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Abstract

A suite of pharmacokinetic and pharmacological studies show that bromophycolide A (1), an
inhibitor of drug-sensitive and drug-resistant Plasmodium falciparum, displays a typical small
molecule profile with low toxicity and good bioavailability. Despite susceptibility to liver
metabolism and a short /n vivo half-life, 1 significantly decreased parasitemia in a malaria mouse
model. Combining these data with prior SAR analyses, we demonstrate the potential for future
development of 1 and its bioactive ester analogs.
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The human malaria parasite, Plasmodium falciparum, is responsible for more than 90 % of
malarial infections worldwide.! Despite a 17 % decrease in reported malarial cases and 25 %
reduction in malaria related deaths since 2000, there were 216 million cases of malaria
reported worldwide in 2010.1 Recently a shift in the treatment paradigm has been
implemented due to rapidly increasing resistance to traditional therapies such as
chloroquine, amodiaquine, mefloquine, sulfadoxine-pyrimethamine, and artemisinin.2 3
This paradigm shift focuses on combining an artemisinin derivative with an agent
possessing a different mode of action in order to reduce the further expansion of drug
resistant strains.2 Unfortunately, resistance to at least one of the approved partner drugs
already exists in multiple countries including Thailand and Cambodia.* This fast evolution
of resistance not only offers clinical challenges, but has also generated an immediate need
for new pharmacophores that act on resistant strains.

In 2005, the discovery of a novel class of meroditerpenes from the marine red alga
Callophycus serratus led to their exploration as potential antimalarial leads.>-8
Bromophycolide A (BrA, 1; Figure 1), the most abundant member of this compound class,
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exhibited submicromolar inhibition of both chloroquine-sensitive and chloroquine-resistant
P. falciparum.® Mechanistic studies revealed that 1 prevents heme detoxification, a vital
process for the parasite during its bloodborne stages.? Drugs such as chloroquine that target
heme detoxification have had great success in malaria treatment, despite emergence of drug
resistance.19 Although both chloroquine and 1 prevent heme detoxification in the parasite, 1
is unaffected by the resistance mechanism P. falciparum has evolved for chloroquine,
providing support for its further development.®

Lead optimization requires identification of biochemical and physiochemical properties such
as clearance from the blood stream, distribution between blood and other tissues, and
understanding of metabolic fate in order to focus drug modification efforts. Here we report
on these parameters, including /in vivo efficacy, which ascertain key properties of 1 towards
deriving a clinical drug candidate.

In mice infected with Plasmodium yoelii dosed once daily with 1 at 10 mg/kg, after four
days the parasite load was 47 + 12 % lower than in infected mice injected with vehicle only
(Figure 2). Fluorescence Activated Cell Sorter (FACS) data revealed a final parasitemia of
32 + 2 % for control animals compared to 17 + 4 % for those dosed at 10 mg/kg and 20 + 1
% dosed at 5 mg/kg. Twenty-four hours after the first dose of 10 mg/kg, parasitemia was 27
% lower for treated than control mice. After the second dose, parasite load was 55 % lower,
reflected in 10.0 £ 0.5 % vs. 4.5 £ 1.5 % parasitemia in treated vs. control mice,
respectively. BrA (1) was non-toxic to mice with this dosing regime. At the termination of
efficacy trials, the concentration of 1 in blood and plasma of infected mice was below the
limit of detection, indicating rapid elimination of 1 from the blood.

BrA (1) has previously been shown to potently inhibit the malaria parasite 2. falciparum in
vitro, having an ICsq of 499 nM against chloroquine-sensitive parasites and an 1Csq of 377
nM against chloroquine-resistant parasites.® In comparison to the few reported 7 vivo
efficacies of other non-artemisinin derived antimalarial natural products, the activity of 1 is
promising but not exceptional. For instance, gomphostenin A, which displayed an in vitro
ICsq of 8.8 uM against P. falciparum, only suppressed parasitemia /n7 vivo by 45% when
dosed orally at 50 mg/kg,11 which is less efficacious than 1. Other leads displayed improved
in vivo activity. For instance, spirotetrahydro-p-carboline NITD609, which displayed /n
vitro 1Cs value of 0.9 nM against P. falciparum, was significantly more active /n vivothan
1, reducing mouse parasitemia by 99% when dosed orally at 10 mg/kg.12 Similarly,
simalikalactone E, with an in vitro 1Cs; of 24-68 nM, reduced parasitemia /n vivo by 50% at
0.5 mg/kg IP dosing and 1 mg/kg oral dosing.13

The encouraging decrease in mouse parasitemia associated with BrA treatment (Figure 2)
was observed despite the rapid elimination of 1 from systemic circulation. The
pharmacokinetic profile of 1, determined following single injections by intravenous (V) or
intraperitoneal (IP) dosing to healthly mice, is characterized by rapid, but short-lived,
pharmacological effects /in vivo, as shown by a first order elimination process, short half-
life, high clearance, fast absorption, and good bioavailability (Table 1; Figure 3). The
preliminary pharmacokinetics displayed a high plasma clearance (CI) of 16 + 3 mL/min/kg
in mice following IV administration. This is similar to the clearance rate for chloroquine (17
mL/min/kg),14 but higher than the spiroindolone NITD609, whose clearance rate in mice
was shown to be 9.8 mL/min/kg.12 15

BrA (1) has a short /n vivo residence as displayed by an IV half-life of 0.75 £ 0.11 h.
However, this value is not limiting as the marketed antimalarial drug, artesunate, exhibits a
half-life of less than 10 min by IV dosing.16 Additionally a short plasma half-life suggests a
decreased probability of the evolution of drug-resistance in the parasite.1” The apparent
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volume of distribution, 0.95 + 0.27 L/kg of body weight, following IV dosing, is greater
than the body of water volume suggesting that 1 is moderately distributed to the tissues, with
a portion remaining in systemic circulation to be transferred throughout the body. In
contrast, chloroquine has a much larger apparent volume of distribution of 200 L/kg,
indicating primary localization in non-blood tissues, with very little of the drug remaining in
the plasma circulating throughout the body.14

The rapid removal of 1 from systemic circulation as indicated by the preliminary
pharmacokinetic study would suggest a much lower in vivo efficacy than achieved by 1 in
the mouse model (Figure 2). Therefore, in the context of pharmacokinetic modeling, the in
vivo efficacy of 1 is better than expected.

Despite its rapid clearance rate and low half-life, 1 did not suffer decomposition or loss of
solubility in serum. Blood contains many enzymes that can lead to rapid degradation and
erroneous pharmacokinetic parameters.18 While no significant loss of 1 was observed after
incubation in mouse serum at 37 °C for 24 h (r2 = 0.20, p=0.27), a 27 + 9 % loss was
observed after 48 h. These data indicate that 1 is stable in mouse serum over 24 h and is not
subject to rapid degradation by blood enzymes.

In contrast to its stability in serum, we found that human liver enzymes efficiently
metabolized 1. In order to establish the most active routes to BrA metabolism in a model
relevant for drug development, we used human liver enzymes to model the metabolic profile
of BrA. As negligible metabolism of BrA was observed after 4 h, experiments with the
human liver sub-cellular fractions were extended to 24 h. Incubation in the presence of the
S9 liver fraction significantly decreased the concentration of 1 in the reaction mixture by 55
+ 4 % over 24 h (Figure 4); no such metabolism was noted in the absence of enzyme or
NADPH (data not shown). Calculated apparent intrinsic clearance (CLj,;) for 1 exposed to
the S9 fraction was 0.52 £+ 0.06 mL/min/kg with an in vitroty, of 20 £ 2 h. Upon addition of
the glucuronidation co-factor UDPGA, 1 was subject to an additional 21 % metabolism
when exposed to the S9 liver fraction (Figure 5). The calculated CL;, for 1 exposed to the
S9 fraction with UDPGA was 1.1 + 0.1 mL/min/kg with an in vitroty;, of 9.5 £ 0.8 h,
almost double the CL;n; without UDPGA, indicating that glucuronidation is a major pathway
in the metabolism of 1.

In order to identify the liver enzymes and products involved in its metabolism, we exposed 1
to both microsomal and cytosolic subcellular fractions in addition to the S9 liver enzymes,
resulting in dramatically different profiles (p < 0.020 comparing all three treatments at t = 6
and 24 h). Incubation of 1 with the microsomal subcellular fraction resulted in a comparable
result as that obtained with exposure to S9 enzymes (Figures 4 and 5). Without the addition
of UDPGA, the concentration of 1 was reduced by 61 + 1% in the presence of human liver
microsomes. The calculated CL;n; of the microsomal fraction was 0.72 + 0.09 mL/mg/kg
with a ty, of 14 £ 4 h. In the presence of UDPGA, only 15.3 + 3 % of 1 remained after 24 h
with a calculated CL;,; of 1.6 £ 0.5 mL/min/kg with a ty» of 6.6 £ 1.9 h. The same
distinction seen with the S9 subcellular fraction between incubations with UDPGA and
without is noted, further supporting the role of glucuronidation as a major pathway in the
metabolism of 1. However, 1 was stable in the presence of the human liver cytosolic fraction
(r2 = 0.24, p = 0.10, Figure 3).

LC-MS analysis of the reaction products of 1 treated with S9 or microsomal enzymes
supported the production of hydroxylated (/m/z677) and doubly hydroxylated (/m/z of 693)
metabolites such as M 1-M 4 (Scheme 1) in the absence of UDPGA. Both microsomal and
cytosolic fractions contain methyl transferases, glutathione-S-transferases, and reductases.?
Unique to the microsomal fraction are cytochrome P450 enzymes and UDP-
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glucuronosyltransferases.19 Detection of hydroxylated derivatives of bromophycolide A
with the S9 and microsomal fraction in the presence of NADPH suggested that cytochrome
P450 monooxygenases are involved in liver metabolism of 1. In the presence of UDPGA, a
glucuronidated metabolite, potentially M5, was detected (/7/z837) (Scheme 1), providing
evidence for the role of UDP-glucuronosyltransferases in the metabolism of 1.

The macrocyclic lactone of 1 was surprisingly tolerant to both blood and liver which contain
a diversity of hydrolytic enzymes that can rapidly hydrolyze esters, lactones, amides, and
lactams.18 The fact that products of hydrolysis of the macrolactone core of 1 were not
detected in either the liver metabolism or mouse serum experiments provides strong support
that the core motif of 1 is a stable entity.

Phase I hydroxylation of 1 may occur on either the aromatic ring or on the aliphatic methyl
group (Scheme 1), although we were unsuccessful at definitively placing these functional
groups by MS/MS analysis or via isolation and NMR characterization of metabolic products.
Successful modifications to prevent hydroxylation at metabolically reactive sites on the
aromatic ring have been performed by halogenation of the spiroindolone NITD609.
Incorporation of either a fluorine or chlorine in both the positions meta and para to the
pyrrole significantly increased the metabolic half-life and /n vivo efficacy of spiroindolone
NITD609.20 Comparable methods have also been seen for other leads such as
triazolopyrimidine where replacement of an aromatic hydrogen with a trifluoromethyl group
dramatically enhanced metabolic stability and in vivo efficacy.?

Hydroxyl groups make 1 susceptible to glucuronidation, which is expected to primarily
occur at the aromatic hydroxyl group.22 The phenol of 1 has been previously shown to be
vital to biological activity as the methylation of this functional group led to complete loss of
in vitro activity.? Thus, protecting the phenol could stabilize 1 in the presence of liver
enzymes. The addition of electron withdrawing halogens to the aromatic ring could result in
a reduction in the glucuronidation of the phenol of 1.23 Alternatively, esterification of the
phenol may also reduce phase Il glucuronidation, creating a pro-drug motif cleaved in the
presence of hydrolytic enzymes found in the blood, releasing 1.24 This route is promising as
semi-synthetic 18-acetyl-BrA (2) exhibits an ICsg value of 241 nM /n vitro against P.
falciparum.®

BrA (1) exhibits poor solubility in aqueous buffers (clog P = 8.8) relative to desirable drug
candidates with clog P under 5.2° To date, we have been able to solubilize 1 starting from a
solution in DMSO using serial dilutions with solutol HS-15 in saline solution. Attempts
using other common materials such as Tween-80, cyclodextrins, and polyethylene glycol
400 failed. Expansion of next generation ester analogs could include the incorporation of
alkox%gmineszev 27 or the addition of a phosphate group as a further modified prodrug-
motif.

Overall, in comparison to current early lead criteria published by the Medicines for Malaria
Venture (MMV)2?, 1 represents a relatively strong candidate for further development. BrA
(1) has an /n vitro potency against both drug-sensitive and drug-resistant parasites less than
the required 1 uM with an established mode of action. BrA (1) is stable in mouse serum and
moderately stable in the presence of human microsomes. The lack of mouse toxicity (in
either the PK study or the /n vivo efficacy study) and significant reduction in parasitemia /in
vivo despite a short half-life suggests promise. Previously published data indicate that 1
displays 10 fold differential selectivity among eukaryotic cell lines, having an 1Cgy above 6
uM against human cancer cells.> Although 1 is not “rule-of-5” compliant and is poorly
soluble in buffer, this study identifies key metabolic issues and provides a first step towards
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ABBREVIATIONS
BrA bromophycolide A
DM SO dimethylsulfoxide
MeOH methanol
CH3CN acetonitrile
UDPGA uridine 5'-diphosphoglucuronic acid tri-sodium salt
FACS Fluorescence-activated cell sorting
v intravenous
and IP intraperitoneal
Kel first order rate constant for the elimination phase
Kab first order rate constant for the absorption phase
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Figure 1.
Structures of bromophycolide A (1) and its semi-synthetic derivative 18-acetyl-BrA (2).
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Figure2.

Bromophycolide A (1) decreases parasitemia /7 vivo. BrA (1) was administered to Swiss
webster female mice on day 2 after confirmation of infection with Plasmodium yoelii.
Experiment was terminated on day 5 and daily parasite load determined by FACS analysis
by staining the parasites with Hoechst 33342 (n=3; + standard deviation [SD]).
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Figure 3.

In vivo pharmacokinetic study of BrA (1) by a single intravenous (V) or intraperitoneal (IP)
injection. Data points are mean mouse plasma concentration (n=3, +SD). Initial dose was 23
mg/kg.
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Figure4.

BrA (1) is metabolized by human liver subcellular fractions /n vitro (n=3; £SD)
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Scheme 1.
Possible phase | and 11 liver metabolites of BrA(1) based on LC-MS analysis. Shaded
regions denote the position of modification.
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Pharmacokinetic parameters following either intravenous bolus (IV) or intraperitoneal (IP) injection of BrA
() in mice (n=3; mean + SD).

Parameter  Units I\ 1P

Dose mag/kg 23 23

Kel h-t 093+0.13 -

Kab h1 - 0.24 +0.03
tu h 0.75+0.11 -

Cmax pg/mL 58+3.9
Tmax h B 15
AUC gg*h/mL 26 +5 20

Cp? pg/mL 24+6 -

Vd L/kg 095+0.27 -

Cl mL/min/kg 16+3 -
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