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Abstract

Ethnopharmacological Relevance—Artemisinin (AN) is produced by Artemisia annua, a
medicinal herb long used as a tea infusion in traditional Chinese medicine to treat fever; it is also
the key ingredient in current artemisinin-based combination therapies (ACTSs) effective in treating
malaria. Recently we showed that dried leaves from the whole plant A. annua that produces
artemisinin and contains artemisinin-synergistic flavonoids seems to be more effective and less
costly than ACT oral malaria therapy; however little is known about how digestion affects release
of artemisinin and flavonoids from dried leaves.

Material and Methods—In the current study we used a simulated digestion system to determine
how artemisinin and flavonoids are released prior to absorption into the bloodstream. Various
delivery methods and staple foods were combined with dried leaves for digestion in order to
investigate their impact on the bioavailability of artemisinin and flavonoids. Digestate was
recovered at the end of the oral, gastric, and intestinal stages, separated into solid and liquid
fractions, and extracted for measurement of artemisinin and total flavonoids.

Results—Compared to unencapsulated digested dried leaves, addition of sucrose, various
cooking oils, and rice did not reduce the amount of artemisinin released in the intestinal liquid
fraction, but the amount of released flavonoids nearly doubled. When dried leaves were
encapsulated into either hydroxymethylcellulose or gelatin capsules, there was >50% decrease in
released artemisinin but no change in released flavonoids. In the presence of millet or corn meal,
the amount of released artemisinin declined, but there was no change in released flavonoids. Use
of a mutant A. annua lacking artemisinin showed that the plant matrix is critical in determining
how artemisinin is affected during the digestion process.

Conclusions—This study provides evidence showing how both artemisinin and flavonoids are
affected by digestion and dietary components for an orally consumed plant delivered therapeutic
and that artemisinin delivered via dried leaves would likely be more bioavailable if provided as a
tablet instead of in a capsule.
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1.0 INTRODUCTION

In 2011, there were roughly 215 million cases of malaria, mostly among African children,
and an estimated 655,000 deaths in 2010 (WHO, 2010). In 2012, 3.3 billion people, or half
of the world population, were at risk of contracting malaria (WHO, 2012). The key drug
fraction in malaria treatment is artemisinin (AN; Figure 1), a sesquiterpene lactone that is
produced and stored in glandular secretory trichomes in the leaves of Artemisia annua L.
(Asteraceae), a generally recognized as safe (GRAS; Duke, 2001) medicinal plant used in
traditional Chinese medicine dating to 168 B.CE. AN is also effective against many other
diseases (Efferth, 2009)

Currently, AN-based combination therapy (ACT) is the best available treatment for malaria.
Malaria treatments contain AN in combination with an older antimalarial drug to prevent
AN drug resistance from emerging. While ACTs are an effective treatment, they are
expensive and unattainable to many suffering from malaria in developing countries (Yeung
etal., 2008; O’Connell et al., 2011). Resistance to antimalarial medications has also
undermined malaria control efforts and continues to be a threat (WHO 2010; Phyo et al.,
2012). Emerging research on use of dried leaves of A. annua in what we have called pACT,
a plant-based artemisinin combination therapy, suggests that it may be a low cost yet
effective solution for the treatment of malaria (Weathers et al., 2011; Elfawal et al., 2012;
ICIPE 2005; Onimus et al., 2013) and other diseases (Efferth, 2009).

A. annua contains many other compounds, including flavonoids, which act synergistically
with AN (Elford et al., 1987; Lehane and Saliba, 2008; Liu et al., 1992) and increase the
potency of AN, lowering the required dosage for treatment. Mouse studies showed that AN
delivered orally via gavage of the dried leaves provided at least forty-fold greater
bioavailability of AN than that measured from an equally delivered amount of pure AN
(Weathers et al., 2011) and was at least five times more effective than pure AN in reducing
parasitemia (Elfawal et al., 2012). In a Kenyan human trial, dried A. annua leaf tablets
(pACT) fed to 48 malaria patients yielded results similar to trials with pure AN (Weathers et
al., 2013), but much less AN was required when the drug was delivered as dried leaves
(ICIPE, 2005). Bioavailability can be validated with a better understanding of the
progression of AN delivered via dried leaves through the individual stages of the human
digestive system.

This study used a simulated digestion system to examine what happens to the plant material
as it progresses through the intestinal stage of digestion, but prior to absorption into the
blood. It also identified how dietary supplements and delivery methods impacted
bioavailability of AN and flavonoids, key components of the proposed pACT malaria
treatment.

2.0 METHODS

2.1 Plant Material

Artemisia annua L., SAM cultivar (Weathers and Towler, 2012; voucher MASS 00317314),
was field grown in Stow, MA from rooted cuttings planted in May 2012 and harvested mid-
September 2012 at full flower bud. All plants were watered regularly and no herbicides or
pesticides were used. After harvest, plants were air dried at ambient temperature in light
under a greenhouse cover, dried leaves removed and successively processed through 2 and
0.6 mm brass sieves. A single homogeneous batch of dried SAM plant material was used for
the entire study. The glandless mutant of A. annua (GLS; vouchers OR State Univ 171772
and 170353) was a gift from Stephen Duke (University of Mississippi, Oxford; Duke et al.,
1994). GLS was grown in the lab under continuous light that inhibited flowering. Shoots
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were harvested, dried, and sieved as described above for the SAM cultivar. Both cultivars
were analyzed for their AN and flavonoid levels (Supplemental Table S1).

2.2 Chemicals and Capsules

Unless otherwise specified, all chemicals and enzymes were purchased from Sigma-Aldrich.
Methylene chloride was purchased from Thermo Fisher Scientific. Capsules were size “00”
vegetable or gelatin capsules and composed completely of hydroxypropylmethylcellulose
and water or beef gelatin and water, respectively (Capsule Connection LLC, Prescott, AZ,
USA).

2.3 Simulated Three Stage Digestion

The simulated digestion protocol used in this study was based on the method of Kean et al.,
(2011) modified from the original reported by Garrett et al., (1999). The method is
schematically illustrated in Figure 2 and simulates food progressing through the three stages
of the digestive system: oral, gastric, and intestinal. Since this experiment involved the
ingestion of plant material, as opposed to porridge used in the Kean et al., (2011) protocol,
the volumes were scaled down based on the mass of plant material used.

For the oral stage, an oral base solution was prepared containing 0.179 g potassium chloride,
0.177 g anhydrous dibasic sodium phosphate, 0.114 g anhydrous sodium sulfate, 0.059 g
sodium chloride, and 0.338 g sodium bicarbonate in 100 mL of water. A 10 mL aliquot of
the oral base solution was mixed in a beaker with 4 mg urea, 0.3 mg uric acid, and 0.5 mg
mucin. A 1.5 mL aliquot of this solution was added to a 50 mL centrifuge tube containing
0.36 g of dry A. annua sieved leaves (see above) and 1.64 mL of distilled water. In the
capsule delivery experiments, two capsules were used per reaction tube with each containing
0.18 g of A. annua dried leaves. In the dietary supplement experiments, an additional 0.36 g
of cereal grains ground in a coffee grinder to yield grain meals, various oils, or common
table sugar (sucrose) was added to the reaction tube directly following the addition of 0.36 g
of A. annua leaves. Oils tested included canola, red palm, peanut, and sunflower. All cereal
meals and oils were purchased from local food stores. In the experiments containing the
cereal meals (millet, corn, or white rice), the addition of water was doubled. To each
reaction tube, 46.8 mg of a-amylase was added and the tube was vortexed for 2 minutes.
The tubes were blanketed with N, gas, capped, and then placed in a 37°C water bath and
shaken at 90 rpm for 10 minutes. During the 10 minute incubation, a solution of 10 mg
mL~1 pepsin in 0.1M HCI was prepared for the gastric stage. The reaction tubes were
removed from the bath and immediately placed on ice. A 4 mL aliquot of saline (0.9% wi/v
sodium chloride) was added to bring the volume to 7.5 mL. Using 1M HCI, the pH of each
reaction tube was adjusted to 4.0 £ 0.1, and 0.5 mL of the pepsin solution was added. The
pH was readjusted to 2.5 + 0.1 using 1M HCI, and the volume of each reaction tube was
brought to 10 mL with saline. The tubes were blanketed with N, gas, capped, placed in the
37°C water bath, and incubated at 90 rpm for 1 hour. During this time, a solution containing
30 mg mL~1 bile extract in 100 mM sodium bicarbonate solution was prepared and
sonicated for 30 minutes. Then 45 minutes into the incubation period, 1.5 mL of a
pancreatin-lipase solution was prepared containing 20 mg mL~1 pancreatin and 10 mg mL™1
lipase in 100 mM NaHCOg3. After the hour-long gastric phase incubation, the reaction tubes
were removed and immediately placed on ice for preparation of the intestinal stage. The pH
was adjusted to 4.0 £ 0.1 using 1M NaHCOs3, and 0.5 mL of the pancreatin-lipase solution
was added, followed by 0.75 mL of the bile extract solution. The pH was then adjusted to
6.5 £ 0.1 using 1M NaHCO3, and each volume was brought to 12.5 mL with saline. The
samples were blanketed with N, gas, capped, and incubated in the 37°C water bath at 90
rpm for 2 hours for completion of the simulated digestion process.
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2.4 Filtration and Extraction of Digesta

2.5 Assays

Using replicate digestions, tubes were extracted after the oral stage, the gastric stage, or the
intestinal stage was completed (see Figure 2). The resulting digesta from each of the oral,
gastric, and intestinal stages were vortexed and filtered through Whatman #1 filter paper to
separate liquid and solid fractions. The solid and liquid fractions from each stage were
extracted with methylene chloride in a sonicating water bath for 30 minutes. After
sonication, the solid fraction was vacuum filtered. All methylene chloride extracts were
dried under a stream of N, gas.

AN was quantified in extracts by GCMS according to the method detailed in Weathers and
Towler (2012). Total flavonoids were assayed using the AICI3 method of Arvouet-Grand et
al., (1994) with quercetin as the standard. Briefly, an aliquot of standard or sample was dried
and then resuspended in 3 mL of a 1:1 solution of 2% AICl3 (w/v in MeOH) to MeOH and
incubated for 25 minutes. Absorbance at 415 nm was then measured and flavonoid content
of each digestate extract was calculated by using the quercetin standard curve. Flavonoids
were expressed as quercetin equivalents.

2.6 Statistical Analysis

Digestions were performed at least in triplicate, and averages and standard deviations were
calculated for each digestate fraction. Using the statistical software SPSS, post-hoc Tukey
tests and Student’s t-tests were used to determine statistical differences between samples.

3.0 THEORY

Often, victims of malaria are unable to consume food, which limits their treatment options.
The role of diet and its effect on the role of dried leaf consumption of A. annua have yet to
be studied. Variables such as staple foods should be compared in order to determine whether
they inhibit or enhance bioavailability of AN and flavonoids. Studies conducted on A. annua
in the past have provided information on the efficacy of dried leaf treatment based on the
concentration of AN found in the serum (Weathers et al., 2011). More information on how
this plant is digested can provide insight into how endogenous therapeutic chemicals in the
plant are released and passed through the digestive tract and into the bloodstream, where
parasites reside after infection.

4.0 RESULTS and DISCUSSION

4.1 Some Artemisinin Is Lost after Dried Leaf Digestion

When the whole plant material of A. annua (dried leaves) was extracted prior to digestion, it
contained 7.65 mg g1 and 2.97 mg g1 DW of AN and flavonoids, respectively (Table 1).
After digestion, the amounts of AN recovered in the liquid fraction of each digestion stage
decreased, with about half of the initially available AN remaining in the intestinal stage
(Table 1, S+L data column). However, most of the AN resided in the solid phase, with only
22% of the originally available AN in the liquid phase where it will be most bioavailable
(Table 1). Although about 50% of the initial total AN (S+L) was lost, the amount of AN
released into the intestinal liquid phase nearly tripled from that in the liquid phase of the oral
stage of digestion (Table 1). AN water solubility is about 50 mg L™1 (van der Kooy and
Verpoorte, 2011). The amount of recovered AN in the liquid phase after the intestinal stage
of digestion is about 50 mg L1, suggesting overall AN solubility did not increase.

Flavonoids in foodstuffs are usually present as glycosides; enzymatic hydrolysis is often
needed for passage into the blood plasma, and serum levels are usually low, e.g. for 68-307
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mg ingested quercetin glycosides, maximum serum levels (Cinax) ranged from 0.7-7.6 umol
L~ (Manach and Donovan, 2004). Absorption of quercetin-3-glycoside yields about tenfold
more flavonoid in the serum than the aglycone (Hollman, 2004). Although quercetin is not
detectable in freshly harvested A. annua leaves, it is present at ~0.02 mg g~1 DW in the
SAM cultivar after the leaves are dried. Recovery of flavonoids in the liquid phase of the
intestinal stage of digestion was <4% of the original flavonoids in the starting plant material
(Table 1). The amount of total flavonoids recovered from both the liquid and solid phases (S
+L) through each stage of digestion did not vary significantly (Table 1), and ultimately
about one third of the start value was present at the end of digestion.

4.2 Capsules Inhibit Dried Leaf Digestion

When dried leaves were encased in vegetable or gelatin capsules, AN recovery from the
intestinal liquid phase significantly decreased (Table 2). AN declined from 1.72 mg g~} DW
for unencapsulated digested dried leaves to 0.23 and 0.74 mg g~ DW for vegetable and
gelatin capsules, respectively (Table 2). While most of this loss in the vegetable capsule
occurred during the intestinal stage, there was no significant change among digestion stages
for gelatin-encapsulated dried leaves (Supplemental Table S2).

To examine if the reduction in AN when dried leaves were encased in a capsule was due to
the presence of the hydroxymethylcellulose or the gelatin, the main material used to produce
vegetable and gelatin capsules, respectively, each type of capsule was added to dried leaves
and then immediately extracted with no digestion. When dried leaves were added to an
empty gelatin capsule and extracted, the AN recovered was equivalent to that recovered
from undigested dried leaf extracts (Table 2). This suggested that it was not the gelatin alone
with A. annua that made AN unrecoverable but the combination of the digestion process and
gelatin (Table 2). In contrast, when dried leaves were added to an undigested vegetable
capsule and immediately extracted (Table 2), about 30% less AN was recovered compared
to undigested dried leaves (Table 2) suggesting that the hydroxymethylcellulose comprising
the vegetable capsule added to A. annua partially degrades, binds to, or masks AN.
Although it can bind to terpenoid lactones (Xu et al., 2001), gelatin did not seem to affect
AN when it was added without digestion. We are not aware of any similar reports regarding
terpenoid binding to cellulose to explain the AN losses in the presence of undigested
vegetable (cellulosic) capsules.

When the total flavonoid content of the liquid fraction of the intestinal stage was measured,
there was no significant difference between capsule types and digested dried leaves in the
amount of flavonoids recovered (Table 2). Although there was a slight increase in flavonoid
recovery in the liquid intestinal phase as digestion progressed from oral through intestinal
stage, the difference was not statistically significant among the three digestion stages for
either capsule type (Supplemental Table S2). Together these results suggested that
encapsulation of dried leaves is not recommended, but rather compressed leaf tablets should
instead be used.

4.3 Dried Leaves and Dietary Supplementation

Although a pharmacokinetic study by Dien et al. (1997) showed that food intake did not
affect AN absorption after oral consumption of pure AN, assessment of the impact of food is
critical to understanding how dried leaves are digested. To determine the effect of food,
common dietary components such as sugar (sucrose), four oils, and three cereal meals were
included in digestion tests. When sucrose was added to dried leaves to decrease its bitter
taste, there was no change in AN recovered from the intestinal stage (Table 3). Peters et al.
(2010) also noticed that sucrose had no negative effect on catechin bioavailability from
green tea.
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Although AN is not particularly soluble in either oil or aqueous solutions, we also tested
addition of oils to dried leaves. When compared to dried leaves alone, none of the four
tested oils altered the amount of AN recovered from the intestinal stage (Table 3). Using
canola oil, each digestion stage was individually measured and there was a significant
increase in AN content in the liquid phase from the oral to the gastric stage, but no increase
from the gastric to the intestinal stage (Supplemental Table S3). In contrast, combining dried
leaves with sucrose showed little change in AN content in the liquid fraction from the oral to
the gastric stage, but an increase from the gastric to the intestinal stage (Supplemental Table
S3).

A. annua is a bitter tasting herb, so either sweetening it with sugar and/or adding it to
porridge (Bonati et al., 2011) could facilitate oral consumption, especially for pediatric
patients. Addition of different cereal meals to dried leaves yielded varying AN levels in the
intestinal liquid fractions. The dried leaves + white rice combination showed no significant
change in the release of AN. However, recovery of AN decreased in the intestinal stage of
both dried leaves + millet and dried leaves + corn meal combinations (Table 3). In a small
Kenyan study that mixed pure AN or A. annua dried leaves with Uji, a popular millet
porridge made with hot water, AN was fully recovered from all of the test combinations,
demonstrating that AN was stable in this common food (Bonati et al., 2011). The dried
leaves + corn meal combination showed the greatest reduction with an average 0.73 mg AN
g~1 DW in the intestinal liquid fraction, a 50% decrease compared to the dried leaves alone.

When sucrose or oil was added to dried leaves, overall flavonoid recovery in the intestinal
stage was double that of dried leaves alone (Table 3; Supplemental Tables S4 and S5).
Although the higher yield of flavonoids when oil was present suggested that more
flavonoids were released when oils were present, it is possible there were flavonoids in these
oils; however we are unaware of any such reports. Total flavonoid analysis of each of the
four undigested oils proved technically challenging and thus was not measured. On the other
hand, some of the oils used in this study enhanced the extraction of the flavonoid, quercetin,
from St. John’s wort, and this could account for the increased recovery of flavonoids in the
dried leaves + oil samples (Arsic¢ et al., 2010). Flavonoid content of the three undigested
grain meals was 0.0, 0.02, and 0.04 mg g~ DW for rice, millet, and corn, respectively,
which is less than 1.5% of that in dried leaves of the SAM cultivar. The cereal meal
experiments showed no statistically significant difference in flavonoid content present in the
liquid fraction in any of the three digestion stages when compared to dried leaves
(Supplemental Table S5).

4.4 Effect of Digestion on Pure AN and the Role of the Plant Matrix

Because about a third of the total available AN in digested dried leaves disappeared after the
intestinal stage (Table 1, S+L), this suggested that AN may have been degraded or otherwise
altered during the digestion process. To determine the effect of the digestion process on pure
AN, we added an amount of AN equal to that in the starting dried leaf material (7.65 mg g1
DW) and observed that compared to digested dried leaves, significantly more AN was
recovered in the liquid phase after the intestinal stage of digestion: 2.36 mg g~1 DW for pure
AN, vs. 1.72 mg g~1 DW for AN from dried leaves (Supplemental Table S6). However,
when the amount of AN in the solid phase was also included, then total recovery of pure
digested AN declined by about 40%, indicating that the process of digestion partially
destroyed AN. Although AN is susceptible to degradation by extremes of pH, in simulated
gastric conditions (aqueous 0.01 M HCI, 36°C) Baker et al. (1993) reported that arteether
decomposed slowly (441 min half-life) to dihydroartemisinin, an active antimalarial,
suggesting that gastric conditions of pH and temperature are not likely responsible for AN
losses. AN does bind to plasma proteins (Li et al., 1982; Ashton et al., 1998), so if AN
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bound to any of the proteins that make up the three-stage digestion complex, e.g. amylase,
lipase etc., this could account for the lack of full recovery of pure AN after the intestinal
digestion stage.

It is also possible, however, that the plant matrix itself was interfering with the release of or
destroying AN, so to asses this we used the A. annua glandless mutant (GLS). GLS has no
glandular trichomes and produces no AN (Duke et al., 1994); it also contains less than a
quarter of the total flavonoids measured in the SAM cultivar that is used for dried leaves
(Supplemental Table S1). When pure AN was added to GLS and digested, AN recovered
from the liquid phase of the intestinal stage declined from 1.72 mg g1 in digested dried
leaves to 0.57 mg g~1 in the presence of GLS, about a 65% loss. Interestingly, 2.98 mg AN
g~1 DW, about a third of the AN added to the GLS at the beginning of digestion remained
with the intestinal solid phase, suggesting AN was unavailable for digestion. Together these
data showed that both the process of digestion as well as the presence of the plant matrix
affected AN losses and possibly also bioavailability.

5.0 CONCLUSIONS

Using a simulated digestion of dried leaves of A. annua as used in pACT, about 22% of AN
and 4% of flavonoids were recovered from the liquid phase of the intestinal stage of
digestion. Although capsules are readily soluble and apparently inert, encapsulation of dried
leaves resulted in as much as 87% loss of AN compared to unencapsulated dried leaves, but
with no significant change in recovery of flavonoids. Neither sugar nor four types of
common culinary oils affected the amount of AN in the liquid phase of the intestinal stage of
digestion, but the amount of flavonoids doubled. Three grain meals, on the other hand,
appeared to have either no effect or reduced the amount of AN released in the intestinal
stage, but had little effect on flavonoid release. It appeared that both the plant matrix and the
process of digestion per se affected the amount of AN that appeared in the liquid intestinal
phase. Together these results demonstrate how some common dietary constituents and
encapsulation may affect the therapeutic efficacy of oral consumption of the dried leaf
herbal medicine, pACT, which could prove useful for the treatment of malaria and other
diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The chemical structure of artemisinin
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Figure 2. Schematic illustrating the process of simulated digestion

GASTRIC stage

Dried leaves

\

ORAL stage

\

GASTRIC stage

/N

Solid Liquid

Y N ¥ N

Page 11
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Dried leaves of A. annua were subjected to successive stages of digestion and then separated
into the solid and liquid fractions, which were each extracted with methylene chloride for
analysis of artemisinin (AN) and total flavonoids (FLV).
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Digestion of dried leaves and effect of encapsulation on release of artemisinin and flavonoids through the

intestinal stage.

Table 2

Artemisinin Flavonoids
Dried leaves B as % of mg gL DW as % of
mg g~ DW digested dried leaves digested dried leaves
undigested 7.65+0.92 not applicable 2.967 +0.082 not applicable
digested 1.72 £0.54 1002 (22)0 0.087 +0.028 1002 (3)P

in vegetable capsule 0.23+0.19" 138 0.147 £0.011 1692

in gelatin capsule 0.74 +0.12* 432 0.150 +0.030 1708
+ empty vegetable capsule, undigested | 492 + 0.86* 64b not applicable not applicable
+ empty gelatin capsule, undigested 8.05+1.02 1050 not applicable not applicable

aAs % of digested dried leaves, which is normalized to 100%.

bAs % of original undigested dried leaves.

*
Statistically significantly different at p < 0.05; n = 3 when compared to digested dried leaves.
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Table 3

Effect of dietary constituents of artemisinin and flavonoids released after digestion of dried leaves through the
intestinal stage.

Artemisinin Flavonoids
Dried leaves as % of digested as % of digested
mggtDW | dried leaves® mg g~ DW dried leaves®

digested alone 1.72+0.54 100 0.087 +0.028 100
+ sucrose 159+0.20 92 0.207 + 0.019" 205
+ canola oil 140+0.26 81 0.203 + 0.052" 201
+ red palm oil 1.12+0.37 65 0.201 + 0.026" 199
+sunflower oil | 102 +0.230 59 0.234 + 0.0720 232
+ peanut oil 1.61+0.47 94 0.161 + 0.009P 159
+ white rice meal | 1.36 +1.00 79 0.156 + 0.003 154
+commeal | 073+0.21b 42 0.205 + 0.070P 203
+ millet meal 0.99 + 0.20P 58 0.116 +0.023 115

aDigested dried leaves are normalized to 100%.
Statistically significantly different at p < 0.05; n = 3 when compared to dried leaves alone digested.

bp =0.11, 0.06, 0.11 for AN in dried leaves + sunflower oil, corn meal, and millet meal, respectively;
p=0.09, 0.11, 0.11 for flavonoid in dried leaves + sunflower oil, peanut oil, and corn meal, respectively.
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