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In Vitro and In Vivo Antimalarial Efficacies of Optimized Tetracyclines

Michael P. Draper,a Beena Bhatia,a* Haregewein Assefa,a* Laura Honeyman,a* Lynne K. Garrity-Ryan,a Atul K. Verma,a* Jiri Gut,b

Kelley Larson,a* Janice Donatelli,a Ann Macone,a Kevin Klausner,a Raina G. Leahy,a Aleksandrs Odinecs,a* Kwasi Ohemeng,a*
Philip J. Rosenthal,b Mark L. Nelsona*

Paratek Pharmaceuticals, Inc., Boston, Massachusetts, USAa; University of California, San Francisco, Division of Infectious Diseases, San Francisco, California, USAb

With increasing resistance to existing antimalarials, there is an urgent need to discover new drugs at affordable prices for coun-
tries in which malaria is endemic. One approach to the development of new antimalarial drugs is to improve upon existing anti-
malarial agents, such as the tetracyclines. Tetracyclines exhibit potent, albeit relatively slow, action against malaria parasites,
and doxycycline is used for both treatment (with other agents) and prevention of malaria. We synthesized 18 novel 7-position
modified tetracycline derivatives and screened them for activity against cultured malaria parasites. Compounds with potent in
vitro activity and other favorable drug properties were further tested in a rodent malaria model. Ten compounds inhibited the
development of cultured Plasmodium falciparum with a 50% inhibitory concentration (IC50) after 96 h of incubation of <30
nM, demonstrating activity markedly superior to that of doxycycline (IC50 at 96 h of 320 nM). Most compounds showed little
mammalian cell cytotoxicity and no evidence of in vitro phototoxicity. In a murine Plasmodium berghei model, 13 compounds
demonstrated improved activity relative to that of doxycycline. In summary, 7-position modified tetracyclines offer improved
activity against malaria parasites compared to doxycycline. Optimized compounds may allow lower doses for treatment and che-
moprophylaxis. If safety margins are adequate, dosing in children, the group at greatest risk for malaria in countries in which it
is endemic, may be feasible.

Malaria causes hundreds of millions of illnesses and hundreds
of thousands of deaths each year (1, 2). The vast majority of

cases of malaria occur in developing countries, in particular many
parts of Africa, Asia, Oceania, and South America. A major prob-
lem in the treatment and control of malaria, in particular that
caused by Plasmodium falciparum, the most virulent human ma-
laria parasite, is increasing resistance to available low-cost drugs
(3). Resistance to older drugs, in particular chloroquine and sul-
fadoxine-pyrimethamine, is now widespread, such that these
drugs are no longer appropriate for either the treatment or pre-
vention of falciparum malaria. The new standard of care for the
treatment of malaria is artemisinin-based combination therapy
(4). A number of these regimens are highly efficacious, but their
long-term utility is challenged by early signs of decreasing arte-
misinin efficacy in southeast Asia (5, 6). For prevention, there is
renewed interest in the intermittent or regular use of drugs to
protect against malaria in populations in which it is endemic (7),
but the most commonly used antifolates are limited by drug resis-
tance, optimal regimens are uncertain, and standard drugs used to
prevent malaria in nonimmune travelers are probably not appro-
priate due to excessive cost (atovaquone-proguanil), poor tolera-
bility (mefloquine), or unacceptability in young children (doxy-
cycline).

Tetracyclines are active against a wide range of infectious
pathogens. In limited studies, tetracycline and some tetracycline
analogs were active against cultured malaria parasites (8, 9) and in
murine malaria models (10). Despite limited experimental data,
tetracycline and doxycycline (Fig. 1) were used for the treatment
of malaria early after their introduction as antibacterial agents (11,
12), and they have become a component of some standard anti-
malarial regimens (13). In the United States, a standard therapy
for falciparum malaria is quinine or intravenous quinidine plus
doxycycline (14). Doxycycline is also recommended by the Cen-
ters for Disease Control and Prevention for chemoprophylaxis
against malaria for travelers to regions where malaria is endemic,

especially to areas where high levels of resistance to other agents
are found (13).

A number of features suggest that novel tetracyclines are well
suited for inclusion in new combination regimens for the treat-
ment of malaria. First, tetracyclines already have a proven record
of safety and efficacy when used to treat bacterial infections and
malaria. Second, there is currently no known clinical resistance to
tetracyclines in P. falciparum or other malarial species. Third, in
studies designed to select for resistance to minocycline in mice,
resistance development was much slower than that to the antima-
larials chloroquine, quinine, and pyrimethamine, suggesting that
an improved tetracycline for malaria would have a long therapeu-
tic lifetime (10). Finally, studies which examined the pharmaco-
dynamic interaction of tetracyclines with artemisinin demon-
strated synergism between these drugs (15). A key limitation of
available tetracyclines for malaria is that they are typically contra-
indicated in children and pregnant women, the two groups at
greatest risk of malaria in the developing world. However, recent
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studies have shown tetracyclines to be relatively safe in children,
with dental, gastrointestinal, and dermatologic toxicity that can be
limited by appropriate usage and dosing (16–19). Indeed, the
American and Canadian Academies of Pediatrics now recom-
mend doxycycline as first-line therapy for suspected or proven
human granulocytic anaplasmosis, human monocytic ehrlichio-
sis, and Rocky Mountain spotted fever. These findings suggest that
a new, more potent antimalarial tetracycline could be used safely
at low doses in children. To begin to assess the antimalarial poten-
tial of new tetracyclines, we assessed the in vitro and in vivo activity
of novel tetracycline derivatives. Here, we identify new antimalar-
ial tetracyclines developed through the application of semisyn-
thetic reactions to a sancycline core (Fig. 1) that improve upon the
in vitro and, in select cases, in vivo antimalarial potency of stan-
dard tetracyclines.

MATERIALS AND METHODS
Natural and new synthetic tetracyclines. Chemistries for the synthesis of
novel tetracyclines have been previously described (20). Reagents and
catalysts were used without further purification. Reactions were moni-
tored by high-performance liquid chromatography (HPLC) with UV at
280 nm, using C18 reverse-phase 4-�m (50 by 4.5 mm) analytical col-
umns. Compounds were purified by preparative HPLC separations. 1H
nuclear magnetic resonance (NMR) spectra were recorded at 300 or 400
MHz, and the chemical shift values are expressed in � values. Low (elec-
tron spray ionization)- and high (fast atom bombardment [FAB])-reso-
lution spectra were recorded, while high-resolution electron impact mass
spectra were via FAB analysis.

In vitro antimalarial activity assay. In vitro activity assays were per-
formed using the W2 (chloroquine-resistant) strain (21) of P. falciparum
and a fluorescence-activated cell sorter (FACS)-based analysis of para-
sitemia (22). This assay, developed with modifications of published meth-

ods (23), uses FACS and nuclear staining of parasites to automate parasite
counting after incubation with test compounds. Based on the known de-
layed activity of tetracycline against P. falciparum (24), incubations with
test compounds were continued for two full parasite life cycles. Parasites
cultured by standard methods were incubated with control compounds
and experimental tetracyclines for 96 h, beginning at the ring stage. Par-
asites were then fixed with 1% formaldehyde in phosphate-buffered saline
(PBS), pH 7.4, for 48 h at room temperature and then labeled with
YOYO-1 (1 nM; Molecular Probes) in 0.1% Triton X-100 in PBS. Para-
sitemias were determined from dot plots (forward scatter versus fluores-
cence) acquired on a FACSort flow cytometer using CellQuest software
(Becton, Dickinson). For 50% inhibitory concentration (IC50) determi-
nations, dose-response studies were performed, values were normalized
to percent control activity, and IC50s were calculated using Prism 3.0
(GraphPad Software) with data fitted by nonlinear regression. Goodness
of curve fit was documented by R2 values of �0.95.

Mammalian cell cytotoxicity assay. Nonspecific mammalian cell tox-
icity of the test compounds was examined using a standard nontoxic re-
dox dye (resazurin; alamarBlue reagent) (25). At the onset of an experi-
ment, cultures of mammalian COS-1 cells were washed, trypsinized, and
harvested. Cell suspensions were prepared, seeded into 96-well black-
walled microtiter plates, and incubated overnight at 37°C with 5% CO2

and approximately 95% humidity. The next day, serial dilutions of test
compounds were added, and these were incubated for 24 h. Medium was
removed, 50 �l of resazurin was added, and plates were incubated for 2 h
in light and then 30 min in the dark at room temperature. Fluorescence
was then measured (excitation, 535 nm; emission, 590 nm) and toxic
effects in treated versus control cells were compared based on the degree
of fluorescence in each well.

Phototoxicity assay. Phototoxicity was measured using a modifica-
tion of a previously reported protocol (26). Briefly, mouse NIH 3T3 fi-
broblasts were harvested and plated at 1 � 105 cells/ml. Plates were incu-
bated overnight at 37°C with 5% CO2 and approximately 95% humidity.
On the following day, medium was replaced with Hanks’ balanced salt
solution (HBSS). Drugs were diluted in HBSS and added to the plates.
Plates were then incubated in darkness (for controls) or under UV light
(1.6 to 1.8 mW/cm2) for 50 min. Cells then were washed with HBSS, fresh
medium was added, and plates were incubated overnight as described
above. On the following day, neutral red was added as an indicator of cell
viability, plates were incubated for an additional 3 h, and then cells were
washed with HBSS, blotted on absorbent paper, and incubated with 50%
ethanol, 10% glacial acetic acid for 20 min. Absorbance was read at 535
nm using a Victor 5 spectrophotometer.

In vitro antibacterial susceptibility testing. MICs of tetracyclines
were determined according to Clinical and Laboratory Standards Institute
(CLSI) methodology. Serial dilutions of compounds were prepared in
microdilution plates using a Tecan robotic workstation. Mueller-Hinton
broth cultures of Gram-negative (Escherichia coli strain ML308-225) and
Gram-positive (Staphylococcus aureus strain RN450) bacterial strains
were adjusted to match the turbidity of a 0.5 McFarland standard. Dilu-
tions (1:200) were made in appropriate broth. Plates were incubated at
35°C in ambient air for 18 to 24 h, read spectrophotometrically, and
checked manually for evidence of bacterial growth. The lowest dilution of
compound that inhibited growth was recorded as the MIC.

Evaluation of antimalarial efficacy in an early-stage P. berghei
model of murine malaria. Female Swiss Webster mice (average of 20 g
body weight) were infected by intraperitoneal injection with 1 � 106 Plas-
modium berghei (NK65)-infected erythrocytes collected from a previously
infected animal. For screening experiments, animals were treated with
once-daily intraperitoneal injection at a single concentration of test com-
pounds beginning 12 h after initial infection for a total of 4 days. All
compounds were dissolved in PBS and administered in a total volume of
100 �l. Giemsa-stained blood smears were made from tail vein bleeds, and
parasitemias were counted using a microscope. All counts within a single
experiment were performed by the same investigator. When parasitemias

FIG 1 Structures of tetracyclines.
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exceeded 50%, animals were euthanized. No mice developed signs or
symptoms suggestive of drug toxicity.

In animal survival experiments, mice were treated twice daily by oral
gavage with various concentrations of test compound beginning 12 h after
initial infection, for a total of 4 days. All compounds were dissolved in PBS
and administered in a total volume of 100 �l. Animal survival and mor-
bidity was monitored for 15 days postinfection. On days animals were
found moribund, they were sacrificed and recorded as dead. Survival was
evaluated by calculating the 50% protective dose (PD50) on two early
endpoints, days 10 and 15 postinfection. The PD50 is defined as the daily
dose required to achieve 50% survival and is estimated by the formula y �
1/{1 � 10[log(k) � log(x)] � 4.2}, where k � 0.5, by nonlinear regression
analysis with Prism 3.0 software. All animal protocols were critically re-
viewed and approved by the University of California, San Francisco, In-
stitutional Animal Care and Use Committee.

Pharmacokinetic analysis. MAL5166 and doxycycline were formu-
lated in sterile water for intravenous (i.v.) and oral (p.o.) dosing. Mice
were given a single i.v. or p.o. dose of 10 mg/kg MAL5166 or doxycycline,
and plasma was drawn at 0.0833, 0.166, 0.25, 0.5, 1, 2, 4, 8, and 16 h after
dosing. Cynomolgus monkeys were given a single i.v. or p.o. dose of 5
mg/kg of MAL5166 or doxycycline, and plasma was drawn at 0, 0.083,
0.25, 0.5, 1, 3, 5, 7, 16, 24, and 48 h after dosing. Compounds were ex-
tracted from the plasma matrix with acetonitrile– 0.1% formic acid. The
extract was taken to dryness and reconstituted in methanol-water (1:1).
Samples were analyzed on an API 3000 liquid chromatography-tandem
mass spectrometer (LC-MS/MS) (Applied Biosystems) in positive ion
mode using minocycline as the internal standard. All quantitative values
were calculated using Analyst 1.2 software (Applied Biosystems). Statisti-
cal analyses were employed to generate means, standard deviations, coef-
ficients of variation, and regression parameters where applicable. All

pharmacokinetic parameters were calculated using WinNonlin 4.0.1 uti-
lizing a noncompartmental approach.

RESULTS
In vitro antimalarial activity of new synthetic tetracyclines. We
evaluated a set of novel 7-substituted sancycline derivatives and

TABLE 1 Antimalarial activity and cytotoxicity of selected new
tetracyclinesa

Compound (n)

IC50 for:

Malaria (nM) Cytotoxicity (�M)

Tetracycline (2) 330 �100
Doxycycline (29) 321 (78) �50
Minocycline (34) 102 (49) �100
MAL0919 (1) 22 �100
MAL1570 (4) 53 (8) �10
MAL5001 (1) 28 �50
MAL5002 (4) 18 (4) �50
MAL5003 (2) 34 �10
MAL5004 (1) 46 �100
MAL5008 (1) 25 �100
MAL5011 (1) 44 �100
MAL5012 (1) 37 �100
MAL5021 (3) 19 (7) �50
MAL5022 (1) 21 �100
MAL5028 (1) 27 �100
MAL5061 (1) 47 �10
MAL5064 (2) 43 �10
MAL5086 (1) 26 �10
MAL5113 (3) 37 (26) �10
MAL5155 (4) 52 (12) �100
MAL5166 (11) 21 (7) �50
a Compound names beginning with MAL are novel compounds. Results, selected from
among all active compounds, are means from comparisons of control and treated P.
falciparum cultures, assessed by FACS analysis after a 96-h incubation. Values were
normalized to percent control activity, and IC50s were calculated by nonlinear
regression. n is the number of times antimalarial activity was assayed. Where n is greater
than 1, the values shown are means. Where n is greater than 3, the values shown are
means (standard deviations). For cytotoxicity, the IC50 indicates the concentration, up
to limits of solubility, that killed 50% of COS-1 cells.

TABLE 2 Phototoxic potential of new antimalarial tetracyclinesa

Compound

IC50 (�M)

Dark cytotoxicity UV cytotoxicity

Doxycycline �100 16
Minocycline �100 �100
COL-3 �100 0.8
MAL0919 �100 �100
MAL1570 �100 �100
MAL5001 �100 �100
MAL5002 �100 32
MAL5003 �100 �100
MAL5004 �100 �100
MAL5008 �100 �100
MAL5011 �100 �100
MAL5012 �100 �100
MAL5021 �100 �100
MAL5022 �100 �100
MAL5028 �100 �100
MAL5061 �100 �100
MAL5064 �100 30.45
MAL5086 �100 5.6
MAL5113 �100 6.47
MAL5155 �100 �100
MAL5166 �100 25
a Phototoxicity (UV cytotoxicity) was assessed by exposing NIH 3T3 cells in the
presence of the test compound to a UV light source at �1.7 mW/cm2 for 50 min and
assessing cell survival 24 h later relative to a control plate that was kept in the dark (dark
cytotoxicity). The highly phototoxic tetracycline derivative COL-3 as well as
doxycycline and minocycline were tested as controls.

TABLE 3 Separation of antimalarial and antibacterial activitya

Compound

MIC (�M [�g/ml])

Gram positive Gram negative

Doxycycline 	0.1 (0.06) 0.5 (0.25)
Minocycline 	0.1 (0.06) 1.0 (0.5)
MAL0919 	0.1 (0.06) 0.8 (0.5)
MAL1570 	0.1 (0.06) 0.5 (0.25)
MAL5001 	0.1 (0.06) 0.4 (0.25)
MAL5002 	0.1 (0.06) 0.8 (0.5)
MAL5003 	0.1 (0.06) 3.3 (2)
MAL5004 	0.1 (0.06) 1.6 (1)
MAL5008 	0.1 (0.06) 0.8 (0.5)
MAL5011 	0.1 (0.06) 0.8 (0.5)
MAL5012 	0.1 (0.06) 0.4 (0.25)
MAL5021 	0.1 (0.06) 0.4 (0.25)
MAL5022 	0.1 (0.06) 0.2 (0.13)
MAL5028 	0.1 (0.06) 0.2 (0.13)
MAL5061 	0.1 (0.06) 1.6 (1)
MAL5064 	0.1 (0.06) 1.7 (1)
MAL5086 	0.1 (0.06) 0.8 (0.5)
MAL5113 	0.1 (0.06) 1.6 (1)
MAL5155 0.5 (0.25) 7.4 (4)
MAL5166 	0.1 (0.06) 	0.1 (0.06)
a Antibacterial MICs were determined using CLSI methodology for antibacterial
susceptibility testing. Gram-positive activity is reported for S. aureus strain RN450.
Gram-negative activity is reported for E. coli strain ML308-225.
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three clinically used tetracyclines for in vitro activity against cul-
tured P. falciparum parasites. Activities were compared after a
96-h incubation due to the known slow antimalarial activity of
tetracyclines (24). Minocycline was the most active established
tetracycline against malaria parasites. Tetracycline and doxycy-
cline also demonstrated nanomolar antimalarial activities. Nu-
merous experimental tetracyclines were much more active than
minocycline, doxycycline, and tetracycline against cultured para-
sites (Table 1). Cytotoxicity against COS-1 cells was not seen up to
the medium- to high-micromolar-concentration limits of solubil-
ity for the test compounds (Table 1), indicating an excellent ther-
apeutic index for the compounds with nanomolar antiparasitic
activity.

Phototoxicity of new synthetic tetracyclines. An additional
factor to monitor with the development of new tetracyclines is
phototoxicity, a known concern for certain members of the tetra-
cycline class. Studies of a select group of compounds demon-
strated that they were similar in toxicity and phototoxicity to mi-
nocycline, which is generally considered nonphototoxic (Table 2).

Antibacterial activity of new synthetic tetracyclines. We ex-
plored the possibility of creating new tetracyclines with antima-
larial, but not antibacterial, activity. Most 7-substituted sancycline
compounds maintained both Gram-positive and Gram-negative
antibacterial activity (Table 3). In one instance, with compound

MAL5155, antibacterial activity was decreased relative to the other
compounds, despite potent antimalarial activity.

In vivo antimalarial activity of new synthetic tetracyclines.
New tetracyclines were tested in a mouse model of P. berghei ma-
laria. Doxycycline offered potent antimalarial activity when dosed
intraperitoneally at 50 mg/kg once daily, but activity was subop-
timal at 10 mg/kg (Table 4). More than 100 compounds were
screened for in vivo activity, and several showed improved activity
relative to doxycycline (Table 4). These data suggest that new
compounds with better potency could be used at doses substan-
tially lower than those used for the currently available tetracy-
clines.

Selected compounds were also studied for activity when ad-
ministered orally to mice. Despite the improved efficacy that
many compounds displayed with intraperitoneal administration,
most compounds from the series were not substantially better
than doxycycline when given orally. Only MAL5166 (Fig. 2) dem-

TABLE 4 In vivo antimalarial activity of selected new tetracyclines after
intraperitoneal administrationa

Compound IC50
c (nM)

Dose
(mg/kg)

Avg parasitemia score on dayb:

7 8 10

PBS (control) 3 4 4*
Doxycycline 321 10 1.4 1.6 4

50 0 0 (day 9) 0.6 (day 11)
Minocycline 102 20 0.2 1 1.6 (day 9)
MAL0919 22 10 0 0.2 1.2
MAL1570 53 10 0.4 0.8 4
MAL5001 28 10 0 0 0
MAL5002 18 10 0 0 0.2
MAL5003 34 10 0.6 1.4 4
MAL5004 46 10 0.2 0.2 1.6
MAL5008 25 10 0 0 0
MAL5011 44 10 0 0 0.4
MAL5012 37 10 0.2 1.6 4
MAL5021 19 10 0 0 0
MAL5022 21 10 0 0 0
MAL5028 27 10 0 0 0.2
MAL5061 47 10 0.4 0.6 4
MAL5064 43 10 0.6 0.8 4
MAL5086 26 10 0 0 0.6
MAL5113 22 10 0 0 0.2
MAL5155 52 50 0 0 0 (day 9)
MAL5166 21 20 0 0 0 (day 9)
a Selected tetracyclines were tested in a P. berghei-based model of rodent malaria.
Compounds were given by intraperitoneal administration once a day for 4 days at 10
mg/kg.
b Percent parasitemia was scored on days 7, 8, and 10. Score 0, no parasites detected; 1,
less than 1% parasitemia; 2, between 1 and 10% parasitemia; 3, greater than 10%; and 4,
�50% parasitemia, at which point the animal was euthanized. Data are presented as the
average score on a particular day for 5 animals. In some instances, parasitemia was
evaluated on day 9 or 11 instead of day 10. The asterisk indicates that all control
animals were euthanized on day 8.
c IC50 data are in vitro activity against P. falciparum as shown in Table 1.

FIG 2 Structure of antimalarial tetracycline active with oral dosing.

FIG 3 Oral activity of MAL5166 in vivo. Doxycycline (DOX) and MAL5166
(5166) were tested in an early-stage P. berghei model of murine malaria. Com-
pounds were given at the indicated dose by oral administration for 4 days after
infection (n � 5/group). Animals were sacrificed at 15 days after infection;
thus, data on long-term survival are not available. (A) Survival curves are
presented as percent survival/group. The arrow denotes the end of treatment.
(B) The PD50 (50% protective dose) on days 10 and 15 postinfection (pi) were
calculated as an early endpoint evaluation of efficacy. CI, confidence interval.
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onstrated improved activity compared to that of doxycycline with
oral dosing (Fig. 3A). At 15 days postinfection, the PD50 of
MAL5166 was 46 mg/kg/day and the PD50 for doxycycline was
�100 mg/kg/day (Fig. 3B). Pharmacokinetic studies of MAL5166
in mice revealed very modest oral uptake (Table 5), explaining the
discrepancy between intraperitoneal and oral efficacy of this com-
pound. However, studies in cynomolgus monkeys revealed more
substantial oral bioavailability, but it was still less than that of
doxycycline (Table 6).

DISCUSSION

The efficacy of tetracyclines for treatment and prophylaxis of ma-
laria is proven, and in practice doxycycline is an important com-
ponent of our antimalarial armamentarium. However, use of
doxycycline and other tetracyclines for malaria is limited by con-
cerns regarding toxicity in children. Our current results, demon-
strating marked improvement in the antimalarial potency of
7-substituted sancyclines compared to doxycycline, suggest that
improved antimalarials can be obtained from this new class of
tetracyclines. Ideal new antimalarial drugs will be safe, orally bio-
available, efficacious with once-daily dosing, inexpensive, and
readily partnered with other drugs. Our data suggest that a new,
more potent 7-substituted sancycline will allow much lower dos-
ing than that for prior antimalarial tetracyclines, and as a result it
may be safe in children.

A number of antibiotics, including clindamycin, macrolides,
chloramphenicol, and tetracyclines, are slow-acting antimalarial
agents. The antimalarial effects of antibiotics are unusual in that
activity is much greater when assessed in the parasite life cycle after
that initially exposed to the drug. This “delayed death” phenom-
enon appears to be the result of specific effects on protein synthe-
sis in the apicoplast, a prokaryote-like organelle of malaria para-
sites (24). New tetracyclines appear to share mechanisms of action
with doxycycline, as they exhibit much more potent activity after
96- than 48-h incubations with cultured parasites (data not
shown). Considering these results and the apparent need for two
parasite life cycles to exert the full effects of apicoplast inhibitors,
it is likely that all new tetracyclines will exhibit slow antimalarial
activity. This property will limit the use of tetracyclines for severe

malaria or to treat uncomplicated malaria as a monotherapy.
However, this feature should not be seen as a limitation for devel-
opment of new tetracyclines as combination chemotherapy,
which is now the rule for the treatment of malaria. As a class, the
tetracyclines are good candidates for partnering with other com-
pounds, since they have a low potential for drug-drug interactions
and are inexpensive to manufacture. Ideally, new, more potent
antimalarial tetracyclines with appropriate pharmacokinetics and
documented safety at therapeutic doses will be studied in combi-
nation with more rapidly acting agents, such as artemisinin deriv-
atives, in the hope of identifying effective combination regimens.

A second important potential use for a new tetracycline anti-
malarial is in the prevention of malaria. Drugs are typically used to
prevent malaria in nonimmune travelers, and first-line agents for
this purpose are limited to mefloquine, which is not as well toler-
ated as other agents and entails neurological toxicity, atovaquone-
proguanil, which is expensive and may fail due to drug resistance,
and doxycycline, which is somewhat limited by gastrointestinal
and dermatological toxicity and is not indicated in children. A
more potent tetracycline might offer lower dosing and a more
acceptable toxicity profile. In addition, our results demonstrate
that many of the new 7-sancycline derivatives have a low potential
for phototoxicity, which would eliminate dermatological safety
issues. Strategies to enterically coat tetracyclines have proven ef-
fective at addressing gastrointestinal side effects (27). In the devel-
oping world, antimalarial drugs are increasingly considered com-
ponents of malaria control. In particular, the use of intermittent
preventive therapy and seasonal malaria chemoprevention in
high-risk groups has offered benefits to children and pregnant
women (7, 28, 29), and regular use of trimethoprim-sulfame-
thoxazole in patients with HIV infection has led to dramatic re-
ductions in malaria incidence (30). However, to date these ap-
proaches are highly dependent on antifolates, which are losing
efficacy because of parasite resistance. If safe, an effective new
tetracycline would be an important addition to preventive regi-
mens, with either regular or intermittent dosing in high-risk
groups.

To date, the in vivo efficacy of all studied tetracyclines, in-

TABLE 5 Pharmacokinetics of doxycycline and MAL5166 in micea

Compound
i.v. dose
(mg/kg)

Cmax

(�g/ml) Tmax (h) AUC(0-
) (h · �g/ml) t1/2 (h) Vss (ml/kg)
CL
(ml/min/kg) %Fb

Doxycycline 10 4.51 (0.021) 0.0833 (0.00) 14.4 (0.146) 4.41 (0.063) 2892 (44.2) 11.6 (7.34) 25.3
MAL5166 10 1.65 (0.151) 0.194 (0.049) 6.82 (0.514) 6.19 (2.71) 13843 (1542) 24.5 (1.91) 1.64
a Pharmacokinetic studies were performed as described in Materials and Methods. All pharmacokinetic values, except %F (oral bioavailability), were calculated using data from the
i.v. dose. Data shown are means (standard deviations). Cmax , maximum concentration of drug in serum; Tmax , time to maximum concentration of drug in serum; AUC(0-
), area
under the concentration-time curve from 0 h to infinity; t1/2, half-life; Vss, volume of distribution at steady state; CL, clearance.
b %F was calculated based on ratio between the i.v. and oral AUC exposure values.

TABLE 6 Pharmacokinetics of doxycycline and MAL5166 in monkeysa

Compound
i.v. dose
(mg/kg) Cmax (�g/ml) Tmax (h) AUC(0-
) (h · �g/ml) t1/2 (h) Vss (ml/kg)

CL
(ml/min/kg) %Fb

Doxycyclinec 5 11.1 0.25 19.9 2.86 780 4.2 101
MAL5166 5 42.5 (5.00) 0.0 (0.00) 51.5 (5.72) 11.8 (0.785) 1,309 (190) 1.6 (0.173) 35.5
a Pharmacokinetic studies were performed as described in Materials and Methods. All pharmacokinetic values, except %F, were calculated using data from the i.v. dose. The i.v.
dose was administered as a 15-min infusion. Data are means (standard deviations).
b %F (oral bioavailability) was calculated based on ratio between the i.v. and oral AUC exposure values.
c Insufficient animal numbers did not allow for meaningful statistical analysis of the doxycycline data.
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cluding both standard agents and new compounds, has been
somewhat less than that expected based on in vitro results. As
antibacterial agents, the primary pharmacodynamic driver for
tetracycline efficacy is the ratio of the area under the curve (expo-
sure) to the MIC (31). In studies of P. berghei-infected mice, we
found it necessary to use substantially higher doses of tetracyclines
than those needed to achieve efficacy in bacterial infection models.
The activity of tetracyclines against P. falciparum is parasite stage
specific (24). As such, with the relatively short half lives of the
drugs in rodents, it may be necessary to use larger doses in order to
achieve adequate drug levels for 24 to 48 h. Our animal model may
have required higher-than-expected dosing of tetracyclines, be-
cause the rodent parasite P. berghei may differ from P. falciparum
in drug sensitivity. In any event, multiple new 7-sancyclines of-
fered markedly improved in vivo efficacy over that of doxycycline
when dosed parenterally. One compound was clearly superior to
doxycycline with oral dosing. Improved in vivo activity was likely
due principally to about 10-fold improved potency of optimal
7-sancyclines. These studies offer promise that new tetracyclines
of the 7-sancycline class or other classes can be developed as new
antimalarial drugs. Future investigative efforts will need to focus
on identifying compounds which maintain improved antimalarial
potency and increased oral bioavailability.
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