gysling, U.E. Busto, B.K. Cassels, L. Tampier, M.E. Quintanilla, Varenicline
and cytisine: two nicotinic acetylcholine receptor ligands reduce ethanol intake in University of Chile bibulous
rats, Psychopharmacology (Berl) 227(2) (2013) 287-98.

[90] R.K. Sajja, S. Rahman, Nicotinic receptor partial agonists modulate alcohol deprivation effect in
C57BL/6J mice, Pharmacol Biochem Behav 110 (2013) 161-7.

[91] L.M. Hendrickson, R. Zhao-Shea, X. Pang, P.D. Gardner, A.R. Tapper, Activation of alpha4* nAChRs is
necessary and sufficient for varenicline-induced reduction of alcohol consumption, J Neurosci 30(30) (2010)
10169-76.

[92] E.M. Young, S. Mahler, H. Chi, H. de Wit, Mecamylamine and ethanol preference in healthy volunteers,
Alcohol Clin Exp Res 29(1) (2005) 58-65.

24



[93] S. Chatterjee, P. Steensland, J.A. Simms, J. Holgate, J.W. Coe, R.S. Hurst, C.L. Shaffer, J. Lowe, H.
Rollema, S.E. Bartlett, Partial agonists of the alpha3betad* neuronal nicotinic acetylcholine receptor reduce
ethanol consumption and seeking in rats, Neuropsychopharmacology 36(3) (2011) 603-15.

[94] C.N. Miller, C. Ruggery, H.M. Kamens, The alpha3beta4 nicotinic acetylcholine receptor antagonist 18-
Methoxycoronaridine decreases binge-like ethanol consumption in adult C57BL/6J mice, Alcohol 79 (2019)
1-6.

[95] R.K. Sajja, S. Rahman, Cytisine modulates chronic voluntary ethanol consumption and ethanol-induced
striatal up-regulation of DeltaFosB in mice, Alcohol 47(4) (2013) 299-307.

[96] R.l. Melendez, L.D. Middaugh, P.W. Kalivas, Development of an alcohol deprivation and escalation
effect in C57BL/6J mice, Alcohol Clin Exp Res 30(12) (2006) 2017-25.

[97] A.J. Robison, E.J. Nestler, Transcriptional and epigenetic mechanisms of addiction, Nat Rev Neurosci
12(11) (2011) 623-37.

[98] J. Feng, E.J. Nestler, Epigenetic mechanisms of drug addiction, Curr Opin Neurobiol 23(4) (2013) 521-8.
[99] S. Tang, Y. Li, Y. Bao, Z. Dai, T. Niu, K. Wang, H. He, D. Song, Novel cytisine derivatives exert anti-liver
fibrosis effect via PI3K/Akt/Smad pathway, Bioorg Chem 90 (2019) 103032.

[100] N.A. Osna, T.M. Donohue, Jr., K.K. Kharbanda, Alcoholic Liver Disease: Pathogenesis and Current
Management, Alcohol Res 38(2) (2017) 147-161.

[101] E.V. Radchenko, O.A. Dravolina, A.Y. Bespalov, Agonist and antagonist effects of cytisine in vivo,
Neuropharmacology 95 (2015) 206-14.

[102] M. Igari, J.C. Alexander, Y. Ji, X. Qi, R.L. Papke, A.W. Bruijnzeel, Varenicline and cytisine diminish the
dysphoric-like state associated with spontaneous nicotine withdrawal in rats, Neuropsychopharmacology
39(2) (2014) 455-65.

[103] C.J. Chandler, I.P. Stolerman, Discriminative stimulus properties of the nicotinic agonist cytisine,
Psychopharmacology (Berl) 129(3) (1997) 257-64.

[104] A. Buatois, R. Gerlai, Elemental and Configural Associative Learning in Spatial Tasks: Could Zebrafish
be Used to Advance Our Knowledge?, Front Behav Neurosci 14 (2020) 570704.

[105] E.D. Levin, A.H. Rezvani, Nicotinic treatment for cognitive dysfunction, Curr Drug Targets CNS Neurol
Disord 1(4) (2002) 423-31.

[106] E.D. Levin, B.B. Simon, Nicotinic acetylcholine involvement in cognitive function in animals,
Psychopharmacology (Berl) 138(3-4) (1998) 217-30.

[107] D. Braida, L. Ponzoni, R. Martucci, F. Sparatore, C. Gotti, M. Sala, Role of neuronal nicotinic
acetylcholine receptors (nAChRs) on learning and memory in zebrafish, Psychopharmacology (Berl) 231(9)
(2014) 1975-85.

[108] Y.S. Mineur, A. Abizaid, Y. Rao, R. Salas, R.J. DiLeone, D. Gundisch, S. Diano, M. De Biasi, T.L.
Horvath, X.B. Gao, M.R. Picciotto, Nicotine decreases food intake through activation of POMC neurons,
Science 332(6035) (2011) 1330-2.

[109] Y.S. Mineur, A. Obayemi, M.B. Wigestrand, G.M. Fote, C.A. Calarco, A.M. Li, M.R. Picciotto,
Cholinergic signaling in the hippocampus regulates social stress resilience and anxiety- and depression-like
behavior, Proc Natl Acad Sci U S A 110(9) (2013) 3573-8.

[110] M.M. Laikowski, F. Reisdorfer, S. Moura, NAChR alpha4beta2 Subtype and their Relation with Nicotine
Addiction, Cognition, Depression and Hyperactivity Disorder, Curr Med Chem 26(20) (2019) 3792-3811.

25



[111] J.A. Gandelman, H. Kang, A. Antal, K. Albert, B.D. Boyd, A.C. Conley, P. Newhouse, W.D. Taylor,
Transdermal Nicotine for the Treatment of Mood and Cognitive Symptoms in Nonsmokers With Late-Life
Depression, J Clin Psychiatry 79(5) (2018).

[112] Y.S. Mineur, E.L. Cahuzac, T.N. Mose, M.P. Bentham, M.E. Plantenga, D.C. Thompson, M.R.
Picciotto, Interaction between noradrenergic and cholinergic signaling in amygdala regulates anxiety- and
depression-related behaviors in mice, Neuropsychopharmacology (2018).

[113] J.T. Andreasen, J.P. Redrobe, E.O. Nielsen, Combined alpha7 nicotinic acetylcholine receptor
agonism and partial serotonin transporter inhibition produce antidepressant-like effects in the mouse forced
swim and tail suspension tests: a comparison of SSR180711 and PNU-282987, Pharmacol Biochem Behav
100(3) (2012) 624-9.

[114] Y.S. Mineur, O. Somenzi, M.R. Picciotto, Cytisine, a partial agonist of high-affinity nicotinic
acetylcholine receptors, has antidepressant-like properties in male C57BL/6J mice, Neuropharmacology
52(5) (2007) 1256-62.

[115] Y.S. Mineur, E.B. Einstein, P.A. Seymour, JW. Coe, T. O'Neill B, H. Rollema, M.R. Picciotto,
alphadbeta2 nicotinic acetylcholine receptor partial agonists with low intrinsic efficacy have antidepressant-
like properties, Behav Pharmacol 22(4) (2011) 291-9.

[116] Y.S. Mineur, T.N. Mose, S. Blakeman, M.R. Picciotto, Hippocampal alpha7 nicotinic ACh receptors
contribute to modulation of depression-like behaviour in C57BL/6J mice, Br J Pharmacol 175(11) (2018)
1903-1914.

[117] N.S. Philip, L.L. Carpenter, A.R. Tyrka, L.H. Price, The nicotinic acetylcholine receptor as a target for
antidepressant drug development, ScientificWorldJournal 2012 (2012) 104105.

[118] J. Han, D.S. Wang, S.B. Liu, M.G. Zhao, Cytisine, a Partial Agonist of alphadbeta2 Nicotinic
Acetylcholine Receptors, Reduced Unpredictable Chronic Mild Stress-Induced Depression-Like Behaviors,
Biomol Ther (Seoul) 24(3) (2016) 291-7.

[119] Y.S. Mineur, C. Eibl, G. Young, C. Kochevar, R.L. Papke, D. Gundisch, M.R. Picciotto, Cytisine-based
nicotinic partial agonists as novel antidepressant compounds, J Pharmacol Exp Ther 329(1) (2009) 377-86.
[120] L.F. Yu, H.K. Zhang, B.J. Caldarone, J.B. Eaton, R.J. Lukas, A.P. Kozikowski, Recent developments in
novel antidepressants targeting alpha4beta2-nicotinic acetylcholine receptors, J Med Chem 57(20) (2014)
8204-23.

[121] H. Rollema, V. Guanowsky, Y.S. Mineur, A. Shrikhande, JW. Coe, P.A. Seymour, M.R. Picciotto,
Varenicline has antidepressant-like activity in the forced swim test and augments sertraline's effect, Eur J
Pharmacol 605(1-3) (2009) 114-6.

[122] Y.S. Mineur, E.B. Einstein, M.P. Bentham, M.B. Wigestrand, S. Blakeman, S.A. Newbold, M.R.
Picciotto, Expression of the 5-HT1A serotonin receptor in the hippocampus is required for social stress
resilience and the antidepressant-like effects induced by the nicotinic partial agonist cytisine,
Neuropsychopharmacology 40(4) (2015) 938-46.

[123] B. Lima Giacobbo, J. Doorduin, H.C. Klein, R. Dierckx, E. Bromberg, E.F.J. de Vries, Brain-Derived
Neurotrophic Factor in Brain Disorders: Focus on Neuroinflammation, Mol Neurobiol 56(5) (2019) 3295-
3312.

26



[124] T.P. George, K.A. Sacco, J.C. Vessicchio, A.H. Weinberger, R.D. Shytle, Nicotinic antagonist
augmentation of selective serotonin reuptake inhibitor-refractory major depressive disorder: a preliminary
study, J Clin Psychopharmacol 28(3) (2008) 340-4.

[125] N.S. Philip, L.L. Carpenter, A.R. Tyrka, L.B. Whiteley, L.H. Price, Varenicline augmentation in
depressed smokers: an 8-week, open-label study, J Clin Psychiatry 70(7) (2009) 1026-31.

[126] H.R. Wang, Y.S. Woo, W.M. Bahk, Ineffectiveness of nicotinic acetylcholine receptor antagonists for
treatment-resistant depression: a meta-analysis, Int Clin Psychopharmacol 31(5) (2016) 241-8.

[127] J.A. Gandelman, P. Newhouse, W.D. Taylor, Nicotine and networks: Potential for enhancement of
mood and cognition in late-life depression, Neurosci Biobehav Rev 84 (2018) 289-298.

[128] P.E. Grebenstein, J.L. Harp, N.E. Rowland, The effects of noncontingent and self-administered cytisine
on body weight and meal patterns in male Sprague-Dawley rats, Pharmacol Biochem Behav 110 (2013) 192-
200.

[129] E.R. Kim, Z. Wu, H. Sun, Y. Xu, L.R. Mangieri, Y. Xu, Q. Tong, Hypothalamic Non-AgRP, Non-POMC
GABAergic Neurons Are Required for Postweaning Feeding and NPY Hyperphagia, J Neurosci 35(29)
(2015) 10440-50.

[130] H. Fenselau, J.N. Campbell, A.M. Verstegen, J.C. Madara, J. Xu, B.P. Shah, J.M. Resch, Z. Yang, Y.
Mandelblat-Cerf, Y. Livneh, B.B. Lowell, A rapidly acting glutamatergic ARC-->PVH satiety circuit
postsynaptically regulated by alpha-MSH, Nat Neurosci 20(1) (2017) 42-51.

[131] C.A. Calarco, Z. Li, S.R. Taylor, S. Lee, W. Zhou, J.M. Friedman, Y.S. Mineur, C. Gotti, M.R. Picciotto,
Molecular and cellular characterization of nicotinic acetylcholine receptor subtypes in the arcuate nucleus of
the mouse hypothalamus, Eur J Neurosci (2018).

[132] J.A. Lewis, J.L. Yakel, A.A. Pandya, Levamisole: A Positive Allosteric Modulator for the alpha3betad
Nicotinic Acetylcholine Receptors Prevents Weight Gain in the CD-1 Mice on a High Fat Diet, Curr Pharm
Des 23(12) (2017) 1869-1872.

[133] C. Clemmensen, S. Jall, M. Kleinert, C. Quarta, T. Gruber, J. Reber, S. Sachs, K. Fischer, A.
Feuchtinger, A. Karlas, S.E. Simonds, G. Grandl, D. Loher, E. Sanchez-Quant, S. Keipert, M. Jastroch, S.M.
Hofmann, E.B.M. Nascimento, P. Schrauwen, V. Ntziachristos, M.A. Cowley, B. Finan, T.D. Muller, M.H.
Tschop, Coordinated targeting of cold and nicotinic receptors synergistically improves obesity and type 2
diabetes, Nat Commun 9(1) (2018) 4304.

[134] M. Shariff, M. Quik, J. Holgate, M. Morgan, O.L. Patkar, V. Tam, A. Belmer, S.E. Bartlett, Neuronal
Nicotinic Acetylcholine Receptor Modulators Reduce Sugar Intake, PLoS One 11(3) (2016) e0150270.

[135] E. Museo, R.A. Wise, Cytisine-induced behavioral activation: delineation of neuroanatomical locus of
action, Brain Res 670(2) (1995) 257-63.

[136] J.A. Abin-Carriquiry, G. Costa, J. Urbanavicius, B.K. Cassels, M. Rebolledo-Fuentes, S. Wonnacott, F.
Dajas, In vivo modulation of dopaminergic nigrostriatal pathways by cytisine derivatives: implications for
Parkinson's Disease, Eur J Pharmacol 589(1-3) (2008) 80-4.

[137] J.A. Abin-Carriquiry, J. Urbanavicius, C. Scorza, M. Rebolledo-Fuentes, S. Wonnacott, B.K. Cassels,
F. Dajas, Increase in locomotor activity after acute administration of the nicotinic receptor agonist 3-
bromocytisine in rats, Eur J Pharmacol 634(1-3) (2010) 89-94.

[138] X.A. Perez, Preclinical Evidence for a Role of the Nicotinic Cholinergic System in Parkinson's Disease,
Neuropsychol Rev 25(4) (2015) 371-83.

27



[139] C. Prior, S. Singh, Factors influencing the low-frequency associated nicotinic ACh autoreceptor-
mediated depression of ACh release from rat motor nerve terminals, Br J Pharmacol 129(6) (2000) 1067-74.
[140] M. Quik, Smoking, nicotine and Parkinson's disease, Trends Neurosci 27(9) (2004) 561-8.

[141] M. Zoli, M. Moretti, A. Zanardi, J.M. Mclintosh, F. Clementi, C. Gotti, Identification of the nicotinic
receptor subtypes expressed on dopaminergic terminals in the rat striatum, J Neurosci 22(20) (2002) 8785-9.
[142] M. Quik, T. Bordia, D. Zhang, X.A. Perez, Nicotine and Nicotinic Receptor Drugs: Potential for
Parkinson's Disease and Drug-Induced Movement Disorders, Int Rev Neurobiol 124 (2015) 247-71.

[143] B. Ferger, C. Spratt, P. Teismann, G. Seitz, K. Kuschinsky, Effects of cytisine on hydroxyl radicals in
vitro and MPTP-induced dopamine depletion in vivo, Eur J Pharmacol 360(2-3) (1998) 155-63.

[144] S.M. Zarate, G. Pandey, S. Chilukuri, J.A. Garcia, B. Cude, S. Storey, N.A. Salem, E.A. Bancroft, M.
Hook, R. Srinivasan, Cytisine is neuroprotective in female but not male 6-hydroxydopamine lesioned
parkinsonian mice and acts in combination with 17-beta-estradiol to inhibit apoptotic endoplasmic reticulum
stress in dopaminergic neurons, J Neurochem (2020).

[145] L. Fratiglioni, H.X. Wang, Smoking and Parkinson's and Alzheimer's disease: review of the
epidemiological studies, Behav Brain Res 113(1-2) (2000) 117-20.

[146] T.C. Durazzo, N. Mattsson, M.\W. Weiner, I. Alzheimer's Disease Neuroimaging, Smoking and
increased Alzheimer's disease risk: a review of potential mechanisms, Alzheimers Dement 10(3 Suppl)
(2014) S122-45.

[147] Y.J. Li, Q. Yang, K. Zhang, Y.Y. Guo, X.B. Li, L. Yang, M.G. Zhao, Y.M. Wu, Cytisine confers neuronal
protection against excitotoxic injury by down-regulating GIuN2B-containing NMDA receptors,
Neurotoxicology 34 (2013) 219-25.

[148] P. Zhao, J.M. Yang, Y.S. Wang, Y.J. Hao, Y.X. Li, N. Li, J. Wang, Y. Niu, T. Sun, J.Q. Yu,
Neuroprotection of Cytisine Against Cerebral Ischemia-Reperfusion Injury in Mice by Regulating NR2B-
ERK/CREB Signal Pathway, Neurochem Res 43(8) (2018) 1575-1586.

[149] R. Barlow , L. McLeod, Some studies on cytisine and its methylated derivatives, Br J Pharmacol 35
(1969) 161-174.

[150] A. Perniss, A. Latz, |. Boseva, T. Papadakis, C. Dames, C. Meisel, A. Meisel, P. Scholze, W. Kummer,
G. Krasteva-Christ, Acute nicotine administration stimulates ciliary activity via alpha3beta4 nAChR in the
mouse trachea, Int Immunopharmacol 84 (2020) 106496.

[151] E.F. LaGamma, N. Kirtok, O. Chan, B.B. Nankova, Partial blockade of nicotinic acetylcholine receptors
improves the counterregulatory response to hypoglycemia in recurrently hypoglycemic rats, Am J Physiol
Endocrinol Metab 307(7) (2014) E580-8.

[152] S.E. McCallum, O.D. Taraschenko, E.R. Hathaway, M.Y. Vincent, S.D. Glick, Effects of 18-
methoxycoronaridine on ghrelin-induced increases in sucrose intake and accumbal dopamine overflow in
female rats, Psychopharmacology (Berl) 215(2) (2011) 247-56.

[153] Y. Wu, P. Song, W. Zhang, J. Liu, X. Dai, Z. Liu, Q. Lu, C. Ouyang, Z. Xie, Z. Zhao, X. Zhuo, B. Viollet,
M. Foretz, J. Wu, Z. Yuan, M.H. Zou, Activation of AMPKalpha2 in adipocytes is essential for nicotine-
induced insulin resistance in vivo, Nat Med 21(4) (2015) 373-82.

[154] S. Jall, M. De Angelis, A.M. Lundsgaard, A.M. Fritzen, T.S. Nicolaisen, A.B. Klein, A. Novikoff, S.
Sachs, E.A. Richter, B. Kiens, KW. Schramm, M.H. Tschop, K. Stemmer, C. Clemmensen, T.D. Muller, M.

28



Kleinert, Pharmacological targeting of alpha3beta4 nicotinic receptors improves peripheral insulin sensitivity
in mice with diet-induced obesity, Diabetologia 63(6) (2020) 1236-1247.

[155] L. Jin, J. Tu, J. Jia, W. An, H. Tan, Q. Cui, Z. Li, Drug-repurposing identified the combination of Trolox
C and Cytisine for the treatment of type 2 diabetes, J Transl Med 12 (2014) 153.

[156] C.J. Tseng, M. Appalsamy, D. Robertson, R. Mosqueda-Garcia, Effects of nicotine on brain stem
mechanisms of cardiovascular control, J Pharmacol Exp Ther 265(3) (1993) 1511-8.

[157] M. Haass, W. Kubler, Nicotine and sympathetic neurotransmission, Cardiovasc Drugs Ther 10(6)
(1997) 657-65.

[158] E.M. Jutkiewicz, K.C. Rice, F.l. Carroll, J.H. Woods, Patterns of nicotinic receptor antagonism Il
cardiovascular effects in rats, Drug Alcohol Depend 131(3) (2013) 284-97.

[159] C.S. Cunningham, L.R. McMahon, The effects of nicotine, varenicline, and cytisine on schedule-
controlled responding in mice: differences in alphadbeta2 nicotinic receptor activation, Eur J Pharmacol
654(1) (2011) 47-52.

[160] S.X. Peng TT, Liu RH, Hua LX, Cheng DP, Mao B, Li XN, Cytisine-Pterocarpan-Derived Compounds:
Biomimetic Synthesis and Apoptosis-Inducing Activity in Human Breast Cancer Cells., Molecules 23 (2018)
3059-3062.

[161] Z. Lin, C.F. Huang, X.S. Liu, J. Jiang, In vitro anti-tumour activities of quinolizidine alkaloids derived
from Sophora flavescens Ait, Basic Clin Pharmacol Toxicol 108(5) (2011) 304-9.

[162] L.T.-Z. Xu Wan-Ting , Li Shu-Mei, Wang Cheng, Wang Hao, Luo Ying-Hua,, W.J.-R. Piao Xian-Ji ,
Zhang Yu, Zhang Tong , Xue Hui, Cao Long-Kui &, JinCheng-Hao, Cytisine exerts anti-tumour effects on
lung cancer cells by modulating reactive oxygen species-mediated signalling pathways, Artif Cells Nanomed
Biotechnol

(48) (2020) 84-95.

[163] L. Yu, X. Wang, Z.F. Chen, B. Jiang, D.Y. Shang, Y.X. Sun, J.H. Yang, L.F. Zhang, Y.B. Ji, Cytisine
induces apoptosis of HepG2 cells, Mol Med Rep 16(3) (2017) 3363-3370.

[164] B. Xu, S.H. Li, R. Zheng, S.B. Gao, L.H. Ding, Z.Y. Yin, X. Lin, Z.J. Feng, S. Zhang, X.M. Wang, G.H.
Jin, Menin promotes hepatocellular carcinogenesis and epigenetically up-regulates Yapl transcription, Proc
Natl Acad SciU S A 110(43) (2013) 17480-5.

[165] H.J. Zhong, B.R. Lee, J.W. Boyle, W. Wang, D.L. Ma, P.W. Hong Chan, C.H. Leung, Structure-based
screening and optimization of cytisine derivatives as inhibitors of the menin-MLL interaction, Chem Commun
(Camb) 52(34) (2016) 5788-91.

[166] Z. Qian, Z. Zhong, S. Ni, D. Li, F. Zhang, Y. Zhou, Z. Kang, J. Qian, B. Yu, Cytisine attenuates bone
loss of ovariectomy mouse by preventing RANKL-induced osteoclastogenesis, J Cell Mol Med 24(17) (2020)
10112-10127.

[167] J. Lorenzo, The many ways of osteoclast activation, J Clin Invest 127(7) (2017) 2530-2532.

[168] J. Rouden, M.C. Lasne, J. Blanchet, J. Baudoux, (-)-Cytisine and derivatives: synthesis, reactivity, and
applications, Chem Rev 114(1) (2014) 712-78.

[169] C.C. Boido, B. Tasso, V. Boido, F. Sparatore, Cytisine derivatives as ligands for neuronal nicotine
receptors and with various pharmacological activities, Farmaco 58(3) (2003) 265-77.

[170] X. Huang, H. Xu, Advances on the Bioactivities, Total Synthesis, Structural Modification, and Structure-
Activity Relationships of Cytisine Derivatives, Mini Rev Med Chem 20(5) (2020) 369-395.

29



[171] E. Carbonnelle, F. Sparatore, C. Canu-Boido, C. Salvagno, B. Baldani-Guerra, G. Terstappen, R.
Zwart, H. Vijverberg, F. Clementi, C. Gaotti, Nitrogen substitution modifies the activity of cytisine on neuronal
nicotinic receptor subtypes, Eur J Pharmacol 471(2) (2003) 85-96.

[172] B. Tasso, C. Canu Boido, E. Terranova, C. Gotti, L. Riganti, F. Clementi, R. Artali, G. Bombieri, F.
Meneghetti, F. Sparatore, Synthesis, binding, and modeling studies of new cytisine derivatives, as ligands for
neuronal nicotinic acetylcholine receptor subtypes, J Med Chem 52(14) (2009) 4345-57.

[173] D.V.S. Rego Campello H, Honraedt A, Minguez T, Oliveira AS F, Ranaghan KE, Shoemark DK,
Bermudez I, Gotti C, Sessions RB, Mulholland AJ, Wonnacott S, Gallagher T., Unlocking Nicotinic
Selectivity via Direct C—H Functionalization of (-)-Cytisine., Chem 4(7) (2018) 1710-1725.

[174] T. Minguez-Vinas, B.E. Nielsen, D.K. Shoemark, C. Gotti, R.B. Sessions, A.J. Mulholland, C. Bouzat,
S. Wonnacott, T. Gallagher, I. Bermudez, A.S. Oliveira, A conserved arginine with non-conserved function is
a key determinant of agonist selectivity in alpha7 nicotinic ACh receptors, Br J Pharmacol 178(7) (2021)
1651-1668.

[175] S.T. Makara NS, Khisamutdinova RY, Tsypysheva IP, Borisevich SS, Kovalskaya AV, Petrova PR,
Khursan CL, Zarudii FS, Nootropic Activity of a Novel (-)-Cytisine Derivative (3aR,4S,8S,12R, 12aS,12bR)-
10-Methyl-2-Phenyloctahydro-1H-4,12a-Etheno-8,12-Methanopyrrolo[3',4":3,4]Pyrido[1,2-a]  [1,5]Diazocine-
1,3,5(4H)-Trione, Bull Exp Biol Med 164434-438(4) (2018) 434-438.

[176] J.D. Garcia-Gracia, E.P. Segura-Ceniceros, R.A. Zaynullin, R.V. Kunakova, G.F. Vafina, I.P.
Tsypysheva, A.l. Vargas-Segura, A. llyina, Three (-)-cytisine derivatives and 1-hydroxyquinopimaric acid as
acetylcholinesterase inhibitors, Toxicol Rep 6 (2019) 862-868.

[177] S.P.W. Wang, X; Tan, M; Gong, J; Tan, W; Bian, B L; Chen, M WJ., Fighting fire with fire: Poisonous
chinese herbal medicine for cancer therapy., Ethnopharmacol 140 (2012) 33-45.

[178] M.S. Frasinyuk, W. Zhang, P. Wyrebek, T. Yu, X. Xu, V.M. Sviripa, S.P. Bondarenko, Y. Xie, H.X. Ngo,
A.J. Morris, J.L. Mohler, M.V. Fiandalo, D.S. Watt, C. Liu, Developing antineoplastic agents that target
peroxisomal enzymes: cytisine-linked isoflavonoids as inhibitors of hydroxysteroid 17-beta-dehydrogenase-4
(HSD17B4), Org Biomol Chem 15(36) (2017) 7623-7629.

[179] F. Chen, X. Yin, Y. Wang, Y. Lv, S. Sheng, S. Ouyang, Y. Zhong, Pharmacokinetics, Tissue
Distribution, and Druggability Prediction of the Natural Anticancer Active Compound Cytisine N-Isoflavones
Combined with Computer Simulation, Biol Pharm Bull 43(6) (2020) 976-984.

[180] B. Tasso, F. Novelli, M. Tonelli, A. Barteselli, N. Basilico, S. Parapini, D. Taramelli, A. Sparatore, F.
Sparatore, Synthesis and Antiplasmodial Activity of Novel Chloroquine Analogues with Bulky Basic Side
Chains, ChemMedChem 10(9) (2015) 1570-83.

[181] L.O. Metelytsia, M.M. Trush, V.V. Kovalishyn, D.M. Hodyna, M.V. Kachaeva, V.S. Brovarets, S.G.
Pilyo, V.V. Sukhoveev, S.A. Tsyhankov, V.M. Blagodatnyi, I.V. Semenyuta, 1,3-Oxazole derivatives of
cytisine as potential inhibitors of glutathione reductase of Candida spp.: QSAR modeling, docking analysis
and experimental study of new anti-Candida agents, Comput Biol Chem 90 (2021) 107407.

[182] Y.B. Zhang, L.Q. Zhan, G.Q. Li, F. Wang, Y. Wang, Y.L. Li, W.C. Ye, G.C. Wang, Dimeric Matrine-
Type Alkaloids from the Roots of Sophora flavescens and Their Anti-Hepatitis B Virus Activities, J Org Chem
81(15) (2016) 6273-80.

[183] V.A. Fedorova, R.A. Kadyrova, A.V. Slita, A.A. Muryleva, P.R. Petrova, A.V. Kovalskaya, A.N. Lobov,
Z.R. Zileeva, D.O. Tsypyshev, S.S. Borisevich, |.P. Tsypysheva, J.V. Vakhitova, V.V. Zarubaev, Antiviral

30



activity of amides and carboxamides of quinolizidine alkaloid (-)-cytisine against human influenza virus A
(HIN1) and parainfluenza virus type 3, Nat Prod Res (2019) 1-9.

[184] X. Huang, M. Lv, H. Xu, Semisynthesis of novel N-acyl/sulfonyl derivatives of 5(3,5)-
(di)halogenocytisines/cytisine and their pesticidal activities against Mythimna separata Walker, Tetranychus
cinnabarinus Boisduval, and Sitobion avenae Fabricius, Pest Manag Sci 75(10) (2019) 2598-2609.

31



¢ »{u’yn';/y/y Amgyr'ns angustifolus. |

Flgure 1 Two varieties of Laburnum taken from from *Hortus Eystettensis of Basilius Besler (1561—

1629) in which he describes the flowers present in the Botanical Garden of Johann Konrad von Gemmingen
(1593/95-1612), Prince-Bishop of Eichstatt, Bavaria.
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cytisine varenicline

Figure 2 A)Structure of cytisine with traditional numbering (left); three-dimensional structure with [UPAC

numbering (right) . B) Structure of varenicline.
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Figure 3: Pharmacological chaperoning of nAChRs. A scheme of the nAChR subtypes
synthesis and trafficking in cells is shown. Pentameric a4p2 or a3B4 receptors assemble in the endoplasmic
reticulum (ER) (1) and concentrate in ER exit sites (2). NnAChRs traffic from the ER to the trans Golgi network
via COPII vesicles (3) and then to Golgi intermediate compartment (4) and to plasmamembrane (5). Nicotinic
drugs (blue dots) can modify the nicotinic response by a modification of receptor function by a direct
interaction with the binding sites of NAChRs at the plasma membrane (5) or by changing the number of
plasma membrane nAChRs through a modification of the intracellular receptor traffic (right part of the figure).
In the latter case nicotine up-regulates cell surface receptors by increasing the ER assembly and transport of
the (a4),(B2); receptors to the plasma membrane while cytisine and CC4 enhance the export of assembled
a3B4 subtype pentamers from the ER, and/or stabilise assembled receptors, thus enabling more nAChRs to

be transported at and inserted into the plasma membrane.
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Figure 4. Chemical structure of cytisine derivatives
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Table 1. Affinity, efficacy and potency of cytisine for a4p2, a6B2, a3f4 and a7

subtypes
Ki, nM Native, Efficacy, ECso, pM
o ratio, % of max
concatamer ACh
a4B2(R) 2.1, 0.49%, 0.19° native?* 0.11° 29.5
adp2(M) 0.55% 0.2 native®™* 0.33° 0.47°
a4B2(H) 1.3° 1:1° 0.09' 11.6'
(a4)2(B2)3(H) - 1:10 z 0.02: ND:
(a4)3(B2)2(H) - 10:1 0.19 5.3
a6p2(R) 2.1%,0.65° native® *
a6p2(M) 0.8 native* 0.85° 0.031°
a3p4(R) 122’ native’
- 1:1° 1.10° 520°

a3B4(H) 285*, 103° 1:1° 0.76" 19*

1:1° 0.59° 890°

4:1° 0.48° 180°
(ad)s (B2)2(H) - concatamer 0.34° 1750°
(ad)2 (B2)s (H) - concatamer 0.16° 214°
a7 (R) 228%,331° native? - ;
a7 (H) 601’ - 0.83,0.97" 098,110’

The affinities (Ki values) were obtained from binding studies in native or transfected subtypes. The potencies
(ECso values) were determined by functional studies (electrophysiological experiments or release
experiments(5)) on native or transfected subtypes. The efficacies (% to max ACh) values were defined as
the fraction of the max response to ACh.

Native: Receptors present in native tissues.

o:p ratio: heterologously expressed heteromeric receptors obtained by transfection in cells or injection in
oocytes of different o:f subunit ratios

Concatamer: heterologously expressed pentameric receptor with linked subunits with defined subunit ratios
and assembly orders .

R=rat, M= mouse, H=human
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