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This review discusses all pyridine alkaloids with CNS activity, their therapeutic potential, and the interesting
array of sources whence they originate.

1. Introduction

Central Nervous System (CNS) disease and disorders encompass a
vast range of pathologies that includes neurodegenerative disease (e.g.
Alzheimer’s and Parkinson’s), psychiatric conditions (e.g. anxiety,
depression and psychosis), epilepsy, multiple sclerosis, neuropathic
pain, autism and many more.' The disease burden from GNS disorders
is enormous. Studies have revealed that neurological disorders were the
leading cause of disability-adjusted life years (DALYs; ~280 million)
and the second leading cause of deaths (~9.0 million) globally.'? The
absolute number of deaths and DALYs from all CNS-related diseases
between 1990 and 2016 have increased by 39% and 15%, respec-
tively.'” Dementia is one of the largest contributors to neurological
DALYs (~10.4%), with at least 50 million people believed to be living
with a form of dementia.'’ In 2017, it was estimated that ~792 million
people worldwide lived with a form of mental and/or behavioural ill-
ness.'"1® As the global population surges, the prevalence of CNS-related
disease will inevitably increase and as a result, there is a pressing need to
develop more effective treatment strategies.'®'3

Modern medicine has famously relied on natural product-based
therapeutics to treat CNS disorders due to the intimate relationship
between natural products and the human brain. A recent report esti-
mates that ~84% of approved drugs for the treatment of CNS diseases
are natural products or natural product inspired, and 400 clinically
approved CNS drugs can be traced back to 20 natural product scaf-
folds.'" Alkaloids are particularly well represented in this list; famous
examples used clinically include morphine, atropine, physostigmine,
papaverine and galantamine.
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E-mail address: j.sperry@auckland.ac.nz (J. Sperry).
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Pyridines are privileged scaffolds in medicinal chemistry'® and the
nitrogen atom in pyridine plays a crucial role in the pharmacological
profile of many drugs that contain this heterocycle.'® In this account, all
pyridine alkaloids that are active in the CNS are detailed, including the
array of terrestrial and marine sources from whence they originate, their
bioactivity and in some cases, their use as clinically approved therapies.
All pyridines, pyridones and pyridiniums are presented, but their benzo-
fused (e.g. quinolines) and saturated variants (e.g. piperidines) are not
covered herein. Pyridine alkaloids with CNS activity have been isolated
from plants, fungi, bacteria, amphibian and marine sources, and some
are present in a wide variety of life forms. This review has been struc-
tured along these lines accordingly.

2. Plant-derived
2.1. Nicotine

Tobacco is the dried leaves of Nicotiana tabacum, a plant belonging to
the Solanaceae (nightshade) family.'”*° The use of N. tabacum by
indigenous American Indians dates back ~8000 years, where the plant
was smoked in pipe ceremonies for therapeutic and ritualistic pur-
poses.?’ The use of Nicotiana plants was revealed to English explorers in
1565 and they began growing the plants commercially in 1612 in what is
now Virginia (USA).?° Tobacco consumption was first introduced to
Europe in the late 16th century for both recreational and medical use,
including the treatment of fatigue, abscesses, external wounds, nasal
blockages and syphilis.'” 2° In 1828, the major component responsible
for the psychopharmacological response to tobacco use, nicotine
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Fig. 1. Nicotine.

(Fig. 1), was isolated from dried N. tabacum leaves by Posselt and
Reimann.”! The chemical structure of nicotine was later established by
Pictet and Crépieux through total synthesis in 1895.?> Nicotine is also
present (albeit in lower amounts) in other genera of the Solanaceae
family, such as potatoes, tomatoes and green peppers.'®?’ Today,
N. tabacum is cultivated in over 120 countries worldwide, where it is
used to make cigarettes and as the source of nicotine for replacement
therapy (NRT).?® Many reviews on the biological activities of nicotine in
animals and a variety of cell systems are available.'”

Upon smoking tobacco, nicotine is carried to the lungs, where it
quickly enters the bloodstream and into the brain.'® The effects of
nicotine include heightened arousal, reduced stress and anxiety, energy
increase and enhanced pain thresholds.'” 2’ Nicotine has also been
shown to improve learning, problem-solving ability, reaction time, se-
lective attention and vigilance in those performing repetitive tasks.*°
These positive reinforcing effects induced from acute nicotine admin-
istration are critical factors in tobacco addiction.'”?" Nicotine binds to
nicotinic acetylcholine receptors (nAChRs), a group of cationic ligand-
gated ion channels found in both the peripheral nervous system (PNS)
and CNS.'” 2" There are three nAChR subtypes in the mammalian brain
(0x4p2-, a3p4- and o7-nAChRs); the most predominant subtype in
humans, a4p2-nAChR, is where nicotine displays the highest binding
affinity (K; < 1 nM), and is a full agonist at this site.'” >’ The binding
affinity for nicotine at the a3p4-nAChR (K; = 530 nM) and the a7-nAChR
(K; = 6290 nM) are much weaker than at the oc4[32—nAChR.20 Nicotine
binds as a full agonist, opening the ion channels and stimulating cation
influx (e.g. sodium, potassium and calcium) to induce the release of
multiple neurotransmitters including dopamine, serotonin (5-HT),
norepinephrine, acetylcholine (ACh), y-aminobutyric acid (GABA),
B-endorphins and glutamate into the mesolimbic area, the corpus
striatum and the frontal cortex.'” % In particular, the release of dopa-
mine in the mesolimbic system leads to the rewarding effects associated
with nicotine use.'®?° Picciotto and Zoli have demonstrated that
knocking out the a4f2-subunit gene in rats eliminated the effects of
nicotine and the release of dopamine.?”* In related studies, the a3p4-
NAChR is implicated in the cardiovascular effects of nicotine?>** and the
o7-nAChR is involved in learning, memory and sensory gating.”*>°

Systematic nicotine administration increases the levels of opioid
peptides in the nucleus accumbens, leading to analgesic effects.’**® In
vivo experiments have demonstrated that the reinforcing effects of
nicotine in mice were eliminated upon co-administration with
naltrexone (a non-selective opioid receptor antagonist); mice with their
p-opioid receptor gene removed exhibited reduced analgesic effects
upon nicotine administration, suggesting endogenous opioids are
involved in the rewarding properties of nicotine.?® In more recent
studies, it was proposed that nicotine also binds to N-methyl-D-aspartate
(NMDA) receptors, causing a release of dopamine in the nucleus
accumbens.?”*” Upon acute nicotine administration in rats, the levels of
glutamate were increased in the ventral tegmental area due to the
activation of nAChRs located pre-synaptically on the glutamatergic
nerve terminals.”” The increase of glutamate induces firing of dopami-
nergic neurons and thus elevates dopamine levels.””?” However, when
dizocilpine (a non-competitive NMDA receptor antagonist) was co-
administered, the effects of nicotine were attenuated, inferring that
the nicotine-NMDA receptor interaction is indeed important for the
addictive properties of nicotine.?’

Tobacco addiction is a huge global health concern, causing >7
million smoking-related deaths worldwide in 2017.%° The World Health
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Organization (WHO) has reported that >1.3 billion people smoke to-
bacco daily, and the cost for the treatment of nicotine related health
conditions in the USA is ~US$155 billion per annum.?° Pure nicotine is
used in NRT as a smoking cessation agent to help abate tobacco with-
drawal.'”2*?° Nicorette® was approved as an NRT by the US Food and
Drug Administration (FDA) in 1984 as a patch, gum, tablet and spray
that enables controlled levels of nicotine to be administered during
smoking cessation.’”?? There is some evidence that nicotine consump-
tion reduces the risk of developing neurodegenerative diseases (e.g.
Parkinson’s disease)’’ and mood disorders (e.g. anxiety and depres-
sion).>! Recently, preliminary investigations have reported lower rates
of SARS-CoV-2 (COVID-19) infection among smokers.>> >4

Several natural products structurally related to nicotine have also
been isolated from a variety of sources; many reviews on their biological
activities are available, thus only key points relevant to the subject of
this account are included herein.

2.2. Nornicotine

Nornicotine (Fig. 2) is a minor peripheral metabolite of nicotine in
various mammal species (e.g. humans, monkeys and rodents).*>*® This
pyridine alkaloid possesses a demethylated pyrrolidine ring and was
extracted from N. glutinosa by Ehrenstein in 1931.%” Subsequent
phytochemical studies revealed that nornicotine is also present in many
Nicotiana species and is one of the three most abundant minor alkaloids
produced in N. tabacum, alongside anabasine (Fig. 3) and anatabine
(Fig. 4).°8-40 Kisaki and Tamaki established that both S-(—)- and R-
(+)-nornicotine are present in N. tabacum L.

Nornicotine displays significant agonist properties at nAChR sub-
types in the CNS.*>*? Dwoskin and co-workers have demonstrated that
nornicotine evokes the release of dopamine by stimulating nAChRs from
the dopaminergic presynaptic terminals in a concentration dependent
manner.*” Both mecamylamine and dihydro-p-erythroidine (nonselec-
tive nAChR antagonists) inhibited the [*H]-overflow effect of nornico-
tine (<100 pM) on rat striatal slices with preloaded [3H]-dopamine.42
However, the inhibitory activities of both nAChR antagonists were not
observed when the nornicotine concentration was increased (>100 pM),
suggesting a nAChR-mediated mechanism was involved.*” The effect of
(—)-nornicotine on dopamine release was greater than the (+)-enan-
tiomer at concentrations 1, 10 and 100 pM, indicating the mediated
nAChR subtype is more sensitive to the (—)-enantiomer.** Subsequently,
Papke and co-workers demonstrated that nornicotine is more potent at
the rat a7-nAChR (ECs¢ = 17.4 umol/L) than at the a4f$2- (ECs9 = 375
pmol/L) and a3p4- (ECso = 614 pmol/L) subtype receptors.® These
findings imply that nornicotine contributes to the neuropharmacological
effects of tobacco smoking via a nicotinic receptor stimulation,*>*?

2.3. Anabasine

Another of the three abundant minor alkaloids found in Nicotiana
plants, anabasine (Fig. 3), was first isolated from the toxic Asian plant
Anabasis aphylla by Orechoff and Menschikoff in 1931;°%%3% jts
chemical structure was established by Smith in the same year through
total synthesis.*> Anabasine, a pyridine-piperidine alkaloid structurally
related to nicotine, occurs as a racemic mixture in Nicotiana plants and is
the predominant alkaloid in N. glauca (also known as Tree Tobacco)
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Fig. 2. (—)- and (+)-Nornicotine.
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Fig. 4. (-)- and (+)-Anatabine.

3846 small traces of anabasine have also been detected in hop-

43,47

leaves;
lonemertines, Messor and Aphaenogaster ants.

Stereochemical integrity is an important pharmacological factor in
determining specific biological activities of chiral natural products, and
enantiomers often exhibit significant differences in their biological
properties.*® The binding affinities (K;) and the agonist potencies (ECsq)
of the two anabasine enantiomers at rat a4p2- and a7-nAChRs were
examined. Using nicotine (K; = 0.0056 uM; ECs9 = 19 uM) as a com-
parison, in vitro experiments have demonstrated that (—)-anabasine is a
more potent agonist at the a7-nAChR (K; = 0.39 uM; ECsp = 18 uM) than
at the a4p2-receptor (K; = 1.1 uM; ECs¢ > 30 uM); however, (+)-ana-
basine binds more selectively at the a4p2-nAChR (K; = 0.91 uM) than at
the a7-receptor (K; = 3.7 uM).*® Subsequent toxicity analysis showed
that (4)-anabasine (LDsg = 11 mg/kg) is more toxic than (—)-anabasine
(LDsp = 16 mg/kg), implying that the stereochemistry affects both
pharmacological activities and lethality.*°

2.4. Anatabine

Anatabine (Fig. 4) is the second most abundant alkaloid (~4%)
present in Nicotiana species.>®*® This alkaloid was first isolated from the
leaves of N. tabacum by Spath and Kesztler in 1937, who also established
the chemical structure through total synthesis.” Anatabine is a
pyridine-dihydropyridine structurally related to anabasine.*® Subse-
quent studies reported that anatabine exists as an 85:15 scalemic
mixture of (—)- and (+)-enantiomers in Nicotiana species.50

The binding affinities (K;) of (—)- and (+)-anatabine were evaluated
at rat a4p2-nAChR by displacement of [°H]-cytisine radioligand binding
using anabasine and nicotine as comparisons.*® Kem and co-workers
demonstrated that (+)-anatabine (K; = 119 nM) exhibited a higher
binding affinity than (—)-anatabine (K; = 249 nM), ~8- and 4-fold more
potent than anabasine (K;j = 910 nM) respectively;48 the nicotine K;
value was found to be ~2 nM.*® In the same study, the agonist potency
(ECsp) and ACh stimulation efficacies (Ihax) of both anatabine enantio-
mers at human a4p2- and o7-nAChRs were also examined.*® At the a4p2-
subtype receptor, (—)-anatabine (ECsy = 2.65 uM; Ihax = 43.2%) was
~2-fold more efficacious than (+)-anatabine (ECsg = 0.74 uM, [phax =
25.0%); much higher efficacies were observed at the a7-receptors for
both (—)-anatabine (EC5¢9 = 69.7 uM; Ihax = 113%) and (+)-anatabine
(ECs0 = 51.8 uM; Imax = 105%).%® These findings suggest that anatabine
is a selective and potent ligand at «7-nAChRs.*® Recent publications
have reported that anatabine also lowers the production of -amyloid in
human brain cells*®>! and enhances memory and attention dysfunction
in rats,*®°? suggesting that anatabine may represent a potential thera-
peutic candidate for dementia disorders such as Alzheimer’s disease
(AD), #8515
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2.5. N-Methylanatabine

An N-methylated anatabine isomer, N-methylanatabine (Fig. 5), was
isolated from the leaves of N. tabacum by Spath and Kesztler in 1937;°
its chemical structure was affirmed through total synthesis in the same
study.”® Although structurally similar to nicotine and anatabine, studies
on the biological activities of N-methylanatabine are scarce in the cur-
rent literature database. The interactions of N-methylanatabine and
monoamine oxidase (MAO) A and B were evaluated by Castagnoli and
co-workers;”* the group established that N-methylanatabine did not
produce any significant changes of MAO-A and B activities in rat brain
upon administration (data not shown).”* In 2020, McHugh and co-
workers re-examined the therapeutic potential of N-methylanatabine
through an electrophysiological characterization test using Xenopus oo-
cytes expressing the human a4p2-nAChRs.” The agonist potency (ECsg)
and the maximal receptor response (Iax) of N-methylanatabine (ECso =
6.2 uM; Iy = 26%) at the human o4p2-receptor were ~8- and 6-fold
less active than nicotine (ECsg = 0.8 puM; Iax = 159%) 1respectively.55

2.6. Cotinine

Cotinine (Fig. 6), often used as a biomarker for tobacco exposure, is
the major peripheral metabolite of nicotine with a half-life of 19-24 h in
many animal species (including humans).®°° Between 70% and 80% of
the nicotine consumed by humans is oxidized to cotinine by cytochrome
P450 2A6 (CYP2A6) and cytoplasmic aldehyde oxidase.”” °° The
chemical structure of cotinine was initially proposed by Pinner®’ in 1893
and later confirmed by Frankenburg and Vaitekunas®! in 1957 through
oxidative degradation. Subsequent phytochemical investigations
revealed that cotinine is also present in Nicotiana plants (e.g.
N. tabacum)®' and Duboisia hopwoodii.(’2 Several reviews and studies on
the pharmacological properties of cotinine are available,®®°8:59.63.64

Cotinine crosses the blood brain barrier and acts as a low affinity
nAChR agonist at brain receptors.”’®> Vainio and co-workers demon-
strated that cotinine displays weak binding affinity (K;) and agonist
potency (ECsp) at rat brain nAChRs labelled with [3H]-epibatidine when
compared with nicotine.®® Cotinine (K; = 3.0 uM; ECso = 21 uM) was
~270-fold less active than nicotine (K; = 11 nM; ECsg = 77 nM) at
competing for nAChRs binding sites with [3H]—epibatidine (250 pM)
from rat frontal cortex;®° a similar pattern was observed in rat hippo-
campus cells (data not shown).®® These findings indicated that cotinine
exhibits weak binding potency to nAChRs in the CNS and mediates its
various pharmacological effects upon voluntary nicotine
administration.®®

In a subsequent study, the specific receptor subtype that cotinine
primarily acts on was examined by Terry Jr and co-workers.®® More than
seventy neurotransmitter receptors, transporters and enzymes
(including dopamine D;_4, adrenergic al-2, GABAj g, glutamate, hista-
mine Hj.3, muscarinic acetylcholine receptor M;_s, opioid, acetylcho-
line;.7, Ca/K/Na channels, nitric oxide, bradykinin, neurokinin and
acetylcholinesterase) were screened; it was found that cotinine was
relatively inactive (<50% inhibition at 10 pM) across a wide range of
pharmacological targets.> However, cotinine (1 puM) significantly
enhanced the responses evoked by low concentrations of ACh (<40 uM)
in Xenopus oocytes expressing the human a7-nAChRs, inferring an
interaction of cotinine with the a7-receptor.’®®® Subsequent behav-
ioural studies also showed that cotinine (1.0-10 mg/kg) increased the
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Fig. 5. N-methylanatabine.
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Fig. 6. Cotinine.

exploration time in rats when it was co-administered (intraperitoneal
injection) with donepezil (0.5 mg/kg).®® Although completely inactive if
given alone, cotinine could be considered an adjunctive therapeutic
agent to improve the effective dose of cholinergic medications (e.g.
donepezil) commonly used for AD and other memory dis-
orders.”®°%%3-%5 Echeverria and co-workers demonstrated that cotinine
(5 mg/kg) enhances extinction of a contextual fear memory upon acute
administration in rats by at least 20%, suggesting the potential thera-
peutic value for memory improvement and post-traumatic stress disor-
der (PTSD).® Working memory performance and depressive behaviours
were improved when cotinine (0.03-10 mg/kg) was administered in
normal and MK801- (an NMDA receptor antagonist used to mimic psy-
chotic symptoms) impaired animal models (e.g. rats and monkeys),(’(”67
thus implicating cotinine as a potential therapeutic agent for attention
deficit hyperactivity disorder (ADHD) and neuropsychiatric disorders (e.
g. anxiety, depression and psychosis).”®°%” It was also shown that
cotinine is efficacious in treating dementia-related memory impair-
ments;*® cotinine (0.1 uM) reduces f-amyloid (AB) neurotoxicity in
primary cortical neurons and prevents working memory loss by
decreasing the AP aggregation and plaque deposition in memory
impaired rats.®® These findings indicate that the neuroprotectivity and
the absence of toxicity exhibited by cotinine is due to its agonist prop-
erty at the «7-nAChRs. ®°%%3-58 Cotinine (1 uM-3 mM) has also been
shown to evoke the release of dopamine by stimulating the a7-nAChRs
in a calcium-dependent manner in rat striatum;®’ the levels of serotonin
and noradrenaline in rat brains increased when cotinine (2 mg/kg) was
given in repeated doses,”” suggesting potential use as an antidepressant
agent through activation of a7-nAChRs.”® Taken together, cotinine
displays a safer therapeutic profile than nicotine due to its much longer
half-life and a lower risk of abuse.”®°%°%6456-68 Cotinine induces pos-
itive changes in synaptic plasticity which warrant further investigations.

2.7. DINIC

In a phytochemical study attempting to discover new minor tobacco
alkaloids in Nicotiana plants, a nicotine derivative consisting two 1-
methyl-2-pyrrolidiny]l moieties attached to a central pyridine scaffold
was isolated from dried N. tabacum roots by Crooks and co-workers;”"
structural elucidation was affirmed by total synthesis and this 3,5-dini-
cotine alkaloid was consequently named DINIC (Fig. 7) due to the
presence of the two N-methylpyrrolidine rings.”’ The pharmacological
activities of DINIC was investigated by evaluating its ability to displace
the binding of [3H]-nicotine and [°H] -methyllycaconitine at rat a4p2-
and a7-nAChRs respectively.”! DINIC displayed potent binding affinity
(K; = 1.18 uM) and inhibited the effect of [®H]-nicotine at the a4p2-
nAChR in the [3H]-dopamine release assay (<64% inhibition at 100
nM);”! no inhibition on [*H]-methyllycaconitine binding at the a7-
nAChR was observed, indicating that DINIC is selective for the a4p2-
receptor.”’

Fig. 7. DINIC.
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2.8. Metanicotine

Metanicotine (Fig. 8), also known as Rivanicline, TC-2403 and RJR-
2403, is a nicotine alkaloid examined as a potential therapeutic candi-
date for the treatment of neurodegenerative disorders, including
AD.”>7% The chemical structure of metanicotine was first assigned by
Pinner in 1895 through the degradation of nicotine.”* In 1953, Wahl
reported the natural occurrence of metanicotine as the biological
degradation of nicotine upon its isolation from fermented tobacco.””
Subsequent phytochemical studies revealed that metanicotine is also
present in Solanaceae plants (e.g. N. tabacum and D. hopwoodii)®*”® and
tobacco smoke.””

The pharmacological properties of metanicotine in the CNS were
characterized by Bencherif and co-workers in 1996.”%” The in vitro
receptor binding studies using [>H]-nicotine radioligand displacement
showed a high binding affinity exhibited by metanicotine at the a4f2-
nAChRs in rat brains (K; = 26 nM);72’78 at other receptor sites (i.e.
angiotensin II, cholecystokininy g, endothelin ET g, muscarinic acetyl-
choline receptor M;j 3, histamine Hs, bradykinin B,, leukotriene By,
neurokinin NK, phencyclidine, neuropeptide Y,, thromboxane A,,
dopamine D3 4, NMDA, 5-HT;5 3 and sodium channel 2), metanicotine
was a poor competitive inhibitor and failed to displace [>H]-nicotine
ligand (IC5p > 10 uM).72’78 The potency (ECsp) and efficacy (Epax) of
metanicotine in evoking [8°Rb*] release from rat thalamic synapto-
somes (ECso = 732 nM; Epax = 79%) were slightly less active than
nicotine (EC59 = 591 nM; Epax = 87%) when compared with the full
agonist tetramethylammonium at 300 yM.”>’® The ability of meta-
nicotine to induce dopamine release from rat striatal synaptosomes
(ECs0 = 1.2 pM; Epax = 81%) is equally efficacious and potent as ABT-
418 (ECs50 = 1.1 pM; Epax = 91%), a neuroprotective anxiolytic agent
used in the treatment of AD and ADHD; but ~10-fold less potent than
nicotine (ECsg = 100 nM; Epax = 113%).7%78

In the subsequent in vivo study, metanicotine (3.6 umol/kg; subcu-
taneous administration) significantly increased the levels of ACh,
dopamine, norepinephrine and serotonin in rat cortex by 190%, 150%,
150% and 170% respectively.”>’® The agonist properties of meta-
nicotine were evaluated in Xenopus oocytes expressing the rat a4 and 2
subunits using nicotine and ACh for comparison. At concentrations of 10
and 100 pM, metanicotine produced a higher peak activation (492%)
than both nicotine (333%) and ACh (242%), suggesting that meta-
nicotine is a highly potent agonist at the a4p2-nAChR.”>”® The physi-
ological and behavioural profiles of metanicotine administration were
investigated using the passive avoidance test, water-navigation perfor-
mance and radial arm maze performance in rats.”>”® Metanicotine (0.6
umol/kg; subcutaneous injection) significantly reversed the amnesic
effects induced by scopolamine (0.5 umol/kg; subcutaneous injection) in
rats by ~50%; oral administration of metanicotine (0.3-3.0 umol/kg)
decreased the mecamylamine-induced amnesia by 40-50%; both long-
(reference) and short-term (working) memory of rats whose forebrain
cholinergic projection system impaired by ibotenic acid (10 mg/mL)
were improved upon metanicotine administration (0.36, 0.72 and 1.4
umol/kg) by ~2- to 8-fold.”*”® Acute toxicity studies indicated that
metanicotine is much less toxic than nicotine after single or repeated
doses in rats and dogs (LDsg = 1.8 mol/kg).”>’® These preclinical studies
suggested that metanicotine is a potent and selective a4p2-nAChR
agonist; its safer physiological and more desired behavioural profiles
prompted further investigation.”*’® Metanicotine (as RJR-2403) was
originally developed as an orally available medication for the treatment
of neurodegenerative disorders (e.g. AD) by RJ Reynolds Tobacco Co.
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Fig. 8. Metanicotine.
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(USA).”%80 However, the development was discontinued in the pre-
clinical phase in 2001 due to undesired adverse effects.”’ Subsequently,
metanicotine (as TC-2403) was examined for ulcerative colitis (a chronic
inflammatory bowel disease) due to its ability to inhibit the production
of Interleukin-8.%° Clinical trials of metanicotine were advanced into
phase II as an enema formulation in 2003; a phase II placebo-controlled
trial with 200 ulcerative colitis patients was carried out but unsatisfac-
tory primary efficacy resulted in the discontinuation of the trial in
2005.7%%Y No published reports on the efficacy or pharmacokinetics of
metanicotine in humans is currently available.®

2.9. N-Hydroxybenzylanabasine

Alangium chinense (Lour.) is a Chinese deciduous shrub commonly
used in traditional Chinese medicine.®! Powdered A. chinense roots were
found to contain (2S)-N-hydroxybenzylanabasine (Fig. 9), an N-
substituted analogue of anabasine. Subsequent biological activity in-
vestigations indicated that (2S)-N-hydroxybenzylanabasine displayed
moderate neuritis inhibitory properties against microglial nitric oxide
inflammation (ICso = 6.7 pM) when compared with curcumin (positive
control; IC5g = 3.1 pM).81

2.10. Anabasamine

An alkaloid named anabasamine (Fig. 10), possessing a 2,3'-bipyr-
idyl scaffold bonded to a piperidine ring, was isolated from the seeds of
Anabasis aphylla (Central Asian shrub) by Mukhamedzhanov and co-
workers in 1967.%% In a subsequent phytochemical study investigating
the inhibition of cholinesterases, anabasamine was found to exhibit
weak but selective anti-acetylcholinesterase properties.>> The binding
affinity (K;) of anabasamine at human blood erythrocyte acetylcholin-
esterase was ~8.6-fold more effective than at horse blood serum
butyrylcholinesterase (51 uM vs 440 pM).83

2.11. Cytisine and its derivatives

Plants belonging to the Leguminosae family, such as Cytisus, Laburnum
and Sophora, have been used in traditional medicine for hundreds of
years.®*®° American Indians are known to have consumed the seeds of
L. anagyroides (also known as Cytisus laburnum) for their purgative and
emetic effects during rituals; traditional European medicine used alco-
holic extracts of Cytisus plants for constipation, migraine and insomnia;
the leaves of L. anagyroides were used as tobacco substitute during World
War 11848 In several phytochemical studies examining the biological
active secondary metabolite of L. anagyroides,””°" the aqueous extract of
the seeds was found to contain cytisine (Fig. 11), a quinolizidone alka-
loid fused to a bispidine ring with absolute configuration later assigned
as 1R,5S through stereoselective total synthesis.”” Subsequent isolation
studies have demonstrated that cytisine is present in multiple genera of
the Leguminosae family, and is most abundant in the seeds of these plants
(between 59% and 80%).” %° Pure cytisine has been used as a respi-
ratory analeptic, diuretic and an insecticide in Europe.®*® Several
detailed reviews on the biological properties of cytisine and its thera-
peutic applications are available.5*%°

The binding affinity (Kp) and the maximum number of binding sites

HO

Fig. 9. (25)-N-hydroxybenzylanabasine.
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Fig. 10. Anabasamine.
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Fig. 11. Cytisine and Varenicline.

(Bmax) of cytisine at nAChRs have been examined in whole rat brains.”®
Cytisine has a significantly higher binding affinity (Kp = 0.145 nM)
when compared with nicotine (Kp = 0.89 nM); with a similar binding
density between the two compounds (Bpax = 99.1 and 114.5 fmol/mg,
respectively).”® Cytisine displays a million-fold binding specificity for
nAChRs (K; = 0.16 nM) over muscarinic acetylcholine receptors (K; >
400 uM).5*%° Cytisine binds with high density in the thalamus of both
rat and human brain, where the a4p2-subtype is the predominant
nAChRs.”® Cytisine was subsequently shown to selectively bind at the
a4p2-nAChR (K; = 0.17 nM) in rat brain cells, with ~6-fold greater
specificity than nicotine (K; = 0.95 nM);’>°7 at the a3p4- and a7-subtype
receptors, the binding affinity of cytisine were 840 nM and 4200 nM
respectively.w‘98 However, at 10 uM concentration, the agonist potency
of cytisine at a4p2-subtype receptor was only 56% relative to nicotine,
inferring that cytisine is a partial 04p2-nAChR agonist.”® Coe and co-
workers”® reported that the agonist potency of nicotine was reduced by
30% upon co-administration with cytisine, indicating that cytisine
partially antagonizes the agonist effect of nicotine. Taken together, these
findings established that cytisine is a selective, low-efficacy partial a4p2-
NAChR agonist.®*® The effect of cytisine on dopamine release in rat
striatum has also been studied.”” Dopaminergic toxicity caused by oxi-
dopamine (6 pg; a selective neurotoxin that destroys dopaminergic
neurons in the brain) was significantly attenuated when the rats were
pre-administered with cytisine (2 mg/kg), whilst the amount of dopa-
mine expression in substantia nigra was increased from 30% to 60%.°°
The neuroprotective properties displayed by cytisine may be beneficial
in neurodegenerative disorders.®* %1% 1p a related study, Picciotto
and co-workers observed antidepressant-like properties of cytisine in
mouse models.'’’ Upon cytisine treatment (1.5 mg/kg), mice showed
similar acute antidepressant-like responses in the tail suspension and the
forced swim tests when compared with mecamylamine (a nonselective
nAChR antagonist that has shown antidepressant effects), inferring that
the antidepressant-like efficacy of cytisine is a result of its partial agonist
property in which it competitively inhibits ACh signalling through a4p2-
nAChRs. 84101

Given that cytisine is a selective a4p2-nAChR partial agonist that
induces dopamine release and displays antidepressant-like effects, it
became a therapeutic candidate as a smoking cessation agent.®*5%100
Cytisine acts as a competitive antagonist in the presence of nicotine,
attenuating nicotine’s effect at a4p2-nAChR by shielding nicotine-
induced dopaminergic activation and therefore limiting the rewarding
effect from tobacco consumption; in the absence of nicotine during
smoking cessation, cytisine behaves as a partial agonist and increases
dopamine levels in the brain, dampening nicotine withdrawal symptoms
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that include irritability, depression, insomnia and fatigue.®> %1% Un-
systematic clinical trials during the 1960 s and 1970 s in Central and
Eastern Europe suggested that cytisine maintains smoking abstinence
superior to placebo® %%%% and as a result, cytisine was marketed in pill
form (Tabex®) in 1964 to treat smoking dependence in Bulgaria, East
Germany, Poland and Russia.®>®° However, cytisine displays low effi-
cacy due to limited crossing of the blood-brain barrier;**#%1%0 it was
also reported to cause adverse effects, including nausea, vomiting and
sleep disorders.®>7%% Therefore, the use of cytisine as a smoking
cessation aid in humans is not approved by the FDA or the European
Union (EU), but is still available in some European countries. 489100
Cytisine served as the lead compound for the development of a more
efficacious a4p2-nAChR partial agonist for smoking cessation, which led
to the development of Varenicline (Fig. 11) by Pfizer, approved by the
FDA in 2006 for the treatment of nicotine addiction and smoking
cessation.®* 8998100 yarenicline displays a selective binding affinity (K;
= 0.06 nM) and potent partial agonist activity (ECsg = 3.1 uM) at the
a4p2-nAChR in rats; dopamine release in rat brain was reduced by 45%
upon co-administration of nicotine and varenicline.”® Full scale clinical
trials indicated that varenicline possesses a similar partial agonist profile
at the o4p2-nAChR as cytisine in humans.®*®>%%1% Nausea and
insomnia are the two most common side-effects in the first month of
treatment, occurring in ~30% and ~26% of patients respectively, but
these mostly subside upon extended administration and/or dose titra-
tion.'°® Varenicline displays a greater efficacy than bupropion (an
atypical antidepressant and nicotinic receptor antagonist) and NRTs in
sustaining abstinence from smoking.®*'% It is worth noting that early
postlaunch surveillance and meta-analysis advised potential neuropsy-
chiatric and cardiovascular conditions associated with varenicline use,
but subsequent clinical studies revealed that the probability of these
adverse events is low in patients that do not have a pre-existing psy-
chiatric condition, such as depression, anxiety or schizophrenia. '’
3-Hydroxy-11-norcytisine (Fig. 12) is a 5-membered ring skeletal
congener of cytisine isolated from the Leguminosae family.'°>'%° It was
extracted from the seeds of L. anagyroides in 1989 by Hayman and
Gray,'?” but has received little attention in the pharmacology library
despite its obvious structural and potential biosynthetic relationship
with cytisine.'*® Almost two decades later, Yohannes and Bhatti exam-
ined the biological activities of 3-hydroxy-11-norcytisine at rat a4p2-
and «7-nAChRs.' % The binding affinity (K;) of 3-hydroxy-11-norcytisine
was ~35000- and ~153-fold less effective than cytisine at a4p2- (14 uM
vs 0.4 nM) and o7-nAChRs (260 uM vs 1.7 uM), respectively.'® The
subtle structural differences in these natural products clearly results in
large discrepancies in binding at the nicotinic receptors.'%

The Ormosia genus of the Leguminosae contains pyridine alkaloids
structurally related to cytisine.'®* The roots of O. hosiei contain hosieines
A and B, whilst the stems contain hosieines C and D (Fig. 13).19% These
cytisine-type alkaloids comprise a structurally unprecedented 2-azabicy-
clo-[3.2.1]-octane ring system. The binding affinity and agonist potency
of hosieines A-D at the a4p2-nAChR were examined using a [*H]-cyti-
sine displacement assay.'’* Hosieine A was found to have the most
potent binding affinity at a4p2-nAChR, with nanomolar potency ~5-fold
stronger than nicotine,'**

2.12. Huperzines

Abundant throughout China, Huperzia serrata is a plant renowned for
its diverse therapeutic applications in traditional Chinese medicine,

NH 0

——N OH
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Fig. 12. 3-Hydroxy-11-norcytisine.
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including the treatment of contusions, swellings, pain and schizo-
phrenia.'%"'% In a phytochemical study examining the bioactive sec-
ondary metabolites of H. serrata, the aqueous extract of dried H. serrata
was found to contain huperzine A (Fig. 14), an alkaloid comprising an
unusual bicyclo[3.3.1] ring system fused with an ethylidene group and a
2-pyridone moiety.''® Much effort has focused on the extraction of
huperzine A from other plants due to the limited quantity available from
H. serrata.'>'%° Huperzine A has also been isolated from Lycopodiaceae
and Selaginellaceae families, but also in poor yield; Phlegmariurus car-
inatus and P. mingcheensis of the Huperziaceae family have been reported
to produce the highest yields of huperzine A.''"''? Several detailed
reviews on the therapeutic potential of huperzine A are available.'*> 1%

The cholinesterases (ChE) are a family of enzymes present in the CNS
that break down choline-based esters.''*'1* Two types of ChE have been
characterized; acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE)."'® AChE specifically hydrolyzes ACh into choline and acetic
acid to avoid over-stimulation in post-synaptic nerves; BuChE (also
known as pseudocholinesterase) is a nonspecific ChE that breaks down
different choline-based esters.''>!'* ACh is a neurotransmitter found
predominantly in the human brain and has an important role in arousal,
attention, memory and motivation.''* AD patients have lower ACh
levels due to age related degeneration of their cholinergic system and/or
brain injuries.''® The cholinergic hypothesis of AD suggests a strategy to
treat neurodegeneration is to restore ACh deficiency.''* Therefore,
AChE inhibitors are served as cognition enhancing agents to treat pa-
tients with mild to moderate AD, including tacrine, donepezil, physo-
stigmine and rivastigmine.113 114

The inhibitory activity of huperzine A has been examined against
both AChE and BuChE in vitro.''® The inhibitory activity on AChE
induced by huperzine A (IC5p = 0.082 uM) was slightly more potent than
tacrine (a nonselective ChE inhibitor; IC5y = 0.093 uM), but ~8-fold
weaker than the drug donepezil (a selective AChE inhibitor; ICsg =
0.010 pM)."'® The inhibitory activity on BuChE induced by huperzine A
(ICs09 = 74.43 uM) was ~15 and ~1000-fold less potent than donepezil
(ICs0 = 5.01 pM) and tacrine (ICsp = 0.074 pM) respectively.HS These
findings indicated that huperzine A displays high selectivity for AChE
over BuChE.'%°19%115 Ora] administration of huperzine A to rats led to
significant inhibition of AChE (16% inhibition at 1 umol/kg), ~15 and
140-fold more potent than donepezil (9% inhibition at 8 umol/kg) and
tacrine (7% inhibition at 60 pmol/kg), respectively.''® However, upon
intracerebroventricular (ICV) injection, the anti-AChE activity of
huperzine A (21% inhibition at 0.066 pmol/kg) was ~3-fold less potent
than donepezil (35% inhibition at 0.038 umol/kg) but ~2-fold stronger
than tacrine (11% inhibition at 0.068 umol/kg), a pattern similar to the
in vitro results.''® The different administration routes clearly affect the
bioavailability of huperzine A, with the ICV route facilitating access to
the brain.' 9197115 In a subsequent in vivo experiment, the level of ACh
in the whole rat brain upon huperzine A administration was also
measured.''® Huperzine A displayed the most prolonged increase in ACh
level when compared with donepezil and tacrine, lasting for at least 6 h
after administration.’'®> Moreover, the activity of choline acetyl-
transferase and the level of choline did not change, indicating that the
increase of ACh level was not a result of an increase in ACh synthe-
sis. 108109115 A clear inverse relationship was observed between AChE
activity and ACh level, further confirming that the increase was medi-
ated through the AChE inhibition induced by huperzine A.''® Given that
the lack of ACh in the brain is a common symptom in AD patients, the
high binding specificity to AChE of huperzine A suggests therapeutic
potential.'%>1%%

The effect of huperzine A on glutamate-induced neuron toxicity was
investigated by Ved and co-workers.''® Neurons derived from rat em-
bryonic forebrain were treated for 45 min with either 100 pM glutamate,
100 nM huperzine A or a mixture of 100 nM huperzine A and 100 uM
glutamate. Neuronal cell death caused by glutamate-induced toxicity
was found to be ~55% upon treatment with glutamate alone, which was
~50% greater than the group treated with huperzine A alone. Treatment
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Fig. 13. Hosieines A-D with their binding affinities (K;) and inhibitory concentration (ICso) at the human a4$2-nAChR.
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Fig. 14. Huperzine A.

with both huperzine A and glutamate resulted in a ~30% neuron death,
suggesting that huperzine A had partially suppressed the glutamate-
induced toxicity in neurons.'>1°%!1® In the same study, the effect of
huperzine A on calcium mobilization was also investigated.''® Neurons
derived from embryonic forebrain were exposed to 10 uM of either
glutamate or Bay-K8644 (a potent calcium channel agonist), followed by
huperzine A (100 nM) and the level of evation was measured. Upon
huperzine A treatment, the glutamate-induced calcium mobilization was
reduced from 811 to 668 nM, but a minimal effect was observed in the
neurons that were exposed to Bay-K8644 (calcium elevation: 505 nM vs
521 nM)."'° These results inferred that huperzine A acts on glutamate
receptors to exert neuroprotective properties on glutamate-induced
toxicity. 105109116

Studies examining the effect of huperzine A on the NMDA receptor,
an ionotropic glutamate receptor that controls synaptic plasticity and
memory function, have also been performed.'!” Huperzine A (100 uM)
did not inhibit the binding of [3H]—glutamate (an agonist that binds to
the NMDA agonist site), [®H]-selfotel (an antagonist that binds to the
NMDA agonist site), [3H]—dichlor0kynurenic acid (an antagonist that
binds to the NMDA glycine regulatory site) or [°Hl-ifenprodil (an
antagonist that binds to the NMDA polyamine regulatory site);''”
however, both [*H]-dizocilpine and [3H]-thienylcyclohexylpiperidine
(non-competitive antagonists that bind to the NMDA ion channel) were
displaced by huperzine A at K; = 5.6 and 9.5 uM respectively, indicating
that huperzine A interacts with NMDA receptor by binding to the ion
channel via a non-competitive inhibition mechanism.'*>%%!'” The
NMDA-induced neuronal toxicity was prevented as the survival rate of
cell culture increased from 35% to 85% upon pre-treatment with
huperzine A.''” Thus, huperzine A is a potent non-competitive NMIDA
ion channel antagonist and exerts neuroprotective properties by block-
ing NMDA-induced toxicity in neuronal cells.'?> %117

The effect of huperzine A on cognitive enhancement has been
examined in several animal models (e.g. rats, chicks and mon-
keys). 05199118 Tang and co-workers demonstrated that both working
and reference memory deficits induced by scopolamine (a mAChR

antagonist commonly used to induce cognitive deficits) were signifi-
cantly improved upon huperzine A administration.'°®!%%11® The im-
provements were more pronounced on working memory than on
reference memory.''® Upon oral administration to aged rats, huperzine
A was ~3.5 and 9-fold more potent at ameliorating memory impair-
ments than donepezil and tacrine respectively, in agreement with the
results reported by Tang and co-workers.''° In a subsequent study, the
cognitive enhancement induced by huperzine A was investigated on
memory deficits induced by both scopolamine and GABA in chicks.' '’
The results revealed that huperzine A was able to reverse the memory
disruptions caused by scopolamine and GABA, suggesting huperzine A
improved memory formation processes through both AChE inhibition
and GABA receptor antagonism.'°®!'° Cai and co-workers also estab-
lished that huperzine A (0.01 mg/kg; intramuscularly) significantly
improved the spatial working memory impairments induced by cate-
cholamine depleting agent reserpine (0.1 mg/kg; intramuscular) in
monkeys.lzo The results revealed an inverted U-shaped dose-response
pattern, inferring that huperzine A putatively improves the working
memory deficits through an adrenergic mechanism.'%%120

The LDs of huperzine A lies between 2 and 4 mg/kg in female rats
and >4 mg/kg in male rats.' %1%’ Huperzine A is less toxic and induces
less adverse effects than classic AChE inhibitors that are currently used
to treat AD (e.g. donepezil and tacrine).!’®'% Memory tests that are
used to measure the progression of AD are applied in clinical trials to
assess the performance of a treatment;'°®!%® clinical trials performed in
China used these memory tests (e.g. mini-mental state evaluation,
memory quotient and AD assessment scale-cognitive section) to evaluate
the efficacy of huperzine A in the treatment of patients suffering from
age related memory dysfunction or dementia.'’>'%° Huperzine A
reportedly led to significant cognitive enhancement in these patients
and as a result, the China Food and Drug Administration (CFDA)
approved huperzine A (0.2 mg; twice daily) to treat the cognitive
symptoms of AD.'%>%® However, the lack of randomization in these
clinical trials and evidence-based literature on the safety and efficacy
have prevented medical approval outside China.'® % Interestingly,
huperzine A was not protected under patent upon its initial release and
has been sold as a dietary supplement in the United States.'%®

Several natural products containing the huperzine A scaffold have
been isolated from various plant sources; those with reported biological
activities relevant to the subject of this review are shown in Table 1.

2.13. Multijuguinones

Senna multijuga is a popular ornamental plant in many Brazilian re-
gions because of its brightly yellow coloured flowers.'?? This species
belongs to the Senna genus which is renowned for their diverse
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Table 1
Source and biological activity of huperzine derivatives.

Natural product Source Activity Refs

Me H. serrata AChE inhibitor (0.082 uM) 105-120
BuChE inhibitor (74.43 uM)
H o NMDA ion channel antagonist
7,
4
Me " [18 =
11 HoN

Huperzine A
(TRA3R,11E)
Me H. serrata AChE inhibitor (2.57 uM) 106,107,110,121
BuChE inhibitor (169 M)

127 =
NH

Huperzine B
(7S.12R13R)
Me L. casuarinoides AChE inhibitor (0.6 uM) 121,122

HoN
Huperzine C
(7S,12S,13R)
Me H. serrata AChE inhibitor (6.71 pM) 123

0~ "OMe
Huperserine E
Me H. carinata AChE inhibitor (2.63 pM) 124
8 15 H
N._—o
7/
Me ./ =
HoN
8,15-dihydrohuperzine A
(15R)
Me L. carinatum AChE inhibitor (4.6 uM) 125
H
N._—o
10 4
Y =
HO HoN
Carinatumin A )
Me L. carinatum AChE inhibitor (7.0 uM) 125
N
O
4
HO =

11y NH

Carinatumin B
(11R)
L. casuarinoides AChE inhibitor (87.3 uM) 121

(continued on next page)
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Table 1 (continued)
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Natural product Source Activity

Refs

' —0OH

ZT

NH

16-hydroxyhuperzine B

Me L. casuarinoides

Casuarinine C
(1MR)

L. casuarinoides

Casuarinine |
(7TR,11S,12S8,13R)
Me

L. casuarinoides

Casuarinine H
(15R)
Me L. casuarinoides

N
o]
4

—

/

"NHMe

N-demethylhuperzinine
16,_0OH L. casuarinoides
N__o
4
= —
HoN
Lycoparin C

Neuroprotective against H,O»-induced neuron damage in human SH-SY5Y cells (10 pM)

AChE inhibitor (20.9 uM) 126

AChE inhibitor (12.1 uM) 126

126

AChE inhibitor (1.9 pM) 121,127

AChE inhibitor (23.9 uM) 121,128

biological and pharmaceutical properties.'*'" The seeds of S. multijuga
have been used in Brazilian traditional medicine to treat ophthalmic and
skin infections, whilst the leaves are used as a sedative during rituals by
indigenous South American tribes.'*’ In a phytochemical study, two
unusual 2-methyl-3-hydroxy-6-alkyl pyridine alkaloids, 7’-multi-
juguinone 1 and 12'-hydroxy-7’-multijuguinone 2 were isolated from
the leaves of S. multijuga.'®’ In a subsequent study,*° five structurally
related pyridine alkaloids were also isolated from S. multijuga; 7'-mul-
tijuguinol 3, 12'-hydroxy-7’-multijuguinol 4, 8-multijuguinol 5, 12'-
hydroxy-8'-multijuguinol 6 and methyl-multijuguinate 7 (Fig. 15).

The AChE inhibitory activity of 1-7 were investigated in both
isolation reports by standard bioautography (TLC assay) and microplate
tests.' 2120 Using physostigmine (a reversible AChE inhibitor) as the
positive control, the preliminary bioautography studies revealed that all
the pyridine alkaloids 1-7 shown in Fig. 15 were ~3- to 120-fold less
active than physostigmine.'?>'** A microplate test confirmed the

bioactivity of the natural products as the assay data indicated weak anti-
AChE activity (13%-52% inhibition at 350 mM) when compared with
physostigmine (87% inhibition at 350 mM).'?*!%" The data suggests
that the constitution of the alkyl chain at C6 is vital and the presence of
the C7’-OH appears to be important for higher levels of inhibition. %!

2.14. Euphorbialoids and derivatives

Euphorbia is a genus of flowering plants in the Euphorbiaceae family
renowned for their use in traditional Chinese medicine, such as the
treatment of skin diseases, gonorrhoea, migraine and intestinal para-
sites.'*1%2 In a phytochemical study on E. prolifera,'>* ten myrsinol
diterpenes named euphorbialoids A-J and two previously reported
congeners 1 and 2134 (Fig. 16) were isolated by Guo and co-workers in
2012. These natural products are myrsinol diterpenes comprising a 5-7-
6 ring system bound to nicotinoyloxy group at different positions on the
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Fig. 15. Multijuguinones and their anti-AChE activity (A = Minimum amount for inhibition of AChE; B = AChE inhibition at 350 mM). Physostigmine is included

for comparison.
myrsinane skeleton.'**

Nitric oxide (NO) is a membrane-permeable gas that acts as a neu-
romodulator at the synaptic junctions.'>® High levels of NO will result in
oxidative stress and hence neuronal inflammation in the CNS, a condi-
tion thought to play a role in neurodegenerative diseases (e.g. AD and
Parkinson’s disease).'>®> The neuroprotective properties of euphorbia-
loids A-J and analogues 1-2 were investigated by evaluating their
inhibitory activity on lipopolysaccharide (LPS)-induced NO production
in murine microglial BV-2 cells.'*> Euphorbialoids A-J and their un-
named congeners 1 and 2 inhibited the production of NO to varying
degrees in microglial BV-2 cells when compared with 2-methyl-2-thio-
pseudourea sulfate (positive control; 13.2 pM),'® suggesting that
these alkaloids represent therapeutic leads for the treatment of neuro-
degenerative diseases.

2.15. Cerpegin

Ceropegia of the Apocynaceae family is a genus of plants that are
native to Africa, Southern Asia and Australia.'*® The phytoconstituents
of Ceropegia species have been routinely used in Ayurvedic medicine to
treat gastric disorders, dysentery, hepatic disease, urinary tract diseases
and diarrhoea.'*® In one phytochemical study, cerpegin (Fig. 17), a
pyridine alkaloid consisting a 2-pyridone fused with a 2-furanone ring
was isolated from the fleshy stem of C. juncea.'*” Cerpegin has been
shown to possess many diverse biological and pharmacological activ-
ities, such as analgesic, tranquilizing, anti-inflammatory, anti-ulcer and
anti-cancer properties.'*® Relevant to the subject of this review, cerpe-
gin was found to exhibit dose-related analgesic properties against acetic
acid-induced writhing in mice.'**!3® No automatic or behavioural
changes were observed up to a dose of 20 mg/kg; however, excitation,
respiratory paralysis and later convulsions was produced by cerpegin
with dosing >400 mg/kg.'*® Tranquilizers act on the CNS to moderate

10

brain activities and relieve hyperactive nerves to treat patients with
anxiety, sleeping disorders and psychoses (e.g. schizophrenia).'*® Cer-
pegin displays tranquilizing properties through an unknown mecha-
nism, but it has been suggested that this furanopyridone alkaloid
competitively antagonizes both dopamine (D) and serotonin (5-HT)
receptors, ' *%13%

2.16. Cantleyine

Many pharmacologically active compounds have been detected from
Brazilian Strychnos, a genus of flowering plants belonging to the Loga-
niaceae family.'*° In a methodology study attempting to modify the
isolation procedure of biologically active alkaloids from Strychnos spe-
cies, a monoterpene tri-substituted cyclopentapyridine alkaloid named
cantleyine (Fig. 18) was isolated from the aqueous extract of S. trinervis
roots.'>® The effect of cantleyine against CaCl, on voltage dependent
calcium channels was investigated.'® It was reported that when the
concentration of cantleyine was increased from 120 to 490 uM, CaCls-
induced maximal smooth muscle contraction decreased from 90% to
45% in guinea pig ileum. These results suggested that cantleyine induces
a reversible but nonselective spasmolytic action on the vascular and
visceral smooth muscles due to the inhibition of Ca®" influx through
voltage-gated Ca®* channels, similar to that exhibited by common cal-
cium channel inhibitors such as verapamil and nifedipine.139

2.17. Haplophyllidine

The furopyridine alkaloid haplophyllidine (Fig. 19) was isolated
from the seeds of Haplophyllum perforatum by Shakirov and co-
workers, 40141 Subsequent studies showed that this alkaloid is also
present in the stems and leaves of H. perforatum.'*°

Haplophyllidine is a potent CNS depressant and synergizes the effects
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Fig. 16. Euphorbialoids with their inhibitory activity (ICso) on LPS-induced NO production in BV-2 cells.

Fig. 17. Cerpegin.

Fig. 19. Haplophyllidine.

OH haplophyllidine inhibited 50% of corazol-induced convulsions and
0 N completely eliminated the convulsion effects at 75 mg/kg; co-
o administration of camphor (525 mg/kg) and haplophyllidine
MeO AN Me (125-150 mg/kg) lowered the convulsion effects by 50% and lethality
| by 100%; haplophyllidine (100 mg/kg) produced complete mortality
N/ protection against strychnine (1.44 mg/kg), whilst at 250 mg/kg
reduced death by 80% against caffeine (210 mg/kg).'*® These studies
Fig. 18. Cantleyine. suggested that haplophyllidine exhibits pronounced sedative and anti-

analeptic properties. 140,142,143
of narcotic/hypnotic drugs in mice, rats and rabbits.'**"'** Simultaneous
subcutaneous injection (s.c.) of luminal (<72.5 mg/kg) and hap-
lophyllidine (<130 mg/kg) produced strong neurological deficits; upon
co-administration with hexanal (40 mg/kg) or chloral hydrate (230 mg/
kg), haplophyllidine (2-40 mg/kg) prolonged sleep duration by 50%
and 70% respectively.'*? In a subsequent study, the antagonism prop-
erties of haplophyllidine against analeptic agents, including corazol,
camphor, strychnine and caffeine were studied in mice.*** At 25 mg/kg,

2.18. Gentianine

Gentianine (Fig. 20), an alkaloid comprising a 3-vinylpyridine fused
with pyranone, was isolated from Gentiana kirilowii and its chemical
structure was established upon total synthesis.'**'* Gentianine has
also been extracted from many other Gentiana and Swertia species of the
Gentianaceae family, such as E. litteorale and S. chirata.'*®

11
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Fig. 20. Gentianine.

Initial biological observations of gentianine reported that the alka-
loid acts as a CNS stimulant in low doses, but becomes paralytic in
higher amounts.'*®'*” The antipsychotic profile of gentianine was
demonstrated by Bhattacharya and co-workers in 1974.'*® Gentianine
(10-20 mg/kg; i.p.) diminished spontaneous motility and produced
sedation/ptosis in rats; when dosage was increased (50-100 mg/kg; i.
p.), hind-limb paralysis and catalepsy was observed, inferring that
gentianine exhibits an antipsychotic activity.'*® Subsequent pharma-
cological studies evaluated the effects of gentianine on hexobarbital-
induced hypnosis, amphetamine toxicity and lysergide-induced symp-
toms in rats.'“® Gentianine significantly potentiated the sleeping time
induced by hexobarbital (100 mg/kg; i.p.) by 80%; amphetamine (20
mg/kg; i.p.) toxicity was reduced by 88% and amphetamine-induced
(10 mg/kg; s.c.) stereotypic behaviours (including continuous sniffing,
biting and compulsive gnawing) were blocked; gentianine completely
inhibited lysergide-induced symptoms such as piloerection and tremors
in mice.'*® The effects of gentianine on mice in a rotarod performance
test, conditioned avoidance response and induced aggressive behaviour
were examined.'*® Gentianine inhibited the ability of trained mice to
remain on a rotating rod by 80%; it selectively blocked the avoidance
response to the conditioned stimulus (buzzer) without affecting the
escape response to the unconditioned stimulus (electric shock); aggres-
sive behaviours induced by foot-shocks were inhibited by 60%.“°

The effects of gentianine on morphine analgesia, the anticonvulsant
action of diphenylhydantoin and pentylenetetrazol-induced convulsions
have also been examined in rats.'“® Upon gentianine administration, the
analgesic activity of morphine (2 mg/kg; i.p.) was increased by 150%;
the anticonvulsant activity of diphenylhydantoin (2.5 mg/kg; i.p.) was
potentiated by 60%; pentylenetetrazol (70 mg/kg; s.c.)-induced con-
vulsions were inhibited by 70%."“® The LDs of gentianine was found to
be 276 mg/kg; the alkaloid is thought to possess only a moderate to low
order of toxicity due to the lack of obvious toxicity present upon pro-
longed i.p. administration (20 mg/kg; q.d.; 21 days) in rats.'*® Gentia-
nine exhibits a broad range of interesting neuropharmacological
properties that warrant further investigation with modern biological
testing. 146,147

3. Amphibian-derived
3.1. Epibatidine

Native to Central and South America, the poison dart frog Epi-
pedobates anthonyi is renowned for its brightly coloured body and high
toxicity.'**'°% Indigenous South American Indians apply the skin se-
cretions to poison the tips of blow-dart weaponry for hunting and self-
defence against large predators.'*’ In a study examining the chemical
constituents of the skin secretions, the methanolic extract of 750
E. anthonyi frog skins was concentrated and dried in vacuo to give a crude
alkaloid fraction that upon purification gave (+)-epibatidine (Fig. 21), a
structurally unprecedented alkaloid comprising a 2-chloropyridine
bonded to an exo-7-aza-bicycloheptane.'® The absolute configuration
of (+)-epibatidine was assigned to be 1R,2R,4S through stereoselective
total synthesis.'>":!5% A detailed review on the bioactivity of epibatidine
and its therapeutic potential has recently been published,149 thus only
key points will be included herein.

Amphibians produce biologically active alkaloids that have aided the
development of lead compounds for the treatment of various
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Fig. 21. (+)- and (-)-Epibatidine.

pathologies.'*° Therefore, upon the isolation of (+)-epibatidine, efforts
to decipher its biological mechanism were forthcoming. (+)-Epibatidine
was examined in both the Straub-tail response (generally used as a
positive indicator of morphine-like mechanism) and heat nociception
activity.'°" In these experiments, (+)-epibatidine was reported to be a
potent anti-nociceptive, ~200 times more effective than morphine
(Straub-tail response EDsg: 0.020 vs 10 mg/kg; hot plate analgesia EDsg:
0.005 vs 1 mg/kg, respectively).'°® Epibatidine was shown to have a
non-opioid mode of action due to the binding at opioid receptors being
~9000-fold less potent than morphine (ICso = 8800 nM vs 1 nM,
respectively). Moreover, the anti-nociceptive activity of epibatidine was
almost unaffected when the nonselective opioid antagonist naloxone
was pre-administered to rats, proving that epibatidine does not exert its
analgesic properties through the opioid receptors.'*®'°° However,
subsequent studies inferred that synthetic (+)-epibatidine did not
generate a Straub tail response in rats, suggesting previous results were
linked to high-dose syndrome or alkaloid contamination.'®®1%°
Regardless, epibatidine clearly displayed a non-opioid mode of action,
and more biological investigations were subsequently performed to re-
evaluate the biological properties of this compound.'* In 1993, Qian
and co-workers reported that epibatidine is a potent nAChR agonist.' >
A group of mice was divided in half and administered with either
(—)-nicotine (5 mg/kg; positive control) or (+4)-epibatidine (20 pg/
kg).153 Both groups had a rapid anti-nociceptive response; the control
group reached maximum response at 2 min and lasted for 10 min, whilst
the epibatidine group took 5 min to reach a maximum response that
lasted for 20 min.'>® In the same study, if mice were pre-administered
the nAChR antagonist mecamylamine (1 mg/kg) and then treated with
(+)-epibatidine, the anti-nociceptive dose was 289.2 pg/kg, ~22-fold
greater than the group that did not receive mecamylamine (13.6 pg/
kg),'*® providing further evidence that epibatidine is exerting its effects
via the nAChRs. Based on these results, a radioligand binding assay was
performed to investigate the binding affinity of epibatidine at nAChRs
and a range of other neurotransmitter receptors. The study showed that
the ICsq value of [SH]-(Jr)-epibatidine required to displace [BH]-cytisine
(a potent a4p2-nAChR ligand) was 70 pM, ~100-fold greater than [®H]-
nicotine (ICsg = 7.8 nM).'>? However, at 10 uM, epibatidine failed to
displace any specific ligands at a range of other neuronal receptors (i.e.
GABA,, benzodiazepine, dopaminergic, serotonergic, adrenergic,
glutamate/aspartate, neurokinin, bradykinin, cholecystokinin and cal-
cium gene-related peptide).'>® These detailed studies provide very
strong evidence that epibatidine exerts its anti-nociceptive effects
through nAChR agonism.,*14%:153

There are seventeen nAChR subtypes in vertebrates and sixteen in
humans, with three different receptor sites abundant in the mammalian
brain (a4p2-, a3p4- and a7-nAChR).!*®1%° A series of experiments were
conducted to investigate the binding selectivity of epibatidine at these
different nAChR subtypes.'>® Using (—)-nicotine as the control, Gopa-
lakrishnan and co-workers re-evaluated the binding affinity (K;) and the
agonist potency (EDsp) of (+)-epibatidine at four different nAChR sub-
types (a4p2-, a3p4-, o7- and «lpldy-subunits) to establish receptor
binding specificity (Table 2).'°® The a1p15y-nAChR was also selected as
part of the investigation as it is a commonly expressed nAChR at
neuromuscular junctions.
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Table 2
Binding affinity and agonist potency of (+)-epibatidine and (—)-nicotine at different nAChR subtypes (nM).
a4p2 o3p4 o7 olp1sy
K; EDso K; EDsg K; EDso K; EDsg
(+)-Epibatidine 0.05 17 0.23 19 2.2 1100 2.5 1600
(—)-Nicotine 1.0 4000 5.0 14,000 2000 40,000 10,000 250,000

These studies showed that while (+)-epibatidine and (—)-nicotine
are both a4p2-nAChR agonists, fundamental differences were apparent.
The binding affinity and the agonist potency of nicotine are higher at the
a4p$2-nAChR than the other receptor subtypes, whilst epibatidine dis-
plays strong binding affinity and agonist activity at all four nAChRs,
with some slight specificity at the a4p2 and o3p4 subtypes.154'155
Overall, epibatidine is a much stronger nAChR agonist than nicotine. In
a separate study, Rupniak and co-workers reported that both (+)- and
(—)-epibatidine have very similar binding affinity at the a4p2-nAChR
subtype (Kj = 0.04 vs 0.06 nM) and near identical anti-nociceptive
properties (ICso = 0.10 vs 0.24 nM) in rats.’>* These interesting re-
sults indicated that the absolute stereochemistry of epibatidine has a
negligible effect on binding with the a4$2-nAChR, nor its pharmaco-
logical profile.'°* The same group also discovered that epibatidine binds
at the muscarinic acetylcholine receptor (mAChR) M;-subtype at high
doses.'*®1°* There are five mAChR subtypes (M;-Ms) in humans, but
only the M;-subtype has been found in the brain.!®® Rupniak and co-
workers investigated the binding affinity of epibatidine at M;-mAChR
and nAChRs using a radioligand binding assay.'>* Epibatidine displaced
[3H]-pirenzepine (a selective M;-mAChR ligand) and [3H]-cytisine in
the cerebral cortex of rats (70% and 98% inhibition at 10 uM, respec-
tively).154 The Relative Affinity Ratio was also calculated for both (+)-
and (—)-epibatidine to predict their antagonist/agonist efficacy at the
M;-mAChR.'®” The ability of (+)-epibatidine to displace the mAChR
antagonist [3H]—N—methylscopolamine (NMS) and the mAChR agonist
[®H]-oxotremorine-M (oxo-M) was measured as the Apparent Affinity
Constant (K,pp) using the radioligand binding assay; Kapp(NMS) was
then divided by the K,,p(0x0-M) to provide a measurement of antago-
nist/agonist efficacy.'* The experiment was also repeated for (—)-epi-
batidine and the results were compared to those of carbachol (a potent
nonselective mAChR agonist) and atropine (a potent nonselective
mAChR antagonist). These results are summarised in Table 3.

The Relative Affinity Ratios of both (+)- and (—)-epibatidine are
significantly lower than that of the mAChR agonist carbachol, indicating
that both epibatidine enantiomers are not agonists at the M;j-
mAChR.'**1%7 The affinity profile of (+)-epibatidine suggested that it
has a similar affinity as the classic mAChR antagonist atropine (Ratio =
4.2 vs 2.1), whereas (—)-epibatidine resembles a partial mAChR antag-
onist."®*'>7 Given that (+)- and (—)-epibatidine is a potent nAChR
agonist and a moderate M;-mAChR antagonist, this natural product was
initially considered a promising lead for the non-opioid treatment of
pain.'*®'* However, no in vivo experiments have been performed in
non-rodents due to its low therapeutic index in rats (LDsg < 125 nmol/
kg; intravenously).'*® The toxicity of epibatidine is caused by its potent,
non-selective binding at the nAChRs.'*®1*° Because these nicotinic re-
ceptors are widely distributed within the human body (e.g. brain, heart
and smooth muscle) and are involved in many neurological and physi-
ological conditions (e.g. schizophrenia, Parkinson’s disease, AD,

Table 3
M;-mAChR binding profile of (+)- and (—)-epibatidine vs carbachol and
atropine.

Kapp(NMS) (uM) Kapp(0x0-M) (uM) NMS/ox0-M ratio

(+)-Epibatidine 6.9 1.6 4.3
(—)-Epibatidine 16 1.4 11.4
Carbachol 22 0.0049 4490
Atropine 0.0010 0.00048 2.1
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muscular paralysis, hypertension and seizures), epibatidine binding
would lead to many off-target effects at important districts.** %" As a
result, epibatidine itself is no longer investigated for therapeutic
development, but its unique scaffold provides a platform for the devel-
opment of safer therapeutic agents through medicinal chemistry
studies, 148:149:154

3.2. Phantasmidine

Phantasmidine (Fig. 22) is an epibatidine congener isolated from
Anthony’s poison arrow frog (E. anthonyi) by Fitch and co-workers.'*’
Due to the small quantity obtained (20 pg), the chemical structure was
tentatively inferred from the limited spectroscopic data (MS, IR and
NMR) and analogy to epibatidine.'°® The absolute configuration of
phantasmidine was later established through total synthesis and it was
revealed that the compound exists as a 4:1 scalemic mixture of
(2aR,4aS,9aS) and (2aS,4aR,9aR) enantiomers. ' °%'6!

Initial investigations by Fitch and co-workers showed that phantas-
midine displayed a specific agonist activity at nAChRs expressing the f4-
subunits (data not shown), suggesting that the compound might possess
a different nAChR subtype specificity to epibatidine.'®® The group later
conducted a more detailed pharmacological investigation on phantas-
midine to elucidate its binding selectivity and agonist activity at the
nAChRs.'®® The binding affinities and agonist potency of (2aR, 4aS,
9aS)-phantasmidine, (2aS, 4aR, 9aR)-phantasmidine, racemic samples
of phantasmidine and epibatidine (positive control) to nAChRs (a4p2-,
a3p4- and a7-subtypes) are shown in Table 4.

The results revealed that the binding affinity and the agonist activity
of (+)-phantasmidine at nAChRs were ~2- to 50-fold weaker than
(+)-epibatidine, whilst the binding affinity and the agonist activity of
the (2aR,4aS,9aS)-enantiomer were ~2- to 45-fold greater than the
(2aS,4aR,9aR)-enantiomer. ' ° Interestingly, these data indicate that
phantasmidine is selective for the a4p2-subtype, contradicting the initial
results reported by Fitch and co-workers.'”® Toxicity investigations
showed that the LDsq values of (+)-phantasmidine and the (2aR,4a-
S,9a8)-enantiomer were 270 and 72 pg/kg respectively, at least 10- and
3-fold less toxic than (+)-epibatidine (LDsg < 26 pg/kg), whilst the
(2aS,4aR,9aR)-isomer was much less toxic, producing similar effects at
LDso > 10 mg/kg.'®® It is clear that the stereochemistry of phantasmi-
dine plays an important role in nAChR binding and toxicity. " Similar
to epibatidine, phantasmidine itself is also no longer considered as a
potential therapeutic candidate due to its low therapeutic index, how-
ever, its agonist selectivity at the neuronal a4p2-nAChR makes it a useful
pharmacologic tool for the investigation of specific nAChR
subtypes.'>%160

3.3. Noranabasamine

Noranabasamine (Fig. 23) is a des-N-methyl analogue of

(2aR,4aS,9aS) (2aS,4aR,9aR)

Fig. 22. Phantasmidine.
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Table 4
Binding affinity (K;) and agonist potency (ECso) at different nAChRs (nM).
o4p2 a3p4 o7
K; ECso K; ECso K;
(2aR,4aS,9aS)-Phantasmidine 0.27 200 9.1 570 4.4
(2aS,4aR,9aR)-Phantasmidine 12 56,000 390 27,000 130
(+)-Phantasmidine 0.35 200 11 750 5.4
(+)-Epibatidine 0.033 25 0.22 41 2.7
/ \\\ N (Nj
S
AN N

P
N
Fig. 23. Noranabasamine.

anabasamine that was isolated from the skins of Columbian poison dart
frog Phyllobates terribilis.'® Due to its structural similarity with nicotine
and anabasine (Nicotiana alkaloids), it has been suggested that nor-
anabasamine might highly also possess agonist activity at nAChRs;'®*
however, no biological evaluation on noranabasamine is currently
available.
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4. Fungal and bacterial-derived
4.1. 4-Hydroxy-2-pyridones

Entomogenous deuteromycetes are a taxonomically diverse group of
imperfect fungi known to produce biologically active secondary me-
tabolites due to their complex association with insect hosts.'®*® In a
study investigating the CNS-related secondary metabolites of entomog-
enous fungi, militarinone A (Fig. 24) was isolated from the mycelial
extract of Paecilomyces militaris strain RCEF0095.%* Militarinone A is a
1,4-dihydroxy-2-pyridone alkaloid comprising a cis-1,4-dihydrox-
ycyclohexane moiety and a polyene side chain. In subsequent studies,
two structurally related 4-hydroxy-2-pyridone alkaloids, (+)-N-deoxy-
militarinone A'® and farinosone A'%° (Fig. 24), were isolated from
P. farinosus strains RCEF0097 and RCEF0101 respectively. The neuro-
trophic properties of militarinone A, (+)-N-deoxymilitarinone A and
farinosone A were investigated by examining their potential to stimulate
neuronal differentiation in PC-12 cell lines.'®*~1°° The cell viability data
showed that all three compounds exhibited potent neuritogenic activ-
ities when compared with an endogenous glycoprotein, the nerve
growth factor (positive control; induces 80% neurite outgrowth at 50
ng/mL). Militarinone A produced 80%, 70% and 30% neurite outgrowth
at 33, 10 and 3.3 uM respectively;'®* (+)-N-deoxymilitarinone A dis-
played a weaker neurotrophic activity than militarinone A, inducing a
neurite outgrowth of 51% and 12% at 100 and 33 pM respectively,
which inferred that the hydroxy group at N1 is essential for neuronal
differentiation and survival;'®> farinosone A exhibited 70% and 40%
neurite outgrowth at 50 and 20 uM respectively.'°® These findings
showed that militarinone A, (+)-N-deoxymilitarinone A and farinosone
A exhibit pronounced neuronal proliferation and are interesting thera-
peutic candidates for the prevention of neuronal decline,'®*1¢°

Biological investigations on the secondary metabolites extracted

Arthpyrone A

HO, Me M
o OH O ¢
-'H
! M
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Paecilomide B

Fig. 24. 4-Hydroxy-2-pyridone alkaloids with CNS activity.
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from sponge-derived fungi led to the discovery of arthpyrone A and C
(Fig. 24) from Arthrinium arundinis strain ZSDS1-F3 derived from Pha-
kellia fusca.'®” These alkaloids comprise a 1,4-dihydroxy-2-pyridone
bonded to a cyclohexanol moiety and a decalin ring system. One pre-
viously discovered 1,4-dihydroxy-2-pyridone alkaloid, N-hydrox-
yapiosporamide (Fig. 24), was also isolated.'°® Arthpyrone C displayed
pronounced anti-AChE activity (ICso = 0.81 pM) when compared with
classic AChE inhibitor tacrine (positive control; ICso = 0.48 uM), whilst
arthpyrone A and N-hydroxyapiosporamide both exhibited moderate
AChE inhibition (ICsg = 47 and 39 uM, respectively).'®” These results
suggest that arthpyrone C is an interesting lead compound for the
development of treatments for neurodegenerative conditions.

The 4-hydroxy-2-pyridone alkaloid paecilomide (Fig. 24) was iso-
lated from P. lilacinus by Takahashi and co-workers in 2013.%° Two
possible rotational forms, paecilomide A and B, were observed in the
NOESY contour map between both H6 and H5' as well as between H7
and H4', due to the possibility of free rotation of the C7-C4’ sigma
bond.'®? Paecilomide displayed potent AChE inhibitory activity (57.5%
inhibition at 25 pL) when compared with physostigmine (98% inhibition
at 10 mg/mL), suggesting therapeutic potential.'®

4.2. Acromelic and acromelobic acids

Acromelic acids A and B (Fig. 25) are neuroexcitatory amino acids
first isolated from Clitocybe acromelalga by Konno, Shirahama and
Matsumoto in 1983.'7° C. acromelalga is a toxic Japanese mushroom that
elicits symptoms similar to acromelalgia and erythromelalgia upon
ingestion.'”""'7 The fresh fruiting bodies of C. acromelalga contains
acromelic acids A and B;'7” stereoselective total synthesis of acromelic
acid A affirmed the proposed structures and assigned the absolute
configuration of both natural products in the process.'”? Acromelic acids
A and B are classified as kainoids, analogues of kainic acid (Fig. 25), a
natural product found in Digenea simplex that is related to the excitatory
neurotransmitter gluta111ate.l70‘l72‘174 Kainic acid acts as a potent
agonist at glutamate receptors and is used as a neurodegenerative agent
in neuroscience research to mimic glutamate excitotoxicity in neuro-
degenerative models (e.g. AD and epilepsy).!”* Therefore, the neuro-
excitatory properties of acromelic acids A and B were
investigated.'”!7%175:17¢ Electrophysiological tests were performed to
examine the neurological potency of acromelic acid A at the crayfish
neuromuscular junction and mice spinal cord.'”*'”® These studies
showed that acromelic acid A is a powerful glutamate receptor agonist
that exhibits significant depolarizing action in central neurons and
ionotropic neuroexcitatory activity in both muscle fibre and brain, with
apotency ~100-fold greater than kainic acid.'”’~'”* Similar results were
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obtained on the frog spinal cord (data not shown).'”® In 1990, Nozoe
and co-workers reported the isolation of acromelic acid C (Fig. 25) from
C. acromelalga.'”” The chemical structure and absolute configuration of
acromelic acid C was established by detailed NMR spectroscopy and by
analogy to acromelic acids A and B.'”” The neurotoxicity of acromelic
acid C was investigated via intraperitoneal injection into a mouse; the
median lethal dose was 10 mg/kg, slightly higher than acromelic acids A
and B (7 and 8 mg/kg respectively).!””

Two neuroexcitatory amino acids, acromelobic acid and an acro-
melobic acid analogue 1 (Fig. 25) were also isolated from C. acromelalga
by Shirahama and Yamano in 1992 and 1993, respectively;'”®!7° the
chemical structures and absolute configurations were established by
detailed NMR spectroscopy and total synthesis in the process. Both
compounds exhibit weak glutamate depolarizing activity on the spinal
cord of infant mice (data not shown).'”%17°

4.3. Fusaric acid

Fusarium is a genus of filamentous fungi that produce diverse bio-
logically active secondary metabolites, including the mycotoxin fusaric
acid (Fig. 26).189-185 Fusaric acid (5-butylpicolinic acid) was first iso-
lated from F. heterosporium in 1934 by Yabuta'®' and was found to
exhibit weak antimicrobial properties.'’ 183 More than three decades
later, fusaric acid was found to be a potent inhibitor of dopamine
p-hydroxylase (DBH),'®® an enzyme that catalyses the conversion of
dopamine to norepinephrine.'®*

Invitro studies suggested that fusaric acid is a very potent inhibitor of
DBH, ~10-fold more active than picolinic acid.'®*'®> The percentage
inhibition of DBH induced by fusaric acid at concentration of 0.005,
0.05, 0.5 and 1 pM was 20%, 58%, 89% and 92%, respectively; whilst
picolinic acid at 0.5 and 5 uM inhibited DBH by 55% and 83% respec-
tively, inferring that the butyl side chain at C5 increases the DBH
inhibitory effects.'®* Inhibition of DBH by fusaric acid was found to be
uncompetitive and completely reversible, indicating that this compound
affects the enzyme-substrate complex.'® The binding specificity of
fusaric acid was studied by examining its inhibitory activity on other
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Fig. 26. Fusaric acid and Phenopicolinic acid.
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oxidoreductases.'®* At 10 uM, fusaric acid did not inhibit MAO, tyrosine
hydroxylase or aldehyde hydrogenase, indicating that the compound
has a high degree of binding specificity for DBH.'®* A study examining
the dopamine and norepinephrine levels in rat brains after a single dose
administration of fusaric acid (100 mg/kg; intraperitoneal injection)
have been performed.'®%'* The norepinephrine expression in rat brains
decreased significantly from 0.22 to 0.10 pg/g three hours after fusaric
acid administration, whilst the level of dopamine remained constant
(from 0.42 to 0.40 pg/g). The significant decrease in the level of
norepinephrine without a corresponding decrease in dopamine expres-
sion in rat brains implies that fusaric acid inhibits DBH and thus reduces
the production of norepinephrine.®* These investigations showed that
fusaric acid is a potent DBH inhibitor both in vivo and in vitro,'%>'84
which led to clinical trials of fusaric acid in patients with mania and
depression being conducted in 1974.'%> The levels of 3-methoxy-4-
hydroxyphenylglycol (the major metabolite of norepinephrine) in the
cerebrospinal fluid was reduced by ~25% when patients were admin-
istered fusaric acid compared to placebo, whilst the mean concentration
of homovanillic acid (the major metabolite of dopamine) almost
doubled, indicating an accumulation of dopamine in the brain.!%®
However, adverse behavioural changes were observed in patients with
stage Il mania and/or other severe pre-existing psychotic features; a few
patients with mild hypomanic symptoms showed no change or slight
improvements, suggesting that the effects of fusaric acid relate to the
pre-existing clinical state of the patients.'®*'° The results from these
clinical trials indicated that a reduction in norepinephrine by DBH in-
hibition did not improve manic symptoms and therefore fusaric acid was
not approved for therapeutic use.'®> Subsequent in vivo investigations
have demonstrated other neurochemical effects of fusaric acid in the
brain.'®2'® In addition to inhibiting the biosynthesis of norepineph-
rine, fusaric acid was also found to alter the levels of melatonin, sero-
tonin, tyrosine, tryptophan and luteinizing hormone.'®® However,
inconsistent results (data not shown) were obtained from these different
studies which inferred that the neurochemical effects of this mycotoxin
vary with species (i.e. rodents, rabbits and swine).'®® Although fusaric
acid has been shown to cause behavioural changes in test subjects, it is
primarily used as a research tool as its mode of action in the brain is still
not fully understood. %18

Another potent DBH inhibitor named phenopicolinic acid (Fig. 26)
was isolated from Paecilomyces sp. strain AF2562 by Nakamura and co-
workers in 1975."®” The DBH inhibitory activity of phenopicolinic acid
was reported to be nearly double that of fusaric acid (ICso = 0.039 vs
0.05 uM)."®” In vivo experiments demonstrated that phenopicolinic acid
(50 mg/kg; oral administration) reduced the blood pressure of hyper-
tensive rats by 21%, 16%, and 23% in 1, 3 and 5 h respectively; the LD5g
of phenopicolinic acid was ~350 mg/kg upon intraperitoneal
injection. 187

4.4. Aspernigrin B

Filter feeding marine species, such as sponges, host microorganisms
that produce biologically active secondary metabolites with therapeutic
potential.'®®'%% The aqueous extract of an Aspergillus niger strain iso-
lated on the sponge Axinella damicornis was found to contain aspernigrin
B (Fig. 27), a structurally unprecedented 4-pyridone alkaloid.'®%'*°

The neuroprotective properties of aspernigrin B were determined by
measuring its effect on the changes of intracellular calcium ([Ca2+]i)
levels in neuronal cells, using the neuroexcitants glutamic acid and
quisqualic acid as positive controls.'®® Upon treatment with either
glutamic acid (200 uM) or quisqualic acid (317 uM) alone, the [Ca”]i
level in neuronal cells was increased by 376 and 275 nM respectively.'®’
However, if the neuronal cells were pre-treated with 1 or 5 pg/mL of
aspernigrin B for five minutes, the increase in [Ca®*]; level induced by
glutamic acid was suppressed to 280 and 169 nM respectively; asper-
nigrin B (1 ug/mL) reduced the increase in neuronal [Ca2+]i level
induced by quisqualic acid to 182 nM.'®° Aspernigrin B displayed
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Fig. 27. Aspernigrin B.

pronounced neuroprotective properties against neuronal stimulation
caused by glutamic acid and quisqualic acid and as a result comprises a
promising lead neuroprotective agent.'®’

4.5. 3-Thiopyridines

Dung beetles roll faecal matter into balls for ease of transport and
subsequent storage as a food source. These dung balls contain unique
microorganisms that have been studied as a source of structurally
unique secondary metabolites with biological active properties.'! In
one such study, Oh and co-workers isolated coprismycins A and B
(Fig. 28) from a SNAO15 strain of a Streptomyces species found in the
dung balls of indigenous Korean dung beetle Copris triparititus.'®'
Coprismycins A and B are densely substituted 2-aryl-3-thiopyridine al-
kaloids that differ in their aldoxime geometry.

Coprismycins A and B are structurally related to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), a metabolic precursor to the
neurotoxin 1-methyl-4-phenylpyridinium (MPP").'”! MPP* is known to
induce neuropathological changes by killing dopamine-producing neu-
rons in the pars compacta of the substantia nigra. Neurodegenerative
diseases (e.g. Parkinson’s disease) are often associated with low levels of
functional dopaminergic neurons in the brain. Due to their structural
similarity to MPTP, the coprismycins were evaluated against human-
derived SH-SY5Y cells that express dopaminergic neuron markers.'*!
SH-SY5Y cells were treated with three concentrations (1.0, 2.5 and 5.0
uM) of either coprismycin A or B for 24 h. The assay revealed 100% cell
viability, suggesting that coprismycins A and B are not toxic to dopa-
minergic neurons.'”! In a subsequent experiment, SH-SY5Y cells were
pre-treated with different concentrations of either coprismycin A or B,
followed by MPP™ (800 uM).'”! The cell viability after MPP™ exposure
was improved from 63.0% to 69.7%, 74.2% and 80.3% upon pre-
treatment of coprismycin A at concentration of 1.0, 2.5 or 5.0 pM
respectively, suggesting that the MPP*-induced neurotoxicity was sup-
pressed.191 Coprismycin B exerted similar neuroprotective properties,
producing cell viability of 76.4% and 88.4% at 1 and 2.5 uM respec-
tively; however, at 5 uM the cell viability dropped to 69.8%, indicating
neurotoxicity of coprismycin B at higher concentrations.'°! Nonetheless,
these findings have provided strong evidence to show that both copris-
mycins A and B exhibit pronounced neuroprotective properties that
warrant further investigation.

Two 2,2'-bipyridyl alkaloids, SF2738 D 1 and SF2738 F 2 (Fig. 28)
were discovered in 1994 from a culture of Streptomyces sp. in Japan
(Yokohama, Kanagawa).192 Some years later, these natural products
were also isolated from the bacterial strain SNA015 of Streptomyces sp.
found in C. triparititus.'" The structural similarity of SF2738 D and
SF2738 F with coprismycins A and B led to an investigation of their
neuroprotective properties.'°! Upon treating SF2738 D and SF2738 F to
SH-SY5Y cells, there was no loss in cell viability. Moreover, the cell
viability of SH-SY5Y cells increased (data not shown) when they were
treated with SF2738 D and SF2738 F prior to exposure to MPP", sug-
gesting they have a similar neuroprotective effect to the coprismycins
and are themselves also promising therapeutic leads for treating
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Fig. 28. 3-Thiopyridine alkaloids with neuroprotective properties. MPTP and MPP™" included for structural comparison.

. . [e
neurodegenerative disorders.'”!
5. Marine-derived
5.1. Anabaseine

A potent neurotoxin was initially discovered from the marine worm
Rhynchocoela by Bacq'®® in 1936 and was found to exhibit significant
toxicity when injected into crabs, causing convulsions, flaccid paralysis
and eventually death.'°* The structure of this compound remained un-
known for many years as attempts at crystallization using standard
alkaloidal precipitants were unsuccessful. Three and a half decades
later, Kem and co-workers isolated the same compound from the hop-
lonemertine Paranemertes peregrine and elucidated its chemical structure
by both total synthesis and comparison with previously published
literature data.'”* Named anabaseine (Fig. 29), this nemertine alkaloid
is a double bond isomer of anatabine, possessing a tetrahydropyridyl
ring with an internal imine double conjugated with the pyridine moi-
ety.*®19%19 gyubsequent studies reported that anabaseine is the primary
compound found in the poison glands of Messor and Aphenaenogaster
ants;%1%° anabaseine has not yet been detected in plants.*®:1%°

Anabaseine has been shown to stimulate the release of ACh and
norepinephrine from rat brains upon injection;'°° several synthetic
anabaseine-related analogues also displayed significant cognitive
enhancement and avoidance behaviours.’®'?® As a result, the pharma-
cological properties of anabaseine were examined by Kem and co-
workers on rat a4p2- and o7-receptors, the two predominant nAChRs
in mammalian CNS.' The binding affinity (K;) and the agonist potency
(ECsp) of anabaseine (K; = 0.032 uM; ECso = 4.2 pM) at the a4p2-nAChR
were ~8-fold less active and ~3-fold more potent than nicotine (K; =
0.0041 pM; ECso = 14 uM) respectively;'°° at the o7-nAChR, anabaseine
(K; = 0.058 uM; ECso = 6.7 pM) was ~7-fold more potent than nicotine
(Kj = 0.40 uM; ECs0 = 47 pM).195 These findings indicated that anaba-
seine exhibits different binding selectivity and agonist potency at the
nAChRs, inferring the significance of structural conformation with
nicotinic receptor recognition sites. Further studies are required to fully
understand the impact of the subtle structural differences between this
neurotoxin and the tobacco alkaloids.'*®

NS

N N

7
N

Fig. 29. Anabaseine.
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5.2. Isoanatabine

Isoanatabine (Fig. 30) was isolated from the hoplonemertine
Amphiporus anagulatus by Kem and co-workers in 2009.'°° This alkaloid
is an anatabine isomer possessing a carbon-carbon double bond in the
3,4-position of the piperidine scaffold.*®'%® The naturally occurring
enantiomeric form of isoanatabine has not yet been reported. Due to the
structural similarity with nicotine, the pharmacological properties of
both (—)- and (+)-isoanatabine were examined by Kem and co-workers
at rat and human «4p2-nAChRs.'® The binding affinity of (—)-iso-
anatabine (K; = 108 nM) at rat a4$2-nAChR was slightly stronger than
the (+)-enantiomer (K; = 136 nM); however, at the human a4$2-nAChR,
(—)-isoanatabine was less efficacious (ECsg = 1.01 uM; I,ax = 78.7%)
than the (+)-enantiomer (ECs9 = 0.31 uM; Iax = 102%).'%° These
findings indicate that isoanatabine is a more potent ACh stimulant at the
a4p2-receptors relative to anabasine and anatabine, suggesting the
presence and the position of the double bond improves nicotinic re-
ceptor binding.'*®

5.3. 2,3'-Bipyridyl and nemertelline

2,3/-Bipyridyl and nemertelline (Fig. 31) are neurotoxins isolated
from the marine hoplonemertine worm A. angulatus by Kem and co-
workers in 1976.'°” Pharmacological investigations have demon-
strated that the paralytic properties of 2,3'-bipyridyl (LDsg = 94 ug)
were stronger than nemertelline (LDsg > 240 nug) in crustaceans; both
natural products exhibit comparable activity when tested against bar-
nacle larvae (ICso = 4.1 and 3.2 uM, respectively).197

5.4. Platisidines A-C

Platisidines A-C (Fig. 32) were isolated from an Okinawan marine
sponge in the genus of Plakortis (sp. SS-11) by Koboyashi and co-
workers.!?® These nicotinic acid derivatives comprise an N-methylated
pyridinium-p-carboxylate with a hexadecanoyl side chain. Platisidines
A-C exhibited weak inhibitory activities against AChE (ICsy = 2.8, 2.6
and 2.1 mM respectively) when compared with galantamine (positive
control; ICsg = 6.4 pM).'%®

=
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N N
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(-)-enantiomer  (+)-enantiomer

Fig. 30. Isoanatabine.
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5.5. Cyclostellettamines A-F

mAChRs play important roles in various physiological functions in
the human body, including memory and learning.'*° Six structurally
unprecedented macrocyclic bis-1,3-disubstituted pyridiniums, cyclo-
stellettamines A-F (Fig. 33), were isolated from a Japanese marine
sponge Stelletta maxima.'*® Cyclostellettamines A-F inhibited the bind-
ing of [*H]-methylquinuclidiny] benzilate (a selective mAChR antago-
nist) to mAChR subtypes M;, M3 and M3.199 As mAChRs are known to be
correlated with CNS-related diseases,'*® these data suggest that the
cyclostellettamines A-F are structurally unique leads that warrant
further investigation.'*’

5.6. Agelongine and daminin

Agelas, a genus of marine sponges commonly found on the Caribbean
and Indo-Pacific coral reefs, is a rich source of pharmacologically active
bromo-alkaloids.”’>*°! In a study examining the biologically active
secondary metabolites of A. longissimi, the methanolic extract of the
sponge was partitioned and purified to give agelongine (Fig. 34), an
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uM) did not affect the concentration-response of histamine, ACh and
prostaglandin Ep, suggesting that agelongine is selective for 5-HT; re-
ceptors; however, the specific 5-HT; receptor subtype used in these
preliminary pharmacological tests was not stated.2”® 5-HT; receptor
subtypes, including 5-HT;5, 5-HT1p, 5-HTp, 5-HT g and 5-HT;f have
different distribution and function in the human body.?°? For example,
5-HT;, the most common 5-HT; receptor subtype and highly saturated
in the hippocampus, is involved in the emotional mechanism; the classic
anxiolytic agent buspirone is an agonist at this site.?’” In contrast, both
the 5-HTp and 5-HTjp receptors are widely distributed in the basal
ganglia and act as autoreceptors to decrease the transmission of the
neurotransmitter glutamate in the neuronal terminals.’’? The triptans
are 5-HT1p,1p receptor agonists used to treat migraine attacks in adults
with or without aura.’°? Further investigations are required to fully
understand how agelongine binds across the serotonergic system and
therefore determine its therapeutic potential as a neuropsychiatric lead
compound.

Calcium ions regulate many critically important functions in the
CNS, including the release of neurotransmitters and intracellular signal
transductions.’’®> The neuroprotective properties of daminin were
determined by measuring its effect on the changes of [Ca®"]; levels in

alkaloid comprising a pyridinium-f-carboxylate moiety bonded to a 4- © >
bromopyrrole-2-carboxylic unit through an aliphatic chain.?®® In a N
subsequent study, the structurally related pyridinium alkaloid daminin HN o HNT
(Fig. 34) was isolated from the sponge Axinella damicornis.?’! —
Agelongine exhibited a competitive, reversible antagonism at sero- Br o
tonergic receptors subfamily 1 (5-HT;) in vitro.”° The agonist properties Agelongine Daminin
of 5-.hydroxy.tryptarn1ne at 5-HT; recepg([))gs were inhibited w}.len age- Fig. 34. Agelongine and Daminin.
longine was introduced (ICsg = 80 uM).”"" Moreover, agelongine (100
o} o
o = | = | O
X \N
) o ?
Me Me
A (o)}
P
N
Me
Platisidine A Platisidine B Platisidine C
Fig. 32. Platisidines A-C.
A:m=1n=1
ICs0: My = 0.068, M, = 0.026, M3 = 0.071
B.m=1,n=2
. ICs0: My = 0.081, M, = 0.031, M3 = 0.109
AN g - N C:m=2,n=2
6\ R m CF3CO00  |Cgp: My = 0.121, M, = 0.054, My = 0.144
- 2 ' ‘m= =
CF5C00 N . D:m=1,n=3
N ICso: M4 = 0.174, M = 0.059, M = 0.211
° n & Eim=2,n=3
ICsp: M4 = 0.212, My = 0.133, M3 = 0.257
F-m=3,n=3

ICs0: My = 0.364, M, = 0.150, My = 0.474

Fig. 33. Cyclostellettamines A-F and their inhibition activity (ICso, mg/mL) against M; 3-mAChRs.
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neuronal cells, using glutamic acid and NMDA (neuroexcitatory ago-
nists) as positive controls.’’! Upon treatment with either glutamic acid
(200 pM) or NMDA (200 uM) alone, the [Ca2+]i level in neuronal cells
was increased by 305% and 235% respectively. However, if the neuronal
cells were pre-treated with 0.5, 1.0 or 3.0 ug/mL of daminin for 5 min,
the increase in [Ca®*7; level induced by glutamic acid dropped to 58.1%,
65.4% and 25.1% respectively; daminin (1.0 pg/mL) also suppressed the
increase in neuronal [Ca2+]i level induced by NMDA to 63.5%.%°! These
findings indicated that daminin displayed pronounced neuroprotective
properties.

6. Multiple sources
6.1. Trigonelline

Trigonella foenum-graecum L. (fenugreek) of the Leguminosae family is
a herbal plant that has been used for centuries to treat a wide range of
ailments including diabetes, fever, memory loss, epilepsy and
migraine.204 The vitamin Bg derivative trigonelline (Fig. 35) is a N-
methylnicotinic acid that has been isolated from the seeds of fenugreek,
a legume crop used as a spice and medicines in East Asia and Northern
Africa.”%*?%° Subsequent studies revealed that trigonelline is also widely
distributed in plants within the dicotyledonae subclass, as well as in
various animal species, such as arthropods, marine poriferans and
mammals.?’* Trigonelline occurs in raw coffee beans and is converted
into nicotinic acid upon roasting at ~230 °C.%°*?% Trigonelline is a
water-soluble secondary metabolite formed from nicotinate (Fig. 35)
and is responsible for the bitterness in coffee.’”* Many studies on the
biological activities of trigonelline in animals and a variety of cell sys-
tems are available,”’* those with psychopharmacological properties
relevant to the subject of this review are included herein.

Extension of dendrites and axons in neurons can compensate neural
loss and repair damaged neuronal network in people with demen-
tia.??”?° Komatsu and co-workers demonstrated that trigonelline
extracted from coffee beans exhibits functional neurite outgrowth ac-
tivity by inducing axonal extension in human neuroblastoma SK-N-SH
cells.??” Trigonelline (30 uM) significantly increased the percentage of
human SK-N-SH cells with neuritis >50 um by 15% after three days of
treatment.?’” In a subsequent study, the same group also revealed that
upon oral administration of trigonelline (500 mg/kg; q.d.; 15 days),
male ddY mice pre-treated with Ap (5 nmol) were able to complete more
successful crossings over a previous platform position in the water maze
test, indicating an improvement in memory retention.”’”” Trigonelline
also displays other CNS-related properties, including protection against
cerebral ischemia by decreasing neuronal spike frequency from single
action potential to multiple firing (0.1 mM),?° stimulation of dopamine
release (136% at 4.977 pM),210 competitive inhibition of GABA, re-
ceptors (K; = 13 nM),?!! and weak inhibition of AChE (ICsy = 233
uM).?!2 Taken together, these findings indicate that trigonelline exhibits
pronounced neuroprotective properties that warrant further
investigation.

7. Conclusions

In summary, pyridine alkaloids possess a diverse array of properties
in the CNS that validate this class of natural products as a source of
potential therapeutic leads for CNS disorders. Many pyridine alkaloids
structurally related to nicotine are themselves nAChR agonists,
including cytisine and epibatidine, with the former providing the basis
for the development of Varenicline for smoking cessation. As a result of
their efficacious stimulation of neurotransmitters at the nAChRs, several
nicotine derivatives have become pharmaceutical leads for dementia.
For instance, cotinine improves the EDs( of cholinergic medications
when taken adjunctively; the metanicotine core structure provided a
safer scaffold for the development of new AD therapeutic agents with a
good safety profile. The structural diversity of the acetylcholinesterase
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inhibitors (AChEIs) is striking, which includes the huperzines, anabas-
amine, the multijuguinones and the platisidines. AChEIs block ACh
hydrolysis and hence comprise potential new leads for the symptomatic
treatment of dementia. Huperzine A has been approved as an AD drug in
China and is sold as a dietary supplement in the USA. An array of pyr-
idine alkaloids are promising leads for the prevention and the treatment
of neurodegenerative disorders as they possess neuritogenic and neu-
roprotective properties, such as militarinone A, arthpyrone C, (25)-N-
hydroxybenzylanabasine, casuarinine H, paecilomide, coprismycin A/B,
trigonelline, daminin, euphorbialoids, aspernigrin B and cantleyine.
This class may be useful for the treatment of mood disorders as many
bind receptors and enzymes linked to neurotransmitter levels, including
serotonin (agelongine, cerpegin), dopamine (fusaric acid, phenopico-
linic acid, cerpegin) and glutamate (acromelic and acromelobic acids).
The cyclostellettamines are mAChR antagonists that inhibit the activa-
tion of neuronal potentials in the nervous system and are therefore po-
tential therapeutic leads for various CNS-related disorders, including
Parkinson’s and AD. Many of the pyridine alkaloids described herein
have pronounced effects in the CNS, but their exact mode of action is not
well understood. For example, haplophyllidine possesses sedative and
anti-analeptic properties, while gentianine is a CNS stimulant with a
promising antipsychotic profile. We hope that this review has provided
thought-provoking insight into the therapeutic utility of pyridine alka-
loids for the treatment for CNS disorders.
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