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Plasmodium falciparum has developed resistance to most available treatments, underscoring the need for novel antimalarial
drugs. Fibrates are lipid-modifying agents used to reduce morbidity and mortality associated with cardiovascular disease. They
may have antimalarial activity through modulation of P-glycoprotein and ATP-binding cassette subfamily A member (ABC-1)-
mediated nutrient transport and/or via a putative peroxisome proliferator-activated receptor alpha-like protein. We therefore
examined in vitro antimalarial activities of fibrates and their interactions with chloroquine and dihydroartemisinin in chloro-
quine-sensitive (3D7) and chloroquine-resistant (W2mef) strains of P. falciparum using the conventional isotopic assay micro-
technique. A bioassay was used to assess inhibition activities of human plasma after therapeutic fenofibrate doses. Fenofibric
acid, the main metabolite of fenofibrate, was the most potent of the fibrates tested, with mean 50% inhibitory concentrations of
152 nM and 1,120 nM for chloroquine-sensitive and -resistant strains, respectively. No synergistic interaction between fibrates
and chloroquine or dihydroartemisinin was observed. Plasma fenofibric acid concentrations, quantified by high-performance
liquid chromatography in seven healthy volunteers after treatment (mean, 15.3 mg/liter, or 48 uM), inhibited P. falciparum.
BLAST analysis revealed the likely presence of an ABC-1 transporter homolog in P. falciparum. Our findings demonstrate that
fenofibric acid has activity similar to the activities of conventional antimalarial drugs at concentrations well below those
achieved after therapeutic doses. It may inhibit P. falciparum growth by inhibiting intracellular lipid transport.

he progressive increase in drug-resistant malaria, including

the recent emergence of delayed clearance of Plasmodium fal-
ciparum after treatment with artemisinin derivatives (8, 16, 36),
highlights the need for novel effective antimalarial drugs. One
possible source is compounds which have been approved for other
indications but which are found to have parasiticidal or disease-
modifying effects in malaria infection. Given prior detailed
knowledge of their pharmacokinetic properties, safety, and toler-
ability, it is likely that such compounds can be fast-tracked
through the usual drug development process. Examples that may
prove to be pertinent to the treatment of human malaria are the
glitazone drug rosiglitazone (4) and the 3-hydroxy-3-methyl-glu-
taryl coenzyme A reductase inhibitor atorvastatin (30, 31, 34).

Fibrates such as gemfibrozil and fenofibrate are agonists of
peroxisome proliferator-activated receptor alpha (PPAR«a) that
are in relatively widespread clinical use as potent lipid-modifying
drugs (13). The first study of fibrates in malaria found that clofi-
brate directly inhibited the development of parasitemia in P. ber-
ghei-infected mice (27). Subsequent studies have provided indi-
rect evidence that fibrates might have therapeutic potential in
malaria. One study showed that fenofibrate was the only member
of the fibrate class to inhibit P-glycoprotein-mediated transport
(19). This finding suggests that fenofibrate might also inhibit the
P-glycoprotein homologue 1 (Pghl) in P. falciparum and, thus,
through reduced efflux of chloroquine (CQ) and mefloquine, re-
verse resistance (32). In addition, the beneficial anti-inflamma-
tory properties of fibrates, such as those seen in a study of gemfi-
brozil in murine influenza (5), might attenuate host inflammatory
responses that have been proposed to be part of the pathophysi-
ology of complications of malaria, including coma (9-11). This
mechanism is thought to underlie the disease-modifying effects of
rosiglitazone (4).

In the light of these observations, we have examined the in vitro
activity of gemfibrozil, clofibrate, fenofibrate, and fenofibric acid
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(the main metabolite of fenofibrate, which is also marketed as a
lipid-modifying drug) against CQ-sensitive and CQ-resistant P.
falciparum, alone and in combination with either CQ or dihydro-
artemisinin (DHA).

MATERIALS AND METHODS

P. falciparum isolates and culture. The laboratory-adapted P. falciparum
strains 3D7 (Africa; CQ sensitive), Dd2, and W2mef (Indochina; CQ re-
sistant) were maintained in continuous culture in RPMI 1640-HEPES
supplemented with 10% (vol/vol) human plasma, 92.6 mg/liter L-glu-
tamine, 500 pg/liter gentamicin, 50 mg/liter hypoxanthine, all obtained
from Sigma-Aldrich, St. Louis, MO. Cultures were maintained in a low-
oxygen atmosphere (5% O,, 5% CO,, 90% N,; BOC Gas, Perth, Australia)
with daily changes of culture medium at 5% hematocrit and diluted with
noninfected erythrocytes when parasitemia exceeded 5%. Synchronous
cultures were prepared by sorbitol lysis (26).

In vitro parasite growth inhibition. Stock solutions of chloroquine
diphosphate (Sigma Chemicals, St. Louis, MO), dihydroartemisinin
(Sigma), atorvastatin (Waterstonetech, Carmel, IN), fenofibrate (Sigma),
clofibrate (Sigma), gemfibrozil (Sigma-Aldrich), and fenofibric acid (Ty-
ger Scientific Inc., NJ) were prepared in distilled water (CQ) and dimethyl
sulfoxide (fibrates and atorvastatin). For in vitro susceptibility, serial di-
lutions of each drug were prepared in RPMI 1640 and added in triplicate
to 96-well plates at final concentrations of 6.25 to 1,600 nM (CQ), 0.78 to
51.2 nM (DHA), 0.3 uM to 200 wM (atorvastatin), 6.2 to 800 M (gem-
fibrozil, fenofibrate, clofibrate), and 39 to 5,000 nM (fenofibric acid).
Synchronous parasite suspensions (=90% rings) were adjusted to 0.5%
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TABLE 1 In vitro activity of fibrates against CQ-sensitive (3D7) and CQ-resistant (W2mef) strains of P. falciparum®

3D7 W2mef
Drug ICsq ICyq | (O 1Cyq
Clofibrate 184 (98-345) 441 (264-736) 256 (197-332) 708 (514-976)
Gemfibrozil 311 (245-395) 541 (446-657) 245 (181-332) 511 (445-587)
Fenofibrate 69 (54-88) 228 (171-304) 72 (65-80) 178 (152-210)
Fenofibric acid 152 (109-212) 250 (191-326) 1,120 (916-1,369) 2,436 (1,866-3,179)
Chloroquine 23 (15-34) 48 (23-99) 230 (202-261) 495 (334-732)

@ Data represent at least six experiments performed in triplicate. The 95% confidence intervals of geometric mean ICs, and ICy, values are given in parentheses. Data for clofibrate,
gemfibrozil, and fenofibrate are in micromolar, and data for fenofibric acid and chloroquine are in nanomolar.

parasitemia and a final hematocrit of 1.5% in the drug-parasite mixture
and were incubated for 48 h. Parasite growth was measured by a modifi-
cation of the [*H]hypoxanthine incorporation assay as previously de-
scribed (15, 35). Fifty percent inhibitory concentrations (ICs,s) were de-
termined by nonlinear regression analysis.

Drug interaction studies. A modified fixed-ratio isobologram
method was used to assess drug interactions (20, 35). Inhibition assays
incorporating 1.5% parasitemia and 1.5% hematocrit were first carried
out to determine IC, s for individual fibrates, atorvastatin, CQ, and DHA.
These were used to establish test concentration ranges in the combination
assays. Briefly, a total of 11 solutions containing fixed-ratio mixtures of
fibrates with either atorvastatin, CQ, or DHA were prepared in the follow-
ing ratios: 1:0, 0:1, 1:1, 1:3, 1:30, 1:300, 1:3,000, 3:1, 30:1, 300:1, and
3,000:1. The agent at a ratio of 1 within the pair would have its concen-
tration fixed at 1,600 wM (fibrates), 200 wM (atorvastatin), 1,600 nM
(CQ), and 100 nM (DHA), while the concentration of the other agent is
determined according to the combination’s ratio factor (i.e., for the com-
bination gemfibrozil-DHA at the ratio 1:3, the concentrations of each
component are 533 wM and 100 nM, respectively).

These initial mixtures (200 pl/well) were dispensed into the bottom
row of 96-well plates in duplicate (1:0 and 0:1 mixtures were dispensed in
triplicate) and serially diluted with 100 wl of assay medium six times,
leaving the top row as a drug-free control. Fractional inhibitory concen-
trations (FICs) of each drug in each combination determined from dose-
response curves were used to construct isobolograms from which the sum
of each FIC was calculated (2). The interaction value () is calculated by
fitting the data to the function Y; = 1 — {X/[X, + (1 - X,)1}, where
Y; is the IC,, of drug A combined with drug B and X; is the IC,, of drug B
when combined with drug A (7).

Dosed-plasma bioassay. Due to the possibility that active metabolites
of fenofibrate and other in vivo factors might contribute to enhanced
antimalarial activity such as those observed for atovaquone (6, 18), a
bioassay was performed. Pretreatment heparinized blood samples were
taken from seven consenting healthy adults on no regular medication who
were given fenofibrate at 145 mg as nanoparticles (Lipidil; Abbott Phar-
maceuticals, Sydney, Australia) once daily for six consecutive days. A sec-
ond blood sample was drawn on the last day of dosing at the time of the
predicted maximal plasma concentration (C of fenofibric acid at

max)

steady state (about 6 h after the final fenofibrate dose) (23). Approval for
these procedures was obtained from the South Metropolitan Area Health
Service Human Research Ethics Committee.

All blood samples were promptly centrifuged, and aliquots of sepa-
rated plasma were stored at —20°C. After extraction in hexane-chloro-
form-isopropanol (18:80:2, vol/vol/vol), plasma fenofibric acid concen-
trations in pre- and posttreatment plasma were measured by validated
high-performance liquid chromatographic (HPLC) assay with tandem
mass spectrometric detection and 2-(2,4,5-trichlorophenoxy)-propionic
acid as the internal standard (Laboratoires Fournier SA, Daix, France)
(37). The lower limit of quantitation (LLOQ) was 0.030 pg/ml, and the
between-run accuracy (percent deviation) and precision (coefficient of
variation [CV]) were <4% and <8%, respectively (37).

A modified microdilution isotopic technique (15, 34, 35) was used to
determine the antimalarial activities of pre- and posttreatment plasma
using serial dilution in drug-free RPMI. In triplicate experiments, aliquots
of 100 wl of plasma were added to 90 pl of parasite suspension (1%
parasitemia, 1.5% hematocrit) and 10 wl [*H]hypoxanthine (0.5 wCi) in
96-well plates, and the mixture was incubated, harvested, and counted
(22).

BLAST analysis. To elucidate possible mechanisms underlying the
activity of fenofibric acid against malaria parasites, similarity searches
were conducted between mRNA and protein sequences of human PPAR«
and P. falciparum using the Basic Local Alignment Search Tool (BLAST;
NCBI).

RESULTS

In vitro antimalarial activity. The in vitro inhibitory effects of the
four fibrates and CQ are summarized in Table 1. All fibrates
showed antimalarial activity, with fenofibric acid being the most
potent. With the exception of fenofibric acid, the IC;s of the other
fibrates did not differ between CQ-sensitive and CQ-resistant
strains and were well above those for CQ.

Interactions with conventional antimalarial drugs. The re-
sults of drug interaction analysis are shown in Table 2. There were
no synergistic combinations identified from the drug interaction
studies involving fibrates, CQ, DHA, and atorvastatin. For feno-

TABLE 2 In vitro efficacy of antimalarial drug combinations against P. falciparum clones 3D7, W2mef, and Dd2 assessed by isobolographic analysis?

3D7 W2mef/Dd2
Drug combination 1(95% CI) S FIC (95% CI) Interpretation 1 (95% CI) S FIC (95% CI) Interpretation
Fenofibric acid-chloroquine 0.23 (—0.06 to 0.51) 0.99 (0.95to 1.02) Indifferent —1.07 (—2.08 to —0.07) 1.19 (1.02to 1.36) Antagonistic
Fenofibric acid-dihydroartemisinin - —0.26 (—1.02 to 0.50) 1.11 (0.99 to 1.21) Indifferent —0.48 (—1.31 to 0.36) 1.11 (1.02 to 1.21) Indifferent
Fenofibric acid-atorvastatin —0.33 (—1.92 to 1.26) 1.19 (1.02 to 1.35) Indifferent —0.81 (—1.52to —0.09) 1.08 (0.96 to 1.19) Indifferent
Fenofibrate-chloroquine —0.67 (—1.40 to 0.05) 1.08 (0.98 to 1.12) Indifferent —0.41 (—1.01 to 0.19) 1.01 (0.93 to 1.10) Indifferent
Fenofibrate-dihydroartemisinin 0.36 (—0.83 to 1.55) 1.16 (1.03 to 1.30) Indifferent ND ND ND
Gemfibrozil-chloroquine —1.53 (—2.44to —0.62) 1.12(1.01to 1.23) Antagonistic = —0.55 (—1.80 to 0.73) 1.19 (0.99 to 1.40) Indifferent
Gemfibrozil-dihydroartemisinin —1.34 (—3.34 t0 0.66) 1.20 (0.95 to 1.45) Indifferent —0.25 (—2.10 to 1.61) 1.15 (0.95 to 1.40) Indifferent

“ Data are the interaction factor (I) and the summed fractional inhibitory concentration (2FIC) with 95% confidence intervals (Cls). The assessment of interaction is based on both
I'and SFIC data (see the text). Data for CQ-resistant strains are presented together. ND, not determined.
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FIG 1 Bioassay of plasma before and after fenofibrate treatment against lab-
oratory-adapted clone 3D7. Growth response to plasma dilutions was assessed
in triplicate in two independent experiments. Data points represent pretreat-
ment plasma (triangles) and posttreatment plasma (circles).

fibric acid-CQ, there was no interaction for 3D7 but there was
antagonism for W2mef. In the case of gemfibrozil-CQ, there was
antagonism against 3D7 and an indifferent interaction for
W2mef. The remaining combinations, including the combination
fenofibric acid-atorvastatin, showed indifferent interactions.

Bioassay of fenofibric acid. Fenofibrate is a prodrug that is
hydrolyzed by tissue and plasma esterases to fenofibric acid. No
fenofibric acid was detected by HPLC in pretreatment plasma
from any of the seven healthy volunteers. Fenofibric acid was de-
tectable in all the volunteers in the posttreatment sample with a
mean steady-state concentration of 15.3 mg/liter (48 pM). The
antimalarial activity of fenofibric acid generated in vivo after feno-
fibrate dosing was assessed by bioassay (Fig. 1). Although undi-
luted pretreatment plasma inhibited parasite growth as effectively
as when drug was present, posttreatment plasma inhibited growth
of 3D7 at dilutions between 8- and 64-fold.

BLAST analysis for PPAR-like region and ATP-binding cas-
sette subfamily A member (ABC-1) transporter in P. falcipa-
rum. Nucleic acid alignments between human and Plasmodium
mRNA were generally weak. Comparisons between the human
PPARa protein (NCBI reference sequence no. NP_001001928.1)
and reference proteins for P. falciparum taxid 5833 resulted in
three BLAST hits. Although the alignments were low, two of these
were located at the PPARa DNA binding domain and one was
located at the ligand binding domain. The latter, identified to be
a conserved Plasmodium protein (GenBank accession no.
XP_001350490.2), is of particular interest since it aligns with both
the ligand binding site and the heterodimer interface of human
PPAR« in a similar fashion to protein homologs found in Babesia
bovis and Toxoplasma gondii. The region (positions 959 to 1030)
of the Plasmodium protein identified as Plasmodium 1 showed
similarity with hypothetical proteins in other Plasmodium species,
including P. knowlesi, P. vivax, P. yoelii, P. chabaudi, and P. ber-
ghei.

Proteins within ABC-1 mediate cholesterol and lipid transport
and are within the same superfamily of ATP-binding cassette
(ABC) transporters as the multidrug-resistant P-glycoprotein.
Nucleic acid alignments between human and Plasmodium mRNA
produced 103 BLAST hits of short sequences (up to 50 bp). Sim-
ilarity searches between reference protein sequences of human
ABC-1 and P. falciparum revealed the presence of a parasite ho-
molog of this lipid efflux pump. There were 49 protein alignment
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hits, and 13 of the P. falciparum nucleotide sequences spanned
across two regions (positions 900 to 1116 and 1927 to 2110) with
a coverage of up to 19% (E < 0.006) of the human ABC-1 query
sequence. Two significant alignments were found in the P. falcip-
arum ABC transporter protein (GenBank accession no.
XP_001350233.1) and P. falciparum multidrug resistance protein
2 (GenBank accession no. XP_001348629.1) with E values of 8 to
16 and 1 to 12, respectively.

DISCUSSION

The present study demonstrates that gemfibrozil, fenofibrate, and
clofibrate have weak activity relative to conventional antimalarial
drugs in vitro. Nonetheless, their ICs,s are similar to those of an-
tibiotics that are used for malaria prophylaxis and adjunctive ther-
apy (29). This level of activity may have accounted for the lower
infection rate in the clofibrate-treated group of animals observed
previously (27), although inflammation-modulating effects simi-
lar to those of gemfibrozil (5) may have also contributed. Feno-
fibric acid, the major metabolite of fenofibrate in vivo (25), had the
greatest activity of all the fibrate compounds that we tested, with
activity at the nM medium concentrations seen with conventional
antimalarial agents. As might have been predicted from this ob-
servation and consistent with the hypothesis that in vivo metabo-
lism of therapeutic doses of fenofibrate generates fenofibric acid
with useful antimalarial activity, the bioassay experiments showed
that therapeutic plasma fenofibric acid concentrations inhibited
CQ-sensitive and CQ-resistant strains of cultured P. falciparum.
For a drug to be clinically useful, the plasma concentration
achievable in vivo should be at least an order of magnitude higher
than the in vitro inhibitory concentration. The steady-state C,,,,,
of fenofibric acid was 15.3 mg/liter (48 M) in the present study,
consistent with a mean steady-state C,,,, of 23 mg/liter (72 uM)
following 5 days of treatment with a micronized capsule formula-
tion of 200 mg fenofibrate in six healthy volunteers (14). Given
that the present ICs,s were 0.15 wM and 1.12 uM for CQ-sensitive
and CQ-resistant P. falciparum strains, respectively, the present
data suggest that steady-state in vivo concentrations were between
40 and 320 times these IC5,s. When the respective IC,, values were
used, these ratios were still =20. Using published mean values for
fenofibric acid pharmacokinetic parameters, including an elimi-
nation half-life of 20 h (23, 37), and utilizing a simple one-com-
partment model, we estimate that the mean in vivo concentrations
would be >20 times the IC5, and >10 times the IC,, values 4 to 6
h after the first dose. Use of fenofibric acid may further enhance
bioavailability (37) and thus potential in vivo antimalarial efficacy.
A second consideration for clinical application is toxicity.
Fenofibrate is generally well tolerated, with the most frequent
acute adverse effects being mild gastrointestinal symptoms (nau-
sea, vomiting, diarrhea, and abdominal pain) and dermatological
complaints (rash, pruritus, and photosensitivity), while elevated
hepatic transaminase concentrations can occasionally be observed
(23). An increase in serum creatinine is reversible and not a
marker of renal toxicity (12). Thromboembolic disease and pan-
creatitis have been reported with long-term use (24), but their
potential significance in patients treated with short courses for
malaria is uncertain. Because of evidence of embryofetal toxicity
in animal studies, fenofibrate is not recommended in pregnancy.
Under current recommendations regarding artemisinin com-
bination therapies, fenofibric acid could be partnered with a com-
pound such as DHA as, from the present study, their interactions
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are not antagonistic. Unless sustained-release formulations are
developed, the half-life of fenofibric acid suggests that fenofibrate
(or fenofibric acid itself) would need to be administered daily for
7 days in combination with an initial 3-day artemisinin regimen to
ensure therapeutic concentrations over at least three P. falciparum
asexual life cycles. Although 7-day treatment regimens have pre-
viously been used for uncomplicated malaria (e.g., quinine-tetra-
cycline), this has implications for compliance. Its usefulness as a
prophylactic drug is yet to be elucidated. Although the initial use
of fenofibrate may be limited to developed countries due to cost of
treatment, wider future deployment as an antimalarial could be
possible as economies develop and costs of established medica-
tions fall.

Although its mode of action remains to be elucidated, feno-
fibric acid may act by interfering with Pgh1 (19) and ABC-1-me-
diated transport and/or via a putative PPARa-like protein. BLAST
analysis revealed partial similarities between a conserved Plasmo-
dium protein sequence and that of the PPARa ligand binding
domain in humans. Despite the low alignment scores, there may
be sufficient similarities at key amino acid positions for the tertiary
protein conformation to interact with fenofibric acid, resulting in
subsequent metabolic interference. In human and murine cells,
fenofibric acid interferes with the expression of ABC-1 (1, 21),
thus altering lipid accumulation. Fenofibric acid effects on the
Plasmodium ABC-1 homolog may disturb the development of P.
falciparum by similar mechanisms, depriving the growing parasite
of lipid components of membranes and other cellular structures.

There was a mildly antagonistic interaction between fenofibric
acid and CQ in the W2mef strain in the present experiments. If
fibrates act through inhibition of Pgh1, as might be predicted (19),
asynergistic interaction with reversal of CQ resistance would have
occurred. Fenofibric acid and clofibrate appeared to be less active
against W2mef than 3D7, suggesting that they, like CQ, are exert-
ing their effect within the food vacuole and are at risk of drug
efflux mechanisms in CQ-resistant parasites. Indeed, the present
BLAST analysis suggests that it may inhibit P. falciparum growth
by inhibiting intracellular lipid transport. The present observa-
tions must, however, be viewed as preliminary.

An inhibitory effect against P. falciparum was observed in pre-
treatment human plasma. Plasma from untreated healthy individ-
uals can interfere with parasite survival via complement-mediated
cell lysis. Non-heat-treated serum has been shown to reduce par-
asite growth as much as 25% compared to heat-treated control
sera (33). Therefore, heat inactivation of pooled human plasma is
required to reduce this growth-inhibitory activity prior to supple-
mentation in culture medium. Plasma fenofibric acid is stable for
up to 8 h at room temperature (17). Its stability in plasma at 50°C
is, however, unknown. Therefore, to minimize the risk of drug
degradation, plasma samples in the bioassays were not heat
treated. This may explain the apparent dose-response of pretreat-
ment plasma against the parasite. Alternative non-heat treatment
of bioassay plasma, such as with Affingel protein A, may reduce
inhibition of parasite growth by removal of human immunoglob-
ulin G (33). Toward the other end of the curve, a 1-in-64 dilution
was the last to show inhibitory activity against 3D7. The equivalent
medium fenofibric acid concentration (0.8 wmol/liter at this di-
lution) was also the last above the 3D7 ICy,, (median, 0.25 pmol/
liter) in the initial in vitro experiments with added fenofibric acid
rather than plasma from treated volunteers.

The present study has revealed fenofibric acid, the principal
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metabolite of fenofibrate, to be the most active lipid-modifying
agent against P. falciparum in vitro, including statin drugs such as
atorvastatin (30, 31, 34). The favorable pharmacokinetic proper-
ties of fenofibrate as well as its known safety and tolerability (3, 28)
suggest that it might have future clinical application. Its use may
be restricted to combination with other established drugs such as
artemisinin derivatives. Indeed, there was no evidence of an unfa-
vorable interaction in our isobolographic analyses. Further in vitro
and animal studies are warranted.
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