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Abstract

Malaria, a disease caused by parasites of the Plasmodium genus, infects over 220 million
people annually, resulting in over 400,000 deaths. Most of these deaths occur in Africa in children
<5 years of age. Artemisia annua L., an ancient Chinese medicinal herb, is known for its foremost
phytochemical constituent, artemisinin (AN). Semisynthetic derivatives of AN form the primary
component of artemisinin combination therapies (ACTs), the frontline treatment for malaria
worldwide. However, ACTs have several drawbacks including cost and availability. Thus,
cheaper, more readily available antimalarials are needed. Recent clinical data suggested dried
leaves of A. annua (DLA) administered orally as a tea infusion may be as efficacious as ACTs
despite a significantly lower AN dose delivered. In mice, AN plasma concentration was improved
when administered as DLA compared to pure AN. I therefore hypothesized that phytochemicals
within DLA enhanced the oral bioavailability of AN. To investigate this hypothesis, here |
examined the effects of DLA on the underlying mechanisms that govern oral bioavailability. Using
an in vitro human digestion model, | showed that AN solubility was greater when delivered as
DLA, largely due to essential oil in the plant. Furthermore, AN intestinal permeability was
enhanced in a Caco-2 cell model of the intestinal epithelium. Extracts, teas, and phytochemicals
produced by Artemisia also inhibited the activity of CYP2B6 and CYP3A4, the enzymes
responsible for first-pass AN metabolism in the liver. Additionally, AN tissue distribution was
improved when delivered as DLA and AN accumulation in tissues was higher in female vs. male
rats. Finally, I showed that DLA was a more efficacious anti-inflammatory than pure AN in rats,
potentially due to enhanced AN bioavailability. Taken together, these results shed light on the
mechanisms behind enhanced oral bioavailability afforded by DLA and demonstrate the potential

for DLA to be used as a therapeutic for malaria and other diseases.
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Chapter 1 Background and Introduction?
1.1 History of Malaria

Malaria, a disease caused by parasites of the Plasmodium genus, has wreaked havoc on
humankind since time immemorial. Indeed, malaria as a disease was documented for several
centuries by ancient civilizations prior to Charles Laveran’s discovery of the Plasmodium parasite
in 1880 (Institute of Medicine 2004). The Nei Ching, the Chinese Canon of Medicine and the
oldest known medical text, makes the earliest known reference to a disease that was almost
certainly malaria in 2700 BC (Shampo and Kyle 1989; Cox 2010; Institute of Medicine 1991) and
Plasmodium-specific antigens were discovered in the remains of Egyptian mummies from as far
back as 3200 BC (Miller et al. 1994). Additionally, there are references to malaria in cuneiform
on clay tablets from Mesopotamia from 2000 BC, Egyptian papyri from 1570 BC, and sixth
century BC Hindu texts (Cox 2010). By the 19" century, malaria had spread to all 6 permanently
inhabited continents and over half of the world’s population was at risk (Carter and Mendis 2002).
Without a formal cure or therapy, about 1 in 10 people affected by malaria died from the disease
(Carter and Mendis 2002). It’s estimated malaria killed 150-300 million people, roughly 2-5% of
the total population, in the 20" century (Carter and Mendis 2002) and it is thought that malaria has
killed more humans than any other disease (Butler, Khan, and Ferguson 2010). All of this is to say
malaria is one of the most significant and deadly diseases in human history and thus its eradication

would be a monumental achievement.

@ Small portions of this chapter were published in Weathers et al. (2017).
1



1.2 History of Malaria Treatment: From Quinines to Artemisinins

The discovery and isolation of quinine from the bark of the Peruvian Cinchona tree in 1820
marked the first major breakthrough in treating malaria in the Western world (Butler, Khan, and
Ferguson 2010). It eventually led to the development of synthetic quinine derivatives, mepacrine
and chloroquine, which dominated malaria treatment in the 20" century (Butler, Khan, and
Ferguson 2010). However, Plasmodium species quickly developed resistance to these treatments
in the late 1960s and soon new drugs were severely needed (Tu 2016). Thus the Chinese
government launched Project 523, a project enlisting over 500 scientists at over 60 institutions to
examine ancient traditional Chinese medicine in search of a new therapy for malaria (Butler, Khan,
and Ferguson 2010). The primary outcome of the project was the discovery of a powerful
antimalarial molecule, artemisinin (Figure 1.1), isolated from the Chinese herb Artemisia annua
by Dr. Youyou Tu for which she was later awarded the 2011 Lasker Award and the 2015 Nobel
Prize in Physiology or Medicine (Tu 2016). Semisynthetic derivatives of artemisinin (Figure 1.1)
were soon developed to combat the near insolubility of artemisinin in water to form the current

malaria therapies used today (Butler, Khan, and Ferguson 2010).



Figure 1.1 Chemical structures of artemisinin (A) and the semisynthetic artemisinin derivatives
artesunate (B), artemether (C), and dihydroartemisinin (D).

1.3 Malaria Today

The discovery and widespread use of quinines and artemisinins in conjunction with global
efforts to eradicate malaria drastically reduced the number of annual malaria deaths (Carter and
Mendis 2002). However, there is still work to be done and the development of artemisinin
resistance threatens to undo decades of progress made towards eradication (Butler, Khan, and
Ferguson 2010). In 2018 , there were an estimated 228 million malaria cases worldwide resulting

3



in about 405,000 deaths (WHO 2019c). What is perhaps most disturbing about malaria is that it is
largely a disease that Kills children and toddlers. In fact, in 2018 children under the age of 5
accounted for 67% of all malaria deaths worldwide (WHO 2019c). In order to understand how to
treat malaria, we must first understand the communities and demographics most affected by
malaria. Of all malaria cases in 2018, 93% occurred in the World Health Organization (WHO)
Africa Region and 94% of all global malaria deaths occurred in this same region (WHO 2019c).
Even more specifically, 19 countries in sub-Saharan Africa were home to 85% of the global

malaria burden (WHO 2019c).

Malaria is also intimately linked with poverty. The disproportionate effect felt by those in
extreme poverty is illustrated by the fact that the highest malaria mortality rates occur in regions
of the world with the highest proportion of people living on less than US$1.25/day (WHO 2012c).
Causality is difficult to determine, however, it is generally thought that causality works in both
directions (Teklehaimanot and Mejia 2008; Sachs and Malaney 2002). Extreme poverty sustains
the conditions for malaria transmission and survival and in turn the tremendous burden of malaria
stifles economic growth and keeps endemic communities impoverished (Teklehaimanot and Mejia
2008; Sachs and Malaney 2002). This repetitive cycle will likely only be broken by the
introduction of low-cost malaria interventions that treat all stages of the disease to ease the disease

burden in endemic communities.
1.4 Malaria Lifecycle

The parasites that cause malaria undergo their lifecycle in both female Anopheles
mosquitoes and humans (Figure 1.2) (CDC 2019a). Infection in humans begins when a mosquito

takes a blood meal and injects sporozoites into the human (Figure 1.2) (CDC 2019a). The



sporozoites travel to the liver where they divide and mature until they are released into the blood
(Figure 1.2) (CDC 2019a). The erythrocytic stages of the malaria life cycle, where parasites rapidly
divide and rupture red blood cells, are responsible for the symptoms usually associated with
malaria (CDC 2019a). In most cases, uncomplicated malaria symptoms include fever, chills,
sweats, head and body aches, nausea and vomiting, and general malaise (CDC 2019b). However,
in certain cases patients develop severe malaria which can include cerebral malaria causing
abnormal behavior, impairment of consciousness, seizures, coma, and other neurologic
abnormalities (CDC 2019b). Severe malaria can also cause severe anemia, acute respiratory
distress, and acute kidney injury among other serious symptoms (CDC 2019b). The malaria
lifecycle stages that take place within the bloodstream include trophozoites and schizonts (Figure
1.2) (CDC 2019a). Importantly, some trophozoites differentiate into male and female gametocytes
during initiation of the sexual cycle and gametocytogenesis (Figure 1.2) (CDC 2019a). These
gametocytes are subsequently taken up by the mosquito when it draws a blood meal and male and
female gametocytes mate in the gut of the mosquito (Figure 1.2) (CDC 2019a). The mated
gametocytes mature and multiply in the mosquito forming sporozoites that travel to the salivary

glands of the mosquito beginning the cycle anew (Figure 1.2) (CDC 2019a).



A = Infective Stage

A\ = Diagnostic Stage Human Liver Stages
Mosquito Stages
RS Ruptured
e @ oacyst oA
=, o a el
&\.7:‘,} m} Lol Exo-erythrocytic Cycle
O Oocyst / chmm;
Ruptured schizont T
i o s t. 0
-, = c"o & .
;E\T ..-,::..’ o Schizont
R VY, e
R W)
.
Sporegenic Cyche 1 , Human Blood Stages
'\ (5] ﬂ Immatun‘_.*
L]
,
Faal® qf. e El
fl‘:u‘-t "i;u:({‘: 4 / e A n Erythrocytic Cycle
e - W
Microgamete entering . ) e ‘il":‘
macrogamete () ‘3 ] o] “I‘.
- j £ faicpanwm d .
e
Exflagellated Q( ’ R“P'U'e“\ <y /
micreqame & schizont wet
ogametocyt 20 ? schizont A &

09d
Q@R cametoces A 0
P wax . % fajé% Gametocytes

P ovplg -}
P madanae

Figure 1.2 Malaria lifecycle in mosquitos and humans. Taken from Centers for Disease Control
and Prevention (CDC 2019a).

1.5 Artemisinin Combination Therapies

Today, a commonly used antimalarial drug, chloroquine, is largely ineffective due to
widespread resistance, so artemisinin combination therapies (ACTs) have emerged as the frontline
treatment for malaria worldwide (CDC 2019c; WHO 2015). ACTs achieve their powerful
antimalarial effectiveness by combining semisynthetic derivatives of artemisinin (Figure 1.1) with
a secondary antimalarial, e.g. lumefantrine (see below), that remains in the blood for a longer

duration to eliminate parasites that withstand the initial artemisinin challenge (WHO 2015;



Eastman and Fidock 2009; Tilley et al. 2016). Artemisinin is a sesquiterpene lactone produced in

the glandular trichomes of the Chinese herb A. annua L. (Figure 1.3) (Tellez et al. 1999; Xiao,

Tan, and Zhang 2016).

Secretory Sac:
ART, AB

Figure 1.3 A. annua L. plant with a diagram of glandular trichome morphology (inset). A, apical
cell; B, basal cell; SA, subapical cell; St, stalk cell; ART, artemisinin; AB, arteannuin B. Shaded
cells contain chloroplasts. Adapted from Weathers et al. (2017).

Artemisinin’s chemical structure contains an endoperoxide bridge that is rare in a natural
product and affords artemisinin its primary potent antimalarial efficacy (Meunier and Robert
2010). Antimalarial derivatives of artemisinin such as artesunate, artemether, and
dihydroartemisinin, all retain this endoperoxide bridge (Figure 1.1). However, artemisinic

compounds, such as deoxyartemisinin (Figure 1.4), that lack this feature have no antimalarial



efficacy (Meunier and Robert 2010). As of 2015, the WHO recommended 5 ACTs for the

CH
= 7 treatment of malaria based on high quality evidence.

H

These ACTs include artemether + lumefantrine,
artesunate + amodiaquine, artesunate + mefloquine,
dihydroartemisinin + piperaquine, and artesunate +
sulfadoxine-pyrimethamine (WHO 2015). One of the

major drawbacks to ACTs is their cost. As mentioned in

section 1.3, high death rates due to malaria occur mostly
Figure 1.4 Chemical structure of
deoxyartemisinin. in parts of the world with high levels of extreme poverty.
Whereas chloroquine costs about $0.10 per treatment course, ACTs cost upwards of 10 times that
figure (Institute of Medicine 2004). In 2004, the cost per treatment for CoArtem® (artesunate +
lumefantrine) was $2.40 wholesale before being marked up by pharmacies in Africa (Institute of
Medicine 2004). While efforts have been made to reduce ACT costs, a 2014 study showed the
median cost per malaria case averted was still $1.94 (Okell et al. 2014). This cost makes treatment
with ACTs prohibitively difficult for those in extreme poverty to afford treating themselves and
their children. Interestingly, ACTs are typically free or heavily subsidized in the public or not-for-
profit sector, but most people in Africa seek malaria treatment in the private sector where ACTs
are 10-20 times more expensive than non-artemisinin therapies (O'Connell et al. 2011; Littrell et
al. 2011). A 2011 survey in 6 African countries asked about treatment seeking behavior of
caregivers to children under 5 (Littrell et al. 2011). In 5 of the 6 countries, private sector outlets
were the most common place for caregivers to seek treatment for fever (Littrell et al. 2011).

However, in Benin, the Democratic Republic of the Congo, Madagascar, and Nigeria, ACTs were

only given as treatment in 10% or fewer of cases. In Uganda and Zambia ACTs were given in 21%



of cases (Littrell et al. 2011). Public sector ACT administration was improved but still very low
(Littrell et al. 2011). Part of the problem may be that caregivers do not know that ACTs are the
first-line treatment for malaria. In 4 of 6 countries 10% or fewer caregivers named ACTSs as the
frontline treatment for malaria (Littrell et al. 2011). Since most caregivers seek treatment in the
private sector, a private sector pilot initiative, the Affordable Medicines Facility for Malaria
(AMFm), was established to lower costs. AMFm provided subsidized, quality-assured ACTSs to
the private at a target retail price of $0.50 per treatment course (O'Connell et al. 2011). This pilot
initiative, carried out by the Global Fund to Fight AIDS, TB, and Malaria, was initially successful,
reducing price and increasing availability of ACTs in 5 of 8 countries (Tougher et al. 2012). After
the pilot ended in 2011, the subsidy program was continued using the private sector co-payment
mechanism established in the pilot program (ACTwatch et al. 2017). While prices for ACTs
improved, they still remained higher than $1.00 per adult treatment in most countries using the

private sector co-payment mechanism in 2015 (ACTwatch et al. 2017).

Beyond the challenge of cost, availability is also a major barrier to the widespread use of
ACTs. Rural areas are often isolated from Western style healthcare providers, do not have access
to these life-saving drugs, and poor infrastructure further exacerbates travel ability. The effect of
this combination of extreme poverty and inaccessibility of ACTs is that people, especially children,
do not get treatment or do not get treatment in time to thwart the infection. In a 2017 Lancet article

addressing coverage of ACTs in Africa, the authors wrote,

“Although we documented noticeable increases in ACT coverage from 2003 to 2015,
which correspond with increased investments in ACTs and RDTSs, coverage remains
unacceptably low across Africa: over three quarters (80.3%) of children with malaria did
not get a potentially life-saving ACT in 2015. The two biggest drivers of this coverage gap
are poor access to and delivery of health services.” (Bennett et al. 2017).



This same study showed that children with malaria in rural areas whose household wealth index
was below the national median were significantly less likely to receive an ACT than children living
in urban areas with a household wealth index above the national median (Bennett et al. 2017).
Thus, while ACTs are effective and important tools for combatting malaria, unless drastic changes
are made to improve availability and affordability, their use alone will not be enough to eradicate

malaria.

1.6 Historical Use of Dried Leaves of A. annua to Treat Malaria

While artemisinin was discovered to be the primary antimalarial compound produced by
A. annua in the early 1970s, medicinal use of the plant dates back over 2000 years (Hsu 2006). In
the fourth century CE, the Chinese philosopher Ge Hong described a method of soaking the whole
Artemisia plant in water and then wringing out the juices. This resulting juice was ingested in its
entirety for the treatment of “intermittent fevers.” Since the Plasmodium parasite was not
discovered until 1880 (Institute of Medicine 2004), it is impossible to know for sure if these fevers
were due to malaria (Hsu 2006). There is considerable confusion as to which species of Artemisia
was most commonly used. While A. annua is the better known, due to its importance as a producer
of artemisinin, a careful examination of the history of traditional Chinese medicine reveals that A.
apiacea was used as often, if not more often, than A. annua (Hsu 2006). In fact, the commonly
used Chinese name for A. annua, “qing hao,” was actually the name given to A. apiacea while the
Chinese name for A. annua is actually “huang hua hao” (Hsu 2006). Nevertheless, the name “qing
hao” is still commonly used to refer to A. annua. Notably, A. apiacea produces significantly less
artemisinin than A. annua (Hsu 2006; Numonov et al. 2019; Mannan et al. 2010) so then the
guestion remains: why would the ancient Chinese use A. apiacea over A. annua? Perhaps A.

apiacea contained other antimalarial compounds or compounds that synergize with artemisinin
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(Hsu 2006). There is much lost in translation over thousands of years and reputable information is
scarce, so these questions are very difficult to answer with certainty. Regardless, researchers are
now slowly discovering that artemisinin is likely not the only molecule responsible for the

antimalarial efficacy of Artemisia species against malaria.

1.7 Use of Dried Leaves of A. annua Against Malaria In Vitro

A few studies have indeed tested various A. annua formulations against various
Plasmodium strains in vitro to compare their antimalarial efficacy to pure artemisinin or other
standard drugs. Wright et al. (2010) investigated pounded vs. wrung juices of fresh A. annua and
determined the antiplasmodial efficacy was 6-18-fold better than pure artemisinin. De Donno et
al. (2012) tested A. annua tea infusions against a chloroquine-sensitive and a chloroquine-resistant
P. falciparum strain in vitro and showed the tea infusions to have stronger antimalarial efficacy in
both strains compared to pure artemisinin, indicating there was likely synergism between
artemisinin and secondary phytochemicals produced in the plant.

Indeed, several phytochemicals found in Artemisia species have now been identified as
having either their own inherent antimalarial efficacy or synergistic antimalarial activity with
artemisinin (Gruessner et al. 2019). For example, Liu et al. (1992) showed 6 flavonoids commonly
found in A. annua, artemetin, casticin, chrysosplenetin, chrysosplenol-D, cirsilineol, and eupatorin
have antimalarial activity as well as synergistic activity with artemisinin, albeit at orders of
magnitude less potent than artemisinin. Suberu et al. (2013) found antimalarial activity of
artemisinic acid, arteannuin B, dihydroartemisinic acid, chlorogenic acid, rosmarinic acid, and
isovitexin as well as some strain-dependent additive and synergistic effects, but synergistic
interaction levels were concentration dependent and thus difficult to explicitly define. Inherent

antimalarial efficacy was also shown for the flavonoids apigenin, luteolin, kaempferol, myricetin,
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quercetin, and rutin (Lehane and Saliba 2008; Ganesh et al. 2012; Penna-Coutinho, Aguiar, and
Krettli 2018). Besides flavonoids, the monoterpenes a-pinene, 1,8-cineole (eucalyptol), limonene,
and nerolidol, all found in A. annua also have antimalarial activity (Van Zyl et al. 2006; Goulart
et al. 2004). Other phytochemicals from A. annua reported to have antiplasmodial activity include
phytol and scopoletin (Grace et al. 2012; Zaid et al. 2016). It is important to note that of these
antiplasmodial phytochemicals, none were as potent as artemisinin (Gruessner et al. 2019). In fact,
all but 3 of the previously mentioned phytochemicals had ICso values against P. falciparum 3
orders of magnitude higher than artemisinin (0.022-0.033 uM) and only 1, nerolidol, had an ICso
below 1 uM (0.76 uM) (Gruessner et al. 2019; Liu et al. 1992; Suberu et al. 2013; Goulart et al.

2004). These results are summarized in Table 1.1 (taken from (Gruessner et al. 2019)).
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Table 1.1. Phytochemicals in A. annua with antimalarial activity. Taken from Gruessner et al. (2019).

Compound Compound ICs (LM) gl?t;nrﬁ;?:i?l TCSO (M) References
Artemisinin 0.033 NA (Liu et al. 1992)
0.022, 0.023? NA (Suberu et al. 2013)
Artemisinic acid 77.8, 61.6° varies with compound
Arteannuin B 3.2,4.8° concentration
Dihydroartemisinic [21.1, 17.7¢
Chlorogenic acid 69.4, 61.4°
Rosmarinic acid 65.1, 65.0°
Isovitexin 72.5, 48.12
Artemetin 26.0 0.026 (Liu et al. 1992)
Casticin 24.0 0.026
Cirsilineol 23.0 0.023
chrysoplenol-D 32.0 0.015
Chrysoplenetin 36.0 0.016
Eupatorine 65.0 0.030
Apigenin 20.0, 13.0° not determined (Lehane and Saliba 2008)
Luteolin 11.0, 12.0°
Kaempferol 33.0, 25.0°
Myricetin 40.0, 76.0°
Quercetin 15.0, 14.0°
14.7,4.1, 2.9° (Ganesh et al. 2012)
13.0% (Penna-Coutinho, Aguiar, and
Rutin 7.1, 3.5,10.4° (Ganesh et al. 2012)
a-pinene 1.0° (Van Zyl et al. 2006)
1,8-cineole 70.08
Limonene 533.0¢
Nerolidol 9.0°
0.76" (Goulart et al. 2004)
Phytol 18.9¢ (Grace et al. 2012)
Scopoletin 128.0, 121.5" (Zaid et al. 2016)

NA, not applicable; CQ, chloroquine.
3CQ-sensitive HB3 and CQ-resistant Dd2 strains, respectively.
bCQ-sensitive 3D7 and CQ-resistant 7G8 strains, respectively.
“fresh blood isolates (Bangladesh), CQ-sensitive 3D7, and CQ-resistant K1 strains, respectively.
dCQ-resistant W2 strain.

¢CQ-resistant FCR-3 strain.

fCQ-sensitive 3D7

9CQ-sensitive D10 strain.
"CQ-resistant K1 and CQ-sensitive 3D7 strains, respectively
'test in vitro and also in vivo in mice.
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While a host of secondary phytochemicals in A. annua have some antimalarial efficacy,
artemisinin is by far the most important and there is debate over synergy as synergistic activity has
not always been observed in vitro. A 2012 report testing A. annua infusions from 4 different
locations in Brazil noted no synergy was found as each infusion had an ICso similar to pure
artemisinin (Silva et al. 2012). Another study tested tea infusions and chloroform extracts from 16
A. annua and 2 A. afra cultivars from 11 different countries and determined that there was no
synergism as the ICso values for the teas and extracts did not differ from that of pure artemisinin
(Mouton et al. 2013). A recent 2019 report bolstered this argument by testing extracts from
genetically modified A. annua plants (Czechowski et al. 2019). In that report, investigators
compared extracts made from wild-type A. annua plants, A. annua plants with mutations to the
chalcone isomerase 1 (CHI1) gene, plants with cyp7lavl-1 mutations, and plants treated with
RNA.i to silence amorpha-4,11-diene synthase (AMS). Wild-type plants produced normal amounts
of artemisinin and flavonoids while chil-1 mutants produced undetectable levels of flavonoids and
normal artemisinin levels. The cyp7lavl-1 mutants produced undetectable levels of artemisinin
and normal flavonoids, while RNA.I silenced AMS line produced normal flavonoid levels but 5%
of the artemisinin found in the wild-type plants. Both wild-type and chil-1 mutants inhibited
growth of P. falciparum at similar levels with indistinguishable differences in the rate of killing
indicating that flavonoids in A. annua extracts likely do not contribute to antimalarial activity
(Czechowski et al. 2019). Furthermore, cyp7lavl-1 homozygous mutants lacking artemisinin
showed 300-fold reduction in antiplasmodial efficacy while AMS silenced lines produced 20-fold
reduction in potency (Czechowski et al. 2019). It is thus highly unlikely that flavonoids contributed
significantly to the antiplasmodial efficacy seen in vitro. However, that is not to say that flavonoids

or other phytochemicals do not play a role in vivo.
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1.8 Use of Dried Leaves of A. annua Against Malaria In Vivo

While there is some debate over in vitro data, there is strong evidence that A. annua is
significantly more efficacious than pure artemisinin against malaria in vivo. A 2012 study showed
that powdered dried leaves of A. annua (DLA) were more effective at reducing parasitemia in mice
than pure artemisinin (Elfawal et al. 2012). Mice infected with P. chabaudi were given either pure
artemisinin or powdered DLA at 2 equal artemisinin doses, 24 mg/kg and 120 mg/kg. At the low
dose, pure artemisinin treatment showed no difference in parasitemia from the negative control
while parasitemia was significantly reduced after DLA treatment (Elfawal et al. 2012). In fact, the
24 mg/kg dose of DLA was as efficacious at reducing parasitemia as the 120 mg/kg dose of pure
artemisinin for the first 72 hours (Elfawal et al. 2012). Another study tested pounded juice of A.
annua and found that two doses, corresponding to 9 mg/kg artemisinin each, given 12 hours apart
were sufficient to reduce parasitemia by 95% in mice (Wright et al. 2010). This was markedly
better than a single 30 mg/kg dose of pure artemisinin that reduced parasitemia by 88% (Wright et
al. 2010). These studies suggested DLA could be a more effective antimalarial therapy than pure
artemisinin however, clinical trials are the gold standard for evaluating efficacy of therapeutics in

humans.

1.9 Clinical Trials of A. annua for Treatment of Malaria

A number of clinical trials have been performed to evaluate the efficacy of DLA against
malaria with varying success (ICIPE 2005; Tchandema, Lubumbashi, and Lutgen 2016; Mueller
et al. 2004; Munyangi et al. 2019; Wan, Zang, and Wang 1992; Chang and But 1986; Willcox et
al. 2004; Mueller et al. 2000). Chang and But (1986) report on a trial using crude alcohol extracts

of A. annua given to patients with P. falciparum and P. vivax malaria infections. The total dose
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was 72 g crude extract over 3 days and a cure rate of 100% was observed in 485 cases of vivax
malaria and 105 cases of falciparum malaria (Chang and But 1986; Willcox et al. 2004). However,
the definition of cure was unclear and there was no follow-up at day 28 to assess recrudescence
(Chang and But 1986; Willcox et al. 2004). Another smaller trial treated vivax malaria patients
with two types of gelatin capsules containing a total of 128.8 g A. annua over 6 days of treatment
(Wan, Zang, and Wang 1992; Willcox et al. 2004). The best performing capsule, containing oil to
enhance artemisinin absorption, had faster parasite and fever clearance times than chloroquine,
achieved 100% cure rate, and 8% recrudescence at day 28 (Willcox et al. 2004; Wan, Zang, and
Wang 1992). Another proof-of-concept study was performed in Kenya in 2005 in which 4 cohorts
of 11-12 malaria patients were given pressed tablets made from powdered DLA. Each cohort was
given a different dosing regimen that totaled between 51.8 and 185 mg of artemisinin over the
course of 6 days and parasitemia was assessed at day 7, 14, and 28 following the start of treatment.
In each of the 4 cohorts only 1 of 11 (9%) or 2 of 12 (17%) patients had parasitemia at day 7
(ICIPE 2005). There were a few cases of recrudescence or reinfection but determining between
the two was not possible without genotyping of the parasites (ICIPE 2005). Nevertheless, these
early studies using extracts, capsules, or tablets made from A. annua suggested that DLA could be

used as an antimalarial therapy.

Another later small trial using capsules was performed in the Democratic Republic of the
Congo (DRC) in 3 cohorts of adults. Patients with uncomplicated P. falciparum malaria were
treated with capsules of powdered A. annua leaves from Luxembourg or Burundi or powdered A.
afra leaves. These three cohorts were 20, 37, and 25 patients, respectively. After 7 days of
treatment, 85%, 76%, and 40% of patients were clear of parasites, respectively, indicating that the

A. annua treatments were potentially efficacious (Tchandema, Lubumbashi, and Lutgen 2016).
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This trial and the previously mentioned ICIPE trial have similar drawbacks. They were only done
with small patient populations, had inadequate detail in their methods, and inadequate

phytochemical analysis of the plant material used.

While extracts, capsules, and tablets have all been explored, the most traditional form of
ingesting A. annua is via an aqueous infusion or tea. Preparation methods vary but most involve
steeping a specified amount of dried leaf material in hot or boiling water. An early trial using this
method reported a 93% cure rate in 254 patients given a 7-day course of treatment in the
Democratic Republic of the Congo (Willcox et al. 2004). Follow-up of a subset of 31 patients
indicated recrudescence was 13% after one month (Willcox et al. 2004). A smaller trial by Mueller
et al. (2000) tested two preparation methods: a decoction where 5 g dried leaves were placed in 1
L water and boiled for 5 minutes then filtered; and an infusion where 1 L boiling water was added
to 5 g dried leaves and allowed to cool for 15 minutes before filtering (Mueller et al. 2000). Both
groups were dosed 250 mL 4 times per day, but the decoction group was treated for 4 days while
the infusion group was treated for 5 days. The infusion group, with 5 total patients, achieved 100%
cure rate while the decoction group, with 48 patients, achieved 92% cure rate (Mueller et al. 2000).

Neither set was monitored for recrudescence, but the results justified a follow-up investigation.

Thus, this same group performed another small trial in the eastern Democratic Republic of
the Congo in 2001 to assess the efficacy of aqueous A. annua infusions (teas) against malaria.
Cohorts of 39, 33, and 43 patients with P. falciparum malaria were assigned to test the efficacy of
a5 g/L A. annua tea preparation (A5), 9 g/L A. annua tea preparation (A9), or quinine tablets (QN)
respectively. On day 7 after beginning of treatment, the authors saw cure rates (defined as absence
of parasitemia in thick Giemsa-stained blood smears) of 77%, 70%, and 91% for the A5, A9, and

QN groups, respectively. However, cure rates at day 35 were markedly lower at 34%, 30%, and
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79%, respectively. These results suggested there was more recrudescence in Artemisia-treated
patients although without genotyping of parasites it is impossible to know whether lower cure rates
are due to recrudescence or reinfection, which is common in areas with rampant malaria such as
the DRC. Due to the perceived high recrudescence the authors concluded, “Artemisia annua can
therefore not be recommended as a treatment option for malaria.” (Mueller et al. 2004). However,
this conclusion was premature as the trial did not adequately assess increasing doses of A. annua
tea nor did it account for differences in efficacy between different cultivars of plant material.
Indeed, another larger trial using plant material from a different source had significantly different

results.

The largest and most rigorously run clinical trial assessing the efficacy of Artemisia species
to treat malaria to date was performed in 2015 in the Kalima district of the Democratic Republic
of the Congo (Munyangi et al. 2019). It was performed using a multi-center, randomized, double-
blind design in children > 5 years old and adults with uncomplicated P. falciparum malaria and
enrolled 957 total patients from 5 different locations. The trial consisted of two arms: an artesunate-
amodiaquine (ASAQ) arm of 472 patients and an Artemisia arm, which was split into two groups,
A. annua and A. afra, containing 248 and 223 patients, respectively. ASAQ is a commonly used
ACT recommended by WHO for that region of Africa, and treatment was for three days according
to the standard posology followed by placebo tablets for 4 days. In addition, ASAQ patients
received tea infusions made from 0.2 g of plant material per liter for the 7-day treatment period, a
method recommended by WHO for herbal therapeutic investigations. In the Artemisia arm,
patients were given 0.33 L of tea every 8 hours as well as placebo tablets for the 7-day treatment
period. Tea was made by adding 5 grams of dried A. annua or A. afra plant material to 1 L of

boiling water for 10 minutes, then steeped for 10 min before sieving out plant material. Day 28
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cure rates, as defined by the absence of parasites in blood smears, in pediatric patients were 82%,
91%, and 50% for A. afra, A. annua, and ASAQ, respectively. For adult patients, the cure rates
were 91%, 100%, and 30% respectively. Furthermore, fever cleared in 24 hours for Artemisia
patients vs. 48 hours for ASAQ patients. Trophozoites cleared from the blood in 24 hours in
Artemisia patients but took up to 14 days to clear in ASAQ patients. Both Artemisia treatments
also eliminated gametocytes completely by day 14 and through day 28, while 10/472 ASAQ
patients had gametocytes remaining in their blood at day 28 (Munyangi et al. 2019). The results
of this trial indicated that Artemisia species, especially A. annua, could be used effectively as an
antimalarial therapy. There was some criticism of this trial including speculation over the quality
of the ASAQ tablets due to the abnormally low cure rate observed in that arm of the trial (WHO
2019a). However, authors countered that the ASAQ tablets were received directly from the
manufacturer. Even if the ASAQ tablets were faulty, it would not affect the outcome of the A.
annua arm of the trial that showed cure rates of 91% and 100% in children and adults, respectively.
These rates are comparable to ACTs, which typically have a cure rate of 94-100% (WHO 2019a).
Of particular note is that the amount of artemisinin delivered in the Artemisia arms was 3-1000
fold lower in A. annua and A. afra, respectively, than in the ASAQ arm (Munyangi et al. 2019).
Importantly, no adverse effects attributable to DLA treatment were observed in any trials thus far

(WHO 2019a).

To summarize, clinical trials involving the efficacy of Artemisia-based treatments for
malaria have had varying degrees of success. Some smaller studies suggested Artemisia species
provided an effective short-term treatment for malaria but often recrudescence occurred. However,
the largest and most rigorously performed trial to date indicated that A. annua and, to a lesser

extent, A. afra performed at equal or better efficacy levels than ASAQ, a frontline treatment for
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malaria used worldwide. Although PCR was not done due to sample degradation, there was almost
no microscopic recrudescence recorded in the Munyangi et al. (2019) trial. While the results of the
trials vary, the underlying causes of this variation are largely unknown and speculative. The
variation in trial results may be due to differences in the phytochemical composition of the plant
material. Each trial was undoubtedly performed with plant material grown in different locations
under different conditions and analyzed via different methods. Although for large scale use, some
of these challenges can be nullified, they do remain as challenges inherent to working with plant-
based therapies. Without the knowledge of the underlying mechanisms behind the efficacy of
Artemisia-based treatments, it is difficult to determine the exact reasons why the results vary from

trial to trial.

There are two prevailing hypotheses as to how whole-plant treatments may serve as
effective antimalarials. Both rely on the largest inherent difference between whole-plant therapies
and pure drugs: whole-plant therapies include a wide array of secondary phytochemicals that are
not present in pure drug therapies. One hypothesis is that secondary phytochemicals present in
Artemisia species have their own inherent antimalarial efficacy. This has been demonstrated in
vitro as discussed in Section 1.7 and while the recent Czechowski study indicated flavonoids were
not of importance to efficacy in vitro (Czechowski et al. 2019), it did not assess the importance of
any other classes of phytochemicals such as monoterpenes and coumarins, which are found in
abundance in Artemisia species. Furthermore, it does not prove that flavonoids do not have some
effect in vivo such as modification of the immune system to better combat Plasmodium parasites,
an effect that would not be detected in vitro. Thus, this hypothesis still needs more rigorous

investigation.
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The second prominent hypothesis deals with enhancement of artemisinin bioavailability by
secondary phytochemicals present in whole-plant therapies. Notably, in each of the discussed
trials, the delivered dose of artemisinin is much lower than the dose of artemisinic compounds
delivered in ACTs. Even in the trials using the most A. annua plant material, the dose of artemisinin
would be less than half the WHO-recommended dose (assuming 1% artemisinin concentration in
the plant material) (Willcox et al. 2004). Pure artemisinin has notoriously low bioavailability
(Birgersson et al. 2016) and thus, if artemisinin is the only antimalarial of merit in A. annua, its
bioavailability is likely enhanced by some mechanism mediated by secondary phytochemicals to
achieve similar therapeutic results as standard antimalarial treatments. This hypothesis and the
mechanisms underlying enhanced bioavailability afforded by oral consumption of dried leaf A.

annua treatment are the main focus of this dissertation.

1.10 Oral Bioavailability

Oral bioavailability is defined as the fractional extent of a drug dose, taken orally, that
finally reaches the therapeutic site of action (Kim et al. 2014). In the case of malaria, the
therapeutic site of action is mainly peripheral blood where Plasmodium parasites rapidly divide
and mature, causing disease symptoms (CDC 2019b, 2019a; Delves et al. 2012). Bioavailability is
a crucial determinant of whether a drug will be successful. In fact, many drugs perform well in
efficacy testing in vitro and in vivo but fail during clinical testing due to poor pharmacokinetics or
bioavailability. Indeed, poor pharmacokinetic properties and bioavailability is the third most
common cause of drug attrition in Phase | clinical trials (Waring et al. 2015). Thus, the

bioavailability of a compound is crucial to its overall utility as a therapeutic.
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In some cases, poor oral bioavailability can be remedied by using alternate modes of
delivery such as intravenous, intramuscular, or subcutaneous injection. However, the oral route of
drug delivery is the preferred route due to advantages including ease of production and
administration, flexibility in design of solid and liquid dosing forms, high patient compliance, cost-
effectiveness, and fewer sterility constraints (Viswanathan, Muralidaran, and Ragavan 2017;
Homayun, Lin, and Choi 2019). Many of these factors are even more important in the context of
malaria. Since malaria largely exerts its deadly effects in impoverished parts of sub-Saharan
Africa, drugs must be as simple as possible. Complicated delivery methods i.e. injections are
borderline impossible to use in many parts of the world where malaria is most rampant. The

logistics of keeping needles and drugs sterile are infeasible in rural areas that often lack electricity.

Another advantage of oral drugs is patient compliance. Compliance with oral drugs is much
more feasible than injections as needles require medical professionals to administer. Additionally,
Western based medicine is often distrusted in developing countries for a variety of reasons (van
der Kooy and Sullivan 2013). The degree to which this affects human health outcomes is difficult
to measure but should not be discounted and thus patient compliance is likely to be significantly
higher in not only oral drugs but oral drugs of a traditional formulation such as decoctions or

infusions made from plants (van der Kooy and Sullivan 2013).

Finally, injectable drugs are more costly as they must factor in the price of clean needles
and syringes. As cost is already a major barrier in treating malaria (Section 1.5), it is clear why all
first-line malaria drugs must be designed for oral administration. However, design of oral drugs
presents a unique set of challenges that must be overcome in order to achieve effective therapeutic

results. Chief among these challenges is designing efficacious drugs that can remain highly
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bioavailable by surviving the barrage of obstacles presented to them in the stomach, gut, and liver

before reaching systemic circulation (Figure 1.5) (Savjani, Gajjar, and Savjani 2012).
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Figure 1.5 Schematic depicting the steps required for oral drugs to reach systemic circulation.
Obstacles include degradation during digestion, absorption across the intestinal membrane, and
metabolism by intestinal and hepatic cytochrome P450s. Adapted from Desrosiers, Towler, and
Weathers (2019).

1.11 Oral Bioavailability of Artemisinin

Pure artemisinin is well known for having low oral bioavailability. In a study of oral
bioavailability in healthy humans, the bioavailability of orally taken (per os, p.o.) artemisinin
relative to intramuscularly (i.m.) injected suspension was only 32% indicating most p.o.
artemisinin does not reach systemic circulation (Titulaer et al. 1990). In a study investigating the
pharmacokinetics and absorption, distribution, metabolism, and excretion (ADME) of artemisinin
in rats, a p.o. dose of 900 mg/kg had to be used because a 300 mg/kg dose was too low to reach

detectable levels of artemisinin in the plasma (Xinyi et al. 1985).

While pure artemisinin has low bioavailability, some have speculated that whole-plant
formulations of A. annua may enhance the bioavailability of artemisinin (Ferreira et al. 2010; van

der Kooy and Sullivan 2013). A few studies done in both animals and humans supported this
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hypothesis. In a small study, mice fed DLA at a total artemisinin dose of 30.7 pg achieved a
maximum plasma concentration (Cmax) of 0.087 mg L (Weathers et al. 2011). However pure
artemisinin-dosed animals needed about a 45-fold higher dose (1400 pg total artemisinin) to
achieve a similar Cmax (0.074 mg L) (Weathers et al. 2011). In a follow-up pharmacokinetics
study, no artemisinin was detected in the serum 1 hour after a 100 mg/kg pure artemisinin dose in
healthy mice however, when the same artemisinin dose was given in the form of DLA, plasma
artemisinin levels reached 4.33+0.40 mg L (Weathers, Elfawal, et al. 2014). Interestingly, when
pure artemisinin was combined with mouse chow, serum artemisinin levels rose to 2.44 mg L™
one hour after dosing (Weathers, Elfawal, et al. 2014). These data suggested that mouse chow,
largely made up of plant materials including soy, oats, wheat, alfalfa, beat pulp, corn etc., enhanced
the pharmacokinetic properties of artemisinin (Weathers, Elfawal, et al. 2014). Another interesting
finding was that disease state altered the pharmacokinetics of DLA-delivered artemisinin. Mice
infected with P. chabaudi had a higher Cmax, greater time to reach maximum plasma concentration
(tmax), and a higher overall exposure to DLA-delivered artemisinin than healthy mice (Weathers,

Elfawal, et al. 2014).

The only human pharmacokinetic study investigating a whole-plant A. annua formulation
was published in 2004 (Rath et al. 2004). This study looked at solubility and extraction efficiency
of artemisinin from a tea infusion as well as the pharmacokinetic properties of artemisinin when
delivered as a tea infusion to healthy subjects (Rath et al. 2004). In this study, the average tmax was
much shorter (0.5 hours) than what had been reported in previous studies looking at pure
artemisinin (2.3 hours) (Réath et al. 2004). Interestingly, the overall bioavailability did not differ
from previous studies with high doses of pure artemisinin (Rath et al. 2004). Importantly though,

the plasma concentrations achieved in this study (240 ng mL™) far exceed the required
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concentration required to inhibit Plasmodium growth (9 ng mL™) (Réth et al. 2004; Alin and

Bjorkman 1994).

In summary, bioavailability and pharmacokinetic data for traditional formulations of A.
annua are scarce. Only a few studies in mice have been done to show enhanced pharmacokinetics
by dried leaf consumption and none have been done in humans. The only human data comes from
the study examining A. annua tea infusions (Rath et al. 2004). While little pharmacokinetic data
is available, there are some data examining the factors that influence oral artemisinin
bioavailability such as solubility and extraction efficiency, intestinal permeability, and hepatic

first-pass metabolism.

1.12 Artemisinin Solubility and Extraction Efficiency

Several factors influence the oral bioavailability of a drug. One of these major factors is
the aqueous solubility of the drug (Song, Zhang, and Liu 2004). Solubility is critical because only
dissolved drug is available for permeation across the intestinal mucosa and into the blood (Song,
Zhang, and Liu 2004). Thus, drugs with low aqueous solubility often have poor oral bioavailability
(Savjani, Gajjar, and Savjani 2012). It is estimated that 90% of preclinical drugs in the
development pipeline have low aqueous solubility and subsequently will have pharmacokinetic
and bioavailability problems (Kalepu and Nekkanti 2015). Indeed, one of the major reasons for
developing ACTs was solubility of artemisinin (O'Neill and Posner 2004; Ploypradith 2004).
Artemisinin itself has notoriously low bioavailability, which is partially due to low solubility in
water and oil (Birgersson et al. 2016). In fact, artemisinin has two known crystal polymorphs: a
triclinic form with an aqueous solubility of 48 mg/L and a dissolution rate of 4 hours; and an

orthorhombic form with an aqueous solubility of 20 mg/L and a dissolution rate of 18 hours (Chan
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et al. 1997). In one study, artemisinin oral bioavailability in healthy volunteers was 32% relative
to i.m. injected artemisinin suspended in oil (Titulaer et al. 1990). Thus, artesunate and artemether,
both semisynthetic derivatives of artemisinin, were developed for use in ACTs. Artesunate was
developed as a more water soluble artemisinic compound while artemether was developed as an
oil soluble artemisinic compound (Ploypradith 2004). The low aqueous solubility of artemisinin
(20-50 mg/L), has led many to wonder how traditional formulations of Artemisia have been
successful in treating malaria especially considering the low artemisinin doses delivered (van der
Kooy and Sullivan 2013; van der Kooy and Verpoorte 2011). Some have hypothesized that other
compounds in the plant material aid in solubilizing artemisinin in traditional preparations (van der
Kooy and Sullivan 2013). There have been nearly 600 secondary metabolites identified in A.
annua, so there are a wide array of compounds that could possibly alter its solubility and

bioavailability (Brown 2010).

Several publications have investigated artemisinin solubility or extraction efficiency in
traditional formulations of A. annua. The previously mentioned study by Rath et al. (2004)
compared the artemisinin extraction efficiency of three different preparation methods for teas
made from 5 or 9 grams of dried A. annua. The methods included were Method A: adding dried
plant material to 1 liter of boiling distilled water and allowing the infusion to cool before filtering;
Method B: adding dried plant material to 1 liter of boiling distilled water, boiling for 30 minutes,
then allowing to cool before filtering; and Method C: adding dried plant material to 1 liter of
boiling distilled water, covering and allowing to stand for 10 minutes, filtering and squeezing plant
material gently to remove residual water, and allowing to cool (Réth et al. 2004). The measured
extraction efficiencies varied by plant mass as well as extraction method with the 5 g/L tea using

Method C having the highest extraction efficiency (86%) and the 9 g/L tea using Method B having
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the lowest extraction efficiency (30%) (Ré&th et al. 2004). This wide range of extraction efficiencies
correlated to a range of 94.5 — 37.8 mg/L artemisinin in various infusions and highlighted the
importance of preparation methods on artemisinin extraction efficiency and dose delivered to
patients (Réath et al. 2004). Similarly, other reports showed extraction efficiencies of 78-93% after
boiling dried leaves (Silva et al. 2012; van der Kooy and Verpoorte 2011). An earlier study showed
a lower extraction efficiency of 20-42% however this study used different plant material containing
less than half the artemisinin content of the Réath et al. (2004) study and used a different harvesting
and drying method (Réth et al. 2004; Mueller et al. 2000; van der Kooy and Sullivan 2013; de
Ridder, van der Kooy, and Verpoorte 2008). Another study used the method most commonly used
in traditional Chinese medicine of soaking the leaves and stems in water followed by wringing out
(Wright et al. 2010). They found that the wrung juice of plant material soaked for 12 hours had the
highest artemisinin concentration (72.6 mg/L) compared to plant material soaked for 2 hours (45.9
mg/L) and a dried leaf tea infusion (14.5 mg/L) (Wright et al. 2010). The authors suggest that
wringing may damage glandular trichomes, releasing more artemisinin as well as monoterpenes
and sesquiterpenes present in the essential oil that could aid in artemisinin solubilization (Wright
et al. 2010). The extraction efficiency was however much higher in the dried leaf infusion (53.8%)
compared to the 12 hour (14.1%) and 2 hour (9.1%) wrung juices indicating that heat may increase
efficiency of extraction (Wright et al. 2010). Van der Kooy and Verpoorte (2011) showed that as
temperature increased to 100 °C, extraction efficiency improved, topping out at 93% (van der
Kooy and Verpoorte 2011). Extraction efficiency was best when plant material was kept in water
at 100 °C for 5 minutes but decreased sharply after 1, 5, and 10 minutes at 115 °C (van der Kooy
and Verpoorte 2011) and Weathers and Towler (2012) confirmed this study as well as the stability

of artemisinin in tea infusions. Another group achieved 84% extraction efficiency using the same
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method of boiling the dried leaves for 5 minutes (Debnath et al. 2011). This group also showed no
difference in extraction efficiency between tap water and distilled water (Debnath et al. 2011; van
der Kooy and Sullivan 2013). It is interesting to note that none of these studies evaluated the
extraction efficiency of soaking A. annua in urine, which was actually a common preparation

method in ancient China (van der Kooy and Sullivan 2013; Hsu 2006).

It is clear from this plethora of studies that extraction efficiency and artemisinin solubility
is highly dependent on preparation method and likely the phytochemical content of the plant
material. Thus, it is critical that studies document in detail the methods used to produce Artemisia
teas or infusions if they are to be published in reputable academic journals. It is also often more
relevant to publish solubility data as opposed to extraction efficiency as extraction efficiency is
highly dependent on the original artemisinin content in the plant material, which is known to vary

substantially.

1.13 Intestinal Permeability

Apart from solubility, intestinal permeability is another key factor in determining
bioavailability of an oral drug (Song, Zhang, and Liu 2004). Even if a drug is soluble in intestinal
fluid, it must be able to cross the membrane that makes up the small intestine to be absorbed into
the blood. To understand this process, we must first become familiar with the cellular environment
in which drug absorption occurs (Song, Zhang, and Liu 2004). The small intestine is the primary
site of drug absorption after oral drug administration (Ozawa et al. 2015). The villi of the small
intestine, which are responsible for its remarkable surface area and absorptive ability, are mostly
lined with enterocytes (Ensari and Marsh 2018). These epithelial cells form a thin barrier between

the intestinal lumen and the blood in the form of a cohesive monolayer that functions as a thin
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membrane for absorption of exogenous substances into the blood (Ensari and Marsh 2018). Mature
enterocytes are polarized tall columnar cells with an apical side in contact with the intestinal lumen
and a basolateral side in contact with the basement membrane (Massey-Harroche 2000). The apical
side contains microvilli approximately 2 um in length that are closely packed together commonly

referred to as a brush border (Massey-Harroche 2000).

Absorption across enterocyte monolayers occurs through either active transport or passive
diffusion mechanisms (El-Kattan and Varma 2012). Passive diffusion mechanisms include
paracellular and transcellular pathways (El-Kattan and VVarma 2012). Drugs taking the paracellular
pathway pass through aqueous pores in tight junctions between enterocytes (El-Kattan and Varma
2012). As they must pass through aqueous pores, drugs that take this route are mostly hydrophilic
and must be small enough to fit through the small pores that range from 3-6 A, usually limiting
their molecular weight to <250 g/mol (El-Kattan and VVarma 2012; Song, Zhang, and Liu 2004).
This pathway is further limited by the fact that the space between enterocytes makes up < 0.01%
of the intestinal surface area (El-Kattan and Varma 2012). The transcellular pathway requires
drugs to pass through the apical cellular membrane of enterocytes, through the cytoplasm, and
back out through the basolateral membrane through passive diffusion. For this reason, they are
often more lipophilic than paracellularly diffused drugs and are not as limited by molecular size
or weight. Transcellular passive diffusion is the most common route of absorption for drugs (El-

Kattan and Varma 2012).

Active transport mechanisms of drugs include carrier-mediated active transport and
endocytosis (El-Kattan and Varma 2012; Barthe, Woodley, and Houin 1999). Endocytosis is the
mechanism by which large peptides and macromolecules are absorbed and is generally a slow

process (Barthe, Woodley, and Houin 1999). Most active transport occurs through transporter
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proteins such as those belonging to the ATP binding cassette (ABC) and solute carrier (SLC)
superfamilies (El-Kattan and Varma 2012). Active transport proteins are usually localized to the
apical or basolateral membrane and either function as mediators of uptake or efflux out of the cell
(El-Kattan and Varma 2012). Thus, these proteins can function to increase or decrease the
intestinal permeability, and in turn the bioavailability, of a drug depending on the drugs affinity

for uptake transporters vs. efflux pumps (El-Kattan and Varma 2012).

Indeed, affinity for efflux pumps is often a major challenge in designing drugs with
acceptable bioavailability (Thakkar 2015; Bohr et al. 2019). In the small intestinal epithelium,
ABC efflux transporters include P-glycoprotein (P-gp, MDR1, ABCB1), the multi-drug resistance
proteins (MRPs), of which there are 9 members, and breast cancer resistance protein (BCRP)
(Murakami and Takano 2008). P-gp, MRP2 and BCRP are all expressed along the apical brush
border of enterocytes and function to pump substrate drugs back into the intestinal lumen

effectively limiting permeability (Murakami and Takano 2008).

Intestinal permeability and, as a result oral bioavailability, is also affected by drug
metabolism via enzymatic degradation (Song, Zhang, and Liu 2004). The cytochrome P450 (CYP)
superfamily, which makes up the major groups of enzymes involved in human drug metabolism,
is mostly known for its activity in the liver, the primary site of drug elimination (Paine et al. 2006).
However, CYPs are also expressed by mature enterocytes lining the villi of the small intestine and
consequently, the intestinal mucosa is the most important site of drug metabolism outside of the
liver (Barthe, Woodley, and Houin 1999; Song, Zhang, and Liu 2004; Paine et al. 2006). As a
result, many drugs can be degraded as they pass through the intestine thus reducing their overall
intestinal permeability (Barthe, Woodley, and Houin 1999; Song, Zhang, and Liu 2004). Of the

CYP isoforms, CYP3A4 is by far the most abundant of the CYP enzymes present in the small
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intestine making up anywhere from 50-70% of the total CYP content (Paine et al. 2006). In fact,
for some drugs metabolized by CYP3A4, the small intestine contributes significantly and
sometimes equally to the total first-pass metabolism of the liver (Paine et al. 2006; Fritz et al.
2019). While CYP3A4 levels in the intestine are high, most other CYPs have relatively low
expression in the intestine (Paine et al. 2006). In a study that analyzed the CYP content of 31
human donor small intestines, the CYP3A family made up 82% of total intestinal CYP content,
most of which was CYP3A4, followed by the CYP2C family at 16%, CYP2J2 at 1.4%, and
CYP2D6 at 0.7% (Paine et al. 2006). The CYP isoforms 1A2, 2A6, 2B6, 2C8, and 2E1 were not
detected or only faintly detected in any of the 31 donor samples (Paine et al. 2006). This intestinal
CYP “pie” indicates a very different makeup of CYP content than that of the liver. Furthermore,
while the CYP2C family made up the second most CYP content in the small intestine (16%), the
content was an order of magnitude lower than what is found in the liver, and CYP2C isoforms also
have 4-8 fold lower catalytic activity than hepatic CYP2C (Paine et al. 2006). Those data suggested
that only drugs metabolized by CYP3A isoforms are likely to undergo any substantial first pass
metabolism in the small intestine (Paine et al. 2006). It is also important to note that, similar to
hepatic CYP content, there is also extreme inter-individual variation in the content of specific CYP
isoforms in the small intestine (>5-fold), so it is difficult to make accurate conclusions about

intestinal drug metabolism on a population level (Paine et al. 2006).

Artemisinin is known to have low oral bioavailability, so Augustijns et al. (1996) wondered
if intestinal permeability may play a role in the observed low bioavailability (Augustijns et al.
1996). They used Caco-2 cell monolayers seeded on semi-permeable transwell inserts in 6-well
plates as an experimental model for the intestinal epithelium (Augustijns et al. 1996). Caco-2 cells

are a unique cell line derived from human colon epithelial cancer that, upon confluence,
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differentiate to form tight junctions between cells and express transporter proteins and efflux
pumps found in human small intestinal tissue (van Breemen and Li 2005). These cells also grow
in a polarized manner with the apical side forming a brush border and the basolateral side
contacting the cell culture treated semi-permeable transwell inserts (van Breemen and Li 2005).
Thus, test compounds can be added to the media on the apical or basolateral side and transport or
permeability of the compound can be measured in either direction. In this way, Caco-2 cell
monolayers mimic the human intestinal epithelium (van Breemen and Li 2005). Augustijns et al.
(1996) tested the permeability of artemisinin in both the typical apical - basolateral direction and
the basolateral - apical direction. In the apical - basolateral direction the apparent permeability
(Papp), @ common measure of intestinal permeability, was 30.4 x 108 cm s while in the basolateral
direction the Papp was similarly 30.9 x 10° cm s (Augustijns et al. 1996). These very similar Pagp
values for each direction suggest artemisinin crosses the small intestine via passive diffusion.
Active transport mechanisms usually occur only in one direction, so if an active transport
mechanism were involved, artemisinin Papp Values would be different in each direction indicating
artemisinin is actively pumped in one direction or the other, but not both (Augustijns et al. 1996).
To confirm this, the experiment was repeated in the apical - basolateral direction in the presence
of sodium azide, an inhibitor of ATP generation and active transport mechanisms, and found no
difference in the Papp (Augustijns et al. 1996). Those experiments confirmed that artemisinin is
highly permeable to the intestinal membrane and crosses the small intestine by a passive diffusion
mechanism (Augustijns et al. 1996). They also suggested that artemisinin is not a substrate of
intestinal efflux pumps such as P-gp, a conclusion that was later confirmed in vivo in intestinal

perfusion assays in rats (Svensson et al. 1999).
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Although artemisinin is highly permeable via passive diffusion, delivery in combination
with the complex milieu of phytochemicals found in A. annua may enhance its intestinal
permeability. Indeed, there is precedence for this phenomenon in the literature and there are
multiple synergistic mechanisms that can lead to enhanced intestinal permeability of plant
constituents (Zhao et al. 2020). One mechanism by which one plant constituent can enhance
intestinal permeability of another is by inhibition of intestinal efflux pumps (Zhao et al. 2020). For
example, in a 2013 study, rats given an oral dose of crude extract of the twigs and leaves of Taxus
yunnanensis had > 7 times the area under the curve (AUC) of paclitaxel, the major medicinal
constituent in this plant, in their blood than rats given an equal dose of pure paclitaxel (Jin et al.
2013). Subsequent experiments using the Caco-2 transport model determined that secondary
constituents found in the T. yunnanensis crude extract increased the intestinal permeability of
paclitaxel by more than threefold (Jin et al. 2013). This effect was achieved via inhibition of the
intestinal efflux pump P-gp, of which paclitaxel is a strong substrate; P-gp was inhibited by
secondary constituents found in the extract (Jin et al. 2013). This mechanism is unlikely for
artemisinin as it is not a strong substrate of P-gp (Svensson et al. 1999) however, other mechanisms
have been described. These include inhibition of intestinal drug metabolizing enzymes, chiefly
CYP3A4, by secondary plant constituents, increasing enterocyte permeability by amphiphilic
molecules like saponins, “loosening” or opening of tight junctions by secondary plant constituents,
and increased permeability mediated by naturally occurring nanoparticles (Zhao et al. 2020). Thus,
it is plausible that secondary phytochemicals in A. annua may further enhance the intestinal

permeability of artemisinin in turn leading to increased overall oral bioavailability.
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1.14 Hepatic First-Pass Metabolism

Besides aqueous solubility and intestinal permeability, another major factor that influences
the oral bioavailability of a drug is first-pass metabolism (Song, Zhang, and Liu 2004; Pond and
Tozer 1984). While some metabolism occurs in the small intestine (Section 1.13), the liver is
considered the major site of first-pass metabolism for orally administered drugs (Pond and Tozer
1984). The CYPs in the liver are the major enzymes involved in drug metabolism accounting for
about 75% of all drug metabolizing reactions (Guengerich 2008). The CYP superfamily is made
up of 57 enzymes identified by The Human Genome Project, but only 5 of these isoforms are
responsible for 95% of drug metabolizing reactions performed by all CYPs (Guengerich 2008;
Preissner et al. 2013). In fact, CYP3A4 alone is responsible for about 50% of drug metabolism
(Singh and Zhao 2017). It therefore stands to reason that interactions between these enzymes and
phytochemicals could affect the bioavailability of the drugs they metabolize. These interactions

are commonly referred to as herb-drug interactions (Singh and Zhao 2017).

Hepatic herb-drug interactions can ultimately lead to an increase or decrease in
bioavailability of the drug depending on the nature of the interaction. Herb-drug interactions
usually involve either the inhibition of a CYP by phytochemicals produced in the herb, leading to
increased bioavailability of the drug, or induction of the CYP gene by phytochemicals produced
in the herb, leading to increased CYP expression, drug metabolism, and decreased bioavailability
of the drug (Singh and Zhao 2017). Perhaps the best characterized herb-drug interaction occurs
from Hypericum perforatum, or St. John’s wort. St. John’s wort is a widely distributed herbal
dietary supplement ($570 million in annual sales worldwide) used by some to treat depression and
anxiety (Russo et al. 2014). St. John’s wort induces the expression of P-gp and several CYPs

including CYP3A4, CYP2EL, and CYP2C19 (Russo et al. 2014; Di et al. 2008). As a result, at
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least 35 drugs have shown clinical interactions with St. John’s wort, most of which result in
changes to the bioavailability of the drug (Russo et al. 2014; Di et al. 2008). While St. John’s wort
induces CYP expression, another top selling herbal supplement, goldenseal (Hydrastis
canadensis), is a potent inhibitor of CYP3A4 and CYP2D6 (Gurley, Fifer, and Gardner 2012;
Gurley et al. 2008). As a result it is strongly recommended to avoid taking goldenseal with most

over-the-counter and prescription medications (Asher, Corbett, and Hawke 2017).

The observed low bioavailability of pure artemisinin is widely thought to be due to low
aqueous solubility and high levels of first-pass metabolism in the liver (Titulaer et al. 1990; Medhi
et al. 2009; Navaratnam et al. 2000). Artemisinin is primarily metabolized by CYP2B6 although
there is thought to be a minor contribution by CYP3A4 in people with low CYP2B6 expression
(Svensson and Ashton 1999). Importantly, metabolism of artemisinin in the liver results in 4
metabolites lacking the endoperoxide bridge rendering them biologically inactive against malaria:
deoxyartemisinin, deoxydihydroartemisinin, 9,10-dihydrodeoxyartemisinin, and crystal-7 (Lee
and Hufford 1990). This is not the case for the semisynthetic artemisinin derivatives artesunate,
artemether, and arteether (Navaratnam et al. 2000). These compounds are metabolized
predominantly by CYP2A6, CYP3A4, and CYP3AS and all result in the formation of biologically

active antimalarial dihydroartemisinin (Navaratnam et al. 2000).

Artemisinin is also an autoinducer (Gupta, Svensson, and Ashton 2001; Medhi et al. 2009).
That is, it induces the expression of its own metabolizing enzymes CYP2B6 and CYP3A4 (Asimus
et al. 2007; Simonsson et al. 2003). In vitro studies have since shown that artemisinin activates
both the constitutive androstane receptor (CAR) and pregnane X receptor (PXR), two xenobiotic
sensors that activate signaling pathways to upregulate the expression of CYPs, in hepatocytes thus

further explaining the molecular mechanism of artemisinin autoinduction (Simonsson et al. 2006;
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Burk et al. 2005). Interestingly, artemisinin also induces CYP2C19 expression (Mihara et al.
1999). As a result of the induction of CYP2B6 and CYP3A4, artemisinin plasma concentration
usually declines after repeated dosing (Asimus et al. 2007; Simonsson et al. 2003; Ashton, Sy, et
al. 1998; Ashton, Hai, et al. 1998). In one study, patients with uncomplicated falciparum malaria
were treated with 500 mg/day oral artemisinin and artemisinin pharmacokinetics parameters were
observed on day 1 and day 5. On day 5, artemisinin clearance rate had increased 5.4-fold, AUC

had decreased 5.2-fold, and Cmax had decreased 5.3-fold (Ashton, Sy, et al. 1998).

While much is known about artemisinin interactions with CYPs, less research has been
done to determine how secondary phytochemicals from A. annua may affect the same CYPs. In
fact, many classes of phytochemicals produced in A. annua are known to inhibit CYPs; these
include flavonoids, monoterpenes, coumarins, and phenolic acids (Basheer and Kerem 2015;
Foroozesh et al. 2019; Hodek, Trefil, and Stiborova 2002; Seo et al. 2008). There are nearly 40
flavonoids identified in A. annua, many of which have been implicated in CYP inhibition and
induction (Ferreira et al. 2010; Hodek, Trefil, and Stiborova 2002). Some have posited that the
enhanced bioavailability seen when artemisinin is delivered as DLA is due to inhibition of first-
pass metabolism by DLA phytochemicals (Ferreira et al. 2010). In fact, a similar phenomenon has
been seen with the artemisinin derivative artemether and grapefruit juice (van Agtmael et al. 1999).
Grapefruit juice is well known for its interactions with drugs via CYP inhibition (Bailey, Dresser,
and Arnold 2013). Phytochemicals called furanocoumarins are potent inhibitors of CYP3A4 in
humans leading to interactions with over 85 drugs on the market (Bailey, Dresser, and Arnold
2013; Guo and Yamazoe 2004). The artemisinin peak plasma concentration of the semisynthetic
derivative artemether more than doubled when administered with 350 mL grapefruit juice (van

Agtmael et al. 1999).
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Phytochemicals produced by DLA may inhibit CYP activity, thus enhancing artemisinin
bioavailability. Melillo de Magalhédes et al. (2012) tested teas made from 6 different A. annua
cultivars for their ability to inhibit CYP3A4 in Caco-2 cells. Three cultivars significantly inhibited
CYP3A4 activity with inhibition ranging from 63-45% compared to a negative control (Melillo de
Magalhdes et al. 2012). The authors also tested rosmarinic acid and chlorogenic acid, two
phytochemicals found in their A. annua cultivars, but found no inhibitory activity for either
compound (Melillo de Magalhdes et al. 2012). Those data indicated that some compound present
in A. annua inhibited intestinal CYP3A4, however no experiments were performed using liver

microsomes or on CYP2B6 (Melillo de Magalhaes et al. 2012).

Wei et al. (2015) investigated the efficacy of combinations of pure artemisinin and
chrysosplenetin, a flavonoid commonly found in A. annua, at three different ratios against the
mouse malaria parasite P. berghei (Wei et al. 2015). They determined that artemisinin plasma
concentration AUC significantly increased in all combination treatments compared to pure
artemisinin while the 1:1 and 1:2 artemisinin to chrysosplenetin ratio led to 1.64- and 1.65-fold
increases in Cmax relative to artemisinin alone (Wei et al. 2015). Furthermore, the 1:2 artemisinin
to chrysosplenetin ratio led to a 1.59-fold reduction in parasitemia compared to artemisinin alone
(Wei et al. 2015). Another group, Cai et al. (2017), showed that a methanolic extract of A. annua
provided a 2.3-fold increase in exposure and 1.9-fold increase in the artemisinin plasma Cmax
compared to pure artemisinin (Cai et al. 2017). This increase was attributed in part to arteannuin
B, a compound found in A. annua and their extracts, which inhibited CYP3A4 in their in vitro
assays (Cai et al. 2017). Another recent study showed a 4-component therapy made up of
compounds found in A. annua enhanced antiplasmodial activity as well as pharmacokinetics of

artemisinin (Li et al. 2018). The authors combined artemisinin, arteannuin B, arteannuic acid, and
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scopoletin at a 1:1:1:1 mass ratio and tested the efficacy of a 4-day treatment in P. berghei and P.
yoelii infected mice (Li et al. 2018). Their results showed about 93% reduction in parasitemia for
the 4-component therapy compared to about 31% reduction in the artemisinin control group,
suggesting the artemisinin + phytochemicals combination therapy was much more efficacious (Li
et al. 2018). Artemisinin exposure and plasma Cmax also increased 3.78- and 3.47-fold in healthy
mice and 2.62- and 1.82-fold in P. yoelii infected mice, respectively (Li et al. 2018). Combined,
these results suggest that phytochemicals from A. annua help enhance artemisinin bioavailability

through inhibition of CYPs leading to enhanced antimalarial efficacy.

1.15 Alternative Therapeutic Uses of Artemisia

While A. annua is mostly known as an antimalarial, the herb has several secondary
purported activities and uses. Chief among these are anti-cancer, antiviral, antibacterial,
anthelmintic, and anti-inflammatory. Anti-cancer activity of A. annua is mostly caused by
artemisinin reacting with ferrous iron in cancer cells forming reactive oxygen species leading to
DNA damage, cell cycle arrest, and cell death (Efferth 2015; Weathers et al. 2017). Artemisinin
also inhibits neoangiogenesis in cancerous tumors (Weathers et al. 2017; Efferth 2015). A. annua
has moderate to potent antiviral activity against HIV, human cytomegalovirus, herpes simplex
virus type 1, Epstein-Barr virus, hepatitis B, Hepatitis C, bovine viral diarrhea virus, and SARS-
associated coronaviruses (Lubbe et al. 2012; Efferth et al. 2008; Li et al. 2005). Antibacterial
activity has been shown in a wide array of species (Juteau et al. 2002; Kim et al. 2015).
Antiparasitic activity is not limited to Plasmodium. A. annua demonstrated activity against
parasites of the Trypanosoma genus that cause trypanosomiasis (Nal and Efferth 2018) and potent

anthelmintic activity in a clinical trial against schistosomiasis (Munyangi et al. 2018).
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One of the best characterized bioactivities of A. annua is its anti-inflammatory activity
(Kim et al. 2015; Hu et al. 2014). The inflammatory response in mammals is complex involving
multiple signaling pathways (Newton and Dixit 2012). The major pathway controlling
biosynthesis of inflammatory cytokines is the NF-«B signaling pathway (Newton and Dixit 2012;
Lawrence 2009). This canonical pathway involves activation of a toll-like receptor (TLR) by a
pathogen-associated molecular pattern (PAMP) such as lipopolysaccharide present in bacterial cell
walls, thereby initiating the signaling cascade. This results in activation of the NF-«xB transcription
factor that regulates production of proinflammatory cytokines like TNF-a and IL-6 (Newton and
Dixit 2012). This pathway is well studied and as a result there are many anti-inflammatory
medications designed to interrupt this pathway (Nam 2006). In fact, artemisinins and several other
plant-derived polyphenols are known to block this pathway, leading to their anti-inflammatory
activity (Wang et al. 2006; Zhu et al. 2012). For example, artemisinin inhibited TNF-o and IL-6
release induced by lipopolysaccharide, heat-killed Escherichia coli, or CpG containing
oligodeoxy-nucleotides from RAW264.7 macrophages in a time- and dose-dependent manner, and
protected mice from lethal lipopolysaccharide doses. Anti-inflammatory effects were attributed to
artemisinin blocking the NF-«B activation necessary for cytokine release, a finding consistent with
other studies (Wang et al. 2006; Shakir et al. 2011; Zhu et al. 2012). Artemisinin has been
increasingly studied recently for use in inflammatory diseases, i.e. inflammatory bowel disease
(Hu et al. 2014). Using a mouse model for intestinal inflammation, investigators showed that
artemisinin ameliorated the symptoms of dextran sulfate sodium-stimulated inflammation of the
bowel (Hu et al. 2014). Several other studies showed the efficacy of artemisinins against

inflammatory conditions and these are summarized in Table 1.2.
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Table 1.2. Effect of artemisinins on components of the immune system. Adapted from
Weathers et al. (2017).

Factor Treatment | System Response after AN | Reference
treatment
Neutrophils | AS Humans Decreased number (Shakir et al. 2011)
(stronger effect in
HIV+ patients)
AS/AM Humans Slightly decreased (Shakir et al. 2011)
number
DHA Rats Increased number after | (Shakir et al. 2011)
weekly treatments
T cells AN Humans (HIV-) No change inCD4 T (Tatfeng et al. 2007)
cells
AM Con-A induced splenocytes Halted CD4 and CD8 T | (Wang et al. 2007)
cell proliferation
AS Mice No change in CD4 or (Ramacher,
CD8 T cells Umansky, and
Efferth 2009)
Cytokines AS Human fibroblast synoviocytes | IL-1p, IL-6, IL-8, (Xu et al. 2007)
decreased
SM905 RAW?264.7 macrophages IL-1B and TNF-a, dose | (Wang et al. 2009)
decrease
AM Con-A induced splenocytes IL-6 and NO decreased | (Wang et al. 2007)
IL-2 dose decrease,
IFN- vy decrease
AS Mice IL-2 decreased, IL-4 (Lee et al. 2014)
increased
AS Mouse sepsis model TNF-a and IL-6 dose (Lietal. 2008)
decrease
AN Mouse sepsis model and RAW | TNF-a and IL-6 dose (Wang et al. 2006)
264.7 macrophage decrease
AN Rat primary microglia cells TNF-a, IL-6, and (Zhu et al. 2012)
MCP-1 dose decrease
AS Con-A/LPS treated mouse IL-10, IFN- vy, and IL- | (Gumede et al.
splenocytes 12p40 dose decrease 2009)
NO AN Human astrocytoma T67 cells | Decrease (Aldieri et al. 2003)
AN/AS/ RAW264.7 macrophages Decrease (Wang et al. 2009;
SM905 Konkimalla et al.
2008)
NF-kB AN Human astrocytoma T67 cells | Activation decreased (Aldieri et al. 2003)
AN Rat primary microglia cells Dose decrease (Zhu et al. 2012)

AN, artemisinin; AS, artesunate; AM, artemether; DHA, dihydroartemisinin; SM905, novel
water-soluble artemisinin derivative; LPS, lipopolysaccharide; NO, nitric oxide
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Besides artemisinin, A. annua produces a wide variety of phytochemicals including
flavonoids, phenolic acids, monoterpenes, and coumarins, many of which have anti-inflammatory
activity (Kumar and Pandey 2013; Ding et al. 2008; Hortelano 2009). Recently, two flavonoids
found in A. annua, chrysosplenol D and casticin, were shown to decrease inflammation both in
vitro and in vivo (Li et al. 2015). Further, rosmarinic acid, a phenolic acid found in DLA, was
shown to decrease 1L-6 and IL-8 expression in vitro (Melillo de Magalh&es et al. 2012). Thus, A.
annua may act as an anti-inflammatory herbal medicine via additive or synergistic anti-

inflammatory activities of artemisinin and other phytochemicals produced in planta.

1.16 Summary

Artemisinin is a powerful and crucial antimalarial molecule that has been used for
millennia in traditional formulations. While the modern formulations of ACTs have enhanced
bioavailability and high antiplasmodial efficacy, there are still numerous problems relating to
accessibility and affordability. In order to eradicate malaria, cheaper and more accessible
therapeutics will be required to treat people who do not have the option of ACTs. Traditional
formulations of A. annua may be able to bridge this gap. Teas made from the dried leaves of A.
annua are effective clinically and in vivo testing suggests one reason for this efficacy may be due
to enhanced bioavailability over pure artemisinin. The mechanisms underlying this enhanced
bioavailability including increased solubility, intestinal permeability, and inhibition of hepatic
first-pass metabolism by secondary phytochemicals are examined here through in vitro and in vivo
studies. A better understanding of these mechanisms will shed light on how this medicinal herb
achieves such strong antimalarial efficacy and hopefully this information will promote new

thinking about how to design future plant-derived therapeutics.
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Chapter 2 Hypothesis and Research Objectives

2.0 Hypothesis

A. annua has been used for millennia to treat fever, which was likely often malaria. Since
the arrival of modern medicine and the “one drug, one target” drug design paradigm, medicinal
plants have often been reduced to their most bioactive constituent to be used in medicine. A. annua
has been no exception to this rule. Today artemisinin combination therapies (ACTSs) represent the
gold-standard therapy for malaria, however their cost and accessibility have been prohibitive
obstacles to global eradication efforts. Therapies based around the use of dried leaves of A. annua
would be significantly less expensive and likely more accessible as the plant is easily grown in a
variety of climates and using dried leaves eliminates the extraction, purification, and chemical
modification steps in ACT production that incur their high cost. In fact, in vivo and clinical studies
suggest that A. annua therapies may be equal to or better than ACTs at treating malaria while being
less susceptible to development of drug resistance. In vivo studies also indicate that artemisinin
delivered as dried A. annua leaves reaches significantly higher concentrations in the blood than
pure artemisinin. This phenomenon is likely one reason why dried A. annua leaves seem to be

efficacious in treating malaria even at very low artemisinin doses.

Oral bioavailability is a complex process involving several underlying mechanisms at
various locations within the human body. Drug bioavailability can be altered by breakdown or
modification by amylases in saliva or low pH and proteases in the stomach. It can be influenced
by physiochemical properties such as solubility that may differ from the oral cavity, to the stomach,
and to the intestines. Absorption across the intestine can be altered by efflux pumps, tight junction

modification, and inhibition or stimulation of active transporters. Furthermore, oral bioavailability
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depends heavily upon first-pass metabolism in the liver. It is possible that any one of these
processes is altered by phytochemicals present within A. annua. Thus, | hypothesize that the
enhanced bioavailability of artemisinin from dried A. annua leaves seen in vivo is due to increased
intestinal artemisinin solubility, increased intestinal permeability, and inhibition of hepatic first-

pass metabolism afforded by secondary phytochemicals produced by A. annua.

2.1 Research Objectives

In order to investigate this hypothesis, there are several research objectives:

1. To investigate the changes in artemisinin solubility during digestion when delivered as pure

drug vs. as dried leaves of A. annua and with or without various foods;

2. To investigate the intestinal permeability of artemisinin when delivered as dried leaves of
A. annua. Using the Caco-2 cell model of the intestinal epithelium | will determine the apparent
artemisinin permeability of pure artemisinin, digested dried leaves of A. annua, and artemisinin in
combination with single phytochemicals produced by A. annua to determine which, if any,

phytochemicals enhance intestinal permeability of artemisinin;

3. To study the ability of extracts, teas, and individual phytochemicals from A. annua to
inhibit the enzymatic activity of CYP2B6 and CYP3A4, the cytochrome P450 isozymes

responsible for artemisinin first-pass hepatic metabolism.

4. | also aimed to determine how artemisinin is distributed and eliminated based on delivery
as pure drug vs. dried A. annua leaves and how delivery mode impacts downstream pathologies,

e.g. inflammation, in vivo.
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Through these objectives, | aimed to uncover some of the mechanisms that underlie the
enhanced bioavailability of artemisinin when it is delivered orally as dried leaves of A. annua

observed in vivo.

2.2 Thesis Organization

The work on understanding changes to artemisinin solubility based on delivery as pure drug vs.
dried leaves of A. annua or combined digestion with food is described in Chapter 3. Chapter 4
examines the intestinal permeability of artemisinin when delivered as pure drug vs. as dried leaves
of A. annua as well as combinations of single A. annua phytochemicals and artemisinin. In Chapter
5, the inhibitory activity of extracts, teas, and phytochemicals from A. annua on the CYP enzymes
responsible for first-pass hepatic artemisinin metabolism is explored. | also determine how
artemisinin distribution and elimination differs based on oral delivery as pure drug vs. dried leaves
of A. annua as well as its impact on systemic inflammation in vivo. Chapters 3, 4, and 5 were each
published individually in their entirety in either the Journal of Ethnopharmacology (Chapters 3
and 4) or Biomolecules (Chapter 5). Finally, Chapter 6 presents conclusions and prospective future

studies for the continuation of this research project.
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Chapter 3 Effect of Leaf Digestion and Artemisinin
Solubility for Use in Oral Consumption of Dried
Artemisia annua Leaves to Treat Malaria

Published as:

Desrosiers M. and Weathers P.J., 2016. Oral consumption of dried Artemisia annua leaves to
treat malaria: leaf digestion and artemisinin solubility. Journal of Ethnopharmacology 190:
313-318.
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3.1 Abstract

Ethnopharmacological relevance

Artemisia annua L. produces the antimalarial sesquiterpene lactone, artemisinin (AN), and was

traditionally used by the Chinese to treat fever, which was often caused by malaria.
Aim of the study

To measure effects of plant-based and dietary components on release of artemisinin and flavonoids

from A. annua dried leaves (DLA) after simulated digestion.
Materials and methods

Simulated digestion was performed on DLA in four types of capsules, or in conjunction with
protein, and protein-based foods: dry milk, casein, bovine serum albumin, peanuts, peanut butter,
Plumpy’nut®, and A. annua essential oils. Artemisinin and total flavonoids were measured in the

liquid phase of the intestinal stage of digestion.
Results

After simulated digestion, peanuts and Plumpy’nut® lowered AN and flavonoids, respectively,
recovered from the liquid digestate fraction. None of the compositions of the tested capsules
altered AN or flavonoid release. Surprisingly, bovine serum albumin (BSA) increased both AN
and flavonoids recovered from liquid simulated digestate fractions while casein had no effect. AN
delivered as DLA was about 4 times more soluble in digestates than AN delivered as pure drug.
Addition of a volume of essential oil equivalent to that found in a high essential oil producing A.

annua cultivar also significantly increased AN solubility in simulated digestates.
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Conclusion

These results indicate encapsulating DLA may provide a way to mask the taste of A. annua without
altering bioavailability. Similarly, many peanut-based products can be used to mask the flavor
with appropriate dosing. Finally, the essential oil fraction of A. annua contributes to the increased
AN solubility in DLA after simulated digestion. Our results suggest that use of DLA in the
treatment of malaria and other artemisinin susceptible diseases should be further tested in animals

and humans.

Key Words: Key words: malaria, bioavailability, flavonoids, essential oils, sesquiterpenoids,

artemisinin, digestion, pACT

Abbreviations: ACT, artemisinin combination therapy; AN, artemisinin; BSA, bovine serum
albumin; DLAG, glandless (GLS) cultivar of A. annua; DLAS, SAM cultivar of A. annua; GC-
MS, gas chromatography mass spectrometry; GRAS, generally recognized as safe; HPMC,

hydroxypropyl methylcellulose; pACT, plant-based artemisinin combination therapy.

3.2 Introduction

In 2015, there were 214 million cases of malaria resulting in 438,000 deaths worldwide
(WHO 2016). Of these deaths, 91% occurred in sub-Saharan Africa and 70% of the victims were
children under 5 (WHO 2016). Since 2000, malaria incidence and death rates have decreased
globally by 37% and 60%, respectively, however progress has been slower in sub-Saharan Africa
(WHO 2016). The foremost therapeutic used to quell malaria worldwide is artemisinin (AN,
Figure 3.1), but due to poor solubility, AN semisynthetic derivatives, e.g. artesunate,

dihydroartemisinin and artemether, are the preferred drugs. AN is a naturally occurring
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sesquiterpene lactone produced and stored in the glandular trichomes of the plant Artemisia annua
L. (Ferreira and Janick 1995). AN derivatives are combined with other antimalarials, e.g.
artemether + lumefantrine (Coartem®) to slow the evolution of AN resistance, and termed
artemisinin combination therapies (ACTSs), and are recommended by the WHO for treatment of
malaria (WHO 2015). Although ACTs are accepted as the frontline treatment for malaria, they are
often too expensive or unavailable to those in need (Davis et al. 2013; Kyaw et al. 2014; Yeung et
al. 2008). Indeed the highest malaria mortality rates occur in regions of the world with the highest

proportions of people living on < $1.25/day (WHO 2012a).

Figure 3.1. Structure of artemisinin (AN).

Recently, use of dried leaves of A. annua (DLA; aka pACT) to treat malaria has shown
promise. This generally recognized as safe (GRAS) medicinal plant (Duke 2001) has been used
since 168 BCE in traditional Chinese medicine to treat a variety of conditions including "fever",
which was likely caused by malaria (Cui and Su 2009). Traditionally the plant was prepared as a
tea infusion however, this mode of preparation is not recommended as it is difficult to control the
many parameters, such as temperature and time, which dictate phytochemical extraction and
stability (van der Kooy and Verpoorte 2011; Weathers and Towler 2012). Instead, per os (p.0.)

consumption of DLA should be used to ensure administration of a consistent dose. In a rodent
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study, p.o. DLA delivery of AN was compared to p.o. delivery of pure AN (Weathers et al. 2011),
and DLA provided ~ 45 times more AN in the serum than delivered from similar doses of pure
AN. Furthermore, delivery as DLA was five times more effective at reducing parasitemia than
pure AN in mice infected with Plasmodium chabaudi (Elfawal et al. 2012) and three times more
resilient against emerging AN drug resistance (Elfawal et al. 2015).

A. annua is also rich in a variety of other compounds including flavonoids, phenolic acids,
terpenes, coumarins, saponins, and essential oils (Elford et al. 1987; Lehane and Saliba 2008;
Suberu et al. 2013; Van Zyl et al. 2006; Ferreira et al. 2010). Many of these compounds have weak
activity against malaria (Weathers and Towler 2014) and some have been shown to synergize with
AN (Liu et al. 1992; Suberu et al. 2013). For these reasons, this plant-based artemisinin
combination therapy (pPACT) may provide an effective, inexpensive treatment option for those in
extreme poverty.

One drawback to using DLA is the bitter taste associated with the dried leaves. Although
preliminary data suggested about 61% of humans find the leaves distasteful, others actually like
the taste (Appendix A, Table S1). Nevertheless, masking the unpalatable taste with readily
available food items or by encapsulation is desirable, especially for pediatric patients.
Encapsulation or alternative taste masking is only feasible, however, if the capsules or foodstuffs
do not significantly alter the bioavailability of the therapeutic compounds. In this study, we use a
simulated human digestion system to investigate how various food items, pure proteins, and
capsules affected AN and flavonoid content of intestinal stage digestates. We also used simulated
digestion to investigate the solubility of AN in intestinal stage digestates when digested as pure
drug vs. DLA. Our results also suggest a possible partial mechanism for the increased

bioavailability of AN when delivered as DLA vs. as pure drug.
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3.3 Methods

3.3.1 Plant Material

Two Artemisia annua L. clonal cultivars propagated by rooted cuttings (Weathers and
Towler 2012; Towler and Weathers 2015) were used in this study: SAM (DLAS) (voucher MASS
00317314), a high AN-producing cultivar (~1.4% w/w), and GLS (DLAG) (vouchers OR State
Univ 171772 and 170353), a glandless AN-null mutant cultivar with no glandular trichomes that
produces no AN (Duke et al. 1994) and 25% of the flavonoids found in SAM. SAM plant material
used in protein and dietary constituent experiments was field grown in Stow, MA, harvested at
floral budding stage, dried and processed as previously described (Weathers, Jordan, et al. 2014).
SAM plant material used in solubility experiments was grown in the lab under glass-filtered
sunlight, harvested at the vegetative stage, dried, and processed same as the field grown SAM.
GLS, a gift from Dr. Stephen Duke at University of Mississippi, was grown in the lab, under glass-

filtered sunlight, harvested in the vegetative stage, dried, and processed same as SAM.

3.3.2 Chemicals and Capsules

Chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise specified. Toluene was purchased from Thermo Fisher Scientific (Waltham, MA, USA)
and A. annua essential oils from Bella Mira (Mannford, OK, USA). Vegetable capsules made from
hydroxypropyl methylcellulose (HPMC) and water and gelatin capsules made from beef gelatin
and water were purchased from Capsule Connection LLC (Prescott, AZ, USA). Vcaps®, Vcaps
Plus®, and Plantcaps™ were a gift from Capsugel (Morristown, NJ, USA). Vcaps® are made of
HPMC and a proprietary combination of gelling agents while Vcaps Plus® are made without the

gelling agents. Plantcaps™ are made from pullulan, a polysaccharide polymer fermented from
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tapioca. All capsules were size "00." Evaporated milk, smooth peanut butter, and plain unsalted
peanuts were store brand purchased from a local Shaw's Supermarket (Stow, MA USA).
Plumpy’nut®, made from peanut based paste, is a Ready to Use Therapeutic Food (RUTF; USAID

2015, https://www.usaid.gov/what-we-do/agriculture-and-food-security/food-

assistance/resources/ready-use-therapeutic-food Accessed 12-28-15) for treating malnutrition.

Plumpy’nut® is produced locally by Edesia (Providence, RIl, USA) and was a gift from Maternova

Inc. (Providence, RI, USA).

3.3.3 Simulated Digestion

Simulated digestion was performed according to Weathers et al. (2014a) (Figure 3.2). All
digestions were taken to the intestinal stage before being vortexed and filtered through Whatman
#1 chromatography paper (0.16 mm thickness, porosity < 10 um) to separate solid and liquid
digestate fractions. Liquid fractions were extracted in a sonicating water bath for 30 minutes with
an equal volume of toluene to yield a clear two-phase separation to extract AN and flavonoids for
analysis. Artemisinin but not all flavonoids are extracted by toluene. This solvent was required to
obtain good phase separation especially for the oily materials, peanuts and Plumpy’nut®, thus we
kept the extraction solvent constant for all experiments in the study. AN and flavonoids found in
the liquid fraction were of interest because they were in solution and thus more likely to diffuse
across the intestinal wall into the blood (Weathers, Jordan, et al. 2014). Extracts were dried under
nitrogen gas and stored at -20°C until analysis. All digestions with capsules were performed with
2 capsules and all digestions with food items were performed with equal weights of food and plant

material.
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Figure 3.2. Schematic for simulated digestion method.

3.3.4 Solubility Experiments

To determine the difference in solubility when AN was delivered orally as pure drug vs. as
DLA, we performed simulated digestions of AN and of DLA and then captured insolubilized AN
on a filter and measured the soluble and insoluble fractions as subsequently described. A 0.18 g
sample of sieved DLAS and an amount of AN equivalent to that measured in 0.18 g DLAS for that
specific experiment were separately digested using the simulated digestion method of Weathers et
al. (2014a). We also performed simulated digestions using a pure AN control and an equivalent
amount of AN added to 0.18 g dried GLS leaves, which have no detectable AN. Finally, we
performed simulated digestion of pure AN as a control and pure AN in combination with camphor
(3.8 mg), quercetin (0.6 mg), or 0.55 and 7.2 pL of A. annua essential oil added directly to the
simulated digestion. Camphor and quercetin amounts were chosen based on total amount of the
monoterpene camphor or total flavonoids, respectively, as typically measured in DLAS. Essential
oil values were chosen based on the reported extremes of essential oil in A. annua (Bilia et al.
2014). All simulated digestions were taken to the intestinal stage. After digestion, the digesta were
filtered through Whatman #1 chromatography paper (0.16 mm thickness, porosity < 10 um) to
separate liquid and solid fractions. Both fractions were then extracted with toluene and the extracts

dried under nitrogen gas and prepared for analysis. AN extracted from liquid fractions was
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considered soluble and likely to be more bioavailable as particles <10 um are absorbed more
readily by intestinal epithelium (Desai et al. 1997). AN present in the solid fraction was considered
insoluble or absorbed to residual plant solids and less likely to cross the intestinal wall. The percent
AN dissolved was determined by dividing the amount of AN found in the liquid fraction by the
total AN recovered. AN solubility (ug/mL) was calculated by dividing the total AN recovered

from the liquid digestate fraction by the volume.

3.3.5 Artemisinin and Flavonoid Analysis

AN in extracts was quantified using GC-MS according to the method detailed in Towler
and Weathers (2015). Flavonoids in extracts were quantified using the spectrophotometric AlCI3
method (Arvouet-Grand et al. 1994) with quercetin as a standard. Flavonoid levels are expressed

as quercetin equivalents.

3.3.6 Statistical Analysis

All experiments were performed in at least triplicate. Students T-tests and One-way
ANOVA tests were used to determine statistical significance (p < 0.05) where appropriate and
Kruskal-Wallis tests were used whenever there were unequal numbers of control and experimental

samples. The statistical program GraphPad Prism 6 was used to perform all statistical analysis.

3.4 Theory

In malaria endemic countries, cheaper and readily available antimalarials are needed for
people in extreme poverty. DLA may be able to fill this niche but masking the bitter taste would

make delivery simpler for the mostly young children who need it. Using a simulated digestion
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method, we tested masking agents and capsules for their effect on the levels of therapeutic
compounds released into the intestinal digesta. This method also enabled measurement of AN
solubility post simulated digestion, which will improve our understanding about DLA
enhancement of AN bioavailability. Understanding the factors that dictate bioavailability of AN

and flavonoids from DLA provides useful knowledge for clinicians.

3.5 Results and Discussion

3.5.1 Capsules Do Not Alter AN or Flavonoid Content of Digesta

When DLA was run through the simulated digestion with capsules, none of the tested
capsules altered the amount of AN extracted from the intestinal liquid (Figure 3.3A). Previously
we reported that vegetable and gelatin capsules negatively affected the release of AN from DLAS
after simulated digestion (Weathers, Jordan, et al. 2014). That study used methylene chloride to
extract the digestate and under some conditions there was not a well-defined phase separation. In
this study, however, we used toluene as an extraction solvent instead of methylene chloride and
obtained a well-defined two-phase separation. None of the tested capsules showed a significant
difference in total flavonoid content of liquid digestate fractions (Figure 3.3B). Since capsules are
designed to be chemically inert, these results should be expected. These results suggested that
encapsulation may provide a simple means of masking the bitter taste of DLA without altering

drug bioavailability. Capsule selection now can be based mainly on cost instead of performance.

3.5.2 Some Food Items Alter AN and Flavonoid Content of Digesta
Another option for masking the taste of DLA is to combine it with common dietary

constituents found in sub-Saharan Africa. This serves a dual purpose by not only providing an
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antimalarial therapeutic, but also a nutritious supplement. As malnutrition exacerbates malaria and
other diseases, especially in low income countries (Caulfield, Richard, and Black 2004), this is
desirable. Previously we showed that some dietary constituents commonly used in sub-Saharan
Africa altered the AN and flavonoids released into liquid fractions of simulated digestions
(Weathers, Jordan, et al. 2014). These food items were mainly simple and complex carbohydrates
and various oils. Previously, however, there were reports that AN bound to serum proteins (Bian
etal. 2006; Liu, Cheng, and Jiang 2014) and there was concern that protein in the diet may decrease
AN bioavailability during digestion. Thus, we performed simulated digestions with several
protein-rich dietary constituents to determine if they would alter AN content of the liquid digestate
fraction. After simulated digestion of DLAS + peanuts, the AN content in the liquid digestate
fraction decreased by about 23% (Figure 3.4A, p = 0.028). Dry powdered milk, smooth peanut

butter, and Plumpy’nut®, however, had no effect on AN content of the liquid digestate fraction.

_ 20 0.25
S
(a]
2o e T T s oo/l L |
=] o=
E SE 0.15
£ 107 3o
£ o0
5 =g o
£ 05 =]
9 [ 0.05
<
0.0 0.00 r
& @ X o > & @ ¥ S
& A o PN 3 o o o Q 7
00(‘\ c,’z.\'b q:“’b K Qo\\o c’n‘\\‘ (_,,'?'\‘b q@!@ "\‘? o‘\o
& 3§ 8 4% ]
& &
o Capsule Type <F
& © Capsule Type

Figure 3.3. Artemisinin (A) and flavonoid (B) content in liquid fraction from intestinal stage of
simulated digestions of DLAS + various capsule types. N 2 3; *, p <0.05 compared to AN
control within each experiment.

There was also a significant increase in AN released after digestion of DLAS + bovine serum

albumin (BSA) (Figure 3.4C p = 0.006). AN is known to bind BSA (Bian et al. 2006; Liu, Cheng,
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and Jiang 2014) and is sometimes used in drug absorption studies to bind free drug and maintain
sink conditions (Hubatsch, Ragnarsson, and Artursson 2007), so it is conceivable that the BSA
interacted with free AN in the digestate solution allowing more AN to be extracted from the solid
DLAS fraction into the liquid DLAS fraction of the digestate. Casein, the main protein found in
milk, did not have any effect. It therefore seems unlikely that proteins are responsible for major
decreases in AN content in liquid digestate fractions. The mechanism by which peanuts and not
peanut butter decreased AN content is still unresolved.

Besides AN, we also tested the effects of these same dietary constituents on total flavonoid
content in liquid digestate fractions. After digestion, total flavonoids decreased in the liquid
fraction by about 24%, and only in the presence of Plumpy’nut® (Figure 3.4B, p = 0.003).
However, in the presence of BSA, flavonoids increased by about 56% (Figure 3.4D, p = 0.0015)
in the liquid digestate fraction. Similarly to AN, casein had no effect. BSA has been shown to also
strongly bind flavonoids (Liu et al. 2014; Bi et al. 2012; Papadopoulou, Green, and Frazier 2005),
so the observed increase in flavonoids is likely due to the same mechanism described for AN
wherein BSA creates stronger sink conditions allowing more flavonoids to be extracted from the
solid fraction DLAS into the liquid digestate. While the differences in AN and flavonoid content
in the presence of peanuts and Plumpy’nut®, respectively, were statistically significant, neither
therapeutic compound is decreased enough to discourage their use as a masking agent. Rather, if
using either peanuts or Plumpy’nut® to mask DLA flavor, then the amount of DLA could be
proportionately increased to ensure adequate delivery to yield a minimum therapeutically effective

serum concentration of 9 pg L (Alin and Bjorkman 1994).
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3.5.3 Delivery Method Changes AN Solubility
AN has significantly higher bioavailability when delivered p.o. as DLA as opposed to pure
AN (Weathers et al. 2011; Weathers, Elfawal, et al. 2014). However, the mechanism by which AN

bioavailability is so greatly enhanced is yet to be uncovered. We posited that AN solvates better
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Figure 3.4. Artemisinin (A) and flavonoid (B) content in liquid fraction from intestinal
stage of simulated digestions of DLAS = various protein-rich dietary constituents.
Artemisinin (C) and flavonoid (D) content in liquid fraction from intestinal stage of
simulated digestions of DLAS + BSA. N > 3; *, p < 0.05 compared to AN control within
each experiment.

when combined with some other phytochemicals found in the plant material. To test this
hypothesis, we carried out simulated digestions of either pure AN or an amount of DLAS
containing the same amount of AN. After digestion, it was determined that the liquid digestate

from DLAS contained about four times more AN than the pure AN liquid digestate fraction (Table
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3.1, p=0.005). This large increase in AN solubility partially explains the increased bioavailability
seen when AN is delivered orally as DLAS in mice (Weathers et al. 2011). To query which
compounds or groups of compounds were responsible for the increase in AN solubility we first
performed simulated digestions with addition of pure AN and equal amounts of pure AN added to
0.18g DLA of the GLS cultivar (DLAG). GLS lacks glandular trichomes and thus produces no
detectable AN, only 0.06% (w/w) essential oils (Tellez et al. 1999), and only 25% of the
flavonoids of SAM, so we could determine if the increased AN solubility was due to general plant
matrix or some specific groups of chemicals exclusive to one of the two cultivars. After simulated
digestion of DLAG + AN and pure AN, there was no significant difference in the amount of AN
in the liquid digestate fractions (Table 3.1). These results indicated that the compounds responsible
for increasing AN solubility are present in DLAS but not in the GLS cultivar.

Table 3.1. Effects of different delivery methods on AN content in liquid simulated digestate
fractions from four independent experiments.

Experiment Treatment AN fold change in
digestate liquid fraction
Pure AN vs. AN 1.00a
DLAS DLA-S 4.08b
Pure ANvs. AN+ AN 1.00a
DLAG AN + DLA-G 0.91a
Pure ANvs. AN+ AN 1.00a
Essential Oils AN + 0.3% EO 0.95a
AN + 4.0% EO 2.46b
Pure ANvs. AN+ AN 1.00a
Camphor or AN + Camphor 1.09a
Quercetin AN + Quercetin 0.89a

DLAS and DLAG, 0.18 g dry weight. Values normalized to AN control; n > 3;
a,b letters show p < 0.05 compared to AN control within each experiment.
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3.5.4 Essential Oils Increase AN Solubility

The essential oil composition of A. annua cultivars ranges from 0.3-4.0% (w/w) (Bilia et
al. 2014). Since the essential oil content of DLAS is unknown, we tested both high and low levels
of essential oil for its effect on AN solubility in digestates. Aliquots of A. annua essential oil
equivalent to 0.3 and 4% of 0.18 g of DLAS dry mass were added to simulated digestions with
pure AN. After the intestinal stage of digestion, there was about 2.5 times more AN dissolved in
the liquid digestate fraction of the 4% essential oil group (Table 3.1, p = 0.004). No significant
difference was found between the amount of solubilized AN in the pure AN control and 0.3%
essential oil + AN groups (Table 3.1). Thus, essential oils in the plant are likely in part responsible
for the increased solubility of AN when delivered p.o. as DLAS as opposed to pure AN. We also
tested the hydrophobic flavonoid, quercetin, and a principal component of the hydrophobic
essential oil, camphor, to determine if they played a role in increasing AN solubility. While both
of these hydrophobic compounds have low aqueous solubility at the start of simulated digestion,
the changes in temperature and pH, as well as the addition of bile salts in the intestinal phase likely
allows some to become emulsified. Bile is a lipid emulsifier in digestion that allows the breakdown
of lipids into micelles so they can be readily absorbed by the intestine. After digestion to the
intestinal stage, quercetin did not alter AN solubility suggesting hydrophobic flavonoids play no
role in increasing the solubility of AN delivered as DLAS. Interestingly, the hydrophobic
monoterpene, camphor, also had no effect on AN solubility in digestates suggesting that it is likely

other compounds present in the essential oil that lead to enhanced AN solubility.
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3.6 Conclusions

Determining how digestion effects AN and flavonoid content in the intestine after oral drug
delivery is paramount to ensuring proper dosing and understanding the differences between DLAS
and pure AN. Using a simulated digestion method, we showed that peanuts decreased AN content
in liquid digestate fractions by 23%. Although peanut butter was benign, Plumpy’nut®, a peanut-
based RUTF used to treat malnutrition in sub-Saharan Africa, decreased flavonoid content by 24%
in liquid digestate fractions. As these dietary constituents decrease the levels of therapeutic
compounds delivered by DLA, those recommending DLA as a treatment for malaria should
consider altered dosing if these food items are used to mask the bitter taste. Since none of the tested
capsule types decreased either AN or flavonoid content, capsules offer an acceptable means of
masking the unpalatable flavor of DLA.

Using this simulated digestion method, we were also able to partially explain the
mechanism by which DLA enhances AN bioavailability in prior rodent studies. In simulated
digestions AN delivered via DLAS vyielded four times more AN in the liquid digestate fraction
than pure AN, indicating some compounds in the SAM cultivar enhanced AN solubility. This was
not true for AN delivered with dried leaves of the GLS cultivar, likely the result of the dearth of
essential oils in GLS. Furthermore, AN delivered in combination with essential oil from A. annua
at a volume consistent with a high essential oil producing plant showed a 2.5-fold increase in AN
solubility suggesting essential oil plays a role in the increased solubility afforded by DLAS.
Together these results provide insight into how DLAS might function and be used as an

inexpensive yet still effective alternative to traditional ACT medication for malaria.
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4.1 Abstract

Ethnopharmacological relevance
Artemisia annua has been used for > 2,000 years to treat fever and is more recently known for

producing the important antimalarial drug, artemisinin.

Aim of the study

Artemisinin combination therapies (ACTs) are effective for treating malaria but are often
unavailable to those in need. Dried leaves of A. annua (DLA) have recently been studied as a cost-
effective alternative to traditional ACTs. DLA was shown to dramatically increase oral
bioavailability compared to pure artemisinin, so more investigation into the mechanisms causing

this increased bioavailability is needed.

Materials and Methods

In this study, we used a simulated digestion system coupled with Caco-2 cell permeability assays
to investigate the intestinal permeability of DLA compared to pure artemisinin. We also
determined the effects of different phytochemicals (7 flavonoids, 3 monoterpenes, 2 phenolic
acids, scopoletin and inulin) and the cytochrome P450 isoform CYP3A4 on artemisinin intestinal

permeability.

Results
Artemisinin permeability delivered as digested DLA significantly increased by 37% (Pap =
8.03x10° cm s™) compared to pure artemisinin (Pagp = 5.03x10° cm s1). However, none of the

phytochemicals tested or CYP3A4 had any significant effect on the intestinal permeability of
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artemisinin. We also showed that essential oil derived from A. annua negatively affected the
intestinal permeability of artemisinin, but only after simulated digestion. Finally, we showed that
A. annua essential oil reduced the transepithelial electrical resistance of Caco-2 monolayers, but
only in the presence of bile. Although also reduced by essential oils, artemisinin Papp Subsequently

recovered in the presence of plant matrix.

Conclusions
These results shed light on the mechanisms by which DLA enhances the oral bioavailability of

artemisinin.

Key Words: antiprotozoal; drug transport; essential oils; flavonoids; malaria; terpenes

Abbreviations: AA, artemisinic acid; AB, arteannuin B; ACT, artemisinin combination therapy;
AN, artemisinin; DLA, dry leaf Artemisia; DLAS, DLA A. annua cultivar with ~1.4% artemisinin;
DLAG, DLA glandless; GLS, glandless A. annua cultivar that contains no artemisinin; TEER,

trans-epithelial electrical resistance; VD3,1a,25-dihydroxyvitamin D3.

4.2 Introduction

Malaria, a disease caused by parasites of the Plasmodium genus, remains a major global
health problem across the developing world. There are over 3 billion people at risk of contracting
malaria, about half the world's population, and each year there are over 400,000 deaths due to the
disease (WHO 2016). Although the vast majority of malaria infections can be treated effectively
with artemisinin combination therapies (ACTSs), there remains a large population, mostly in rural

Africa, that does not have access or the financial resources to receive treatment. As a result, in
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2015 about 90% of deaths due to malaria occurred in Sub-Saharan Africa. Of these deaths, about
70% were children under the age of 5 (WHO 2016).

Artemisia annua L., the plant that naturally produces artemisinin (AN) in its glandular
trichomes, has been used traditionally in China to treat malaria dating back as far as the second
century BCE (Hsu 2006). Recently, consumption of the dried leaves of A. annua (DLA) has been
studied as a potential low-cost treatment option for people living in rural malaria endemic regions.
In mouse studies, DLA was shown to be 5 times more effective than pure artemisinin at clearing
Plasmodium parasites from the blood (Elfawal et al. 2012) and three times better at slowing the
development of resistant parasites (Elfawal et al. 2015). In a small human trial in Kenya, patients
treated twice daily for 6 days with tablets made from DLA achieved >90% parasite clearance at
28 days with <10% recrudescence, a result comparable with many ACTs (ICIPE 2005). More
recently, DLA successfully treated 18 patients who had ACT and I.V. artesunate resistant malaria
(Daddy et al. 2017). Furthermore, when oral delivery of DLA was compared to oral delivery of
pure artemisinin in mice, there was about 45 times more artemisinin found in the serum of mice
given DLA (Weathers et al. 2011). The mechanism causing this striking increase in drug
bioavailability is yet to be fully determined. Our group recently showed through simulated
digestion experiments that digestion of DLA results in about 4 times higher solubility of
artemisinin in the resulting digestate and this is largely from essential oils found in the plant
material (Desrosiers and Weathers 2016). Artemisinin has very low aqueous solubility, so its
increased solubility from DLA partially explains the 45-fold increase in serum concentration,
however, there are likely other mechanisms in play.

One potential mechanism for the increased artemisinin bioavailability afforded by DLA is

modulation of the intestinal permeability of artemisinin. Several phytochemicals found in A. annua
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have either increased the rate of transport of other drugs or inhibited key enzymes that mediate the
first-pass metabolism of artemisinin. For example, De Magalhdes et al. showed that tea infusions
made from various A. annua cultivars inhibited CYP3A4 (Melillo de Magalh&es et al. 2012), an
enzyme present in the intestine involved in the metabolism of artemisinin (Svensson and Ashton
1999). Quercetin, a flavonoid found in A. annua, also increased the absorption of doxorubicin in
rats (Choi, Piao, and Kang 2011), while tamarixetin, another flavonoid, increased absorption of
fluvastatin in rats (Wang et al. 2014). Further, other studies showed that flavonoids found in A.
annua, such as quercetin and rutin, inhibited CYP3A4 as well as other cytochrome P450 enzymes
that mediate the metabolism of artemisinin (Wang et al. 2014).

In this study, we used the Caco-2 cell model of the intestinal epithelium to measure the
intestinal permeability of artemisinin when delivered as pure drug or as DLA simulated digestate.
We showed that delivery as digested DLA increased the rate of artemisinin transport across the
intestinal epithelium. We also tested a wide variety of phytochemicals found in A. annua for their
effects on artemisinin permeability and tested the role of CYP3A4 in this process by upregulating

its expression and activity in Caco-2 cells.

4.3 Materials and Methods

4.3.1 Plant Material

We used two Artemisia annua L. cultivars in these studies. The first, SAM (DLAS)
(voucher MASS 317314), is a high artemisinin and flavonoid producing cultivar, about 1.4% and
0.3% (w/w) respectively and was propagated clonally by rooted cuttings. DLAS was field grown
in Stow, MA and harvested at the floral budding stage, dried and processed as detailed in

(Weathers, Jordan, et al. 2014). The second cultivar used, GLS (DLAG) (vouchers OR State Univ
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171772 and 170353), is a mutant cultivar lacking glandular trichomes and producing no
artemisinin, 25% of the flavonoids of DLAS, and negligible levels of essential oils as measured
by our lab (Appendix B, Table S1) and others (Tellez et al. 1999). DLAG was grown in the lab

under glass-filtered sunlight, harvested during the vegetative stage, dried and processed as DLAS.

4.3.2 Chemicals and Reagents

All chemicals and reagents used were at least research grade from Sigma Aldrich (St.
Louis, MO, USA) unless otherwise stated. A. annua essential oils were purchased from Bella Mira
(Mannford, OK, USA) or Jiangxi Jinyuan Natural Perfume Company (Ji'an, Jiangxi, China).

Rutin, eupatorin, casticin, and isovitexin were purchased from ChromaDex (Irvine, CA, USA).

4.3.3 Caco-2 Cell Culture

The Caco-2 cell line was purchased from the American Type Culture Collection (ATCC:
HTB-37) and cultured in Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies,
Carlsbad, CA, USA) containing 4.5 g/L D-glucose, 110 mg/L sodium pyruvate, 20% Fetal Bovine
Serum (FBS) (Rocky Mountain Biologicals, Missoula, MT, USA), 1X GlutaMAX (Life
Technologies, Carlsbad, CA, USA), and 1X penicillin-streptomycin (Life Technologies, Carlsbad,
CA, USA) in a humidified incubator at 37° C and 5% CO». Cells were harvested using TrypLE
(Life Technologies, Carlsbad, CA, USA), resuspended in culture medium, and seeded at a density
of 2.6x10° cells/cm? on 12 well polyethylene terephthalate transwell ThinCerts hanging well
inserts (0.4 um pore size, 1.13 cm? culture area) (Greiner Bio-One, Kremsmiinster, Austria).
Culture medium was changed every other day for 21-28 days and 24 hours before performing
permeability experiments. All cells used for permeability experiments were between passages 32
and 52.
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4.3.4 Transepithelial Electrical Resistance and Lucifer Yellow Assays

To ensure monolayer integrity throughout the experimental period, transepithelial
electrical resistance (TEER) was measured before and after experiments using the EVOM2
epithelial voltmeter (World Precision Instruments, Sarasota, FL, USA). TEER values vary
throughout the literature, so we set a TEER cutoff based on Lucifer yellow rejection. Lucifer
yellow is a fluorescent dye that is only transported paracellularly and is thus used as a marker of
Caco-2 tight junction integrity. To determine Lucifer yellow rejection rate, we performed a Lucifer
yellow permeability assay using Caco-2 cells cultured in hanging wells. First, the TEER of Caco-
2 monolayers was recorded and then 0.5 mL 100 uM Lucifer yellow in Hank's balanced salt
solution (HBSS) was added to the apical side of the hanging wells. Hanging wells were then
inserted into 12 well plates prefilled with 1.5 mL HBSS in each well and then stirred on a nutator
(TCS Scientific, New Hope, PA, USA) at 24 RPM in a humidified, 37° C incubator for 1 hour.
Afterwards samples were taken from the apical and basolateral sides of the hanging well and read
on a fluorescent plate reader. The Lucifer yellow rejection value was calculated using the equation:
LY % rejection = 100*(1-RFUpasolateral/ RFUapical) Where RFU s the relative fluorescent units
recorded by the plate reader. It was determined that TEER values below 290 Q*cm? had Lucifer
yellow rejection values below 95% and as a result, wells with a TEER value below 290 Q*cm?

were not used for permeability assays.

4.3.5 Simulated Digestion
Simulated digestion was performed using the method described in Weathers et al. 2014

(Weathers, Jordan, et al. 2014). Either 0.36 g DLA or 2 mg pure artemisinin was digested in a 50
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mL conical tube. Digestions were run through oral, gastric, and intestinal stages of digestion and
then filtered through Whatman #1 chromatography paper (0.16 mm thickness, porosity < 10 um)
to separate liquid and solid fractions. Only the liquid fraction of the digestate was used for

permeability experiments.

4.3.6 CYP3A4 Upregulation

Under normal culture conditions, the human cytochrome P450 isoform CYP3A4 is not
expressed in Caco-2 cells. To better mimic the in vivo conditions, CYP3A4 expression was
induced by adding 0.5 uM 1a,25-dihydroxyvitamin D3 (VD3) to the culture media as described by
Schmiedlin-Ren et al. 2001 (Schmiedlin-Ren et al. 2001). We performed RNA isolation and gPCR
for CYP3A4 on cells cultured in this VD3 media to confirm the upregulation of CYP3A4
transcription. RNA isolation was performed using the SV Total RNA Isolation System (Promega,
Madison, WI, USA) according to the manufacturer's instructions. Using gScript cDNA SuperMix
(Quanta Biosciences, Beverly, MA, USA), cDNA was prepared from total RNA according to the
manufacturer's instructions. Using PerfeCta SYBR Green FastMix, low ROX (Quanta
Biosciences, Beverly, MA, USA), gPCR was performed according to the manufacturer's
instructions with an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The following primers were used for qPCR: CYP3A4F (5'-
CCTTACATATACACACCCTTTGGAAG-3), CYP3A4R (5'-
GGTTGAAGAAGTCCTCCTAAGCT-3') (Nowakowski-Gashaw et al. 2002), ActinF (5'-
AGAGCTACGAGCTGCCTGAC-3'), ActinR (5'-GGATGCCACAGGACTCCA-3'). CYP3A4
upregulation was also verified at the level of enzymatic activity with a luciferin-based P450-Glo

assay specific for CYP3A4 (Promega, Madison, WI, USA) following the manufacturer’s
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instructions. Caco-2 cells were cultured in monolayers on 12 well plates for 21-28 days in either
standard or VD3 containing media prior to P450-Glo assays. Cells were then incubated for 2 hours
with culture media containing 3 uM Luciferin-IPA, a CYP3A4-specific substrate that is converted
to a luminogenic substrate by CYP3A4. After the 2 hour incubation, the medium was removed
and combined with Luciferin Detection Reagent and luminescence measured on a PerkinElmer

Victor3 plate reader (PerkinElmer, Waltham, MA, USA).

4.3.7 Permeability Experiments

Artemisinin permeability experiments were performed in 12 well plates with transwell
inserts having a developed cell monolayer separating the wells into an apical and basolateral
chamber. Culture medium was first decanted and cells on transwell inserts were washed 3 times
in HBSS pre-warmed to 37° C. Inserts were then placed in a new 12 well plate pre-filled with 1.5
mL warm HBSS in each basolateral chamber and 0.5 mL warm HBSS was added to the apical
chamber. The plate was placed in a humidified 37° C incubator on a nutator mixer and mixed at
24 RPM for 20 minutes to wash off excess media. During the 20-minute incubation, donor
solutions were prepared and warmed to 37° C. Donor solutions were either the liquid digestate
fraction from a simulated digestion or pure artemisinin with or without a pure test compound
dissolved in 2.5% dimethyl sulfoxide (DMSO) in HBSS. The solubility of artemisinin in donor
solutions was checked by filtering through a 0.45 um nylon syringe filter. Filtered and unfiltered
donor solutions had no significant difference in artemisinin content; artemisinin was fully soluble
at 50 ug/mL in water, DLAG, and DLAS donor solutions. After incubation, the TEER of each well
was recorded, HBSS was decanted from the apical chambers, 0.5 mL donor solution was added to

the apical chamber and the plate was placed on the nutator in the incubator. Samples of the donor
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solution were taken to determine the artemisinin content at time 0. Experiments were performed
for 60 minutes. At each 15-minute interval, the transwell inserts were removed and placed into a
new 12 well plate pre-filled with pre-warmed HBSS and placed immediately back into the
incubator on the nutator. Samples were then taken from the basolateral chamber for extraction
and analysis. After 60 minutes, the TEER of each well was recorded to validate integrity of the
monolayer and a sample was taken from the apical chamber of each transwell insert for extraction

and analysis.

4.3.8 Artemisinin and Papp Analysis

Artemisinin from samples was extracted by adding a 1:1 volume of methylene chloride,
briefly vortexing, and sonicating in a sonication water bath for 30 minutes. The organic layer was
then removed and dried under a mild stream of nitrogen gas, frozen, and stored at -20° C before
analysis. Artemisinin analysis was by gas-chromatography mass-spectrometry (GC-MS) using the

method detailed in Towler and Weathers 2015 (Towler and Weathers 2015). Apparent

permeability (Papp) was calculated using the formula: P, = (j—f) (i) cm - s~! where AQ/At is

the amount of drug transported per time, A is the surface area of the transwell insert, and C, is the
original concentration of drug in the donor chamber at time 0. This equation requires that sink
conditions be maintained, thus transwell inserts were placed in new receiver chambers with pre-
warmed HBSS at each 15-minute time point. Percent recovery of artemisinin was calculated by
dividing the total artemisinin recovered in each well by the original amount of artemisinin in the
donor solution and multiplying by 100. The percent recoveries of artemisinin for each experiment

are shown in Appendix B, Table S2.
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4.3.9 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6. Each experiment was the
average of >3 wells and any experiment where a significant difference was observed between the
control and experimental wells was subsequently repeated. One-way ANOVA and students T-tests

were used where appropriate to determine statistical significance (p<0.05).

4.4 Theory

In animal studies artemisinin is significantly more bioavailable from per os delivery of
DLA than from its pure form. Using the Caco-2 permeability assay and simulated digestion
methods, we tested digestates of DLA and individual A. annua phytochemicals for their ability to
enhance transport of artemisinin across intestinal cells. This approach improved our understanding

of DLA enhancement of artemisinin bioavailability.

4.5 Results and Discussion

4.5.1 Digestate of A. annua Increases Intestinal Permeability of Artemisinin

To determine if digested DLA increased the intestinal permeability of artemisinin, we
performed a Caco-2 permeability assay using simulated digestates of DLAS compared to a pure
artemisinin control. When delivered as DLAS digestate, the intestinal permeability of artemisinin
was significantly greater by 37% than artemisinin delivered as pure drug (p = 0.013) (Figure 4.1).
This result suggested that one or more phytochemicals in A. annua may increase the intestinal
absorption of artemisinin. Next, we performed a similar experiment using the glandless (DLAG)
cultivar of A. annua that produces no artemisinin, very few flavonoids, and negligible levels of

essential oils. We combined pure artemisinin with a digestate of DLAG and compared to a pure
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artemisinin control in a Caco-2 assay. Interestingly, there was no change in intestinal permeability
when artemisinin was combined with digestate from DLAG (Figure 4.1). These results suggested
that one or more phytochemicals produced by DLAS, but not in DLAG, were responsible for the
increased intestinal permeability afforded by the DLAS digestate. In addition to testing the Papp
of artemisinin in the apical-to-basolateral direction, we also tested the Papp Of artemisinin in the
basolateral-to-apical direction. The Papp of artemisinin in the basolateral-to-apical direction was
not significantly different from the Papp Of artemisinin in the apical-to-basolateral direction
suggesting active efflux does not play a role in artemisinin absorption. Unfortunately, permeability
of artemisinin delivered as digestate from the basolateral-to-apical direction could not be
determined because digestates significantly weakened the integrity of the tight junctions in the

Caco-2 monolayers as determined by a sharp decrease in TEER.

4.5.2 Flavonoids and Other Phytochemicals Do Not Alter Artemisinin Papp

Flavonoids, a group of phytochemicals responsible for many of the pigments in plants,
significantly enhanced the intestinal uptake of several drugs. For example oral administration of
genistein increased the bioavailability of paclitaxel in rats (Li and Choi 2007). Furthermore,
several flavonoids also increased intestinal absorption of ochratoxin A in Caco-2 cells at
physiologically relevant concentrations (Sergent et al. 2005). A. annua is known for having high
flavonoid content, so we hypothesized that the flavonoids present in DLAS may have enhanced
the intestinal permeability of artemisinin. To test this hypothesis, we performed Caco-2 assays
using pure artemisinin in combination with various pure flavonoids having different structural

variations and known to be present in A. annua and compared their Papp t0 the Papp Of pure
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artemisinin. As shown in Table 4.1 below, none of the tested flavonoids significantly altered the

Papp Of artemisinin.
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Figure 4.1. Pqpp of artemisinin in Caco-2 permeability assays when delivered as pure AN, DLAS,

or DLAG+AN. n > 3; * p < 0.05 compared to pure drug control.
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Table 4.1. Flavonoid effects on Pap 0f AN
Flavonoid Papp (X10°)(cm s1) (xSD)

Pure AN 559+0.94
+Quercetin 6.93+1.21
+Rutin 7.18+1.00

+Eupatorin  5.57 £0.27

+Kaempferol 5.39 +0.28
+Casticin 7.09 £0.92

+Isovitexin 6.45 + 0.89
+Apigenin 5.98 + 0.56
AN, artemisinin.

Other phytochemicals known to increase bioavailability of other xenobiotics or that were
considered to also affect intestinal absorption of artemisinin were also tested. Although inulin, a
polysaccharide produced by A. annua, increased intestinal absorption of magnesium, calcium, and
other minerals (Scholz-Ahrens and Schrezenmeir 2007) it did not increase the intestinal
permeability of artemisinin (Table 4.2). Recently, a combination of three phytochemicals found
in A. annua, artemisinic acid (AA), arteannuin B (AB), and the coumarin scopoletin, increased
oral bioavailability of artemisinin in mice (Zhang et al. 2016). This combination, however, did not
increase the Papp Of artemisinin in our Caco-2 assays (Table 4.2). Finally, chlorogenic acid and
rosmarinic acid, two phenolic acids often found in A. annua (Zang et al. 2014) did not alter the
Papp Of artemisinin (Table 4.2). Together these results suggested that flavonoids were not
responsible for the increased Papp Of artemisinin afforded by DLAS. Furthermore, the results
showed that neither inulin, phenolic acids, nor the combination of AA, AB and scopoletin altered
artemisinin intestinal absorption. While these compounds do not alter artemisinin intestinal
absorption, they may have affected artemisinin bioavailability via some combination of
compounds or some other mechanism yet to be investigated, such as inhibition of artemisinin

metabolism in the liver.

75



Table 4.2. Effects of other phytochemicals of interest on AN Pgpp
Phytochemical Papp (x10-°)(cm s1) (xSD)

Pure AN 5.94 +0.69
+Chlorogenic Acid 6.17 £ 0.45
+Rosmarinic Acid 5.98 £ 0.75

+Inulin 6.56 + 0.44
+AA+AB+Scopoletin  5.62 + 1.22
AA, artemisinic acid; AB, arteannuin B; AN, artemisinin.

4.5.3 Intestinal CYP3A4 Does Not Play a Role in Increasing DLA Delivered Artemisinin

In humans, artemisinin is primarily metabolized in the liver by the cytochrome P450
isoform, CYP2B6. However, CYP3A4 also contributes in a minor role and is expressed in the
liver as well as the small intestine. There are many phytochemicals found in A. annua, such as
quercetin, luteolin, apigenin, and kaempferol, that have been shown to inhibit CYP450 enzymes
(Basheer and Kerem 2015), so we hypothesized that inhibition of intestinal CYP3A4 by
phytochemicals produced by A. annua would allow more artemisinin to pass through the intestine
resulting in higher bioavailability. While CYP3A4 is expressed in the human intestine, it is not
expressed in Caco-2 cells under normal culture conditions unless induced by VD3. Thus, to test
our hypothesis, we first induced expression of CYP3A4 by including VD3 in the cell culture
medium. CYP3A4 expression increased ~175 fold with VD3 treatment as determined by gPCR
(Appendix B, Table S3). A luciferin-based CYP3A4 activity assay confirmed that CYP3A4
activity increased 183% in VD3 treated cells compared to untreated cells (p=0.012). Next we
performed Caco-2 permeability assays using pure artemisinin, digested DLAS, or pure artemisinin
combined with quercetin, a known CYP3A4 inhibitor found in DLAS, on cells treated with VD3
media. As expected, the Papp of DLAS +VD3 was significantly higher than the Pgyp of pure
artemisinin +VD3 (p=0.02) (Table 4.3). However, addition of VD3 to media did not alter the Papp

of artemisinin, regardless of whether it was delivered as pure drug, DLAS, or in combination with
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quercetin.  These results suggested that intestinal CYP3A4 does not play a major role in
determining the bioavailability of artemisinin; this needs in vivo verification. Furthermore, the
mechanism by which DLAS increased intestinal permeability of artemisinin seems independent of

CYP3AA4.

Table 4.3. Pqpp of artemisinin delivered as pure drug, DLA, or as pure drug + quercetin in media
+ VD3

Donor Solution Papp (x10°)(cm s?) (xSD)
Pure AN -VD3 6.17 £1.13

Pure AN +VD3 6.27 £ 1.66

DLAS Digestate -VD3 8.03 +1.23*

DLAS Digestate +VD3 9.40 +£1.05*

Quercetin -VD3 6.93+1.21

Quercetin +VD3 6.38 +0.89

AN, artemisinin; DLAS, dried leaf Artemisia annua; VD3, 1a,25-dihydroxyvitamin D3; *,
p<0.05 compared to pure AN control.
4.5.4 Digested A. annua Essential Oils Alter Papp and TEER of Caco-2 Cells

Recently our group showed that essential oil (EO) from A. annua increased the digestive
solubility of artemisinin (Desrosiers and Weathers 2016). Since EO increased artemisinin
solubility and contains >100 phytochemicals (Cavar et al. 2012), we hypothesized that this fraction
of A. annua would increase the intestinal permeability of artemisinin in Caco-2 assays. A. annua
cultivars vary significantly in the amount and chemical profiles of EO, so we used EOs from two
different sources (USA and China) and their relative contents are shown in Appendix B, Table S4.
The range of total EOs in A. annua also varies between 0.3% and 4.0% (v/w) (Bilia et al. 2014).
Thus, we performed Caco-2 permeability assays with digested EO from two sources at two
different concentrations corresponding to these known ranges of EO produced by A. annua

cultivars. Surprisingly, the digestate of EO from both sources and at both concentrations caused a
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decrease in the Papp of artemisinin as well as a sharp decrease in the TEER suggesting a loss of the

integrity of tight junctions (Table 4.4).

Table 4.4. Effects of 2 different digested A. annua essential oils at different concentrations on
artemisinin Papp

Donor Solution Papp (x10-°)(cm s1) (#SD) Loss of TEER
Pure AN 522 £0.52 -
AN+US EO Digestate (4%) 3.39+£041* +
AN+US EO Digestate (0.3%) 3.86 £ 0.53* +
AN+Chinese EO Digestate (4%) 3.71 £ 0.66* +
AN+Chinese EO Digestate (0.3%0) 3.76 £ 0.60* +
AN+DLAG+US EO Digestate (4%)  4.99 £ 0.57 +

AN+DLAG+US EO Digestate (0.3%) 5.06 +0.43 +
AN, artemisinin; EO, essential oil; TEER, transepithelial electrical resistance; US, United States;
*, p<0.05 compared to pure AN control.

To confirm the drop in TEER was due to weakening of the tight junctions and not an artifact
produced by the TEER measuring equipment, we performed a Lucifer yellow assay on the cells
after the permeability experiment. Lucifer yellow is a fluorescent dye that only passes
paracellularly and thus is only transported when tight junctions lose their integrity (Rastogi et al.
2013). After treatment with US and Chinese EO digestates, Caco-2 cells had Lucifer yellow
rejection rates of 83.7% and 84.0%, respectively, compared with 97.6% for pure artemisinin. To
determine which phytochemical in the EO caused the decreased Papp and TEER we tested three
major components of A. annua EO, camphor (at 3 concentrations), eucalyptol, and caryophyllene
in Caco-2 permeability assays. As shown in Table 4.5 below, none of the tested compounds altered
the TEER or Pqpp of artemisinin. Interestingly, when digestate made with EO combined with
artemisinin and DLAG plant material was used in Caco-2 assays, there was no observed decrease

in Papp however, the TEER still dropped sharply suggesting that the A. annua plant matrix may
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counteract the decreased intestinal permeability, but not the reduced tight junction integrity caused
by EO, as indicated by the TEER loss.

Bile is an emulsifier that is an important component of lipid digestion and facilitates the
formation of micelles from ingested lipids (Maldonado-Valderrama et al. 2011). To determine the
role of digestion and bile in the digestate liquid on altering the Pspp and TEER, we performed Caco-
2 permeability assays with undigested EO and with bile extract added to EO without performing
the simulated digestion process. Without digestion, neither of the tested EO's altered the
artemisinin Papp. On the other hand, addition of bile extract to both EO sources resulted in a drop

in the TEER after the experiment (Table 4.6).

Table 4.5. Effects of undigested pure compounds found in A. annua essential oil on artemisinin

Papp and TEER
EO Phytochemical Papp (x10-°)(cm s1) (+SD) Loss of TEER?
Pure AN 5.45 + 0.86 -
Camphor 1:1 5.84£0.92 -
Camphor 1:2 6.20 £ 1.22 -
Camphor 1:10 4,74 £0.87 -
Eucalyptol 572+0.34 -

Caryophyllene 6.13 £ 0.56 -
AN, artemisinin; EO, essential oil; TEER, transepithelial electrical resistance

Table 4.6. Effects of undigested essential oils + bile on artemisinin Payp, and TEER

Compound Bile added? Papp (x10°)(cm s1) (#SD) Loss of TEER?
Pure AN - 4.82 +£0.60 -
Pure AN + 412 +0.38 -
AN+US EO (4%) - 4.85+0.35 -
AN+Chinese EO (4%) - 417 £0.10 -
AN+US EO (4%) + 4.81+0.51 +
AN+Chinese EO (4%) + 5.67 + 0.64 +

AN, artemisinin; EO, essential oil; TEER, transepithelial electrical resistance; US, United States.
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Taken together, these results suggested that EO from A. annua modulated the tight
junctions of enterocytes, but only after digestion. Surprisingly, this decrease in tight junction
integrity correlated with a decrease in Papp. It is possible that in EO digestates, some of the free
artemisinin becomes sequestered in micelles formed by the bile emulsifier interacting with the EO.
In this scenario, the free fraction of artemisinin is decreased reducing the rate of diffusion and thus
the Papp. Although the tight junctions between enterocytes are more tenuous, there is a weaker
driving force for the diffusion of lipophilic artemisinin across the membrane. A similar
phenomenon was observed in several cases where surfactants were added to increase solubility of
highly lipophilic drugs (Dahan and Miller 2012). Additionally, it is known that lipophilic drugs
incorporate into lipid micelles in digestive fluid, especially when oil is present (Pullakhandam and
Failla 2007). The drugs in solution are in an equilibrium state between micellarized and free drug
states. While the free drug is capable of permeating the intestinal membrane, drug in the
micellarized state is not and thus the overall permeability decreases with increased micelle
concentration. This was demonstrated by Yano et al. who showed that the Papp of six different
lipophilic drugs decreased with increasing micelle concentration in a Caco-2 system (Yano et al.

2010).

4.6 Conclusions

Understanding the mechanisms by which DLAS increases the bioavailability of artemisinin
in vivo is important for the development of DLAS as a malaria therapeutic. While we previously
showed that DLAS increased the solubility of artemisinin, solubility is only one factor that governs
the overall bioavailability of a drug. Here, using Caco-2 cell permeability assays we showed that

DLAS digestate also increased intestinal permeability of artemisinin when compared to pure drug.
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This increase in permeability helps to but does not fully explain the >40 times increase in
artemisinin bioavailability afforded by DLAS in murine studies.

There are several other known factors that drive bioavailability of artemisinin. For
example, we previously showed artemisinin was significantly more soluble when delivered as
DLAS (Desrosiers and Weathers 2016). Drug bioavailability is also largely dictated by the liver.
Recently it was shown that chrysosplenetin, a polymethoxylated flavonoid found in A. annua,
delivered orally to rats in conjunction with artemisinin increased the oral bioavailability of
artemisinin and inhibited several CYP450 enzymes in the rat liver (Wei et al. 2015). It is therefore
possible that phytochemicals found in A. annua inhibit the first pass metabolism of artemisinin by
liver CYP450 enzymes resulting in higher levels of the drug in the blood. The liver is our next
study target for explaining the enhanced bioavailability of artemisinin from DLA.

This study also determined that intestinal CYP3A4 is an unlikely contributor to the
bioavailability of artemisinin and showed that flavonoids and other phytochemicals of varying
structure are not sufficient to alter artemisinin intestinal permeability. Although there were some
deleterious effects of digested A. annua EO on tight junctions and a drop in artemisinin Papp, the
plant matrix appeared to counteract the Papp decline. While the observed increases in solubility
and intestinal permeability help explain the increased bioavailability of artemisinin from DLAS,
there may still be other mechanisms at play. These mechanisms should be investigated to better

understand the factors that govern artemisinin oral bioavailability when delivered via DLA.
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Chapter 5 Dried Leaf Artemisia Annua Improves
Bioavailability of Artemisinin via Cytochrome P450
Inhibition and Enhances Artemisinin Efficacy
Downstream
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5.1 Abstract

Artemisia annua L. and artemisinin, have been used for millennia to treat malaria. We used
human liver microsomes (HLM) and rats to compare hepatic metabolism, tissue distribution, and
inflammation attenuation by dried leaves of A. annua (DLA) and pure artemisinin. For HLM
assays, extracts, teas, and phytochemicals from DLA were tested and 1Csg values for CYP2B6 and
CYP3A4 were measured. For tissue distribution studies, artemisinin or DLA was orally delivered
to rats, tissues harvested at 1 hour, and blood, urine and feces over 8 hours; all were analyzed for
artemisinin and deoxyartemisinin by GC-MS. For inflammation, rats received an intraperitoneal
injection of water or lipopolysaccharide (LPS) and 70 mg/kg oral artemisinin as pure drug or DLA.
Serum was collected over 8 hours and analyzed by ELISA for TNF-a, IL-6, and IL-10. DLA-
delivered artemisinin distributed to tissues in higher concentrations in vivo, but elimination
remained mostly unchanged. This seemed to be due to inhibition of first-pass metabolism by DLA
phytochemicals, as demonstrated by HLM assays of DLA extracts, teas and phytochemicals. DLA
was more effective than artemisinin in males at attenuating proinflammatory cytokine production;
the data were less conclusive in females. These results suggest that the oral consumption of

artemisinin as DLA enhances the bioavailability and anti-inflammatory potency of artemisinin.

Key Words: Artemisia annua; artemisinin; cytochrome P450 inhibition; tissue distribution;

inflammation

Abbreviations: ACT, artemisinin combination therapy; ADME absorption, distribution,
metabolism, and excretion; AN, artemisinin; AUC, area under the curve; CYP, cytochrome P450;

DLA, dried leaves of A. annua; ELISA, enzyme-linked immunosorbent assay; GC-MS, gas
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chromatography mass spectrometry; HLMs, human liver microsomes; IACUC, Institutional
Animal Care and Use Committee; IL-6, interleukin 6; IL-10, interleukin 10; LPS,
lipopolysaccharide; SAM; high artemisinin producing cultivar of A. annua; SEN, cultivar of A.

afra from Senegal; TLC, thin-layer chromatography; TNF-a, tumor necrosis factor a.

5.2 Introduction

In 2017, there were 219 million cases and 435,000 deaths from malaria according to the
World Health Organization (WHO 2019b). The frontline treatment is artemisinin combination
therapy (ACT) that relies on semisynthetic derivatives of the drug artemisinin plus a codrug to
eliminate patient parasites (WHO 2015). While effective, ACTs are often not financially feasible
to those most in need in Africa, where 93% of malaria deaths occur (WHO 2019b). Thus, there is
great need for a more cost-effective alternative to ACTs that can treat malaria among the poorest
of the world.

The Chinese herb, Artemisia annua L., naturally produces and stores artemisinin (Figure

5.1A) in the glandular trichomes on its leaves, stems, and flowers (Olsson et al. 2009). Used for

o)

Figure 5.1. Chemical structures of artemisinin (A) and deoxyartemisinin (B).

centuries as a tea infusion to treat a variety of illnesses including malaria (Hsu 2006), recent
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clinical data suggested that carefully prepared tea infusions made from the plant were as effective
or better at eliminating malaria parasites as ACTs (Munyangi et al. 2019; ICIPE 2005).
Furthermore, artemisinin delivered as a tea infusion or as dried leaves of A. annua (DLA) is
significantly more bioavailable, crosses the intestine more efficiently, and has about four-fold
greater solubility than pure artemisinin (Desrosiers and Weathers 2016, 2018; Weathers et al.
2011). DLA also does not require extraction and purification, making it an affordable alternative
to ACTs.

Artemisinin is metabolized by liver cytochrome P450s (CYPs), mainly CYP2B6 with a
minor contribution from CYP3A4, to vyield deoxyartemisinin (Figure 5.1B), crystal 7,
deoxydihydroartemisinin, and 9,10 dihydrodeoxyartemisinin (Svensson and Ashton 1999; Lee and
Hufford 1990), all of which are therapeutically inactive. While the enhanced bioavailability of
artemisinin afforded by DLA is partially attributed to increased solubility and intestinal transport
(Desrosiers and Weathers 2016, 2018), we posit that inhibition of CYP2B6 and/or CYP3A4 by
DLA phytochemicals also plays a role in significantly increasing artemisinin bioavailability
because more artemisinin would pass through the liver unmetabolized. In turn, that should also
increase artemisinin distribution in tissues and organs with greater impact on biological responses,
e.g., effects on inflammation.

Despite significant bioavailability and pharmacokinetic differences between pure
artemisinin and DLA-delivered artemisinin (Weathers, Elfawal, et al. 2014; Weathers et al. 2011;
Rath et al. 2004), to our knowledge, no studies have been done to determine absorption,
distribution, metabolism and excretion (ADME) of the drug in vivo when delivered as DLA. There
is only one report that determined tissue distribution of orally delivered pure artemisinin; it used a

semiquantitative thin-layer chromatography (TLC) densitometric method to quantify artemisinin
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(Xinyi et al. 1985). We are also not aware of any studies to determine in vivo gender differences
in ADME of DLA-delivered artemisinin (Ashton 1999). One study did show that the area under
the curve (AUC) for pure artemisinin was two-fold higher in female rats compared to males after
intraperitoneal administration. That same study showed artemisinin disappearance was 3.9-fold
higher in liver microsomes from male vs. female livers, suggesting that artemisinin metabolism is
gender dependent (Ashton 1999).

Artemisinin and other A. annua phytochemicals also have anti-inflammatory properties
and are being investigated as therapeutics for several inflammatory diseases (Wang et al. 2017;
Kim et al. 2015; Rathee et al. 2009; de Cassia da Silveira e Sa, Andrade, and de Sousa 2013).
Artemisinin attenuates inflammation by blocking NF-xB and MAPK signaling pathways that lead
to inflammatory cytokine production (Wang et al. 2017). A. annua also produces other anti-
inflammatory phytochemicals, including flavonoids and monoterpenes. The flavonoids, casticin
and chrysosplenol-D, reduced in vitro and in vivo inflammation (Li et al. 2015), and the
monoterpene, 1,8-cineol (eucalyptol) inhibited the production of six inflammatory cytokines in
vitro (Juergens et al. 2004). A. annua also produces rosmarinic and chlorogenic acids, each of
which has anti-inflammatory activity (Melillo de Magalhdes et al. 2012). With this rich mixture of
anti-inflammatory phytochemicals, it was expected that A. annua could provide an alternative cost-
effective therapeutic for inflammatory diseases. However, few in vivo studies have investigated
whole plant A. annua treatment for inflammation.

The present study shows that artemisinin consumed orally as DLA is more bioavailable
from inhibition of the important artemisinin-metabolizing enzymes, CYP2B6 and CYP3A4, by
compounds produced in the plant. Downstream of this first pass metabolism, DLA-delivered

artemisinin is greater in tissues and organs and inflammation is decreased compared to pure
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artemisinin. We also show significant differences in gender with female rats absorbing higher
amounts of artemisinin in several tissues regardless of delivery as DLA or pure drug. Together,
these results better explain how per os DLA-delivered artemisinin bioavailability is greater than

that from per os pure artemisinin.

5.3 Materials and Methods
5.3.1 Plant Material

We used dried leaves of the SAM cultivar of Artemisia annua L. (voucher MASS 317314)
and Artemisia afra (SEN) (voucher LG0019529). SAM and SEN contained artemisinin between
1.0-1.2% and 0.02%, and flavonoid contents of 0.93-0.63% and 0.71% (w/w), respectively. A.
annua was grown and processed as detailed in Weathers, Jordan, et al. (2014). A. afra was grown
in Senegal and dried leaves were provided as a gift from Guy Mergaei, Université de Liege,
Belgium. Artemisinin content was determined via GC-MS as detailed in Weathers and Towler
(2012). Total flavonoid content was measured by the AICIs method of Arvouet-Grand et al. (1994).
The A. annua used remains consistent in its phytochemical content over time as detailed in
Weathers and Towler (2014) and Gruessner et al. (2019). The A. afra used was from one batch of
dried leaves for all experiments and was thus phytochemically consistent. Extensive
phytochemical profiles of the A. annua and A. afra dried leaf materials used in this study are

detailed in Weathers and Towler (2014) and Munyangi et al. (2018), respectively.

5.3.2 Chemicals and Reagents
Chemicals and reagents were from Sigma Aldrich (St. Louis, MO, USA) unless otherwise

stated. Artemisinin was from Cayman Chemical (Ann Arbor, MI, USA); deoxyartemisinin from
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Toronto Research Chemicals (North York, ON, Canada). Lipopolysaccharide was Escherichia coli
serotype O111:B4 and dissolved in sterile water at 1 mg/mL before storage at —20°C. LEGEND
MAX™ Enzyme-linked immunosorbent assay (ELISA) kits for rat TNF-o and IL-6 were from
BioLegend (San Diego, CA, USA). ELISA kits for rat IL-10 were from Thermo Fisher Scientific
(Waltham, MA, USA). P450-Glo CYP2B6 and CYP3A4 kits were from Promega (Madison, WI,
USA). Human liver microsomes (HLMs) from a 200-donor pool of male and female donors were

from Sekisui XenoTech (Kansas City, KS, USA).

5.3.3 In Vitro P450 Inhibition

Promega P450-Glo kits for CYP2B6 or CYP3A4 were used with pooled HLMs (200
subjects) to determine an ICso for each extract, tea, or phytochemical. Test concentrations ranged
from 0.01-600 uM for each extract, tea, or phytochemical. A. annua extracts and teas were
classified by their artemisinin content. For example, a 600 UM DLA extract is an extract with
artemisinin at a 600 M concentration. A. afra extracts and teas were made with a leaf dry weight
equivalent to that used for A. annua extracts and teas such that a 600 uM A. afra extract was from
the same leaf dry weight as a 600 uM extract of A. annua. Assays followed manufacturer
instructions and plates were read on a luminescence plate reader. Methanol, acetonitrile, or acetone
were cosolvent vehicles at <1% (v/v); a vehicle control was used for each comparison. ICso values
were determined through nonlinear regression using GraphPad Prism 7 (San Diego, CA, USA).
All experiments had technical duplicates. Extracts, teas, and phytochemicals with an 1Cso below

50 uM were repeated in biological triplicate.
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5.3.4 Animals

Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA) between 200—
300 g (age 5-8 weeks for males and 6-9 weeks for females) were used for all animal studies and
housed at the Worcester Polytechnic Institute Vivarium on a 14 hour light, 10 hour dark cycle with
ad libitum food and water until the day before an experiment. Food was withheld 14 hours before
experiments as animal chow has been shown to alter artemisinin bioavailability (Weathers,
Elfawal, et al. 2014). All animal work was approved by the Worcester Polytechnic Institute
Institutional Animal Care and Use Committee (IACUC Protocol 15-69 and 18-105) and in

accordance with the NIH Guide for the Care and Use of Laboratory Animals.

5.3.5 In Vivo Artemisinin Tissue Distribution

Artemisinin was delivered to rats po as either a slurry of powdered dried A. annua in water
(DLA) or pure artemisinin in water with 12% DMSO. Artemisinin is essentially insoluble in water,
so DMSO was used to enhance artemisinin solubility and achieve more consistent, replicable data.
DLA-treated animals received 85 mg/kg dose of artemisinin in DLA slurry, the highest achievable
dose that could be delivered while still conforming to animal welfare regulations. Initially we
aimed to use the same dose of artemisinin in DLA and pure artemisinin-dosed animals, but
preliminary experiments with a DLA-dosed rat and an artemisinin-dosed rat at 85 mg/kg showed
no artemisinin was detectable in artemisinin treated animals. This was not surprising because pure
artemisinin has very low oral bioavailability (Titulaer et al. 1990); a previous study had to dose at
900 mg/kg of artemisinin to yield detectable artemisinin levels in the tissues (Xinyi et al. 1985).
Consequently, we increased the artemisinin dose in the control animals to 500 mg/kg and

normalized amounts recovered in tissues, serum, urine, and feces to the delivered dose. After 1
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hour, animals were euthanized by CO: inhalation; tissues and blood were harvested immediately
after death confirmation. For longer experiments, rats housed in metabolic cages for the duration
of the 8-hour time course had urine, feces, and 0.4 mL blood samples collected 1, 2, 4 and 8 hours
after gavage to track artemisinin and one of its liver metabolites, deoxyartemisinin. Tissues were
collected and flash frozen on liquid nitrogen 8 hours after gavage. Blood was collected in heparin-
free serum collection tubes, allowed to clot 20 min before centrifugation at 1,500 g for 10 min,

and then stored at —80°C until extraction.

5.3.6 Tissue Extraction

Artemisinin and deoxyartemisinin were extracted from harvested tissues including heart,
lungs, liver, spleen, kidneys, muscle, testes/ovaries, and brain. Briefly, a tissue sample was
weighed, minced and then transferred to a Potter-Elvehjem tissue homogenizer. Water was added
to yield a thick slurry and then homogenized. An aliquot was transferred into a new test tube and
dichloromethane added at a 1:1 volume ratio. Samples were sonicated in a sonicating water bath
for 30 min at ambient temperature and the organic layer decanted. The tissue residue was extracted
twice again. Extracts were pooled, dried under nitrogen gas at ambient temperature, and stored at

—20°C until analysis.

5.3.7 Serum and Urine Extractions

Serum and urine were thawed before extraction, aliquot transferred into a new tube, and
combined with dichloromethane at a 2:1 ratio. Each sample was vortexed, placed in the sonicating
water bath for 30 min, the dichloromethane layer decanted, and extraction twice repeated. Extracts

were pooled, dried under nitrogen, and stored at —20°C until analysis.
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5.3.8 Fecal Extractions

Fecal samples collected at 1, 2, 4 and 8 hours were stored at —80°C until extraction. Before
extraction, samples were vacuum dried for 72 hours, ground with a mortar and pestle, wrapped in
a tared Kimwipe, and weighed. Four milliliters dichloromethane was added to each sample in a
test tube and then sonicated for 30 min and dried as described. Dried extracts were resuspended in
2 mL pentane and filtered through a 0.45 um PVDF syringe filter into a new test tube to remove
particulates. After a second extraction, pooled extracts were filtered and stored at —20°C until

analysis.

5.3.9 Preparation of DLA Extracts and Teas

Briefly, 1 g DLA (A. annua or A. afra) was twice extracted with 10 mL methanol, sonicated
and filtered as previously described. The process was repeated with the same plant material and
the extract was dried under a mild stream of nitrogen before artemisinin content was analyzed by

GC-MS. Teaat 5 g/L was prepared as described by Munyangi et al. (2018) (Munyangi et al. 2018).

5.3.10 Artemisinin and Deoxyartemisinin Analyses
Artemisinin and deoxyartemisinin were analyzed by gas chromatography mass
spectrometry (GC-MS) as detailed previously (Towler and Weathers 2015). Quantitation was

based on standard curves from authenticated standards.

5.3.11 Attenuation of Inflammation In Vivo
A rat model of systemic inflammation was modified from Bison et al. 2009 (Bison et al.

2009) with four test groups: Injection control, LPS control, LPS+AN, and LPS+DLA. Injection
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controls received a single intraperitoneal injection of sterile water as vehicle control for LPS. LPS
controls received an intraperitoneal injection of LPS in water at 2.5 mg/kg to induce a systemic
inflammatory response. LPS+AN, and LPS+DLA animals received a 2.5 mg/kg intraperitoneal
LPS dose, followed immediately by oral gavage of pure artemisinin or DLA at a 70 mg/kg
artemisinin dose, respectively; 70 mg/kg was the maximum artemisinin dose deliverable as DLA.
Pure artemisinin was delivered with 12% DMSO to enhance solubility. Blood samples (0.4 mL)
were taken via tail snip at 0 (taken immediately before injection), 1, 2, 4 and 8 hours, clotted for
20 min at room temperature, and then centrifuged at 1,500 x G for 10 min to isolate serum. Serum

was aliquoted and stored at —80°C before ELISA analysis performed according to manufacturer.

5.3.12 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7. ICso values were generated for
CYP inhibition studies using nonlinear regression analysis in GraphPad Prism 7. Experiments were
done in technical duplicate; three biological replicates were performed. 1Cso values were compared
to pure artemisinin by ANOVA. Each in vivo tissue distribution experiment compared the averages
of three rats per group as permitted by the WPI IACUC. Students T-tests, used where appropriate,
compared pure artemisinin to DLA dosed rats to determine statistical significance (p < 0.05). Each
in vivo artemisinin elimination study compared the average of eight rats per group, as permitted
by the WPI IACUC, and used students T-tests to compare DLA-dosed rats to rats dosed with pure
artemisinin. Each in vivo inflammation experiment compared the averages of 5-6 rats per group
except for the injection control in which there were three rats as was permitted by the WPI IACUC.
ANOVA was used where appropriate to compare pure artemisinin- and DLA-dosed rats to LPS

controls in inflammation studies.
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5.4 Results
5.4.1 Inhibition of CYP2B6 and CYP3A4 by DLA

Extracts (DLAme and A. aframe) and teas (DLAta and A. afrawa) of both A. annua and A.
afra inhibited both CYP2B6 and CYP3A4 activity (Table 5.1). All extracts and teas had a lower
ICso than that for artemisinin alone, indicating that compounds other than artemisinin from DLA
inhibited CYP2B6 and CYP3A4 activity. In addition to extracts and teas, some individually tested

phytochemicals had inhibitory activity, but few were as strong as the whole extract (Table 5.1)

Table 5.1. Inhibition of CYP2B6 and CYP3A4 by DLA extracts, teas and phytochemicals.

Phytochemical or CYP2B6 1Cso CYP3A4 ICso
Extract (UM) (UM)
DLAm? 6.07** 4.93%
DLAe:? 2.31** 5.67*

A. aframe” 7.89%* 5.18*
A. afrages” 11.27*%* 5.59*
Arteannuin B 9.36** 12.33%
Quercetin 19.86* 4.59%
Artemisinin 27.75 >600
Chrysosplenol-D 52.06 22.96%
Chrysosplenetin 74.67 21.68"
Kaempferol >600 33.84%
Deoxyartemisinin 110.86 >600
Camphor (+) 119.01 >600
Artemisinic Acid 122.83 239.5*
Camphor (-) 141.93 >600
Scopoletin >600 410.19*
Chlorogenic Acid >600 >600

* |Csg significantly lower than artemisinin; p < 0.05; **p <0.0001; n = 3.

# 1Cs0 lower than artemisinin but no statistical difference determined because
the artemisinin ICsg is higher than the highest tested concentration (600 pM).
2 Concentrations of DLA are equivalent to artemisinin concentration in
extract or tea.

b A. afra contains negligible artemisinin so extracts and teas were made with
equivalent plant biomass as DLA. Thus, ICso values for A. afra are what
artemisinin concentration would be in DLA for comparison.
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5.4.2 Artemisinin Delivered as DLA Increased Bioavailability in Some Tissues

To determine how DLA alters distribution of artemisinin to tissues, we orally gavaged rats
with DLA or pure artemisinin and measured artemisinin content. Compared to artemisinin-dosed
males artemisinin in DLA-dosed rats at 1 hour had significantly more artemisinin in the heart,
muscle and serum (Figure 5.2A), while DLA-dosed females had significantly more artemisinin in
the heart, lungs, liver, muscle, brain tissue, and serum (Figure 5.2B). In males, artemisinin
accumulated mostly in serum followed by lungs, heart, liver, brain, spleen, muscle, and kidneys
(Figure 5.2A). DLA-delivered artemisinin has greater bioavailability (Desrosiers and Weathers
2016, 2018; Weathers, Elfawal, et al. 2014), so we expected more artemisinin in DLA-treated

tissues; this was confirmed, as shown in Figure 5.2.
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Figure 5.2. Artemisinin distribution in tissues and serum of male (A) and female (B) rats after oral
delivery of artemisinin as dried leaf A. annua (DLA) or pure artemisinin. n = 3, *; p <0.05; error
bars = SEM.

While artemisinin distributed well to most tissues, it cleared by 8 hours. Neither artemisinin
nor deoxyartemisinin was detectable in any tissues or serum 8 hours post-gavage. Serum was also
collected at 2- and 4-hours post-gavage; however, neither artemisinin nor deoxyartemisinin was
detectable in either gender. In male rats, heart, liver, and muscle had a significant difference in
deoxyartemisinin distribution between DLA and pure artemisinin-treatments (Figure 5.3A). In
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female rats, however, there was a significant difference in deoxyartemisinin distribution to heart,
lungs, spleen, muscle, brain, and serum (Figure 5.3B). DLA contains a small amount of
deoxyartemisinin (7.5 mg/kg dose), so deoxyartemisinin detected in animals treated with DLA is
likely not all from liver metabolism. Animals given pure artemisinin, however, did not receive any
deoxyartemisinin, so any deoxyartemisinin detected in their tissues was due solely to artemisinin

liver metabolism.
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Figure 5.3. Deoxyartemisinin (deoxyAN) distribution in tissues and serum of male (A) and female
(B) rats after oral delivery of artemisinin as dried leaf A. annua (DLA) or pure artemisinin. n = 3,
*: p <0.05; error bars = SEM.

Distribution of artemisinin was significantly different in several tissues between males and
females regardless of delivery mode (Table 5.2). At 1 hour, females gavaged with pure artemisinin
had more artemisinin in lungs, liver, muscle, and brain tissue than males (Table 5.2). Similarly,
females gavaged with DLA had more artemisinin in the heart, lungs, liver, muscle, and brain tissue

at 1 hour compared to males (Table 5.2). In almost all tissues, although not always statistically
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significant, artemisinin and deoxyartemisinin were more abundant in females than males at 1 hour.
These data suggest females absorb and distribute artemisinin throughout the body more efficiently
than males. There was, however, no difference in serum artemisinin levels at 1 hour between
female and male rats given either pure artemisinin or DLA (Table 5.2), suggesting that tissue
distribution of artemisinin—but not absorption into the blood—is gender dependent.

Table 5.2. Gender-specific differences in artemisinin and deoxyartemisinin distribution to tissues
in artemisinin- and DLA-treated rats.

Artemisinin Treated DLA Treated
- Deoxyartemisinin - Deoxyartemisinin
Artemisinin Artemisinin
(ug AN/g tissue/g (ug_ DeoxyAN/g (ug AN/g tissue/g (ug_ DeoxyAN/g
AN delivered + SD) tissue/g AN AN delivered + SD) tissue/g AN
B delivered + SD) B delivered + SD)
Tissue Male Female Male Female Male Female Male Female
Heart 0.77 £ 270 % 0.097 0.37 % 430 % 27.81 % 1.02 + 3.18+
0.49 1.87 0.050 0.12* 1.06 7.25% 0.42 1.54
Lungs 0.79 237+ 0.055 * 0.13 % 5.26 £ 15.56 + 0.70 £ 1.06 +
0.69 0.26* 0.054 0.018* 4.64 4.63* 0.65 0.31
Liver 0.62 £ 1.23 + 0.29 + 0.88 + 219+ 8.96 £ 242 + 4.06 =
0.30 0.26* 0.19 0.39 3.79 1.40* 0.55 3.18
Spleen 0.14 £ 237+ 0.19+ 0.44 + 6.82 £ 17.49 + 3.38% 3.69
0.24 2.05 0.20 0.28 5.03 21.37 2.79 1.83
Kidneys 0.00 £ 0.00 £ 0.074 0.00 + 0.048 + 0.00 £ 0.35+% 0.00 £
0.00 0.00 0.12 0.00 0.096 0.00 0.23 0.00*
Muscle 0.019 + 341+ 0.025 + 0.25+ 299 + 20.84 + 0.57 231+
0.034 0.85* 0.018 0.049* 1.68 2.26% 0.15 0.93*
Testes/Ovaries 0.00 £ 0.00 £ 0.00 £ 0.00 £ 0.00 £ 0.00 £ 0.00 £ 0.00 £
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Brain 0.22+ 205+ 0.038 = 0.075 202+ 15.00 £ 0.18 £ 1.30 +
0.38 0.35* 0.043 0.034 1.96 1.31* 0.12 0.36*
Serum 1.29+ 0.67 + 0.10 + 0.24 + 8.90 + 12.49 + 197 + 297+
0.11 0.75 0.061 0.20 2.63 9.34 2.10 2.17

AN, artemisinin; deoxyAN, deoxyartemisinin; SD, standard deviation; n = 3; *, p <0.05
when compared to opposite gender.

5.4.3 Artemisinin Elimination Through the Urine is Gender-Dependent

To compare artemisinin elimination from DLA vs. pure artemisinin, urine collected over 8
hours from female rats showed significantly more artemisinin elimination than males (Figure
5.4C). Because there is some deoxyartemisinin naturally present in DLA, those animals received

7.5 mg/kg of deoxyartemisinin in the DLA gavage. Animals treated with pure artemisinin did not
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receive any deoxyartemisinin. When comparing genders, females had more artemisinin in urine
than males when given DLA. Females also had more deoxyartemisinin in urine than males,

regardless of how artemisinin was delivered (Figure 5.5).
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Figure 5.4. Artemisinin (AN) and deoxyartemisinin (DeoxyAN) accumulation in urine of male
(A, B) and female (C, D) rats after oral delivery of artemisinin as dried leaf A. annua (DLA) or
pure artemisinin. n = 8, *; p <0.05; error bars = SEM.
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Figure 5.5. Artemisinin (A) and deoxyartemisinin (B) found in the urine of male and female rats
orally gavaged with either pure artemisinin or dried leaves of A. annua (DLA). n =8; * p <0.05;
error bars = SEM.
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5.4.4 Artemisinin Elimination Through Feces

Artemisinin and deoxyartemisinin was measured in the feces of rats up to 8 hours after oral
gavage with DLA or pure artemisinin. As expected, most artemisinin and deoxyartemisinin was
eliminated through feces, and was detected at later time points. Although total artemisinin and
deoxyartemisinin was summed from the feces over 8 hours, there were no significant differences
in either artemisinin or deoxyartemisinin between DLA and pure artemisinin dosed animals
(Appendix C, Figure S1). We also measured fecal microbiome samples and found neither

artemisinin nor DLA treatment affected the microbial population (Appendix C, Table S1).

5.4.5 Attenuation of Inflammation by Artemisinin and DLA

As expected, both male and female LPS controls responded to LPS challenge with a
systemic inflammatory response. Serum TNF-a levels spiked quickly and peaked at about 4,600
pg/mL for males (Figure 5.6A) and 5,300 pg/mL for females (Figure 5.6B) at 1 hour after LPS
injection. The spike in TNF-o was followed by a spike in serum IL-6 at 2 hours after LPS injection
with males peaking at about 15,400 pg/mL (Figure 5.6C) and females peaking at about 25,100
pg/mL (Figure 5.6D). Interestingly, only DLA was effective at reducing serum TNF-a levels in
males and only at the 1-hour time point, while both DLA and pure artemisinin significantly reduced
serum TNF-a levels at 1 and 2 hours post-injection in females (Figure 5.6). Although artemisinin
and DLA were effective at reducing TNF-a production in females, neither treatment had any effect
on IL-6 serum levels in females. In males, however, DLA reduced serum IL-6 levels at 2 and 4

hours post-injection. Overall, DLA was more effective at reducing inflammatory cytokine
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production in both genders, as expected based on the diversity of anti-inflammatory

phytochemicals in DLA.
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Figure 5.6. Production of proinflammatory cytokines TNF-a and IL-6 in male (A, C) and female
(B, D) rats after LPS challenge and treatment with either pure artemisinin (AN) or DLA (equal
artemisinin doses). n = 5-6 for experimental conditions, n = 3 for injection control; error bars =
SEM; *, p < 0.05 when comparing LPS+DLA to LPS Control; #, p < 0.05 when comparing

LPS+AN to LPS Control.

We also measured the effects of DLA and pure artemisinin treatment on the anti-inflammatory

cytokine 1L-10. However, there were no significant differences in serum IL-10 levels, regardless

of treatment (Appendix C, Figure S2).
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5.5 Discussion

A. annua produces many phytochemicals including kaempferol, chrysosplenetin, and
quercetin (Weathers and Towler 2014; Ferreira et al. 2010) that have already been shown to inhibit
either cytochrome P450 isoform 3A4 or 2B6, which are responsible for artemisinin metabolism in
humans (Lau and Chang 2009; Wei et al. 2015; Sergent et al. 2009; Choi, Piao, and Kang 2011,
Svensson and Ashton 1999). We hypothesized that the increased bioavailability of artemisinin
afforded by DLA-delivery (Weathers et al. 2011) is partly due to inhibition of hepatic metabolism
by phytochemicals produced by DLA. The data presented in Section 3.1 confirm that
phytochemicals present in DLA do inhibit liver P450s and this inhibition is part of the mechanism
that leads to the previously reported increased bioavailability of DLA-delivered artemisinin
(Weathers et al. 2011). Furthermore, since no individually tested phytochemicals produced
stronger inhibition than the DLA extract, this inhibition is not solely due to any of the measured
phytochemicals. It could, however, be from other as yet unidentified phytochemicals or a complex
mixture of phytochemicals with moderate inhibitory activity. Future experiments will involve
bioassay-guided fractionation of DLA extract to determine if there are any singular

phytochemicals with potent inhibitory P450 activity.

In mice, artemisinin reaches peak serum concentration at 1 hour post-gavage (Weathers,
Elfawal, et al. 2014). Using TLC, Xinyi et al. (1985) showed orally delivered artemisinin
accumulated mostly in the liver followed by brain, plasma, lung, kidney, muscle, heart, and spleen
in male rats after 1 hour (Xinyi et al. 1985). However, it is unclear whether their TLC method
could resolve artemisinin from deoxyartemisinin, an important liver metabolite. Here, using GC-
MS analysis, we expanded on those results by determining differences when artemisinin was

instead delivered as DLA and by comparing gender differences. DLA-delivered artemisinin
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distributed in higher quantities to many tissues in males and females. This was not surprising,
given that DLA-delivered artemisinin was known to have increased bioavailability (Weathers et
al. 2011; Weathers, Elfawal, et al. 2014; Rath et al. 2004). Interestingly, female rats had both better
absorption of artemisinin into several tissues (Table 5.2) and higher amounts of artemisinin in their
urine when given DLA (Figure 5.5). These data are consistent with a previous report showing
females to have significantly decreased artemisinin metabolism compared to males in vitro

(Ashton 1999).

The enhanced tissue distribution seen here and increased bioavailability afforded by DLA
shown in the literature (Weathers et al. 2011; Weathers, Elfawal, et al. 2014; Ré&th et al. 2004) led
us to hypothesize DLA would be a more potent anti-inflammatory therapeutic than pure
artemisinin. Indeed, the results shown in Figure 5.6 confirm this hypothesis. The enhanced efficacy
against inflammatory cytokine production was likely due to increased bioavailability of
artemisinin afforded by the inhibition of CYP2B6 and CYP3A4 by DLA phytochemicals.
However, it is also plausible some DLA phytochemicals have their own inherent anti-
inflammatory activity, and thus act additively with artemisinin to suppress inflammatory cytokine
production. It is also possible that both mechanisms are in play. In either case, the benefit of the
whole plant-based treatment is evident. While gender differences were expected, it was surprising
that IL-6 production was affected neither by DLA nor pure artemisinin treatment in females,
especially considering artemisinin is better absorbed and less efficiently metabolized in females

compared to males (Ashton 1999).

We also posited that if DLA reduced inflammation, the reduction could occur by increasing
anti-inflammatory cytokine production, e.g., IL-10. However, the results shown in Appendix C,

Figure S2 suggest that is unlikely. More likely is that DLA phytochemicals interact with molecular
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pathways responsible for inflammatory cytokine production, e.g., NF-kB and MAPK signaling,

and should be further investigated in vitro with DLA extracts and individual phytochemicals.

Taken together, these results should be considered for potential drug—drug interactions with other
medications taken by patients consuming A. annua. Consistent with the human pharmacokinetic
study of Rath et al. (2004), our results also indicate that delivery of artemisinin via per os
consumption of A. annua can exceed the minimum antimalarial threshold of 9-10 pg/L blood (Alin
and Bjorkman 1994) and should therefore obviate some concerns expressed by WHO (WHO

2012b, 2019a) regarding inadequate delivery of artemisinin from per os consumption of A. annua.

5.6 Conclusions

Although DLA extracts, teas, and phytochemicals inhibited CYP2B6 and CYP3A4,
thereby showing that phytochemicals in DLA inhibit CYP450 enzymes that metabolize
artemisinin, almost nothing is known about its tissue distribution and elimination. While the
ADME of pure artemisinin was briefly explored previously by TLC (Xinyi et al. 1985), it was not
compared to artemisinin delivered as DLA. Here, we showed that distribution of artemisinin to
several tissues and serum significantly increased when delivered as DLA in male and female rats.
Furthermore, the data suggest that artemisinin is differentially eliminated in males compared to
females and differentially metabolized from DLA vs. pure artemisinin. More artemisinin therefore
passes into the serum. Although we showed DLA is an effective anti-inflammatory agent in vivo,
reducing TNF-a and IL-6 in males, in females, results were not as definitive because neither DLA
nor pure artemisinin reduced IL-6 production, but did reduce TNF-a. Finally, neither artemisinin
nor DLA affected IL-10 production, indicating that DLA and artemisinin likely reduce

inflammation by inhibiting molecular signaling pathways responsible for proinflammatory
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cytokine production. Inhibition of the NF-kxB and MAPK signaling cascade pathways by DLA
extracts and phytochemicals require further investigation. Overall, these results enhance our
understanding of how artemisinin delivered from A. annua is more bioavailable than when

delivered as a pure drug.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The major conclusions of this study explain how per os dried leaf A. annua L. affects
bioavailability of artemisinin in its digestive solubility, intestinal permeability, and hepatic first-
pass metabolism. Specifically, dried leaves of A. annua increase serum artemisinin levels at 1-hour
post-gavage in rats compared to pure artemisinin. Although there were published reports indicating
this occurred (Weathers, Elfawal, et al. 2014; Weathers et al. 2011), the data from Chapter 5
provides confirmation. Both male and female rats given DLA had significantly greater artemisinin
concentrations in their serum at 1-hour post-gavage compared to rats given pure artemisinin

(Figure 5.2).

Artemisinin solubility also was about 4-fold greater when delivered as DLA compared to
pure artemisinin. Essential oils present in the leaves were largely responsible for this increase as
evinced by the observation that digestive artemisinin solubility increased almost 2.5-fold when

combined with the “high” level of A. annua essential oil (Table 3.1).

Digestion of peanuts in combination with DLA decreased artemisinin detected in digestive
fluid by 23% while digestion with Plumpy’nut®, a ready to use therapeutic food used to treat
malnutrition, decreased flavonoids detected in digestive fluid by 24% (Figure 3.4). Considering
that children are the largest group of malaria victims, these results have potentially important
clinical relevance. If peanuts or Plumpy’nut® decreased artemisinin or flavonoid bioavailability, it
could impact serum bioavailability and therefore delivered dose. However, this should be
confirmed in vivo before any dosage recommendations are made. Artemisinin from digested DLA
has about 37% higher intestinal permeability than digested pure artemisinin. The explanation for
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this increase, however, remains unclear as none of the tested individual DLA components similarly

increased intestinal permeability (Figure 4.1).

Importantly, four different types of capsules for encapsulating DLA were tested and none
affected the amount of artemisinin or flavonoids detected in the digestive liquid phase (Figure 3.3).
Capsules may offer a simple, low-tech means of delivery of DLA in rural communities that will
deliver the full spectrum of phytochemicals that may not be delivered in a tea infusion.
Encapsulated DLA has also been used as a low-tech rectal suppository to treat malaria successfully

in neonates (Pierre Lutgen, unpublished).

Extracts and teas made from both A. annua and A. afra inhibited CYP2B6 and CYP3A4
activity, the hepatic enzymes responsible for artemisinin metabolism, suggesting that some
phytochemicals produced by Artemisia species are CYP inhibitors. Although some individual
phytochemicals typically found in A. annua inhibited CYP2B6 and CYP3A4, none was as potent
as the whole extract or tea (Table 5.1). Thus, it is still unclear which specific phytochemicals or
combinations of phytochemicals are most important in the inhibition of artemisinin-metabolizing

CYPs.

Artemisinin distributes to tissues in rats in greater quantities when delivered as DLA vs. as
pure artemisinin; amounts were similar to those observed in serum (Figure 5.2). Artemisinin
accumulated in higher concentrations in many tissues, but not in the serum, of female rats
compared to male rats regardless of delivery as DLA or pure artemisinin. These results suggested
a gender bias in artemisinin metabolism and therefore in tissue accumulation (Table 5.2). Indeed,
a gender bias in artemisinin metabolism was demonstrated previously using ex vivo liver slices

from male and female rats (Xinyi et al. 1985). Together these results may inform possible dosage
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differences between genders in the future, but more work should be completed in gender-specific

human liver microsomes and humans before a recommendation is made.

In males, DLA had stronger anti-inflammatory efficacy than pure artemisinin while in
females, results were less clear. IL-6 was unaffected by DLA or pure artemisinin while, TNF-a.

production was reduced by both (Figure 5.6).

Together these results shed light on the underlying mechanisms behind enhanced
artemisinin bioavailability afforded by DLA and suggested DLA may have better efficacy on some
afflictions such as inflammation compared to pure artemisinin. While many questions have been
answered by these studies, the results have prompted additional questions that deserve further

investigation.

6.2 Future Work

Following are some new research questions that should be studied in the future to better

understand the differences between DLA treatment and pure artemisinin or ACTSs.

6.2.1 Essential QOil Yield and Content of Weathers Lab Artemisia Plants

This study showed that the essential oil of the plant can have beneficial effects including
enhancing solubility of artemisinin. In the solubility studies one source of essential oil was sourced
from the United States, however, for Caco-2 cell studies, we used essential oil that was ordered
from two different sources, one in the United States and one in China. Both were produced
putatively from A. annua but qualitatively had different properties i.e. color and smell. While they
did not produce different results in Caco-2 studies, their monoterpene content was analyzed via

GC-MS. As expected, the oils had substantially different composition with large differences in the
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major constituents camphor, thujone, a-pinene, and 1,8-cineole (eucalyptol) (Desrosiers, Towler,
and Weathers 2019) (Table 6.1). Thujone, a monoterpene produced by some Artemisia species, is
not found in A. annua, so the oil sourced from the U.S. was likely contaminated with other thujone-

producing plant material (Abad et al. 2012; Bilia et al. 2014; Tzenkova et al. 2010).

Table 6.1. Relative abundance of some phytochemicals identified by GC-MS in A. annua
essential oil from U.S. and Chinese sources. Adapted from (Desrosiers and Weathers 2018).

Phytochemical U.S. EO Source Chinese EO Source
% of Total Peak Area % of Total Peak Area
1,8-cineole 16.5 27.4
a-pinene 0.3 17.5
B-pinene 25 47
Borneol 3.7 1.8
Camphor 30.3 14.1
Camphene 13.2 5.5
Caryophyllene 1.0 6.2
Caryophyllene oxide 0.9 Nd
Carene Nd 2.2
Copaene Nd 1.1
Humulene Nd 5.5
Limonene Nd 5.2
Myrcene 0.1 Nd
Phellandrene Nd 8.5
Santolina triene 0.1 0.2
Stigmasterol 0.1 Nd
Terpineol 0.2 Nd
Thujone 30.9 Nd

EO, essential oil; Nd, not detected.

The content of essential oil can vary widely even within the same plant species and in A.
annua can range from 0.3-4.0% (Bilia et al. 2014). It is therefore important that the yield and
contents of the essential oil be identified in studies. Doing so would provide a better understanding
of the phytochemical profile of different A. annua plant cultivars and may help explain variability

in results obtained outside and within our lab using differing plant material.
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The variability in phytochemical content between plants is an inherent problem when
discussing the possible use of plant-based therapies for disease. In one study the A. annua “Bra”
cultivar grown in Brazil showed 45% inhibition of CYP3A4 activity, but when the same cultivar
was grown under different environmental conditions in Luxembourg, no inhibition was observed
(Melillo de Magalhdes et al. 2012). Their phytochemical makeup also differs by a wide margin
with the Brazil-grown “Bra” cultivar having more than double the artemisinin, rosmarinic acid,
and isoquercitrin of the Luxembourg-grown “Bra” cultivar (Melillo de Magalhaes et al. 2012).
These data illustrate a pertinent and common critique of whole-plant therapies: the phytochemical
content of plants is very difficult to control, and even plants of the same genotype can display
vastly different phytochemical profiles when propagated under differing environmental
conditions. It is thus critical that quality control measures are put in place for any whole-plant
product intended for use in medicine. Importantly, this problem can be overcome. In our lab,
Artemisia cultivars are clonally propagated and growth conditions are monitored and standardized.
Plants are harvested at precise developmental ages and plant material is dried under controlled
conditions. As a result, the artemisinin and total flavonoid contents of our A. annua SAM cultivar

has remained stable for many years (Weathers and Towler 2014; Gruessner et al. 2019).

6.2.2 Bioassay-Guided Fractionation of A. annua to Putatively Identify CYP Inhibitors

Results from Chapter 5 indicated that A. annua and A. afra extracts and teas contain
phytochemicals that inhibit CYP2B6 and CYP3A4 activity. While these extracts and teas had
strong inhibitory activity, none of the tested individual phytochemicals had equal or greater
inhibitory activity on CYP2B6, the main artemisinin-metabolizing enzyme, as the A. annua extract
or tea (Table 5.1). Although quercetin had a similar ICs to the Artemisia extracts and teas in

CYP3A4, it is likely not the only contributor as although quercetin has been detected in A. annua,
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it is not present in detectable levels in our SAM cultivar using our GC-MS method used to analyze
the extracts and teas from these studies (Weathers and Towler 2014; Ferreira et al. 2010). There
have been almost 600 secondary metabolites identified in A. annua, many of which are not
available in pure form or are prohibitively expensive, making it nearly impossible to test every one

for inhibitory activity. Thus, a more directed and rational approach must be taken.

Bioassay-guided fractionation is the process of separating a complex crude extract into less
complex fractions using organic solvent partitioning and various chromatography techniques. This
method uses biological activity assays to guide the fractionation meaning that after each
fractionation step, an activity assay is performed on each fraction to identify the most bioactive
fractions. The most bioactive fractions are then further fractionated until pure compounds with
potent bioactivity can be isolated. Several well-known drugs such as paclitaxel and camptothecin
were discovered using this technique (Wall and Wani 1996). This same approach could be used to
isolate strong CYP2B6 and CYP3A4 inhibitors produced by A. annua. In fact, preliminary work

has already been completed towards this goal.

Our lab has formed a collaboration with Dr. Nadja Cech’s group at the University of North
Carolina at Greensboro. Dr. Cech’s group specializes in bioassay-guided fractionation and allowed
me to work in their lab for 2 weeks, producing crude methanolic extract from 1.125 kg of dried A.
annua leaves from our lab. This methanolic extract was subsequently fractionated through solvent
partitioning with hexane, then ethyl acetate, then saline. This resulted in four partitions containing
hexane-soluble, ethyl acetate-soluble, methanol-soluble, and saline-soluble compounds. This first
fractionation step resulted in fractions that are still highly complex, but provide a good starting
point for separating compounds based on polarity; the relative polarities of these solvents are

hexane> ethyl acetate>methanol>water (Reichardt and Welton 2011). The ethyl acetate partition
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was then further fractionated using 2 different methods of flash chromatography on a Teledyne
ISCO CombiFlash HPLC chromatography unit resulting in 20 fractions. The fractions were then
dried and returned to WPI for analysis. | first analyzed the crude extract, hexane partition, and

ethyl acetate partition for artemisinin content and inhibitory activity on CYP2B6 and CYP3A4

using already described methods (Desrosiers, Mittelman, and Weathers 2020) (Table 6.2).

Table 6.2. Inhibition of CYP2B6 and CYP3A4 by A. annua crude extract and organic

partitions

Partition or CYP2B6 ICso Artemisinin CYP3A4 ICso Artemisinin

Extract (mg/mL) Concentration | (mg/mL) Concentration
in CYP2B6 ICso in CYP3A4 I1Cso
(LM) (UM)

Crude Extract | 0.0294 2.91 0.0161 1.60

Ethyl Acetate 0.0121 6.17 0.0131 6.66

Partition

Hexane 0.0096 3.32 0.0048 1.65

Partition

Initial experiments indicated that ICso values of the ethyl acetate partition were around 20
and 10 ug/mL for CYP3A4 and CYP2B6, respectively. Thus, we screened flash chromatography
fractions at 20 and 10 ug/mL against CYP3A4 and CYP2B6 respectively and fractions that
produced <50% activity vs. vehicle control were considered of interest. The flash chromatography

fractions were also assayed for total flavonoid content (Table 6.3).
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Table 6.3. CYP2B6 and CYP3A4 inhibition by flash chromatography fractions of A. annua
ethyl acetate partition

Flash Artemisinin | Flavonoid % CYP3A4 % CYP2B6
Chromatography | Present Content Activity Activity
Fraction ID (Based on (mg/G) Relative to Relative to
GC-MS)? Vehicle Control | Vehicle Control
(20 ug/mL of (10 ug/mL of
fraction) fraction)
ISCO-2-(1-8) No 5.20 61.29 76.12
ISCO-2-(9-11) No 9.36 65.80 58.27
ISCO-2-(12-17) Yes 6.24 84.03 23.13
ISCO-2-(18-21) Yes 80.04 34.06 33.45
ISCO-2-(22-25) Yes 190.23 25.05 65.01
ISCO-2-(26-36) Yes 60.29 22.77 63.95
ISCO-2-(37-39) Yes 172.56 9.69 41.92
ISCO-2-(40-46) No 81.08 65.24 52.82
ISCO-2-(47-50) No 61.33 60.73 51.58
ISCO-2-(51-58) No 63.41 69.26 77.46
ISCO-2-(59-65) No 33.26 69.52 86.92
ISCO-3-(1-6) No 17.67 64.37 28.20
ISCO-3-(7-30) Yes 25.99 90.44 28.22
ISCO-3-(31-35) Yes 21.83 78.45 62.44
ISCO-3-(36-39) Yes 224.53 8.53 21.98
ISCO-3-(40-44) No 343.04 11.53 46.00
ISCO-3-(45-63) Yes 119.54 18.59 57.45
ISCO-3-(64-66) No 106.03 10.83 39.97
ISCO-3-(67-B5) No 135.14 48.38 42.94
ISCO-3-(B6-B18) No 124.74 66.37 63.50

While most fractions did not produce >50% inhibition of both CYP2B6 and CYP3A4,
several fractions did. These fractions should be investigated further as they contain compounds
that likely inhibit the metabolizing enzymes of artemisinin. These fractions may be used to identify
known or even undescribed phytochemicals that enhance the bioavailability of artemisinin when

delivered as dried A. annua leaves through inhibition of first-pass metabolism.
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6.2.3 Induction of Cytochrome P450s by A. annua

One topic that has not yet been addressed is the induction of CYP2B6 and CYP3A4 by
artemisinin. Artemisinin is an autoinducing drug; it induces the expression of its own metabolizing
enzymes (Xing et al. 2012). Artemisinin achieves this induction through activation of the pregnane
X receptor (PXR) and constitutive androstane receptor (CAR), which in turn translocate to the
nucleus where they bind promoters to increased expression of CYP2B6 and CYP3A4 (Xing et al.
2012; Timsit and Negishi 2007). However, little is known about how other phytochemicals in A.
annua may alter this autoinduction. A. annua is rich in flavonoids, many of which, including
quercetin, kaempferol, naringin, wogonin, and baicalin, either increase or decrease expression of
many CYPs (Cermak 2008; Hodek, Trefil, and Stiborova 2002). It is thus possible that dried leaves
of A. annua may alter the autoinduction of CYP2B6 and CYP3A4 by artemisinin. Indeed, we have
begun preliminary studies in our lab using HepaRG cells to test extracts of A. annua and A. afra
for their ability to alter induction of CYP2B6 and CYP3A4. These specialized liver cells retain the
CYP induction pathways that most other cell lines and human liver microsomes do not. | treated
HepaRG cells with pure artemisinin and extracts from A. annua and A. afra at artemisinin
concentrations ranging from 1-50 uM for three days and then measured the enzymatic activity of
CYP3A4 and CYP2B6 with their respective P450-Glo assays and compared to a vehicle control.
At 1-20 uM artemisinin, SAM, our high-artemisinin producing A. annua cultivar, had little effect
on CYP3A4 activity but at 50 uM CYP3A4 activity decreased substantially to < 2% of the vehicle
control (Appendix D, Figure S1). In contrast, when treated with A. afra CYP3A4 activity increased
with increasing extract concentration before leveling off around 700% relative to vehicle control
(Appendix D, Figure S1). CYP2B6 activity was similarly increased by A. afra albeit not as strongly

(Appendix D, Figure S2). Pure artemisinin did not alter induction of CYP3A4 activity relative to
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vehicle control, which is in contrast to what was previously observed by others (Appendix D,
Figure S1) (Xing et al. 2012). In my analysis, A. annua extract decreased CYP2B6 activity in a
concentration-dependent manner ultimately achieving about 29% activity relative to vehicle
control at 50 uM (Appendix D, Figure S2). Pure artemisinin treatment increased activity at 1-5
MM but decreased activity at 10-50 uM (Appendix D, Figure S2). Importantly, all of these
experiments were performed once, albeit in technical triplicate, so they must be repeated to confirm
results. Furthermore, while these assays tested enzymatic activity, future CYP induction assays
should also evaluate MRNA transcript levels through gPCR to determine if either transcription,

translation, or both, are affected.

6.2.4 Human Pharmacokinetics of A. annua Delivered as Tea vs. Capsules

Another study that should be completed is a human pharmacokinetic study using teas and
capsules made from dried A. annua leaves. To date, there is virtually no information regarding the
pharmacokinetics of artemisinin delivered via DLA. There are several trials on efficacy against
malaria and other diseases, but no data exists to confirm in humans what was observed in rodents:
artemisinin delivered as DLA reaches significantly higher plasma concentrations compared to pure
artemisinin. Such studies are needed to determine if what is observed in rodents correlates to

humans and to determine whether teas or capsules provide higher artemisinin bioavailability.

6.2.5 In Vitro Inflammation Studies with Extracts, Extract Fractions, and Pure

Phytochemicals

While the data from Chapter 5 indicate that A. annua may work to combat inflammatory
cytokine production during systemic inflammation, little is known about the mechanism of this

action. The inflammatory response in mammals is complex involving multiple signaling pathways
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(Newton and Dixit 2012). The major pathway controlling biosynthesis of inflammatory cytokines
is the NF-«xB signaling pathway (Newton and Dixit 2012; Lawrence 2009). This canonical pathway
involves activation of a toll-like receptor (TLR) by a pathogen-associated molecular pattern
(PAMP) such as lipopolysaccharide, thereby initiating the signaling cascade. This eventually
results in activation of the NF-«xB transcription factor that regulates production of proinflammatory
cytokines like TNF-a and IL-6 (Newton and Dixit 2012). This pathway is well studied and as a
result there are many anti-inflammatory medications designed to interrupt this pathway (Nam
2006). In fact, AN and many other plant-derived polyphenols are known to block this pathway,
leading to their anti-inflammatory activity (Figure 6.1) (Wang et al. 2006; Zhu et al. 2012;

Gruessner et al. 2019).
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Figure 6.1. Artemisinin inhibition of inflammation through NF-«xB and MAPK signaling cascades.
Abbreviations: TNF-a — tumor necrosis factor alpha; NF-kB — nuclear factor kappa-light-chain-
enhancer of activated B cells; MAPK — mitogen-activated protein kinases; IKK — | kappa B kinase;
IkB-alpha — inhibitor of kappa B alpha; Ub — ubiquitin; Yellow p’s indicate phosphorylation of
protein; ERK — extracellular signal-regulated kinases; JNK — c-Jun N-terminal kinases. Figure
adapted from (Gruessner et al. 2019).
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There is also another key pathway that plays a role in inflammatory cytokine production,
namely the MAPK signaling pathway (de Souza et al. 2014; Newton and Dixit 2012; Otterbein et
al. 2000). MAPK signaling is also initiated by TLR activation, is implicated in the inflammatory
response, and also can regulate cytokine production similar to NF-kB (Newton and Dixit 2012).

Artemisinin also interferes with this pathway (Wang et al. 2017).

While in vivo studies showed that dried A. annua leaves decreased inflammatory cytokine
production (Figure 5.6) more than pure artemisinin, the mechanisms are unknown. These
mechanisms should be studied in vitro in using LPS stimulated RAW 264.7 macrophages to
determine if enhanced anti-inflammatory activity of DLA is simply due to increased artemisinin
bioavailability or other phytochemicals in the plant directly impacting cytokine production. This
could be investigated using AN, crude extracts or fractionated extracts of DLA, and pure
phytochemicals. Using Western blotting and ELISA assays, proteins from the NF-kB and MAPK
pathways could be probed to determine how DLA and its phytochemicals affect each pathway.
Investigation of A. annua and its phytochemicals effects on these pathways would further our

understanding of the utility of A. annua as an anti-inflammatory therapeutic.
6.3 Summary

A. annua is the main source of artemisinin and ACTs, the frontline drug protecting over 1
billion people from malaria in high risk regions worldwide (WHO 2019c). Here, | showed that
delivery of artemisinin as dried leaves of A. annua leads to enhanced artemisinin bioavailability.
This enhanced bioavailability is afforded through multiple mechanisms including increased

digestive solubility via A. annua essential oils, increased intestinal permeability, and inhibition of
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first-pass artemisinin metabolism. This enhanced bioavailability may be responsible, at least in
part, for the efficacy of dried leaf A. annua treatments in recent clinical trials on malaria and
schistosomiasis and may also enhance therapeutic outcomes in inflammatory diseases. More work
is needed, especially in humans, to confirm these results but the studies presented here provide a
better understanding of the potential benefits of dried leaf A. annua as a treatment for malaria and

inflammatory diseases.
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Appendix A: Supplementary Material for Chapter 3
Published in:

Desrosiers M. and Weathers P.J., 2016. Oral consumption of dried Artemisia annua leaves to
treat malaria: leaf digestion and artemisinin solubility. Journal of Ethnopharmacology 190:
313-318.

Taste test of Artemisia annua (SAM cultivar) tea or leaves by visiting adults and children.
Outreach activity was held at a Touch Tomorrow event at WPI (Worcester, MA, USA) on June
13, 2015. Visitors were invited to either taste a piece of fresh leaves of the plant or sip a small cup

of tea brewed from the dried leaves. Afterwards they placed a green sticky circle above the facial

expression, \'}/ @ 2 on a large segment of papered wall (see photo below) that best
exemplified their response to the taste of the leaves or tea. Comments were encouraged and written
on the large page to the far right of the facial span. Although not statistically tracked, there was no
apparent difference between children and adults, nor linkage between related individuals, e.g.
parents and children. Table S1 shows that about 23% of the tasters actually thought the plant tasted

good, while 61% thought the taste was either unpleasant or terrible. About 15% were indifferent.
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Figure S1. Picture of responses to A. annua taste test at Touch Tomorrow 2015 at WPI.

Table S1. Tasters vs. nontasters of A. annua tea.

Response Number of respondents % of total

Tastes good 88 23.3
Indifferent 58 15.3
Tastes bad 232 61.4
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Appendix B: Supplementary Material for Chapter 4
Published in:

Desrosiers M. and Weathers P.J., 2017. Artemisinin permeability via Caco-2 cells increases
after simulated digestion of Artemisia annua leaves. Journal of Ethnopharmacology. 210:
254-259.

Table S1. Phytochemical comparison between dried leaves of the two Artemisia annua cultivars,
DLAS and DLAG, used in this study

(hg g DW)
Compound

DLAG DLAS
Artemisinin nd 15,897
deoxyartemisinin nd nd
dihydroartemisinic acid nd 1,857
arteannuin B nd 2,323
artemisinic acid nd 367
a-pinene nd nd
eucalyptol (1,8 cineole) nd 261
camphor nd 21,018
chlorogenic acid 269.71 673
rosmarinic acid nd 2,261
scopoletin nd 36
artemetin nd nd
casticin nd nd
chrysoplenol-D nd 413
chrysoplenetin nd 154
eupatorin nd nd
kaempferol nd nd
luteolin nd 207
myricetin nd nd
quercetin nd nd
total flavonoids 209.85 2,783

nd, not detectable; nm, not measured.

137



Table S2. Percent artemisinin recovered in Caco-2 permeability experiments

Experiment % Artemisinin Recovered
Treatment
AN+Digestates
AN 79.0
DLAS Digestate 92.4
DLAG Digestate 84.7
AN+Flavonoids
AN 81.4
Quercetin 75.5
Rutin 74.3
Eupatorin 80.0
Kaempferol 80.6
Casticin 88.4
Isovitexin 82.3
Apigenin 87.8
AN+Other Phytochemicals
AN 80.7
Chlorogenic Acid 74.8
Rosmarinic Acid 72.4
Inulin 88.7
AA+AB+Scopoletin 81.1
VD3 Media
AN 80.2
DLAS Digestate 84.9
Quercetin 87.7
AN+EOQ Digestates
AN 81.2
US EO Digestate (4%) 79.8
US EO Digestate (0.3%) 77.6
Chinese EO Digestate (4%) 82.0
Chinese EO Digestate (0.3%) 87.1
DLAG+US EO Digestate (4%) 84.4
DLAG+US EO Digestate (0.3%) 86.5
AN+EO Components
AN 74.4
Camphor (1:1) 72.1
Camphor (1:2) 73.4
Camphor (1:10) 74.3
Eucalyptol 72.1
Caryophyllene 729
AN+EOQO Undigested
AN 73.4
AN+Bile 75.5
US EO 77.3
US EO+Bile 79.9
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Chinese EO 75.2

Chinese EO+Bile 76.5
AN, artemisinin; DLAS, dried leaf Artemisia annua SAM cultivar; DLAG, dried leaf Artemisia
annua GLS cultivar; AA, artemisinic acid; AB, arteannuin B; EO, essential oil.

Table S3. Fold change in CYP3A4 transcript expression with VD3 media measured by gPCR

Target CtMean CtSE AACt Fold Change
B-Actin (control) - VD3 14.743  0.258 Nd Nd
B-Actin (control) + VD3 14778  0.147 Nd Nd
CYP3A4 - VD3 (experimental)  33.157  0.949 Nd Nd

CYP3A4 + VD3 (experimental) 25.741  0.177 -7.4509 174.96

Table S4. Relative abundance of phytochemicals identified by GCMS in both U.S. and Chinese
essential oil sources.

Phytochemical United States EO Source | Chinese EO Source
% of Total Peak Area % of Total Peak Area
Thujone 30.9 Nd
Camphor 30.3 14.1
Eucalyptol 16.5 27.4
Camphene 13.2 55
Borneol 3.7 1.8
B-pinene 2.5 4.7
Caryophyllene 1.0 6.2
Caryophyllene oxide 0.9 Nd
a-pinene 0.3 175
Terpineol 0.2 Nd
Santolina triene 0.1 0.2
Stigmasterol 0.1 Nd
Myrcene 0.1 Nd
Phellandrene Nd 8.5
Humulene Nd 5.5
Limonene Nd 5.2
Carene Nd 2.2
Copaene Nd 1.1

EO, essential oil; Nd, not detected.
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Appendix C: Supplementary Material for Chapter 5

Published in:

Desrosiers M., Mittelman A., Weathers P.J. 2020. Dried leaf Artemisia annua improves
bioavailability of artemisinin via cytochrome P450 inhibition and enhances artemisinin
efficacy downstream. Biomolecules. 10: 254.
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Figure S1. Artemisinin (AN) and deoxyartemisinin (DeoxyAN) accumulation in feces of male (A,
B) and female (C, D) rats after oral delivery of artemisinin as dried leaf A. annua (DLA) or pure
artemisinin. n = 7-8, *; p < 0.05; error bars = SEM.
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Figure S2. Production of anti-inflammatory cytokine IL-10 in male (A) and female (B) rats after
LPS challenge and treatment with either pure artemisinin (AN) or DLA (equal artemisinin doses).
n = 5-6 for experimental conditions, n = 3 for injection control; error bars = SEM.

Fecal Microbiome Analysis

We also examined the microbial populations present in fecal samples from male rats
following administration of artemisinin or DLA to determine if either treatment affected the
microbiome. Fecal samples from four DLA-treated and four artemisinin treated rats were collected
at 1 and 8 hours post-gavage and stored at —80°C until analysis. Samples were sent on dry ice to the
University of North Carolina Microbiome Core Facility (Chapel Hill, NC, USA) for 16S rRNA
sequencing. The sequencing results showed that neither treatment altered the microbiome of the
animals at either time point (Supplementary Table 1). These results suggested DLA and artemisinin
would likely not alter the microbiome of patients, however, studies should be performed over a

longer time course to confirm these results.
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Table S1. Microbiome population by Phylum 1 hour and 8 hours after treatment with DLA or pure
artemisinin in male rats.

Artemisinin Treated DLA Treated
Timepoint 1-hour 8-hour 1-hour 8-hour
Average % Average % Average % Average %
Phylum Microbial Microbial Microbial Microbial
Population £ SD Population + SD Population + SD Population + SD
Unassigned 0.23 £ 0.10% 0.15 £ 0.06% 0.15+ 0.10% 0.18 £ 0.10%
Actinobacteria 0.35+0.21% 0.80 + 0.50% 0.28 + 0.22% 0.58 + 0.36%
Bacteroidetes 49.53 £ 9.38% 61.58 + 7.62% 48.13 £ 6.78% 51.70 + 8.58%
Cyanobacteria 0.13+£0.13% 0.38 £ 0.22% 0.00 + 0.00% 0.45+0.21%
Deferribacteres 0.03 + 0.05% 0.00 + 0.00% 0.00 + 0.00% 0.00 + 0.00%
Firmicutes 32.83 + 8.99% 29.00+8.89%  31.38+17.17%  30.75 + 20.26%
Lentisphaerae 0.00 + 0.00% 0.00 + 0.00% 0.00 + 0.00% 0.00 + 0.00%
Proteobacteria 3.85 + 2.04% 2.28 + 0.57 2.63 + 1.99% 413 +1.82%
Synergistetes 0.00 £ 0.00% 0.00 £ 0.00% 0.00 + 0.00% 0.00 £ 0.00%
TM7 0.33 + 0.26% 0.30 + 0.32% 0.63 + 0.95% 0.23 + 0.32%
Tenericutes 0.68 + 0.57% 0.75+1.17% 0.43+£0.17% 0.43 £ 0.10%
Verrucomicrobia  12.15 + 10.64% 4.80 + 6.54% 16.38 + 10.95%  11.65+11.70%

SD, Standard Deviation.
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Appendix D: CYP Induction Methods and Figures

Methods
HepaRG Culture

HepaRG cells from Lonza (Basel, Switzerland) were thawed and plated into white-walled,
clear-bottom 96-well collagen coated plates according to the manufacturer’s provided protocol.
The outside wells were not seeded with cells but filled with 100 uL media to prevent evaporation.
Cells were cultured for 72 hours, changing media daily based on the protocol provided. After 72
hours of culture, media was replaced with induction media containing either artemisinin, A. annua
methanolic extract, A. afra methanolic extract, or rifampicin at various concentrations (1-50 uM
for artemisinin and extracts, 10-50 uM for rifampicin). Negative control wells were prepared with
induction media alone and vehicle control wells were prepared with induction media containing
0.2% DMSO as this concentration of DMSO was needed to solubilize artemisinin and extracts in
induction media. A. annua extract concentration was the artemisinin concentration. A. afra
contains negligible artemisinin so equal masses of dried plant material to A. annua were used to
produce extracts. Media containing artemisinin, extracts, or rifampicin was replaced daily for 72
hours. After 72 hours in induction medias, media was removed, and cells were washed 3 times
with DPBS to remove any remaining artemisinin, extract, or rifampicin that could interfere with

activity assays.
CYP3A4 and CYP2B6 Activity Assays

Luminescent Promega (Madison, WI, USA) P450-Glo assays were used to assess the
activity of both CYP3A4 and CYP2B6 after induction. P450-Glo assays were performed using the

“Nonlytic P450-Glo Assays Using Cultured Cells in Monolayers” protocol provided by Promega.
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These assays measure specific P450 activity by using a luminescent probe that produces light when
combined with luciferase after cleavage by a specific P450. After recording luminescence,
Promega CellTiter-Glo luminescent cell viability assays were performed according to the
manufacturer’s instructions in each well to normalize P450 activity to the number of viable cells

in each well.
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Figure S1. % Activity of CYP3A4 relative to DMSO vehicle control after 72 hour treatment with
artemisinin (AN), methanolic extract of A. annua, methanolic extract of A. afra, or rifampicin
(positive control). Concentration of A. annua = that of the pure artemisinin concentration. A. afra
contains negligible artemisinin so extracts were made with equivalent mass of dried leaves as A.
annua extracts. n=1.
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Figure S2. % Activity of CYP2B6 relative to DMSO vehicle control after 72 hour treatment with
artemisinin (AN), methanolic extract of A. annua, methanolic extract of A. afra, or rifampicin
(positive control). Concentration of A. annua = that of the pure artemisinin concentration. A. afra
contains negligible artemisinin so extracts were made with equivalent mass of dried leaves as A.
annua extracts. n=1.
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