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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

s

, 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

s

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 re-
covered 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 es-
sential oil equivalent to that found in a high essential oil producing A. annua cultivar also significantly
increased AN solubility in simulated digestates.
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.

& 2016 Elsevier Ireland Ltd. All rights reserved.
1. 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 chil-
dren 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, Fig. 1), but due to poor solubility, AN semi-
synthetic derivatives, e.g. artesunate, dihydroartemisinin and ar-
temether, are the preferred drugs. AN is a naturally occurring
sesquiterpene lactone produced and stored in the glandular tri-
chomes of the plant Artemisia annua L. (Ferreira and Janick, 1995).
rved.
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riments and analyzed data;
anuscript.
AN derivatives are combined with other antimalarials, e.g. arte-
metherþ lumefantrine (Coartem

s

) to slow the evolution of AN
resistance, termed artemisinin combination therapies (ACTs), 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 o$1.25/
day (WHO, 2012).

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
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Fig. 1. Structure of artemisinin (AN).
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der Kooy and Verpoorte, 2011; Weathers and Towler, 2012). In-
stead, per os (p.o.) consumption of DLA should be used to ensure
administration of a consistent dose. In a rodent 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, de-
livery 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; Ferreira et al., 2010; Lehane and
Saliba, 2008; Suberu et al., 2013; Van Zyl et al., 2006). 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 (pACT) 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
(Supplemental Table 1). Nevertheless, masking the unpalatable
taste with readily available food items or by encapsulation is de-
sirable, especially for pediatric patients. Encapsulation or alter-
native 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 in-
testinal stage digestates. We also used simulated digestion to in-
vestigate the solubility of AN in intestinal stage digestates of pure
drug vs. DLA. Our results also suggest a possible partial mechanism
for the increased bioavailabilty of AN when delivered as DLA vs. as
pure drug.
Fig. 2. Schematic for simula
2. Methods

2.1. Plant material

Two Artemisia annua L. clonal cultivars propagated by rooted
cuttings (Towler and Weathers, 2015; Weathers and Towler, 2012)
were used in this study: SAM (DLAS) (voucher MASS 317314), a
high AN-producing cultivar (�1.4% w/w), and GLS (DLAG) (vou-
chers 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 et al.,
2014b). 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.

2.2. Chemicals and capsules

Chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise specified. Toluene was pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA) and A.
annua essential oils from Bella Mira (Mannford, OK, USA). Vege-
table 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

s

, Vcaps Plus
s

, and Plantcaps™ were a gift from Capsugel
(Morristown, NJ, USA). Vcaps

s

are made of HPMC and a proprie-
tary combination of gelling agents while Vcaps Plus

s

are made
without the gelling agents. Plantcaps™ are made from pullulan, a
polysaccharide polymer fermented from tapioca. All capsules were
size “00.” Evaporated milk, smooth peanut butter, and plain un-
salted peanuts were store brand purchased from a local Shaw’s
Supermarket (Stow, MA USA). Plumpy’nut

s

, 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

s

is
produced locally by Edesia (Providence, RI, USA) and was a gift
from Maternova Inc. (Providence, RI, USA).

2.3. Simulated digestion

Simulated digestion was performed according to Weathers
et al. (2014a) (Fig. 2). All digestions were taken to the intestinal
stage before being vortexed and filtered through Whatman #1
chromatography paper (0.16 mm thickness, porosity o10 mm) to
separate solid and liquid digestate fractions. Liquid fractions were
extracted in a sonicating water bath for 30 min 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
ted digestion method.

https://www.usaid.gov/what-we-do/agriculture-and-food-security/food-assistance/resources/ready-use-therapeutic-food
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phase separation especially for the oily materials, peanuts and
Plumpy’nut

s

, 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 et al., 2014b). 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.

2.4. Solubility experiments

To determine the difference in solubility when AN was deliv-
ered orally as pure drug vs. as DLA, we performed simulated di-
gestions of AN and of DLA and then captured unsolubilized AN on
a filter and measured the soluble and insoluble fractions as sub-
sequently 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 mL of A. annua es-
sential 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 typi-
cally 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 o10 mm) to
separate liquid and solid fractions. Both fractions were then ex-
tracted with toluene and the extracts dried under nitrogen gas and
prepared for analysis. AN extracted from liquid fractions was
considered soluble and likely to be more bioavailable as particles
o10 mm are absorbed more readily by intestinal epithelium (Desai
et al., 1997). AN present in the solid fraction was considered in-
soluble 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 (mg/mL) was calculated by dividing the
total AN recovered from the liquid digestate fraction by the
Fig. 3. Artemisinin (A) and flavonoid (B) content in liquid fraction from intestinal stage o
to AN control within each experiment.
volume.

2.5. Artemisinin and flavonoid analysis

AN in extracts was quantified using GCMS according to the
method detailed in Towler and Weathers (2015). Flavonoids in
extracts were quantified using the spectrophotometric AlCl3
method (Arvouet-Grand et al., 1994) with quercetin as a standard.
Flavonoid levels are expressed as quercetin equivalents.

2.6. Statistical analysis

All experiments were performed in at least triplicate. Students
T-tests and One-way ANOVA tests were used to determine statis-
tical significance (po0.05) 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. 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 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 bioa-
vailability. Understanding the factors that dictate bioavailability of
AN and flavonoids from DLA provides useful knowledge for
clinicians.
4. Results and discussion

4.1. 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 (Fig. 3A). Previously we re-
ported that vegetable and gelatin capsules negatively affected the
f simulated digestions of DLAS7various capsule types. nZ3; *, pr0.05 compared
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release of AN from DLAS after simulated digestion (Weathers et al.,
2014b). That study used methylene chloride to extract the diges-
tate 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 (Fig. 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 bioavail-
ability. Capsule selection now can be based mainly on cost instead
of performance.

4.2. 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 antimalarial
therapeutic, but also a nutritious supplement. As malnutrition
exacerbates malaria and other diseases, especially in low income
countries (Caulfield et al., 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 et al., 2014b). These
food items were mainly simple and complex carbohydrates and
various oils. Previously, however, there were reports that AN
Fig. 4. Artemisinin (A) and flavonoid (B) content in liquid fraction from intestinal stage
misinin (C) and flavonoid (D) content in liquid fraction from intestinal stage of simulated
each experiment.
bound to serum proteins (Bian et al., 2006; R. Liu et al., 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 de-
termine if they would alter AN content of the liquid digestate
fraction. After simulated digestion of DLASþpeanuts, the AN
content in the liquid digestate fraction decreased by about 23%
(Fig. 4A, p¼0.028). Dry powdered milk, smooth peanut butter, and
Plumpy’nut

s

, however, had no effect on AN content of the liquid
digestate fraction. There was also a significant increase in AN re-
leased after digestion of DLASþbovine serum albumin (BSA)
(Fig. 4C, p¼0.006). AN is known to bind BSA (Bian et al., 2006; R.
Liu et al., 2014) and is sometimes used in drug absorption studies
to bind free drug and maintain sink conditions (Hubatsch et al.,
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 me-
chanism 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 frac-
tions. After digestion, total flavonoids decreased in the liquid
fraction by about 24%, and only in the presence of Plumpy’nut

s

(Fig. 4B, p¼0.003). However, in the presence of BSA, flavonoids
of simulated digestions of DLAS7various protein-rich dietary constituents. Arte-
digestions of DLA7BSA or casein. nZ3; *, pr0.05 compared to AN control within
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increased by about 56% (Fig. 4D, p¼0.0015) in the liquid digestate
fraction. Similarly to AN, casein had no effect. BSA has been shown
to also strongly bind flavonoids (Bi et al., 2012; S. Liu et al., 2014;
Papadopoulou et al., 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

s

, respectively, were statistically sig-
nificant, neither therapeutic compound is decreased enough to
discourage their use as a masking agent. Rather, if using either
peanuts or Plumpy’nut

s

to mask DLA flavor, then the amount of
DLA could be proportionately increased to ensure adequate de-
livery to yield the minimum therapeutically effective serum con-
centration of 9 mg L�1 (Alin and Bjorkman, 1994).

4.3. 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, 2014a).
However, the mechanism by which AN bioavailability is so greatly
enhanced is yet to be uncovered. We posited that AN solvates
better. 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 1, p¼0.005). 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 0.18 g 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 DLAGþAN and pure AN, there was no significant
difference in the amount of AN in the liquid digestate fractions
(Table 1). These results indicated that the compounds responsible
for increasing AN solubility are present in DLAS but not in the GLS
cultivar.
Table 1
Effects of different delivery methods on AN content in liquid simulated digestate
fractions from four independent experiments.

Experiment Treatment AN fold change in liquid
digestate fraction

Pure AN vs. DLAS AN 1.00a
DLAS 4.08b

Pure AN vs. ANþDLAG AN 1.00a
ANþDLAG 0.91a

Pure AN vs. ANþEssential Oils AN 1.00a
ANþ0.3% EO 0.95a
ANþ4.0% EO 2.46b

Pure AN vs. ANþCamphor or
Quercetin

AN 1.00a
ANþCamphor 1.09a
ANþQuercetin 0.89a

DLAS and DLAG, 0.18 g dry weight. Values normalized to AN control; nZ3;
a,b letters show pr0.05 compared to AN control within each experiment.
4.4. Essential oils increase AN solubility

The essential oil composition of A. annua cultivars ranges from
0.3 to 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 es-
sential 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 1, p¼0.004). No significant difference was found
between the amount of solubilized AN in the pure AN control and
0.3% essential oilþAN groups (Table 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 de-
termine if they played a role in increasing AN solubility. While
both of these hydrophobic compounds have low aqueous solubi-
lity 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 mono-
terpene, camphor, also had no effect on AN solubility in digestates
suggesting that it is likely other compounds present in the es-
sential oil that lead to enhanced AN solubility.
5. 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

s

, 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 ac-
ceptable 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 yielded four times more AN in the liquid di-
gestate 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 con-
sistent 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 pro-
vide insight into how DLAS might function and be used as an in-
expensive yet still effective alternative to traditional ACT medica-
tion for malaria.
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Supplemental Information  

for Desrosiers and Weathers  

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, ,  , ,  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. 

 

 

 

 

 

 

 

 

 

 

 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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