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Parthenin and parthenolide are natural products that are closely related in structure to artemisinin, which is also a sesquiter-
pene lactone (SQL) and one of the most important antimalarial drugs available. Parthenin, like artemisinin, has an effect on
Plasmodium blood stage development. We extended the evaluation of parthenin as a potential therapeutic for the transmissible
stages of Plasmodium falciparum as it transitions between human and mosquito, with the aim of gaining potential mechanistic
insight into the inhibitory activity of this compound. We posited that if parthenin targets different biological pathways in the
parasite, this in turn could pave the way for the development of druggable compounds that could prevent the spread of artemis-
inin-resistant parasites. We examined parthenin’s effect on male gamete activation and the ookinete-to-oocyst transition in the
mosquito as well as on stage V gametocytes that are present in peripheral blood. Parthenin arrested parasite development for
each of the stages tested. The broad inhibitory properties of parthenin on the evaluated parasite stages may suggest different
mechanisms of action between parthenin and artemisinin. Parthenin’s cytotoxicity notwithstanding, its demonstrated activity in
this study suggests that structurally related SQLs with a better safety profile deserve further exploration. We used our battery of
assays to test parthenolide, which has a more compelling safety profile. Parthenolide demonstrated activity nearly identical to
that of parthenin against P. falciparum, highlighting its potential as a possible transmission-blocking drug scaffold. We discuss
the context of the evidence with respect to the next steps toward expanding the current antimalarial arsenal.

An estimated 198 million cases of malaria and 584,000 deaths,
mostly among young children, were reported worldwide in

2013 (1). However, as a result of concerted control efforts since
2000, including antimalarial drugs, mortality has declined by
47%, resulting in an estimated 4.3 million lives saved (1). Artemis-
inin, delivered with a partnered drug, is one of the fastest acting
antimalarial therapies available (2, 3). However, antimalarial re-
sistance in Plasmodium falciparum has been described recently in
Southeast Asia (4). This discovery emphasizes the need for novel
compounds that are effective against resistant strains, presumably
because they act on the parasite differently from artemisinin. Ar-
temisinin was originally isolated from Artemisia annua, or sweet
wormwood, a member of the Asteraceae family. We hypothesized
that natural product compounds derived from related family
members might retain potent activities against Plasmodium while
targeting different biological pathways.

Parthenin is a sesquiterpene lactone (SQL) derived from
Parthenium hysterophorus, which is an invasive, flowering annual
weed in the Asteraceae family; it grows to 2 m in height, with small
white flowers, and has spread throughout much of the world (5).
P. hysterophorus causes millions of dollars in damage yearly from
diminished agricultural productivity (6, 7) and also causes allergic
contact dermatitis. These negative effects have been attributed to
parthenin, a compound that is found throughout the plant tissue
and is also secreted to inhibit the growth of nearby plants (8–11).
Further studies on parthenin have revealed that it has a wide array
of potentially useful biological effects and that it has shown activ-
ity as a potential herbicide (10, 12, 13), pesticide (14, 15), antipa-
rasitic (16, 17), and anticancer compound (18–21). Parthenin
may act through a variety of mechanisms, including directly dam-

aging DNA, inhibiting oxidative phosphorylation, inducing for-
mation of nitric oxide, and promoting apoptotic signaling (18, 19,
22–25). General cytotoxicity of parthenin remains a concern, but
its activity varies greatly among different cell lines, as illustrated by
50% inhibitory concentrations (IC50s) of 0.061 �M and 594 �M
against Jurkat cells and HeLa cells, respectively (26). Less toxic,
synthetic parthenin derivatives show promise when tested across a
number of human cell lines (17, 19, 26). As mentioned above,
parthenin belongs to a class of compounds (SQLs) that also in-
cludes artemisinin. Artemisinin is one of a number of compounds
that save lives by effectively treating the asexual blood stage form
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of Plasmodium. However, medicines that treat not only the asex-
ual stages but also the transmissible forms of the parasite will be
essential in preventing the spread of new cases of malaria, a critical
hurdle that must be overcome if we are to achieve disease eradi-
cation (27).

Fully mature, P. falciparum stage V gametocytes (0.1 to 2% of
the total parasite biomass) are the sexual, transmissible stages of
the parasite (28) and are the only stages that can continue the
parasite life cycle in the mosquito following uptake in a blood
meal. As the gametocytes enter the mosquito, the male and female
gametes emerge from the red blood cells, and the male gametes
undergo three rounds of rapid DNA replication, after which the
male gamete sends forth its DNA in flagellated packets in a process
called exflagellation. After the female macrogamete is fertilized,
the developing zygote elongates into a mature, motile ookinete.
Within approximately 24 h the ookinete has successfully crossed
the midgut peritrophic matrix and traversed a midgut epithelial
cell, transforming into a sessile oocyst just beneath the midgut
basal lamina (29). After 10 to 20 days of development (depending
on Plasmodium species and temperature), these oocysts rupture,
releasing thousands of sporozoites into the hemocoel, which in
turn attach to and invade the salivary glands, where they await
their opportunity to infect a new host during a subsequent blood
meal.

Evidence of parthenin’s potential activity against these stages
comes from studies of the sugar-feeding preferences of Anopheles
gambiae in Kenya. It was observed that this species was preferen-
tially attracted to P. hysterophorus (30) even though mosquitoes
feeding on this plant had shortened life spans (31). The authors
also observed that mosquitoes infected with Plasmodium feed
more frequently on this plant (31, 32), and, most importantly,
they found that when mosquitoes were provided P. hysterophorus
clippings before and after feeding on gametocytemic blood, the
mosquitoes had lower oocyst burdens than mosquitoes that were
not exposed to the plant (33). Based on these initial studies, we
explored the inhibitory properties of parthenin on Plasmodium
oocyst formation as well as on the sequential developmental steps
during gametocyte-to-oocyst transition.

Given parthenin’s poor safety profile, we also extended our
analysis to another SQL to explore whether antimalarial activity is
unique to a subset of SQLs or if it is generally conserved among
related but structurally diverse compounds. Parthenolide is de-
rived from Tanacetum parthenium and exhibits properties similar
to those of parthenin (see Fig. S1 in the supplemental material).
Parthenolide was selected because it has been more thoroughly
evaluated as a potential therapeutic, is safer for nontarget cells,
and shows acceptable pharmacological properties (34). Partheno-
lide’s effects on specific biological pathways are also well doc-
umented and have demonstrated both anticancer and anti-in-
flammatory properties by inducing apoptotic signaling and by
targeting the NF-�B pathway, respectively (34–39). Although
artemisinin, parthenin, and parthenolide are derived from mem-
bers of the same plant family, parthenin and parthenolide do not
contain the endoperoxide bridge essential for artemisinin’s activ-
ity. This endoperoxide bridge is hypothesized to act as a prodrug,
requiring cleavage of the bridge to induce reactive oxygen species
(17, 40). We therefore predicted that comparable activities against
blood and mosquito stages are a result of different modes of action
of the two compounds, which is important, given the observed
parasite resistance to artemisinin-combined therapy. Here, we re-

port on the potent transmission-blocking activity of parthenin
and parthenolide against P. falciparum gametocytes as well as
gametes and ookinetes developing inside the A. gambiae midgut.

MATERIALS AND METHODS
Preparation of parthenin stocks. Parthenin was isolated from whole
plant tissue using methanol extraction and purified by high performance
liquid chromatography (HPLC) (41). The extract was dissolved into ace-
tone and then diluted 1:10 into water to give a stock solution of 5 mg/ml.
The purity of parthenin (98.7%) was reconfirmed by HPLC after it was
dissolved into the acetone-water mixture (see Fig. S2 in the supplemental
material).

Mosquito rearing and standard membrane feeding assay (SMFA). A.
gambiae Keele mosquitoes were maintained at the Johns Hopkins Malaria
Research Institute Insectary. Mosquitoes were kept at 26°C and 70% rel-
ative humidity with 12-h/12-h light-dark cycles and sustained on cotton
soaked in 10% sucrose.

P. falciparum NF54 gametocytes (chloroquine and artemisinin sensi-
tive) were cultured in RPMI 1640 medium containing HEPES and glu-
tamine, supplemented with 10% human serum and hypoxanthine. The P.
falciparum NF54 strain was diluted to 0.5% mixed-stage asexual parasites
and 4% hematocrit in complete culture medium in six-well plates. These
plates were transferred to a 37°C incubator at day 15, and a microaero-
philic environment was created using a desiccator candle jar. The medium
was exchanged daily from day 1 to day 17, and SMFAs were performed on
days 15 to 18 postculture initiation.

Approximately 50 female A. gambiae mosquitoes were distributed into
pint-sized cups and starved of sugar and water for �12 h prior to feeding.
P. falciparum (NF54) day 15 to 18 gametocyte cultures were pelleted and
diluted to 0.25 or 0.1% gametocytemia with human blood at 50% hemat-
ocrit. Blood was washed with RPMI medium and brought to 50% hemat-
ocrit with normal AB serum. Gametocytemic blood was kept at 37°C until
feeding. Parthenin was diluted to appropriate concentrations in a 20-�l
total volume plus 2 �l of 10� phosphate-buffered saline (PBS). Each
parthenin dilution (22-�l total volume) was added to 200 �l of gameto-
cytemic blood. Controls consisted of 22 �l of the water-acetone mixture
into which the parthenin was dissolved. The gametocytemic blood was
placed inside water-jacketed membrane feeders at 37°C, and mosquitoes
were allowed to feed for 60 min. After blood feeding, non-blood-fed mos-
quitoes were removed from each treatment, and the fed mosquitoes were
kept at 26°C and 70% humidity with a 10% sucrose solution to allow for
oocyst development and maturation.

Control and treated midguts were dissected 8 days postfeeding and
stained with 0.2% mercurochrome in water for 20 min. Midguts were
placed on a slide with a drop of PBS, overlaid with a coverslip, and exam-
ined for oocysts using bright-field microscopy at a total magnification
of �200. Due to the expected nonnormal distribution of oocyst counts, a
zero-inflated generalized linear mixed model (GLMM) was used to eval-
uate differences in oocyst intensities between control and treatment
groups.

Ex vivo ookinete immunofluorescence assay (IFA). Mosquito midg-
uts were dissected at 22 h postinfectious blood feed. The blood meal was
separated from the midgut by nicking the bottom of the midgut and using
the surface tension of the PBS to collect the blood meal contents. The
midgut was discarded, and the individual blood meals were homogenized
and fixed in 100 �l of 4% paraformaldehyde. Samples were centrifuged at
3,000 � g, washed with PBS, and blocked with 3% bovine serum albumin
in PBS for at least 30 min. Samples were probed with anti-Pfs25 antibody
(1:1,000) for 1 h at room temperature and protected from light. Blood
meal contents were then washed three times in PBS and probed with an
Alexa Fluor 488-conjugated anti-mouse secondary antibody (Invitrogen,
Carlsbad, CA). Samples were washed three times in PBS, and then 10 �l
was spotted onto a glass microscope slide. After samples were allowed to
dry, a drop of Prolong gold antifade reagent with 4=,6=-diamidino-2-phe-
nylindole (DAPI; Invitrogen) was added before a glass coverslip was ap-
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plied. Slides were imaged at a total magnification of �1,000 using a Nikon
90i digital microscope and Volocity imaging software (PerkinElmer).

Plasmodium berghei ookinete in vitro culture. Donor mice were
infected with a frozen stock of a strain of P. berghei expressing green
fluorescent protein (GFP)-tagged circumsporozoite protein/thrombos-
pondin-related adhesive protein (CTRP) (42), according to approved An-
imal Care and Use Committee (ACUC) protocols (JHU Animal Welfare
Assurance number A3272-01). After 7 to 10 days another set of mice was
injected with 200 �l of 0.63% phenylhydrazine in PBS to induce reticulo-
cytosis. After 3 days, phenylhydrazine-treated mice were infected with
blood from a donor mouse at �15% parasitemia. At 3 days postinfection,
mice were given 15 mg/liter sulfadiazine in their drinking water to reduce
the number of asexual parasites. After 24 h the number of exflagellation
centers was measured for each mouse, and those with parasitized blood
presenting with �15 exflagellation centers/�20 magnification field were
sacrificed, and blood was collected by heart puncture using a heparinized
needle. Blood was placed directly into complete ookinete culture medium
(RPMI medium with HEPES and L-glutamine [Sigma-Aldrich], 20%
heat-inactivated fetal bovine serum [FBS], 0.2% weight per volume
NaHCO3, 0.05% weight per volume hypoxanthine [Sigma-Aldrich], 100
�M xanthurenic acid [XA; Sigma-Aldrich], 50 units/ml penicillin, 50
�g/ml streptomycin [100� penicillin and streptomycin; Invitrogen], pH
8.0), and rocked gently for 48 h at 19°C.

The culture was allowed to progress for 48 h to ensure that all parasites
that had committed to asynchronous ookinete development would have
ample time to complete the process. The zygotes, retorts, and mature
ookinetes were enriched using a MidiMACs QuadroMACS magnet
(Miltenyi Biotec) fitted with LS columns equilibrated with 5 ml of incom-
plete ookinete medium. The blood from the 48-h ookinete culture was
run through the LS column twice. The column was washed three times
with 5 ml of complete ookinete medium. The LS column was then re-
moved from the magnet, and the ookinetes were eluted with 3 ml of
complete ookinete medium. Parasites were spun down at 3,500 � g for 3
min, and extra medium was removed to concentrate the samples as
needed for imaging flow cytometry.

Quantification of ookinetes by imaging flow cytometry. P. berghei
CTRP-GFP ookinetes were prepared in 24-well plates as described above.
Each individual well contained 460 �l of total volume consisting of 400 �l
of complete ookinete medium, 20 �l of gametocytemic blood from a
single mouse, and 40 �l of parthenin dissolved in acetone to give final
concentrations of 100, 50, 25, 12.5, and 6.25 �g/ml of parthenin. A total of
40 �l of the 9:1 water-acetone mixture (used to dissolve the parthenin)
was also added to a row of wells in place of the parthenin as a control for
the effects of the acetone on the cells. Samples were spun down at 3,500 �
g for 3 min to concentrate them to a 50-�l total volume in complete
ookinete medium. After enrichment, approximately 1 to 8% of the cells
were GFP-expressing parasites.

Samples were analyzed on an Amnis ImageStreamX Mark II flow cy-
tometer (EMD Millipore) with high-resolution imaging capabilities. In-
dividual images of each event were recorded. The events were gated based
on bright-field area and GFP intensity. Images were taken at a magnifica-
tion of �60 and run at high speed with a 7-�m core size. To increase the
speed of the analysis and overcome the throughput limitation of the Im-
agestream, only an equivalent portion of each sample was analyzed, and
the total number of ookinetes per sample was estimated based on the
proportion analyzed.

Data analysis was performed using the IDEAS, version 6.0, software. A
total of 1 � 105 to 1 � 106 fluorescence units was selected as the range of
GFP intensities that are indicative of parasite stages postfertilization,
based on a visual confirmation of the corresponding images. The parasites
were also gated based on bright-field area to exclude events too small or
large to be parasites. For experimental counts, each event within the gate
was individually verified as a parasite or another cell type.

Quantification of exflagellation centers. P. falciparum gameto-
cytemic cultures treated immediately with the compound or the acetone-

water control were dropped (4 �l) on a glass slide, overlaid with a cover-
slip, and incubated at room temperature for 16 min. After 16 min,
exflagellation centers were counted across 10 random fields at a total
magnification of �200 on a compound microscope using phase-contrast
microscopy. Counts for each sample were performed in triplicate for con-
trols and at 6.25 to 100 �g/ml parthenin. Statistical significance at each
concentration was determined using repeated-measures analysis of vari-
ance (ANOVA) with a Dunnett’s post hoc test. Stepwise linear regression
(SPSS) was also used to compare the effect of the compound on exflagel-
lation.

Assessment of in vivo functional activity of stage V gametocytes.
Gametocytes were cultured as described previously except that on days 15
and 16, stages IV and V gametocytes were exposed to 1,000 ng/ml, 100
ng/ml, 10 ng/ml, and 1 ng/ml parthenin for 24 h. The control gametocytes
were exposed to the water-acetone mixture over the 24-h time period.
After 24 h (days 16 and 17), the treated and control media were washed
out and replaced with fresh media and returned to the incubator for
another 24 h of exposure to the fresh media. The gametocytes (days 18 and
19) were harvested and used in an SMFA. Midguts were dissected at day 8
post-blood feeding, and oocyst numbers were determined, as described
above, as a proxy measurement of gametocyte viability and infectivity to
mosquitoes.

Giemsa stain. Gametocyte cultures at 2.5% gametocytemia were
smeared onto glass slides, dried, and fixed in methanol for 15 s before
being stained for 10 min in 15% Giemsa stain (Sigma) diluted 1:40 in
Sorensen buffer. Slides were then washed with water, dried, and imaged
using oil immersion at a total magnification of �1,000.

Male microgamete immunofluorescence assay. The cultured day 17
and 18 male gametocytes that were present in the infectious blood meal
that was used for the SMFA were also assessed for functional activity. The
blood meal (4 �l) was deposited on a slide and incubated at room tem-
perature for 16 min. Once exflagellation was observed, the samples were
fixed in 4% paraformaldehyde. After 1 h the samples were centrifuged at
3,000 � g and washed with PBS three times and then blocked with 3%
bovine serum albumin for at least 30 min. Samples were probed with an
anti-�-tubulin antibody(12G10; 1:1,000 in blocking buffer) for 1 h at
room temperature. The samples were washed three times in PBS before
being probed with an Alexa Fluor 594-conjugated anti-mouse secondary
antibody (Invitrogen, Carlsbad, CA). Samples were washed three times in
PBS, and then 10 �l was spotted onto a glass microscope slide. After
samples were dried, a drop of Prolong gold antifade reagent with DAPI
(Invitrogen) was added before slides were covered with a glass coverslip.
Slides were imaged at a total magnification of �630 using a Nikon 90i
digital microscope and Volocity imaging software.

RESULTS
Exposing P. falciparum gametocytes to parthenin in the blood
meal decreases midgut oocyst intensity. The addition of
parthenin to gametocytemic blood at 100, 50, 25, 12.5, and 6.25
�g/ml (382 �M to 24 �M) prior to ingestion by the mosquitoes
was shown to have a significant impact (P value of �0.05) on
oocyst intensity at 100, 50, 25, and 12.5 �g/ml across all three
replicates (Fig. 1A; see also Fig. S3 in the supplemental material)
(P values and statistics for all GLMM analyses can be found in
Table S1 in the supplemental material). At the lowest concentra-
tion of 6.25 �g/ml, the median oocyst counts decreased by 40 to
80% although the infection prevalence remained high at 88 to
91% (Fig. 1B). The water-acetone mixture used in the control
feeds was previously observed to have a negligible impact on the
number of oocysts (data not shown). Inclusion of parthenin in the
blood meal effectively confirmed the transmission-blocking activ-
ity of parthenin. However, since oocyst numbers reflect a proxy
measure for successful midgut invasion by ookinetes, it is possible
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that parthenin may have acted on the parasite at any of the devel-
opmental steps preceding oocyst formation.

Parthenin decreases the numbers of zygotes and ookinetes in
P. falciparum in vivo and P. berghei in vitro. To determine the
precise developmental stage affected by parthenin, we examined
multiple developmental steps preceding oocyst formation. We
initially explored the effect of parthenin on ookinete maturation
by feeding mosquitoes with P. falciparum NF54 gametocytes with
a high concentration of parthenin (500 �g/ml, a concentration at
which oocysts were never observed) and scoring for the presence
or absence of ookinetes in the midgut blood meal bolus by IFA. At
this concentration, ookinete development in the midgut of treated
mosquitoes was completely abrogated (see Fig. S4A to D in the
supplemental material). We considered that this initial observa-
tion might simply be a result of the intrinsic cytotoxicity of
parthenin at this very high concentration. However, we observed
that a 10-fold lower dose (50 �g/ml, 191 �M) resulted in the
complete abrogation of oocyst development, suggesting com-
pound activity beyond any general cytotoxic effect (see Fig. S4E).
Due to the inherent subjectivity associated with obtaining accu-
rate counts of total ookinetes ex vivo, we transitioned to an oo-
kinete in vitro culture model using a P. berghei line that expresses
GFP under the control of the CTRP promoter in fertilized female
macrogametes (42). This approach permitted the precise titration
of parthenin, under controlled culture conditions, and quantifi-
cation of ookinetes by imaging flow cytometry.

The Amnis ImageStreamX Mark II system quantifies and cap-
tures an image of each GFP-positive event (parasite), which rep-

resents fertilized female macrogametes and zygotes (round
forms), elongated retorts, and banana-shaped mature ookinetes.
Despite the reduction in throughput compared to that of more
traditional flow cytometry platforms, the capability of the Amnis
system to match an image with each event (at a magnification of
�600) was significant as this allowed for visual confirmation of
the quantified, intact parasites, as opposed to cellular debris or
aggregates of lysed cells. A red blood cell could be easily distin-
guished from a zygote or an ookinete (Fig. 2A), and even parasites
obscured by other cellular debris were also verified (see Fig. S5 in
the supplemental material).

The manually verified counts of total zygotes and ookinetes
demonstrated that parthenin in the blood meal decreases the total
number of parasites prior to midgut cell invasion and oocyst for-
mation (Fig. 2D to F; see also Fig. S6 in the supplemental mate-
rial), corroborating our initial observations (Fig. 1). It could not
be ascertained definitively whether the observed ookinetes were
viable or functional as the parasites were not sorted, nor was via-
bility directly measured; however, in the context of quantifying
round, intermediate, and mature ookinete forms, we assume this
to be the case, given the normal ookinete morphology (Fig. 2A)
and the observed development of oocysts present in vivo with
matched concentrations of parthenin (Fig. 1).

To increase the likelihood that parthenin targeted only oo-
kinete maturation and not gametogenesis or fertilization, which
occurs within the first 15 to 20 min, we repeated the experiments
described above with one important alteration. Instead of having
the compound present in the culture medium, parthenin was
added 1 h after the addition of gametocytemic blood, well after
gametogenesis activation. This allowed the parasites to undergo
fertilization in the absence of the compound. Despite the change
in the timing of exposure, the results remained unchanged, and
ookinete development was inhibited in a dose-dependent manner
(Fig. 2B and C). We then explored the possibility of additional
effects on parasite development directly preceding zygote forma-
tion and development.

Parthenin inhibits male microgamete exflagellation. Mi-
crogametogenesis and exflagellation occur within 15 min of en-
tering the mosquito midgut and involve three rounds of DNA
replication (1n to 8n) and partitioning of nuclear material to fla-
gella. This phenomenon suggests that exflagellation may be vul-
nerable to the hypothesized effects of parthenin because parthenin
has been shown to damage DNA in quickly replicating cancerous
cell lines (18, 22–24), and artemisinin has been shown to have
similar effects (43). To control for total numbers of male gameto-
cytes present in each sample, we tested the various concentrations
of parthenin against two different gametocyte densities: medium
(0.5%) and high (1%). As suspected, after the induction of game-
togenesis and the addition of parthenin, we observed a decrease in
the number of exflagellation centers as the concentration of
parthenin increased from 6.25 �g/ml to 100 �g/ml (Fig. 3). A P
value of �0.0001 and R of 0.695 were obtained using a stepwise
method for linear regression analyses.

Parthenin inactivates stage V gametocytes. Mature P. falcip-
arum stage V gametocytes that circulate in the peripheral blood
have proven difficult to eliminate by standard antimalarial drugs
that are effective at killing asexual stages (44, 45). Artemisinin is
active against early gametocyte developmental stages but not ma-
ture forms (44, 46, 47). Stage V gametocytes were incubated with
parthenin from 1,000 ng/ml to 1 ng/ml (3.82 �M to 3.82 nM) in

FIG 1 Parthenin treatment of gametocytemic blood concurrent to blood
feeding results in lower oocyst counts. (A) Replicate 2 showing statistically
significant decreases in oocyst counts (denoted by asterisks and deter-
mined using zero-inflated GLMM analysis and a P value of �0.05). P values
were �0.0001 for 100, 50, 25, and 12.5 �g/ml and above the 0.05 cutoff for
6.25 �g/ml. (B) Table summarizing the sample size, median oocyst num-
ber, percent inhibition in median oocyst numbers, and prevalence of infection
for all three replicates (replicates 1 and 3 are shown in Fig. S3 in the supple-
mental material).
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10-fold dilutions for 24 h, after which the parthenin was washed
out, and the parasites were resuspended in untreated culture me-
dium for 24 h prior to inclusion in an SMFA. There was a complete
absence of oocysts at 1,000 ng/ml (P � 0.0001), an 83% reduction
in median oocyst number at 100 ng/ml (P � 0.0001), and a return
to control levels at �10 ng/ml (Fig. 4A and B).

These results suggest that parthenin is taken up by gameto-
cytes, preventing exflagellation at 24 h postexposure, resulting in
the prevention of mosquito infection (oocyst development) 8 days
later (Fig. 4A to C). The treated and control male and female
gametocytes appeared to be morphologically similar after Giemsa
staining (see Fig. S7 in the supplemental material), and we did not

FIG 2 Parthenin treatment inhibits ookinete maturation. (A) Example images from the Amnis ImageStreamX Mark II depicting a red blood cell (top), zygote
(middle), and ookinete (bottom); images like these were used for the manual verification of each GFP-positive event. (B) Graph depicting total numbers of P.
berghei zygotes and ookinetes at different concentrations that were identified by flow cytometry and individually verified. The parthenin was added at 1 h
postaddition of infectious blood to the ookinete medium to ensure that the compound was affecting only ookinete maturation and not fertilization. (C) Table
summarizing total gated events, verified parasites from those events, percentage of gated events that were verified to be parasites, estimated total parasites based
on volume, total ookinetes, and percent conversion, based on the total number of ookinetes divided by the total number of verified parasites. Also listed are total
parasite numbers for each concentration and all three replicates. (D to F) Representative flow cytometry data from replicate 3 shown in Fig. S6 in the
supplemental material depicting results from the control, 50-�g/ml parthenin sample that contained no verified parasites, and 6.25-�g/ml parthenin sample that
contained a large amount of parasites.
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observe cell lysis during this short time period. However, our day
17 and 18 gametocyte cultures routinely result in a male/female
ratio of 1:4; therefore, the Giemsa analysis is limited to assaying for
normal morphologies for mostly female stage V gametocytes. To
investigate the functional viability of the treated male gameto-
cytes, gametocytes were induced and fixed after 16 min and
stained with anti-�-tubulin antibody to visualize microgamete
flagella during exflagellation. We observed that some of the male
gametes treated at 1,000 ng/ml undergo some of the steps prior to
exflagellation but failed to properly release the flagellated DNA
packets (Fig. 4D; see Fig. S8 in the supplemental material). The
normal flagellar structural changes preceding and during exflag-
ellation were based on the published microscopy data from Stra-
schil et al. (48) and were readily observed in the control samples.
Taken together, the data suggest that the gametocytes are not
completely inactivated after treatment with parthenin and that
while initiation of microgametogenesis is evident, there is an ap-
parent failure to complete the exflagellation process.

Parthenolide, similar to parthenin, exhibits inhibitory activ-
ities. Parthenolide also proved effective against stage V gameto-
cytes and may be more effective at the same dosing levels as
parthenin (Fig. 5). We observed the absence of oocyst formation
at 1,000 ng/ml (4 �M), and even at 10 ng/ml (40 nM) we noted a
47% reduction in median oocyst numbers (Fig. 5A and B). The
decrease in oocyst numbers was deemed statistically significant at
1,000 ng/ml (P � 0.0001), 100 ng/ml (P � 0.0001), and 10 ng/ml
(P � 0.0021). Parthenolide also showed a similar effect on microg-
amete exflagellation when microgametes were stained with anti-
�-tubulin antibody (Fig. 5C; see also Fig. S9 in the supplemental
material). Although we did not explore the effects of parthenolide
to the same depth as parthenin on these other stages, the outcomes
parallel those of parthenin at similar concentrations (see Fig. S10).

DISCUSSION

The demonstrated ability of both parthenin and parthenolide to
inhibit the development of Plasmodium, especially the inactiva-
tion of stage V gametocytes, provides a strong argument for fur-
ther investigation of these compounds and their derivatives as
potential transmission-blocking drugs. The parthenolide analog
dimethylamino-parthenolide (DMAPT; LC-1) has shown accept-
able pharmacological characteristics for a potential cancer drug
that targets leukemia stem cells (34, 39). This, along with the rel-
ative safety of artemisinin derivatives, suggests that it may be pos-
sible to make parthenin or parthenolide derivatives that maintain
robust activity against Plasmodium with a better safety profile.
Since parthenolide is also an anti-inflammatory agent and a fever
reducer, this compound could serve a multifold purpose beyond
the reduction of the transmission potential of gametocytes. It is
possible that when partnered with other antimalarials, partheno-
lide can reduce the number of blood stage parasites as well as the
concomitant fever. This study also suggests that it would be a
worthwhile endeavor to mine more broadly all related SQLs for
transmission-blocking activity. The potential of SQLs as antima-
larial drugs is also supported by the discovery of other SQLs with
activity against blood stage parasites (49–51). There appears to be
great potential within the SQLs as a whole for future effective
therapies for treating the symptoms of malaria while also inter-
rupting the transmission of parasites from human to mosquito.

The results from this study offer preliminary insights into af-
fected pathways. The reduction in exflagellation illustrates the
speed at which parthenin acts on the parasite as exflagellation
centers were measured after a 16-min exposure to the compound.
Damage to the DNA or induction of reactive oxygen species dur-
ing this time of intense DNA replication and organelle partition-
ing, among a number of other possibilities, may be responsible for
the observed effects. It is also interesting that the parasites fail to
properly execute exflagellation even if the compound has been
washed out. If parthenin was internalized by the parasite, the
washing step could have failed to remove the compound; or
parthenin could have already compromised the parasite internally
so that it appeared morphologically similar to control parasites
but was not fully functional when ingested by the mosquito. One
possible mechanism of parthenin’s action that loses support in
this assay is that parthenin inhibits oxidative phosphorylation
(25). Male gametes appear to lack mitochondria and have been
shown to rely on glycolysis quite heavily for exflagellation (52, 53).
Though this does not completely exclude this mechanism of ac-
tion, it seems less important for the compound’s effect at this
stage.

A limitation of this study is that some of the assays could eval-
uate only certain stages or sexual subsets of the parasite. For ex-
ample, in measuring the levels of exflagellation, we disregarded
the compound’s effect on female macrogametes. It has been
shown that macrogametes are generally less susceptible to drugs
than their microgamete counterparts, and measuring their re-
sponses to drugs is done with greater difficulty (43). Due to the
fact that a reduction in ookinete and oocyst count represents a
proxy measure of activity of parthenin against fertilized macrog-
ametes, we elected to focus our analysis on the microgamete re-
sponse to the compound. It remains possible that parthenin can
affect both male and female gametogenesis, and we are poised to
examine this process further. We also did not investigate the effect

FIG 3 Parthenin decreases the number of exflagellation center events. Each
bar represents the percent change in mean exflagellation levels compared to
that of the acetone control (normalized to 100% exflagellation). The mean
numbers of exflagellation centers were counted across 30 fields at a total mag-
nification of �200 at 16 to 18 min postinduction; error bars represent the
normalized standard errors of the means. We found that 100- to 12.5-�g/ml
doses were statistically significant at both parasite concentrations (P � 0.05),
using a repeated-measures ANOVA with a Dunnett’s posttest. At 1% gameto-
cytemia, all six concentrations of parthenin were statistically significant, and
for 0.5% gametocytemia, concentrations higher than 12.5 �g/ml were statisti-
cally significant. For all concentrations combined, a P value of �0.0001 and R
value of 0.695 were obtained using a stepwise method for linear regression
analyses.
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of the compound on earlier stages of gametocytogenesis (stages I
to IV). These stages fell outside the scope of the present study on
transmissible stages as stage I to IV gametocytes are often seques-
tered in the bone marrow and are often unaffected by compounds
present in the circulating blood (54). Another common criticism
is that lab-based infections of mosquitoes and subsequent oocyst
burdens are much higher than those normally observed in nature
and therefore are not representative of what would happen under
field conditions. It is true that oocyst counts are generally much

higher in laboratory infections than those observed in the field,
but allowing for abnormally high infections allows a better assess-
ment of the transmission-blocking potential and more stringent
evaluation of the range of prospective compounds. Arguably, a
compound’s ability to completely prevent the development of 300
oocysts will likely translate to comparable efficacy against smaller
parasite numbers. In fact, a previous study showed that as game-
tocytemia decreased toward published field levels (i.e., 1 to 20
oocysts/midgut), the effect of a compound on the prevalence in-

FIG 4 Coincubation of parthenin with stage V gametocytes results in lack of exflagellation or oocysts. (A) Oocyst intensity was reduced by 100% at 1,000 ng/ml
(P � 0.0001) and by 83% at 100 ng/ml (P � 0.0001) but returned to control levels with 10 ng/ml. (B) Table showing the sample size, median oocyst number, and
percent inhibition for oocyst counts from the graph shown in panel A. (C) Normalized changes in mean exflagellation counts with the standard errors of the
means corresponding to the same gametocytemic blood used for the feed in panel A. (D) DAPI and tetramethyl rhodamine isothiocyanate overlay of microg-
ametes at 16 min postactivation. Frame 1, control microgamete not exposed to parthenin undergoing exflagellation; frames 2 to 4, microgametes that were
previously exposed to 1,000 ng/ml parthenin are unable to properly complete exflagellation.
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creased while the effect on the reduction in oocyst intensity re-
mained high (55). These data suggest that the use of high infection
rates in this study is not unreasonable and that these results could
translate into similar results in the field.

In conclusion, both parthenin and parthenolide have demon-
strated activity against stage V gametocytes and multiple mosqui-
to-specific stages of the Plasmodium parasite. Further studies on
the mode of action of parthenin could lead to the discovery of
vulnerable cellular pathways in Plasmodium that are independent
of artemisinin’s proposed mechanism of action. Parthenolide de-
rivatives currently undergoing clinical tests may have the potential
to be developed as antimalarials, and the mining of other SQLs
could reveal additional compounds with potent antimalarial ac-
tivity. This greater breadth of knowledge about the molecular
pathways affected and the general safety to nontarget cells made
parthenolide a reasonable next step to further explore the poten-
tial anti-Plasmodium properties of SQLs. Subsequent studies on
the mode of action of parthenin/parthenolide on mature gameto-
cytes must consider the duration of inactivation following short
exposure to the compound. Gametocytes can persist in peripheral
blood, presumably sequestered in capillary beds, beyond the av-
erage half-life of existing antimalarials. Clearly, gametocyte up-
take of parthenin/parthenolide and the observed delayed activity

in a subsequent stage offer significant advantages for a next-gen-
eration antimalarial. Such valuable characteristics may potentially
meet the target product profile of transmission-blocking drugs in
the age of malaria elimination and eradication.
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