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ABSTRACT

The research presented in this thesis addressed knowledge gaps for three medicinal plant
taxa, Souroubea spp. (Marcgraviaceae) and Platanus (Platanaceae) as well as Echinacea spp.

(Asteraceae).

The primary pharmacological mechanism of Souroubea sympetala and Platanus
occidentalis were well established, with pentacyclic triterpenes identified as major active
principlesMy results indicate that major triterpenoids, and crude plant extracts, selectively
inhibited monoacyglycerol lipase (MAGL) activity but not fatty acid amide hydrolase (FAAH)
activity. These data suggest a possible secondary anxiolytic mechanism of action through the
endocannabinoid system (ECS). My study of herb-drug interactions of Souroubea and Plantanus
products showed some potential risk when combined with a classic benzodiazepine class drug,
diazepam, and | proposed a mechanism through in vitro CYP450 enzyme inhibition. The
pharmacokinetic study revealed the difficulty of detecting betulinic acid in animal blood. To
support the development a commercial botanical composed of these medicinal plants, an
extraction method and a highly sensitive and selectivity HPLC-APCI-MS based quantification

method was successfully developed and validated.

Part 11 of this thesis focused on the impact of phytochemical variation and hepatic
metabolism on the ECS activity of Echinacea spp. and explored the potential for new
applications of Echinacea spp. as a natural health product. My research indicated that
considerable variability in the content of phenolic and alkylamide (AKA) compounds reflected

similar variability in in vitro bioactivity at ECS-related pharmacological targets. Following

Xii



biochemometric analysis, several phenolic compounds and AKAs in Echinacea spp. were found
to be significant independent variables determining FAAH inhibition and CB receptor activation.
Hepatic metabolism was also found to affect the FAAH inhibition of AKA, as increased FAAH
inhibitory effects were observed after CYP450-mediated metabolism of both individual AKAs
and crude extracts of E angustifolia and E. purpurea, suggesting a “pro-drug” mechanism. Dose
dependent activities were observed with oral administration of both E angustifolia and E.
purpurea root extract in rat paw model of inflammation and pain. Further tests indicated these
activities can be partially blocked by co-administration of CB1 and CB2 receptor antagonists
AM251 and AM630, respectively. This evidence suggests activity for peripheral pain was at

least partially mediated through the ECS.
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CHAPTER 1: INTRODUCTION



1.1 General Introduction

Natural health products (NHP) are one of the major categories of approved therapeutic products
on the Canadian market. According to a survey study by Health Canada in 1999, 26% of respondents
reported using NHPs to prevent or treat an illness (Non-Prescription Drug Manufacturers Association
of Canada, 1999/2000). However, this number grew to 71% in 2005 (Health Canada, 2005). The
majority of NHPs on the market are botanical medicines. Whereas botanical medicines have played an
important role in human history, their importance declined in the 20th century with the growing use of
conventional single entity drugs produced by the pharmaceutical industry. However, due to concerns
over side effects, tolerance, compliance, patient preference and cost of conventional medications, this
trend has now reversed direction in developed countries and the use of botanical medicine as NHPs has
become a significant factor in personal health care since 1990 (WHO, 2013). The consumption of
NHPs is one of the most common form of alternative and complementary healthcare (Kennedy et al.,
2009). NHPs differ from other therapeutic products since they are usually not single-active ingredient
products but highly complex mixtures of constituents. NHPs, especially herbal products, may contain a
large number of natural constituents from multiple biosynthetic classes of phytochemicals. Although
they are often considered low technology products, the complex composition makes evaluation of
mode of action, pharmacokinetics and safety profiles challenging. The research presented in this thesis
focused on these issues in a new herbal medicine based on Souroubea and Platanus (Part 1) and a well-

established one, Echinacea (Part I1).



1.2 Part I: Souroubea spp. and Platanus spp. NHP for anxiety.

1.2.1 General introduction to Part |

During the last two decades, our research team at the University of Ottawa and colleagues at the
Herbarium at the Universidad Nacional Autonoma of Costa Rica have had an international
collaboration to study, preserve, and utilize plant biodiversity for medicinal purposes, especially safe
treatments for anxiety. As a discovery strategy, poorly studied plants including Genus Souroubea
(Figure 1-1) which belongs to a small family of neotropical lianas and shrubs, the Marcgraviaceae,
native to Central America, the northern part of South America, and the Caribbean Islands were
studied. Two species collected in Costa Rica, Souroubea gilgii Gilg. and S. sympetala V.A. Richt., were
the most promising extracts studied for anxiety treatment in standardized rodent behavioral assays
among extracts of many species surveyed and were selected for pharmaceutical development for
animal and human health. The phytochemistry of the two species is very similar with triterpenes being

the main bioactive molecules (Figure 1-2) (Puniani et al., 2015).

Anxiety disorders are among the most prevalent mental health problems in North America
(Kessler et al., 2005). Chronic use of conventional anxiolytic drugs is associated with adverse side
effects, including sedation, cognitive impairment, impaired psychomotor coordination, and risk of
tolerance, driving the need to find safer alternatives (Ravindran and Stein, 2010). There is a growing
body of evidence which shows that complementary and alternative treatment approaches, including
traditional herbal remedies, are increasingly used by anxiety patients (Kessler et al., 2001; Barnes et al.,
2002 and Van der Watt et al., 2008). Although several botanical species show efficacy in mood
disorders, two of the most effective botanicals, St. John’s Wort and Kava, have been associated with

adverse effects and safe alternatives are needed.



The discovery of anxiolytic effects of Souroubea extracts in rodents led to a subsequent investigation
of traditional uses of Souroubea spp. for mental health. Studies by Puniani et al. (2015) showed that
Q’eqchi’ Maya healers in Belize used Souroubea sympetala for the treatment of witchcraft, the
symptoms of which include becoming withdrawn, showing little interest in daily life, and reduced
verbal communication. Other ethnobotanical uses of this genus also point to its psychopharmacological
properties. The use of Souroubea guianensis Aublet var. coralline (Mart) Wittmack by the Kubuyari in
the Amazon as a calming agent for symptoms of nervousness in elders has been reported (Schultes and
Raffauf, 1990). Souroubea guianensis Aublet var. cylindrical Wittmack is used as a tranquilizing
medicine by the Karijona and as a treatment for “susto” by the Taiwanos. Susto, a culture specific
syndrome, has been described as sickness which occurs in response to a frightening event (Puniani et
al., 2015). As well, previous investigations of plants used as remedies for the treatment of susto have
demonstrated pharmacological activity at targets of anxiolytic drugs (Awad et al., 2009) and reduced

anxiety-like behavior in rodents (Bourbonnais-Spear et al., 2007).

1.2.2 Phytochemical constituents and active principles

Five triterpenes (Figure 1-2) were isolated from the active ethyl acetate fraction (Carballo-Arce,
2013). Of these, betulinic acid (BA), a lupane-type triterpene, induced anxiolytic-like activity upon oral
administration at 1 mg/kg in the elevated plus maze (EPM) (Durst et al., 2009). Administration of 0.5
mg/kg of BA increased the percentage of time spent in the open arms and the number of unprotected
head dips, an indication of increased risk assessment behavior, and significantly decreased the fear
potentiated startle (FPS) response compared to the vehicle controls (Cayer, 2011). These findings were
bolstered by parallel studies in different strains of mice, including a genetically anxious Balb/c strain, a
model of trait anxiety. Intraperitoneal BA administered at 0.25 mg/kg markedly reduced anxiety-like
behavior in these mice. Betulinic acid had been previously shown to be pharmacologically active with

anti-melanoma and anti-HIV properties (Yogeeswari and Sriram, 2005). Other compounds present in



Figure 1-1. Souroubea (left) and Platanus (right). Imaged by John T. Arnason.



Souroubea spp., including a- and B-amyrins and ursolic acid, were not found to be active in the EPM at
the same dose as betulinic acid (Puniani et al., 2015). However, anxiolytic and antidepressant effects
have been demonstrated for a- and B-amyrins by others (Aragao et al., 2006). In behavioral assays, the

combination of amyrins and betulinic acid was synergistic in promoting anxiolytic effects.

1.2.3 Pharmacology of Souroubea spp.

A series of pre-clinical studies using orally administered Souroubea raw plant materials, crude
ethanol and ethyl acetate extracts, or supercritical CO. extracts have demonstrated anxiolytic potential
in rodents using standardized behavioral assays on short-term and long-term treatment regimens
(Puniani et al., 2015 and Mullally et al., 2011). Behavioral assays were conducted to elucidate the dose
response effects of Souroubea spp. ethanol extract in rats in the EPM at 25, 50, 75, and 100 mg/kg.
Treatments led to dose-dependent increases in the time spent in the open arms of the EPM, and
unprotected head dips, both of which are measures of anxiolytic activity (Puniani et al., 2015). The
extract was also demonstrated to significantly reduce the time spent freezing in the conditioned
emotional response (CER) test (Cayer, 2011). Different extraction methods showed that supercritical
extracts were the most effective with significant effects at 25 mg/kg. Leaf was more effective than
stem, and there was little difference between the two species studied (S. gilgii and S. sympetala), a

result consistent with their similar phytochemistry (Mullally et al., 2011).

Bioassay-guided fractionation experiments with sequential hexane, ethyl acetate, and water
fractions showed that the active principles were enriched in the ethyl acetate fraction (Mullally et al.,
2011). The orally administered ethyl acetate fraction was found to significantly increase time spent in
the open arms by rats in the EPM at 50 and 100 mg/kg body weight (Durst et al., 2009, Cayer, 2011).
Similarly, at 75 or 100 mg/kg, this fraction reduced freezing time in the contextual CER test (Mullally

et al., 2017) and attenuated expression of FPS (Cayer, 2011). The fraction also significantly increased



Lupane Oleanane

Triterpene family Triterpene R, R,
Lupane lupeol CH; H
Betulinic acid CH,0H H

Oleanane p-amyrin CH; H
Ursane o-amyrin CH; H
Ursolic acid COOH H

Figure 1-2. Chemical structure of major triterpenes identified in Souroubea spp.




total active social interaction at 100 mg/kg (Cayer, 2011). Interestingly, anxiolytic activity of the crude
extract in the FPS test was significantly greater than the active ethyl acetate fraction, suggesting that

there may be pleiotropic effects at play (Cayer, 2011).

In addition to behavioral modification, Souroubea spp. extracts induce physiological changes at
targets of anxiety and stress. Evidence of anxiolytic activity of Souroubea spp. in unconditioned (EPM,
Sl) and conditioned (CER, FPS) tests suggested that Souroubea extracts and (or) compounds may be
modulating anxiety responses by acting as agonists at the GABAA-BZD receptor (Gonzalez et al.,
1998; Menard and Treit, 1999 and Rezayat et al., 2005). Mullally et al. (2014) showed that in the
presence of a GABAAa-BZD receptor-specific antagonist, flumazenil, the anxiolytic activity of extracts
of Souroubea as well as methyl-BA were markedly attenuated in the EPM, and to a lesser degree, in the

CER.

Investigations in Onchorhyncus mykiss (rainbow trout) showed that BA was active at the
interrenal cells of the hypothalamic-pituitary-interrenal axis in lowering cortisol production (Mullally
et al., 2017). Upon in vivo administration at 1 mg/kg in acutely stressed fish, BA lowered plasma
cortisol but had no effect on plasma cortisol levels in unstressed controls. These cortisol-lowering
effects in stressed animals have been observed (Gonzalez et al., 1996) in other species including rats

(corticosterone), piglets, dogs, and horses.

Additional mechanisms may contribute to the observed anxiolytic effects that have yet to be
tested. Treatment with Souroubea sympetala (supercritical COz extract) has been shown to increase the
number of unprotected head dips in the EPM, which is a behavioral parameter responsive to 5SHT1A
(serotonin receptor 1A) ligands (Mullally et al., 2011). Interestingly, response in the SI test appears to
also involve serotoninergic receptors (Gonzalez et al., 1996) and there are reported reciprocal

interactions between GABA and serotonin circuitry (Andolina et al., 2013 and Ciranna et al., 2006).



Some recent data showed fatty acid amide hydrolase inhibition, implicating the endocannabinoid

system.

1.2.4 Development of a low risk veterinary product

In 2010, commercial product for veterinary applications as a canine calming agent for noise
aversion were initiated in collaboration with Bioniche Animal Sciences. To provide a cost-effective
product, Souroubea spp. vine was fortified (55:45 w/w) with sycamore bark (Platanus occidentalis
Figure 1-1), a native North American botanical which contains large amounts of betulinic acid (BA)
but no amyrins (Durst et al., 2015). Studies of the two raw (unextracted) botanicals, individually or as
part of a blend, were undertaken in rodent models and demonstrated that the latter was more active than
the individual components. The raw botanical ingredients were formulated for dogs in a 3.5 g chewable
tablet containing binder and beef flavoring and 2 g of a 55:45 mixture of Souroubea spp. and Plantanus
spp. standardized to provide the recommended dose of 1 mg/kg betulinic acid for a 10 kg dog. The
individual plant components and blend were well tolerated in a pilot dog study in a sub-acute (28 days)
pilot study at 8 times recommended dose (Villalobos et al., 2014). Safety was confirmed in a full-scale
independent toxicology trial at 5 times dose while monitoring weight, clinical chemistry, and
hematology in beagles by an independent study at Kingfisher Inc (Masric et al., 2017). with no
significant adverse effects. Studies in dogs at Cancog Technologies in Guleph, Ontario using a
thunderstorm model of noise aversion indicated significant dose dependent anxiolytic effects through
behavioral modification as well as dose-dependent reduction in plasma cortisol (Masric et al., 2016). A
subsequent blinded placebo-controlled study indicated that administration of a single dose of the blend
was effective at significantly (p < 0.05) lowering cortisol levels in treated animals compared to

placebo, 1h after administration.



In 2013-2014, Bioniche sold its veterinary products division. The University of Ottawa license
for the technology was then transferred to Souroubea Botanicals Inc. (Ottawa ON), who have marketed

the canine tablet through a US distributor (Zentrol™) since June 2016.

1.2.5 Entry into the human market

Based on preliminary studies in rats and dogs, Souroubea/Platanus botanical extract is a
promising candidate to study for managing anxiety symptoms in humans. Unlike conventional
anxiolytics, long-term administration of Souroubea active principles does not lead to tolerance or
withdrawal effects in rodents. In a study by Cayer (2011), administration of methyl-BA over 30 days
resulted in significantly higher percent time spent in the open arms as well as number of unprotected
head dips in the EPM compared to controls, i.e., potency and efficacy was sustained over repeated
administration. Withdrawal effects of BA and methyl-BA-treated animals assessed during the light and
dark cycles using behavioral parameters, food intake, fecal boli output, and body weights were not

significantly different from controls (Cayer, 2011).

The Canadian Natural Health Product regulatory framework provides an opportunity for licensing
Souroubea/Platanus extract as an approved low-risk product based on evidence of safety, quality, and
efficacy with a limited treatment claim. Approvals for clinical trials with a Souroubea/Platanus extract
investigational product (95% ethanol extract) were granted in Dec 2018 and a clinical trial was
scheduled for 2019. If successful, the product will be submitted for licencing as an approved NHP.
Subsequently, the product could be marketed as a US dietary supplement with a structure-function
statement (a statement that describes the role of a dietary ingredient in humans without making a
treatment claim). Recent experiments in rodents examined the effects on auditory fear memory

reconsolidation elicited by the extract. In the fear-potentiated startle paradigm, significant impairment

10



of long-term fear memory retention was observed, and no significant effects on short-term memory
occurred when the botanical was administered orally directly following memory reactivation. This
suggests the potential application in post-traumatic stress disorder in humans. If this can be
demonstrated clinically, a standardized extract is a candidate for registration in the US as a botanical

drug with evidence-based anxiolytic claims.
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1.3 Part Il: Echinacea spp.

1.3.1 General introduction to Echinacea spp.

Echinacea spp. (Asteraceae), commonly known as purple coneflowers (Figure 1-3), are native to
North America (Wichtl, 2004) and were used medicinally for a variety of purposes by the first nations
of North America (Shemluck, 1982). For hundreds of years, these plants have been used as an
antiseptic or an analgesic to treat poisonous insect and snakebites, toothaches, sore throat, wounds and
communicable diseases such as mumps, smallpox, and measles. They were eventually adopted by the
early settlers and became popular among the North American eclectic physicians. Alcohol extracts of
Echinacea angustifolia (DC.) Hell were applied topically for wounds, infections, and poisonous bites
and stings as well as orally administered to treat infections. Echinacea purpurea (L.) Moench and
Echinacea pallida were documented but rarely used by the eclectic physicians (Shemluck, 1982).
However, E. purpurea was brought to Europe by mistake and the European naturopathic doctors and
manufacturers found that its efficacy was similar to E. angustifolia but was much easier to cultivate. E.
angustifolia and E. pallida were initially considered to be different varieties of the same species until a
revision of the genus described them as two separate species in 1968 (McKeown, 1968). Thus, E.

pallida sometimes was used in Europe as a substitute for E. angustifolia.

In modern use, Echinacea-containing products are widely consumed as medicinal products to
treat/prevent cold and flu symptoms as well as lung conditions, wound healing and candidiasis (Barrett
2003 and Baum et al., 2006). The pharmacological activity of Echinacea products is based on in vitro
or in vivo studies including immunomodulatory, antimicrobial, anti-inflammatory and anxiolytic
activities (Binns et al., 2001; Barrett, 2003; Barnes et al., 2005, Baum et al., 2006; Birt et al., 2008;

Guiotto et al., 2008; Chicca et al., 2009; Stanisavljevi¢ et al., 2009; Haller et al., 2010&2013; Hu and
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Figure 1-3. Echinacea. angustifolia (left) and Echinacea purpurea (right). *Imaged by John T. Arnason.
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Kitts et al., 2014; Sharifi-Rad et al., 2018). Production of Echinacea has increased rapidly due to its
great value, and Echinacea-containing products are among the best-selling natural health products
(NHP) in North America with a value >$60M/year in the U.S. market alone (Smith et al., 2016) in

2015.

1.3.2 Phytochemistry

The major phytochemicals, identified in Echinacea spp. include alkylamides/alkamides (AKA);
caffeic acid derivatives (CAD), polysaccharides/glycoproteins and polyenes/polyacetylenes (Binns et
al., 2002). At least 20 AKAs have been reported, most of them have been identified as isobutylamides
of unsaturated straight-chain fatty acids with one or more olefinic and/or acetylenic bonds (Bauer &
Remiger 1989) . Composition of individual AKAs varies by species. For example, isomeric dodeca-
2E,AE,8Z,10E/Z-tetraenoic acid isobutylamide (Sloley et al., 2001) is the dominant AKA in the roots
and aerial parts of E. angustifolia and E. purpurea, but it is absent from E. pallida. Major
isobutylamides from the roots of E. purpurea contain acetylenic bonds while those of E. angustifolia
contain olefinic bond in the fatty acid moeities (Bauer & Remiger 1989). Binns et al (2002) reported
the quantitative variation of 19 AKAs in roots and other organs of native plant populations in the genus
Echinacea. Species-level canonical discriminant analysis (CDA) of roots suggests these phytochemical
variables contribute significantly as quantitative phytochemical species markers to discriminate
commercial Echinacea species. Binns et al (2002A) also reported that these AKAs in root are
accumulated with age. The phytochemical composition may also differ between individuals of the same

species (Binns et al., 2001).

Caffeic acid derivatives (CADs) such as glycosides and caffeic acid esters are the major phenolic
components identified in Echinacea spp. Like AKAs, the combination and quantity of CADs varies by
Cichoric acid and caftaric acid were found in all Echinacea species but are most abundant in the root

and aerial parts of E. purpurea (Binns et al., 2002A). Chlorogenic acid was found in all Echinacea
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species as well as a new chemotype (Binns 2002 et al., A, B). Echinacoside is the major component
found in the roots of E. angustifolia and E. pallida (Pietta et al., 1998). However, it is absent from E.
purpurea. spp. Cynarin was only reported in the roots of E. angustifolia (Pietta et al 1998).
Verbascoside, 3,4- and 3,5-dicaffeoylquinic acid were also identified in Echinacea spp. (Sloley et al.,

2001; Barnes et al., 2005).

Polysaccharides and glycoproteins have been reported in roots of E. angustifolia and E. pallida;
roots and aerial parts of E. purpurea (Binns 2002 et al., 2002A, B). Bauer (1997) isolated 3
polysaccharides from E. purpurea: a methylglucuronoarabinoxylan (MW: 35 kD), an acidic
rhamnoarabinogalactan (MW: 450 kD) and a xyloglucan (MW: 79 kD). Blaschek et al (1998) reported
a heterogeneous polysaccharide (MW<10kD), an inulin-type fractions (MW: 6 kD) and an acidic
arabinogalactan polysaccharide (MW: 70 kD) in E. purpurea juice. Classen et al (2000) isolated an
arabinogalactanprotein (MW: 120 kD) with a highly branched polysaccharide core in E. purpurea
juice. Balciunaite et al (2015) also isolated this arabinogalactanprotein in dried E. purpurea root with a

much lower yield.

Major polyenes/polyacetylenes identified in Echinacea spp. including: 8-hydroxytetradeca-9E-ene-
11,13-diyn-2-one;, 8-hydroxypentadeca-9E-ene-11,13-diyn-2-one;, tetradeca-8Z-ene-11,13-diyn-2-
one, pentadeca-8Z-ene-11,13-diyn-2-one, pentadeca-8Z,13Z-dien-11-yn-2-one; pentadeca-
8Z,11E,13Z-trien-2-one and pentadeca-8Z,11Z,13Z-trien-2-one (Binns et al., 2002A). The amounts of
these polyenes/polyacetylenes were found higher in E. pallida root than in E. purpurea and E.

angustifolia roots (Barnes et al., 2005).
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Figure 1-4. Structure of major components of Echinacea spp: caffeic acid derivatives (CAD) and

alkylamides (AKA).
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A series of other plant secondary metabolites including pyrrolizidine-type alkaloids (tussilagine
and isotussilagine), flavonoids (quercetin, kaempferol, isorhamnetin and their glycosides),
anthocyanins, free phenolic acids (p-coumaric, p-hydroxybenzoic and protocatechuic acids) were also
reported in E. purpurea and E. angustifolia (Bauer 1998; Roder et al 1984; Lin et al 2002; Wichtl

2004).

1.3.3 The endocannabinoid system and related pharmacological targets

The endocannabinoid system (ECS) is an evolutionarily ancient signaling system discovered
relatively recently (Pertwee et al., 2006; De Petrocellis et al., 2009) and plays an important role in
many physiological processes. Major components and potential pharmacological targets in the system
include the cannabinoid receptors, endogenous ligands known as endocannabinoids, reuptake

transporter proteins, as well as the enzymes for synthesis and degradation of the endocannabinoids.

Cannabinoid receptors are a type of G-protein-coupled receptor (GPCR). There are currently two
known subtypes of cannabinoid receptors (CB1 and CB2) with 44% protein sequence similarity
(Svizenska et al., 2008). The CB1 receptor is found throughout the central nervous system but is also
expressed in other organs such as lungs, liver and kidneys. The CB2 receptor is expressed mainly in the
immune system and in hematopoietic cells, but it can also be found in many peripheral as well as in
central nervous system tissues (Pertwee et al., 2006, Kleyer et al., 2012). The role of neuronal CB2
receptors is still unclear. The activation of the CB1 receptor in the central nervous system (CNS)
located in the pre-synaptic neuron modulates synaptic plasticity, neuronal excitability, reward and
motivation, emotions, learning and memory, locomotion, appetite, and thermoregulation (Kleyer et al.,
2012). Activation of the CB2 receptor mainly triggers immunosuppressive effects, which can inhibit
inflammation and associated tissue injury in certain pathological conditions. Other peripheral effects of

ECS activation include regulation of blood pressure, suppression of gastric and intestinal mobility,
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lipogenesis and nociception (Nicolussi and Gertsch, 2015). Other GPCRs such as GPR55 were also

found to interact with endocannabinoids.

Endocannabinoids consist of several arachidonic acid derivatives. Anandamide (AEA) and 2-
arachidonoyl glycerol (2-AG) are considered to be the major endocannabinoids (Pertwee et al., 2010).
Unlike the other neurotransmitters which are pre-synthesized and stored in vesicles before release to
synapse, the synthesis of endocannabinoids is usually triggered by cellular activation such as calcium
influx causing immediate release to the synapse (Nicolussi and Gertsch, 2015). N-
acylphosphatidylethanolamine is the main precursor of AEA and the transacylation—phosphodiesterase
pathway is considered the major pathway (Figure 1-5). However, there are at least 2 other import
pathways for AEA biosynthesis (Muccioli et al., 2010). They are thought to be alternative pathways to
compensate the blockage of other pathways under certain conditions. Similar to AEA, 2-AG is also
produced by a stimulus such as calcium influx or the activation of Gg/11 coupled receptors (Muccioli
et al., 2010). Arachidonic acid-containing diacylglycerol (DAG) are major precursors of 2-AG (Figure
1-5). Alternative pathway including the convertion of phosphatidylcholine and phosphatidic acid by
DAG lipase as well as arachidonic acid-containing lysophosphatidic acid by phosphatases (Murataeva

etal., 2014).

The degradation of AEA and 2-AG occur mainly through hydrolysis and arachidonic acid is the
main deration product. Fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) are
the major enzyme responsible for the hydrolysis of AEA and 2-AG respectively. Other enzymes such
as N-acylethanolamine-hydrolyzing acid amidase (NAAA) for AEA and a/b-hydrolase 6 and 12
(ABHDG6 and 12) for 2-AG are also involved. Beside hydrolysis, AEA and 2-AG can also be oxidized
to PGH2-ethanolamide and PGH2-glyceryl ester by cyclooxygenase 2 respectively (Muccioli et al.,
2010). Cytochrome P450 enzymes may also play a role in endocannabinoids degradation (Nicolussi

and Gertsch 2015).
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Figure 1-5. Biosynthesis and degradation pathway of major endocannabinoids

AEA: Anandamide; 2-AG: 2-arachidonoyl glycerol; NAPE: N-acetylphosphatidylethanolamine;
DAG: Diacylglycerol; NAPE-PLD: N-acetylphosphatidylethanolamine-hydrolysing phospholipase D;
DAG-Lipases: Diacylglycerol lipase; FAAH: Fatty acid amide hydrolase; MAGL: Monoacylglycerol

lipase.
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As the degradation process is mainly intracellular, the re-uptake of endocannabinoids is considered a
key factor in the activation of CB receptor. Based on the discovery of the AEA reuptake inhibitor, a
membrane transporter was proposed (Beltramo et al., 1997; Battista et al., 2005). However, no
transporter protein has been identified so far. Furthermore, many of the of the AEA re-uptake inhibitors
were also found to be a FAAH inhibitor which rapidly hydrolyzed the intracellular AEA altering the
inward diffusion of AEA. Thus, the pharmacological target of these re-uptake inhibitors may be FAAH
instead of a transporter. Additional in vitro studies by Dickason-Chesterfield et al. (2006) and Nicolussi
et al. (2014) found several reuptake inhibitors (LY2183240 and URB597) that showed low inhibition
potency in HeLa or HMC-1 cell lines which lack FAAH activity. On the other hand, indirect evidence
suggests the existence of a membrane transporter. Ortega-Gutierrez et al. (2004) experimented the
inhibitor UCM707 in FAAH knock out mice and still blocked intracellular AEA accumulation with an
ICso around 3puM. While the existence of a membrane transporter is still debated, a series of
intracellular transporters of AEA was discovered (Kaczocha et al., 2009; Oddi et al., 2009).
Cytoplasmic binding proteins including fatty-acid-binding proteins (FABPs), albumin and 70
kilodalton heat shock proteins (Hsp70) were found to be involved in the intracellular trafficking of
AEA. Although 2-AG was found to be hydrolyzed both intra/extra cellularly, and a similar cellular
uptake mechanism was also reported. Chicca et al (2012) concluded that 2-AG may compete with the
same putative membrane transporter. Furthermore, AEA re-uptake inhibitors AM404 and OMDM-2
were found to inhibit the 2-AG re-uptake. To summarize, the re-uptake of endocannabinoids appears to
involve many different mechanisms including facilitated diffusion driven by intracellular enzymatic

hydrolysis and interaction with intra/inter cellular binding proteins.

As the involvement of ECS in physiological processes is highly diverse, it is recognized as an
important phrenological target (Fonseca et al., 2005). In addition to many synthetic compounds that
target the CB receptors, synthesis/degradation enzymes or the re-uptake of endocannabinoids have
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been studied for their potential medicinal applications related to anxiety/depression, appetite, Attention
deficit hyperactivity disorder (ADHD), Alzheimer’s disease, motor dysfunction (Hungtington’s
disease, Parkinson’s disease), multiple sclerosis, pain management, inflammation, atherosclerosis, bone
development, nausea/vomiting, and glaucoma, etc.(Fernandez-Ruiz, 2009; Tambaro and Bortolato,
2012; Loflin et al., 2014; Whiting et al 2015; Liu et al., 2015; Huang et al., 2016; Hauser et al., 2017;

Hasenoehrl et al., 2017; Ho et al., 2017).

Besides endo/synthetic cannabinoids, a number of plant secondary metabolites were found to
interact with the ECS system and can also stimulate CB receptors. These phytocannabinoids are not
limited to A9-tetrahydrocannabinol and related components found in the genus Cannabis, with many
other classes of plant secondary metabolites now reported to interact with ECS through different
mechanisms. For example, salvinorin A from Salvia divinorum and falcarinol from Daucus carota
(carrot) were identified as antagonist and inverse agonist of CB1 receptor, respectively. -
Caryophyllene, found in many plants including Piper nigrum, Melissa officinalis and Humulus lupulus,
is a selective CB2 receptor agonist. Macamides from Lepidium meyenii and the common flavonoid
kaempferol were identified as FAAH inhibitors; Guineensine N-isobutylamide from Piper nigrum was

also found inhibit the re-uptake of AEA (Russo, 2016).

1.3.4 Alkylamides and CB activity

Early research mainly associated CADs with antioxidant and antimicrobial properties whereas
polysaccharides/glycoproteins were associated with the immunomodulatory effects (Barnes 2005).
More recent evidence suggests that AKAs may contribute to most of these activities because of their
greater bioavailability (Woelkart et al., 2005B). AKAs also interact with the ECS. Woelkart et al
(2005A) demonstrated CB binding activity of major AKAs isolated from the root of E. angustifolia in a
standard receptor binding assay using [3H] CP-55,940 as a radioligand. Although most of the AKAs

bind both the CB1 and CB2 receptor, the affinity is more selective toward CB2. Hohmann et al. (2011)
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tested CB1 activation activity of major AKAs isolated from the root of E. purpurea in a [35S] GTPyS
binding experiment performed in rat brain membrane preparations. The results indicated that most
AKA:s interact with CB1 receptor. However, 7 of 10 tested compounds were recognized as inverse
agonists with 2 partial agonists and a neutral compound. Gertsch et al. (2004) reported in an in vitro
study that Echinacea AKAs may modulate TNF alpha gene expression via CB2 receptor activation. It
was then confirmed in an in vivo assay with the rodent endocannabinoid system model by Raduner et
al. (2006) that the immunomodulatory effects dodeca-2E,4E,8Z,10Z-tetraenoic acid N-isobutyl amide
and dodeca-2E,4E-dienoic acid N-isobutyl amide are dependent on a CB2 receptor interaction.
Furthermore, Chicca et al. (2006) reported synergistic pharmacological effects on anti-inflammatory
and immunomodulatory responses to an E. purpurea tincture, as well as a mixture of AKAs, through
CB2 receptor activation. In addition, Cech et al. (2006) reported reduced immunomodulatory activity
of dodeca-2E,4E,8Z,10Z-tetraenoic acid N-isobutyl amide and E. purpurea extract after human

Cytochrome P450 enzyme metabolism.

Beyond anti-inflammatory and immune-modulatory activity, anxiolytic activity has also been
linked to AKA-ECS interaction. Haller et al. (2010 and 2013) reported in vivo studies with rats which
demonstrated that both E. purpurea and E. angustifolia extracts exhibited anxiolytic effects in the
elevated plus-maze, social interaction and shock-induced social avoidance tests. Significant anxiolytic
results were also been reported in a small clinical trial (Haller et al., 2013) with 33 volunteers. The
high dosage group treated with formulated E. angustifolia extracts (2 tablets per day) decreased State-
Trait Anxiety Inventory (STAI) scores within 3 days in human subjects, an effect that remained stable

for the duration up to 2 weeks.

Direct CB receptor binding is not the only mechanism of AKA ECS interaction, AKAs may also
enhance the CB receptor activation through the inhibition of FAAH. AKAs were expected to interact

with FAAH due to their structural similarity to the AEA. Several AKAs were tested against FAAH
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previously. However, the results are controversial. Woelkart et al. (2005B) reported no FAAH
inhibitory effects of several AKASs at a concentration of 25 nM in in vitro assay with rat brain tissue as
enzyme source. Chicca et al. (2006) reported Echinacea extract as a partial FAAH inhibitor but failed
to establish a significant dose response in an in vitro assay with pig brain tissue as enzyme source. The
conflicting results may have been caused by different assay condition as well as the micellization of
AKAs proposed and tested by Raduner et al. (2007). AKAs aggregate as the concentration increases
and from micelles in aqueous solution. Aggregated AKAs are unlikely to access the active site of
FAAH. Thus, only the concentration of the AKA monomer is associated with the FAAH inhibitory

effect.

1.3.5 Bioavailability

The pharmacological activity of orally administrated herbal medications is usually limited by the
bioavailability of the active ingredients. Pharmacokinetics of Echinacea compounds has focused on the

caffeic acid derivatives and AKAs.

Matthias et al (2005A) tested the permeability of major Echinacea ingredients through the blood
intestinal barrier in vitro by using a Caco 2 monolayer. Caffeic acid derivatives (Caftaric acid, cichoric
acid and echinacoside) showed poor permeability with no more than 5% diffused through the
monolayer in 90 min. On the other hand, 2 of 4 AKAs tested (dodeca-2E,4E,8Z,10Z-tetraenoic acid
isobutylamide, dodeca-2E,4E,8Z-trienoic acid isobutylamide, undeca-2E-ene-8,10-diynoic acid
isobutylamide and dodeca-2E-ene-8,10-diynoic acid isobutylamide) diffused through the monolayer
rapidly with an uptake rate around 80%, 60% 30% and 10 % respectively. A follow up small scale
clinical pharmacokinetic study in 9 healthy volunteers has confirmed the in vitro results. After oral
administration of Echinacea tablets (MediHerb, Australia; each tablet contains E. angustifolia root
extract 150 mg, containing 2.0mg alkamides, and E. purpurea root extract 112