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ABSTRACT

Malaria is the most devastating protozoal infection in humans. There is
widespread resistance to existing antimalarial agents hence the need for new
antimalarial drugs. Curcumin, a natural product isolated from Curcuma
longa/domestica, was used as a scaffold for the synthesis of new compounds
with antiplasmodial activity. Curcumin was selected because of its low toxicity
and is commercially available at a low cost.. Derivatives of curcumin were
designed to act against selected molecular targets in Plésmodium falciparum.
It was hoped that the derivatives would have a better oral bioavailability and
antiplasmodial activity than the parent compound. The derivatives were tested
for in vitro antiplasmodial activity against the chloroquine sensitive (D10) and
chloroquine resistant (K1) strains. In addition they were evaluated for their in
vitro ability to inhibit the formation of beta- hematin which is the chemical
equivalent of hemozoin which is responsible for the pathophysiological

responses observed in malaria.

The classes of derivatives synthesized included: the azoles; sulfonylureas;
aminoquinolines; thiosemicarbazones and N-acyl hydrazones. All classes of
derivatives tended to show isomerism. In the case of the pyrazole derivative,
hydrazinocurcumin, two tautomers were synthesized (2.2.1a and b). There
was a 10 fold difference in the in vitro antiplasmodial activity of the tautomers.

Three isomers of the isoxazole derivative were synthesized and these had
comparable in vitro activity. Sulfonylurea derivatives were highly cytotoxic and
had improved activity against the chloroquine sensitive strain (CQS), D10.
Unlike curcumin, all derivatives were less active against the chloroquine
resistant strain except for the thiosemicarbazone derivatives and the N-acyl
hydrazone derivative, 2.10.3. All derivatives inhibited the formation of beta-

hematin and in this regard were superior to chloroquine.
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The isoxazole derivative, 2.2.2a, the aminoquinoline derivative, 2.8.1, and the
N-acyl hydrazone derivative, 2.10.3, were subjected to a pilot toxicological
investigation performed on mice. They were more toxic than curcumin and
may affect neurological function. The most toxic compound was the N-acyl
hydrazone derivative, 2.10.3. The‘ findings of the toxicological investigation
were used to select an optimal dose for the in vivo antimalarial test. A
repeated dose of 25 mg/kg of body weight (bwt.) for 4 days was considered

safe for the in vivo antimalarial test.

Five deﬁvatives were tested for in vivo antimalarial activity in mice infected
with the CQS Plasmodium berghei ANKA strain. All the test compounds
suppressed parasitemia on Day 4 by over 50 % with the exception of the
pyrazole derivative, 2.2.1b, and the aminoquinoline derivative, 2.8.1. There
was a statistical significant difference in the levels of parasitemia of the test
and control mice for animals treated with the isoxazole (2.2.2a), sulphonylurea
(2.5.4) and N-acyl hydrazone (2.10.3) derivatives. However, their ability to
suppress parasitemia was inferior to orally administered chloroquine (10
mg/kg of bwt) which suppressed parasitemia completely until the 8" day of
the study. The pyrazole (2.2.1b) and isoxazole (2.2.2¢) derivatives prolonged
survival of infected mice at a dose of 100 mg/kg of bwi.

The pyrazole derivative, hydrazinocurcumin (2.2.1b), was selected for the
pharmacokinetic investigation, because of its high yields on synthesis. An
LC-MS/MS method was developed for quantification of 2.2.1b in murine and
human blood. The method was validated and its precision and accuracy were
within accepted limits. The lower limit of quantification was 0.625 pug/ml and
the limit of detection was 0.156 pg/ml. The oral bioavailability of
hydrazinocurcumin was affected by the pH of the vehicle. Hydrazinocurcumin
was found to have a very short half-life of about 0.452 hours. The short half-
life explained the poor in vivo antimalarial activity of pyrazole derivative in
infected mice. Hydrazinocurcumin has a better oral bioavailability than

curcumin.
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In conclusion, synthetic derivatives with improved in vitro antiplasmodial
activity were synthesized. The in vivo antimalarial activity of selected
derivatives was inferior compared to chloroquine. In the case of one of the
derivatives, hydrazinocurcumin, the poor in vivo activity was due to a short
half-life. More chemical modifications are required to improve in vitro and in

vivo antiplasmodial activity of these derivatives.
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ABBREVIATIONS

¢] Chemical shift in parts per million

Hg Microgram(s)

UM Micromolar

ACN _ Acetonitrile
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ANOVA Analysis of Variance

AUC Area under the Curve
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dosing to the last time point.
AUC 36 Area under the curve from the time of
dosing to the last measurable concentration
AUC gte, Area under the curve from the time of
dosing to time extrapolated to infinity.

BLOQ Below lower limit of quantification.
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brs Broad singlet
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Electron Impact
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Ethanol

Equivalent

Formic Acid
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Fourier Transform Infrared Spectroscopy
gram(s)
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Histidine

Heteronuclear Multiple Quantum
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High Performance Liquid Chromatography
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High Resolution Mass Spectrometry
Hertz
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infrared spectroscopy
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LLOQ
LC-MS/MS

LRMS
m

min
mM
mil .
M+
MeOH
MHz
mp
MTT

m/z

n

ND

NMR
PBS

Pet ether
Ph

pLDH
ppm .
prep. TLC
q

Qq

Qs

RBC

rof

the statistically derived single dose that can
be expected to cause death in 50% of the
animals under specific conditions of the
test

Lower limit of quantification

Tandem mass spectrometry coupled to
HPLC

Low Resolution Mass Spectrometry
Multiplet

Minute(s)

Millimolar

Milliliter

Molecular ion

Methanol

Mega Hertz

Melting Point
3-(4,5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide

Mass to charge ratio

Sample size

Not determined

Nuclear Magnetic Resonance
Phosphate-buffered saline

Petroleum ether

. Phenyl

parasite Lactate Dehydrogenase

parts per million

Preparative Thin Layer Chromatography
Quartet

First quadrapole

Third quadrapole

Red Blood Cell

relative centrifugal force



R
Ri
RNA
rpm

SD
Sl

TLC
Tmax

T™MS
tr
uv
WHO

Retention factor

Resistance Index
Ribonucleic acid

revolutions per minute
Room temperature

Singlet

Standard Deviation
Selectivity Index

Triplet

Thin Layer Chromatography
Time taken to achieve maximum observed
concentration

Trimethylsilyl
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Malaria is the most important protozoal disease in humans and is a major
killer in Africa and other tropical countries. Existing antimalarial agents have
many shortcomings such as low efficacy due to drug resistance. There is
need for new effective antimalarial agents. Plants have been a key source of
new drugs since time immemorial. Unfortunately natural products often do not
meet the level of activity and pharmacokinetic properties required of a drug.
To overcome these challenges, natural products are subjected to chemical
derivatization to improve their potency and pharmacokinetic properties.
Chemical modifications often follow the principles of rational drug design
which involves incorporation of pharmacophores with known activity against
molecular targets. In this study curcumin was subjected to chemical
modifications aimed at improving activity against the malaria parasite and the
following presumed molecular targets: cysteine proteases; hemozoin
formation; iron-dependent enzymes; parasite induced new permeability
pathways (NPPs). This chapter describes these molecular targets and key
structural features of known compounds that act on these sites. Finally, the

study objectives are presented.

1.1.1 Aetiology and Epidemiology of Malaria

Malaria is an acute febrile iliness characterized by shivering, muscle pains,
headache and vomiting. In humans, malaria is caused by Plasmodium
falciparum, P. vivax, P. malariae and P. ovale. Plasmodium knowlesi, which
usually causes simian malaria, may infect humans *. The genus Plasmodium
belongs to the phylum Apicomplexa which is characterized by obligate
intraceliular protozoa. The severity of an infection of malaria is dependent on
the type of infecting strain and the immune status of the human host. Severe



complicated malaria involves a number of conditions such as: cerebral

malaria; anemia; renal failure; and respiratory failure 2.

1.1.2 Transmission of malaria and the Lifecycle of Plasmodium

Malaria is transmitted by the female Anopheles mosquito which thrives in
humid, warm climates at environmental temperatures of 20 to 30°C. The
mosquito lays its eggs in water and subsequent larval development is
determined by water salinity, water temperature, food quantity and the larval
density 3. The presence of large water masses and rainfall favors breeding of

mosquitoes throughout the year.

Gametocytes, the sexual stage of Plasmodium, are critical for the
transmission of malaria. They are produced in the human host during the
asexual stage from the merozoites * °. The male gametocyte is smaller and is
called the microgamete while the female gametocyte is called the
macrogamete. Gametocytes are taken up by a female Anopheles mosquito
during a blood meal ° (Figure 1-1). Within the mosquito the blood meal is
digested by mosquito proteases and within 60 minutes the macrogamete and

microgamete fuse in the mid-gut to form the zygote’.
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Figure 1 - 1: Life cycle of PLASMODIUM FALCIPARUM ®

{a) An infected Anopheline female mosquito takes up a blood meal from a human host and injects
infective sporozoites into the peripheral circulation.

{b) Invasion of hepatocytes in the liver by sporozoites where they undergo asexual multiplication for one.
week to produce merozoites.

{c) Rupture of the infected hepatocytes to release merozoites into peripheral circulation.

{d) The merozoites invade red blood cells (RBC).

{e} Multiplication in the RBC within 4872 h leading fo the production of 1620 merozoites per RBC.
Merozoites initially form rings/schizonts which mature to trophozoites which transform into merozoites.
{f) The released merozoites invade additional RBCs and carry on the cycle.

{g) Some invading merozoites do not divide, but differentiate into male (microgametocyte) and female
{macrogametocyte) sexual forms.

{h) Sexual forms are taken from the bloodstream by a feeding female Anopheles mosquito.

(i} Fertilization in the mosquito midgut to form zygotes. These zygotes further differentiate into motile
forms, called ookinetes, migrate through the mosquito gut wall and divide within oocysts on the external
gut wall to form thousands of sporozoites.

(i} The infective sporozoites are released into the mosquito haemocoele and move 1o the salivary gland,
where they await injection into another human host, thus completing the life cycle.



The zygote matures to form a flagellated ookinete which makes its way to the
hemolymph located on the side of the mosquito mid-gut where it undergoes
mitotic division to form sporozoites which are the infective form of the parasite
’. The sporozoites are released into the human blood stream during the next
blood meal of an infected mosquito. The sporozoites invade the heptatocytes
in the liver where they form schizonts which differentiate and mature into
merozoites. These are released into the blood stream. This marks the
beginning of clinical disease. The merozoites invade red blood cells (RBC)
and form rings within the cell. The ring stage matures into a trophozoite which
undergoes cellular division to form schizonts. Forty eight hours after the
invasion of the RBC, it ruptures to release merozoites which in turn infect
more RBCs. The release of merozoites is associated with clinical signs such

as fever, chills and vomiting.

1.1.3 The Epidemiology of malaria

The estimated average annual number of clinical attacks due to malaria is 515
(300 - 860) million of which 70 % occur in Africa ®. The Democratic Republic
of Congo and East Africa have the highest transmission rates of malaria in
Africa ' "' In sub-Saharan Africa, malaria is the leading cause of death in
children aged between 0 to 4 years. It is the secdnd leading cause of death
amongst adults aged between 15 to 59 years 2. About 80 % of the people at
risk in Africa live in hyperendemic and haloendemic regions where the
prevalence of malaria is over 50 %. The endemic distribution of malaria is

presented in Figure 1-2 "°.
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Figure 1 - 2: Geographic distribution of malaria

Mortality and morbidity due to malaria have been increasing since 1970. Child
mortality due to malaria has increased from 6.0 deaths per 1000 children in
the 1990s to 8.0 deaths per 1000 children in 2001 '2. Reasons for the
increased morbidity and mortality due to malaria include: global warming;
persistent use of ineffective drugs; human migration; deforestation;
overcrowding; and resistance to insecticides * ''. A one degree rise in global
mean temperature due to global warming is expected to cause an additional
64, 475 deaths worldwide due to increased incidence of malaria and other

mosquito borne infections ™.

Malaria is a disease of the poor and is restricted to low income countries °
Poor people in Africa are particularly susceptible to malaria because they
cannot afford personal protective measures such as insecticide sprays and
insecticide treated nets and lack access to effective health care > ''. The
additional burden of disease due to malaria and other vector borne diseases
due to global warming is likely to have negative economic impacts and reduce

economic growth in Africa by 13 % *°.



1.2 Antimalarial Agents in Clinical Use

Drugs are the mainstay for the management and prevention of malaria since
there is no effective vaccine for malaria. It may not be technically feasible to
produce an effective vaccine because Plasmodia produce many antigens '
7. The antimalarials in clinical use are classified as: arylamino alcohols, 4-

and 8-aminoquinolines, antifolates, endoperoxides and antibiotics.

1.2.1 An overview of Antimalarials in Clinical Use

The arylaminoalcohols include: quinine (1.1); mefloquine (1.2); halofantrine
(1.3) and lumefantrine (1.4, Figure 1-3) *. |

MeO

Figure 1 - 3: Chemical structures of the aryl amino alcohols: quinine (1.1), mefioquine
{1.2}, halofantrine (1.3) and lumefantrine (1.4).




Quinine (1.1) is the most widely used agent in this class and is used for the
management of severe complicated malaria as a slow infusion. Mefloquine
(1.2) and halofantrine (1.3) are second line drugs for management of
chloroquine-resistant uncomplicated malaria '®. Lumefantrine (1.4) is used in
drug combinations such as CoArtem™ which is currently the first line drug for

the management of uncomplicated malaria '°.

The 4-aminoquinolines include chloroquine (1.5), amodiaquine (1.6) and

isoquine (1.7) while the 8-aminoquinoclines include primaquine (1.8, Figure 1-
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Figure 1 - 4: Chemical structures of chioroquine (1.5), amodiaquine (1.6), isoquine (1.7)

and primaquine (1.8)

Chloroquine (1.5) was the first line drug for the management of uncomplicated
malaria for a long time but its use was discontinued due to widespread

2. 21 Amodiaquine (1.6) is active against chloroquine resistant

resistance
malaria but its use is restricted due to its propensity to cause hepatotoxicity
and agranulocytosis. Isoquine (1.7) is an isomer of amodiaquine and is less
toxic because it is not metabolized to a quinoneimine ?2. Primaquine (1.8), is
active against the hepatic forms of the parasite and is used to eradicate

dormant parasites and as a chemoprophylactic agent .




The antifolates include: biguanides; 2-aminopyridimidines; sulfonamides; and
sulfones '®. Antifolates inhibit the de novo synthesis of folic acid by the
parasite. The biguanides include proguanil (1.8) and chlorproguanil (1.10).
The 2-aminopyrimidines include trimethoprim (1.11) and pyrimethamine
(1.12). The sulphonamides used for the treatment of malaria include
sulfamethoxazole (1.13) and sulfadoxine (1.14) while the sulfones are
represented by dapsone (1.15, Figure 1-5). ‘
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Figure 1 - 5: Chemical structures of antifolate antimalarial agents

Biguanides and 2-aminopyrimidines inhibit the enzyme dihydrofolate
reductase (DHFR) which is responsible for the reduction of dihydrofolate to
tetrahydrofolate. Sulphonamides and sulfones inhibit the enzyme
dihydropteroate reductase. The antifolates are slow acting against the
erythrocytic stages of the parasite. Antifolates are used as drug combinations
such as the combination pyrimethamine and sulfadoxine and the combination

chlorproguanil and dapsone *°

The endoperoxide antimalarials include artemisinin (1.16, Figure 1-6),
artesunate (1.17) and artemether (1.18). Artemether-lumefantrine



(coartemether or CoArtem™) is a fixed dose combination which is the WHO

recommended first line drug for the management of uncomplicated malaria 2.
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Figure 1 - 6: Chemical structures of Artemisinin {1.16) and first generation
endoperoxide derivatives., ’

Atovaquone (1.19, Figure 1-7) is a napthoquinone and is a structural
analogue of coenzyme Q. It acts on the mitochondrial electron transport chain
leading to collapse of the organelle’s membrane potential. It is not widely used
because of its high cost and resistance developed soon after its introduction.

It is used in combination with proguanil for the prophylaxis of malaria *®.
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Figure 1 - 7: Chemical structure of Atovaquone (1.18)



Antibiotics are not widely used for the management of malaria because they
have a slow and modest antimalarial effect. They include tetracycline (1.20,

Figure 1-8), doxycycline (1.21) and clindamycin (1.22)"2.
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Figure 1 - 8: Chemical structures of Tetracycline (1.20), Doxycycline (1.21) and
Clindamycin (1.22).

1.2.2 Short comings of Antimalarials in Clinical Use

An ideal antimalarial agent should have good in vivo efficacy and a rapid
onset of action. It should produce a radical cure by acting against the asexual
parasites in the liver. The half-life should be short enough so that residual
levels of the drug do not persist. Antimalarial agents with long half-lives such
as sulfadoxine are associated with persistent residual drug levels which
provide selection pressure for the development of resistance 2* . On the
other hand, the half-life should be long enough to allow a low dosing

% Artemisinin

frequency which is associated with improved adherence
derivatives have short half-lives and therefore require frequent dosing leading
to poor adherence. They are associated with high rates of recrudescence .
An ideal antimalarial drug should have a low potential for the development of
resistance. Compounds to which resistance develop rapidly usually act at a
single molecular target and are structurally related to compounds to which
drug resistance is established ?® ?°. Rapid resistance developed to antifolates

and atovaquone because they act at one point of the metabolic cycle of

10



% % Resistance developed rapidly to mefloquine and

Plasmodium
halofantrine because of cross resistance to quinine. Since malaria is mainly
restrictéd to poor ftropical countries, an antimalarial agent should be
affordable. Drugs that can be.synthesized on a large scale in a few steps
tend to have a low cost. Artemisinin derivatives are very costly because the
starting material is costly since it is obtained from plants in very low yields. An
ideal antimalarial drug should have good oral bicavailability so that adequate
plasma levels are achieved on routine use. In addition there should be the
option for formulation of the drug for parenteral use for severe complicated

27, 31

malaria . An ideal antimalarial agent should have a low toxicity profile 2

3132 To reduce transmission of malaria, antimalarial agents should be active
against the gametocyte stage of the parasite. The only two agents that meet
this criterion are artemisinin derivatives and primaquine. All antimalarial
agents in clinical use do not meet the criteria of an ideal antimalarial agent.
The keyvadvantages and shortcomings of the most widely used agents are

summarized in Table 1-1.
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Table 1- 1: Short Comings of Antimalarial Drugs in Clinical Use

27-29

#] KEY. ADVANTAGE

Quinine

Effective in

severe

complicated malaria. half life, Poor Adherence
Drug resistance in Asia
Chloroquine Low cost, Long half-life, | Wide spread drug resistance
Rapidly acting, Good
adherence
Amodiaquine | Active against chloroquine | Toxicity - agranulocytosis

resistant strains (CQR), Low
cost, Long half -life

Mefloquine

Active against CQR strains

Cross-resistance with quinine,
Toxicity -  neuropsychiatric

disorders, High cost

Halofantrine

Active against CQR strains

Cardiac arrhythmias, Cross

resistance with quinine, High

cost
Artemisinin Not toxic, Rapidly acting Short half lives
derivatives Partially gametocidal Frequent dosing
Low chances of resistance High cost
Lumefantrine | Long half-life , active against | High cost, Ototoxicity

resistant strains

Erratic absorption

Sulphadoxine-
Pyrimethamine

Low toxicity, low cost

Slow acting, Wide spread drug

resistance

Atovaquone

Good prophylactic agent

High cost, Rapid development
of resistance, erratic absorption

12




1.3 Drug Resistance to Antimalarials

Drug-resistant malaria is defined as “an infection that survives a deliberate

I” 2, Levels of drug

attempt to eradicate it using a standard drug protoco
resistance range from low to high-level resistance. Most worrying is the
phenomenon of Accelerated Resistance to Multiple Drugs (ARMD) whereby
certain P. falciparum strains are capable of developing resistance to multiple
unrelated drugs ** **. Though drug combinations are likely to slow the
development of resistance, resistance to drug combinations such as
atovaquone and cycloguanil (Malarone™) developed soon after their

introduction 353

Drug resistance has resulted in epidemics of malaria in areas of highland
areas where there is low endemicity and low partial immunity . Drug
resistant malaria causes more severe iliness with higher mortality rates and
increased rates of recrudescence. However, in some cases, the mutant drug
resistant parasites are less virulent than the wild-type and cause less severe
disease **. Drug resistance has forced many African countries to switch to
~more expensive antimalarial drugs such as artemisinin-lumefantrine. The

increased case loads have overburdened the health systems ¥.

The earliest record of drug resistance was resistance to quinine in 1908 in
Brazil and later in 1938 in German railway workers returning from Brazil %°.
Today there are varying degrees of resistance to quinine worldwide.
~ Fortunately, high-level resistance to quinine is restricted to South East Asia.
The gene responsible for quinine resistance is P. falciparum Na'/H'
exchanger-1 (pfnhe-1) which codes for the Na*/H* exchanger located on the

food vacuole *°.

Chloroquine was synthesized in 1944 and marketed in 1945. It was the most
widely used antimalarial agent until the late 80s because of its low cost.
Unlike many antimalarial drugs that were subsequently introduced, resistance
to chloroquine took a long time to develop. Resistance to chloroquine began

13



to appear around 1960 and gradually spread to South East Asia and South
America. There was a considerable delay in the appearance of chloroquine
resistant strains in Africa where it only appeared from 1979 to 1984. Today,
high level resistance to chloroquine is now widespread through out the world
and it is no longer a first line agent for the management of uncomplicated

malaria 2% 2!,

Chloroquine resistance is associated with low drug concentrations in the food
vacuole which is the site of action of chloroquine. There is lack of agreement
as to whether the low drug concentrations in the food vacuole is caused by

40. 41 or decreased uptake into the

increased transporter mediated efflux
vacuole by transporter proteins 42 Some researchers argue that reduced
accumulation in the food vacuole is not transporter mediated but is a result of
change in the pH gradient between the cytosol and food vacuole due to the
presence of dysfunctional proton pumps which are incapable of maintaining

43-46

the acidity of the food vacuole The resultant increase in vacuolar pH

prevents chloroquine influx by ion trapping.

While most of the proposed mechanisms focus on chloroquine transport
across the food vacuole membrane, a diverging view is that resistance is a
result of increased energy-dependent efflux of chloroquine from the cytoplasm

resulting in decreased levels in the food vacuole 47°.

The two main genes implicated in quinoline resistance are P. falciparum multi-
drug resistance1 (pfmdr1) and P. falciparum chloroquine resistance
transporter (pfcrf). The pfert gene codes for a transporter called P. falciparum
Chloroquine Resistance Transporter (PfCRT) which is a trans-membrane
protein with 424 amino acid residues. Replacement of the charged lysine
residue at codon K76T with uncharged threonine reduces the ability of PFCRT
to maintain the acidity of the food vacuole *'*2. The gene, pfmdr1, codes for a
protein called P-glycoprotein homologue 1 (Pgh1) which causes the efflux of
drugs from the cytoplasm and is responsible for cross resistance across the

quinolines %4,

14



Antifolates replaced chloroquine as the first line agents for the management of
uncomplicated malaria in the early 90s. Unfortunately resistance to the
combination sulfadoxine-pyrimethamine spread so fast that in less than 5
years it was no longer the first line drug for the treatment of malaria °°. It was
quickly replaced by lumefantrine-artemether combination. About 5 amino acid
changes on dihydropteroate reductase are responsible for resistance to
sulfadoxine and dapsone. About 13 amino acid changes in dihydrofolate
reductase have been identified in mutants resistant to pyrimethamine,

chlorproguanil and trimethoprim %-°°,

There are early warnings that resistance to the most recently introduced
antimalarial agents may develop soon. Tolerance to the lumefantrine
component of artemether-lumefantrine combination has been reported €.
The mutation responsible for in vitro resistance to artemisinin is S76N which
abolishes the ability of the drug to inhibit ‘(Plasmodium falciparum adenosine
triphosphotase) PfATPase which is one of the targets of artemisinin °'.
Resistance to atovaquone appeared shortly after its introduction and was
caused by point mutations which caused changes at amino acid Y268S/N of

cytochrome b %5263,

1.4 Natural Products as Sources of New Drugs

In view of the fact that existing antimalarial agents have many shortcomings
and there is widespread resistance, there is an urgent need to develop
efficacious new agents. Since time immemorial plants have been used for the
treatment of disease. in both man and animals in their crude form as
decoctions, infusions and powders. Empirical studies showed that natural
products are more likely to make it to the market compared to purely synthetic
molecules because they have molecular properties required of drug

64, 65

molecules . Natural products are used as starting materials in medicinal

chemistry to produce more efficacious compounds.
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1.4.1 Antimalarials from Plants

In antimalarial chemotherapy, the most important source of lead compounds
is plants. A series of clinical trials have proven the in vivo efficacy of a number
of medicinal plants used for the management of malaria %. The first
antimalarial drug, quinine, is obtained from the bark of Cinchona officinalis
(Rubiaceae family) and other minor species such as: C. calisaya; C.
pubescens (C. succirubra); and C. ledgeriana ®". Since quinine had a short
half-life and its supply was erratic, it was replaced by synthetic quinoline
based antimalarials such as chloroquine, mefloquine and halofantrine. These
derivatives have a better pharmacokinetic profile compared to quinine.

The mdst recent addition to antimalarial drugs is artemisinin and its synthetic
derivatives. Artemisinin was isolated from the Qinghaosu plant (Artemisia
annua) in 1971. Artemisinin derivatives are the recommended first line drugs
for the management of both uhcomplicated and complicated malaria. It is a
sesquiterpene lactone. Due to the fact the artemisinin had low water solubility,
more water soluble semi-synthetic derivatives such as sodium artesunate
were developed % Recently, much simpler endoperoxide containing
compounds such as G1 (1.23, Figure 1-9) have been isolated from
Eucalpytus grandis and related species ®*7'. These compounds have in vitro

antiplasmodial activity.

1.23

Figure 1 - 9: Chemical structure of G-1 (1.23), a natural product with an endoperoxide

group.
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Tazopsine (1.24, Figure 1-10), a morphinan isolated from the stem bark of
Strychnopsis thouaréii, is a very interesting lead compound because it is
active against the hepatic stage of Plasmodium but is totally inactive against
the erythrocytic stage 2. Its N-alkyl derivative, N-cyclopentyl-tazopsine (1.25)
is less toxic. These compounds are promising leads for the development of

prophylactic antimalarial agents and drugs that can produce a radical cure.

MeO MeO

HO HO
N-Alkylation

HO HO

Figure 1 - 10: Chemical structures of Tazopsine (1.24) and N-cyclopentyl-tazopsine (1.25).

1.4.2 Lead Optimization of Natural Products

Unfortunately, natural products often lack the required pharmacokinetic,
potency, selectivity and toxicological profile required of drug molecules. They
are often structurally complex and hence are not amenable to commercial
large scale synthesis "°>. To overcome these challenges promising natural
products are subjected to the developmental processes outlined in Figure 1-
11.
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Figure 1 - 11: The process of lead optimization of natural products.
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1.5 The Role of Stereoisomerism in Antimalarial Drug
Development |

Stereoisomers are compounds that have the same structure but differ in the
spatial arrangement in selected or whole parts of the molecule. Different
sterecisomers differ qualitatively and quantitatively in their pharmacological
and pharmacodynamic properties " 7°. Twenty five percent of drugs in clinical
use are racemic mixtures of sterecisomers. Sterecisomers are classified into
two categories: geometric and optical isomers. The latter are more widely
known. Geometrical isomerism is usually found in cyclic molecules or across
double bonds ™. In addition, a given sterecisomer may exist in 2 or more
conformations. Different conformers arise from the ability of parts of a
molecule to rotate along a single bond and therefore adopt different spatial
arrangements. The most thermodynamically stable conformer is the most
abundant and it can be predicted using quantum mechanical calculations.

During drug development, it is necessary to identify the possible
sterecisomers of a compound and to identify possible differences in their
pharmacokinetic and pharmacodynamic profiles. Where there are significant
differences, the cost of drug development is likely to increase due to costs of
separating the isomers ’°. Techniques used for the identification of
sterecisomers include X-ray crystallography, NMR, gas- and liquid
chromatography-mass spectrometry (GC-MS) 777°. Duptiéate NMR signals
may be a sign of geometric isomerism or slowly interconverting conformers "

An example of an antimalarial agent that exhibit stereoisomerism is
chalcones. The E-isomer of chalcone (1.26a, Figure 1-12) has greater

antiplasmodial activity than the Z-isomer (1.26b) *°.
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Figure 1 - 12: The sterecisomers of chalcone (1.26A and 1.26B).

1.6 Selected Molecular Targets within Plasmodium falciparum

Rational structure-based drug discovery is “the design of lead compounds that
selectively inhibit a well characterized molecular target such as an enzyme on
the basis of knowledge gained from previous structure activity relationship
studies (SAR)” 8. Structure-based rational drug design has been used in the
design of new antimalarial targets ®%. In this study the potential molecular
targets of interest were: cysteine proteases; hemozoin formation; iron-
dependent enzymes, parasite induced new permeability pathways (NPPs).
This section describes these molecular targets and the structural features or
pharmacophores of known inhibitors. Some of these pharmacophores were
subsequently incorporated in the natural product of interest, curcurnin.

1.6.1 Hemozoin formation

1.6.1.1 Hemoglobin Degradation by Parasitic Proteases

The parasite degrades about 80% of the host's hemoglobin in the parasite
food vacuole ® #. Hemoglobin degradation creates space for the parasite

within the RBC and supplies essential amino acids 5.

Hemoglobin
degradation begins with invagination of the parasitophorous and plasma

membranes of the parasite to form a double membrane transport vesicle 2

20



The transport vesicle, containing part of the host's cytoplasm and hemoglobin,
fuses with the parasite food vacuole which is highly acidic and rich in oxygen.
Within the parasite food vacuole, hemoglobin is degraded by parasitic
proteases to release free amino acids and a lipophilic prosthetic group called
ferrous heme (1.28, Figure 1-13). |

Heme is an iron-protoporphyrin complex in which 4 pyrrole groups are linked

by —~C=C-H bridges. Heme is electrically neutral and highly hydrophobic %; #.

N

HOOCCH,CHy”

HOOCCH,CH

? 1.28

Figure 1 - 13: Structure of heme (1.28) (Ferroprotoporphyrin).

The ferrous moiety within heme undergoes oxidation in the oxygen rich
environment of the food vacuole to form ferric heme which is also called
ferriprotoporphyrin or hemin. It is positively charged and is associated with a
chloride ion. Ferric heme is toxic to the parasite and human host. Heme
causes oxidative stress and direct cellular death. Heme is oxidatively active
and causes the formation of free radicals called Iron-derived reactive oxygen
species (ROS). The free radicals cause peroxidation of DNA, membranes,
lipoproteins and proteins % ®. Because of its toxicity, the heme is detoxified
by the parasite and this process is the molecular target of chloroquine and
related antimalarial agents. By disrupting heme detoxification, chloroquine
increases levels of heme which causes death of the parasite.
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Heme detoxification by the parasite is proposed to take place by 5 different
mechanisms. These mechanisms include: complexation with histidine-rich
protein 2 (HRP2) *; detoxification by cystolic proteins called peroxiredoxins
%0 destruction of the porphyrin ring by peroxidation with hydrogen peroxide *’
; and glutathione mediated heme detoxification % % The most widely
accepted mechanism for heme detoxification is hemozoin formation.

1.6.1.2 Heme Detoxification by Hemozoin Formation

The main route of heme detoxification is formation of triclinic crystals called
hemozoin. Hemozoin is a brown-black pigment which is insoluble in water.
About 70 to 95 % of free heme is converted to hemozoin and about 200
pg/mol of hemozoin are released during the erythrocytic phase of the
parasite’s life cycle . Hemozoin is chemically, structurally, biologically and
spectroscopically identical to B-hematin which is synthesized in the lab under

acidic conditions ¥'.

Hemozoin formation begins with the dimerization of heme by reciprocal
bonding of the propyl carboxylate group of one heme molecule with the ferric
moiety of a second heme molecule to form an iron-carboxylate bond. The
heme dimers undergo stacking to form hemozoin % %°. Although hemozoin is
often referred to as a polymer, it is made up of dimers of heme linked together
by hydrogen bonding of free propyl carboxylic acid groups. The exact
mechanism by which hemozoin crystals are formed is rather controversial and
5 different mechanisms have been proposed.

It has been proposed that hemozoin formation is the result of spontaneous
crystallization of heme dimers. However, this may not be the case since this

% The autocatalytic

process is too slow at physiological conditions
mechanism proposes that preformed hemozoin acts as a catalyst for heme
formation. However, this proposal does not explain how the initial hemozoin is
formed 3 %. Hemozoin formation might be mediated by two proteins with

heme polymerase activity called Histdine Rich Proteins Il and Il (HRP il and
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Iy ® "% It has been proposed that hemozoin formation is mediated by
saturated fatty acids such as arachidonic acid and oleic acid, which tend to
concentrate heme and maintain it in a state favorable for dimerization " 12,
This mechanism may not be plausible since the reaction efficiency is too low
(0.5 — 20 %) to allow for rapid hemozoin formation in vivo . Secondly, the
stoichiometry of the reaction demands equimolar amounts of heme and lipids
which cannot be achieved intracellularly %% ' Hempelmann et al. '® put
forward the membrane sacrifice mechanism. They proposed hemozoin
formation takes place in parasite transport vesicles whose membranes act as-
a scaffold for the growth of hemozoin crystals. This mechanism is supported
by the fact that hemozoin is usually associated with membrane fragments.
Alternatively, hemozoin formation may take place by biomineralization which
is a spontaneous crystallization process mediated by lipids. This process has
been demonstrated in vitro and is fast enough to allow for hemozoin formation

in vivo "%,

1.6.1.3 Role of Hemozoin in the Pathophysiology of Malaria

Hemozoin was initially thought to be inert but it has been recently shown to
induce detrimental immunological responses in the human host. It causes
over activation of the cellular component of the immune system leading to
increased production of cytokines which cause end organ damage observed
in complicated malaria ' '®. Hemozoin causes activation of neutrophils and
macrophages leading to chemotaxis and increased expression of Tumor
Necrosis Factor alpha (TNF-a) and other inflammatory agents 0%
Hemozoin increases the immune response of dendritic and splenic cells ''°.
When hemozoin binds to Toll-like receptor 9 (TLRS), located on a sub-type of
dendritic cells, a cascade of signaling reactions is triggered and this leads the
eventual production of inflammatory agents ''".An acute infection with P.
falciparum may be followed by a state of immunosuppression. The immuno-
suppressive effects of the parasite may be mediated by hemozoin which acts

by suppressing maturation of dendritic cells in vitro "2,
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1.6.1.4 Antimalarial Agents that Inhibit Hemozoin Formation

Drugs that accumulate in the parasite food vacuole tend to interfere with
hemozoin formation. Such drugs include: artemisinin and other antimalarial
peroxides and 4-arninoquinolines and aryl alcohol antimalarials ''*. High
concentrations of artemisinin and other related endoperoxide antimalarial
derivatives inhibit B-hematin formation ''*. They may inhibit hemozoin
formation by forming complexes with HRP2 and 3 115 or by forming covalent
bonds with free heme ''®. Despite the fact that they inhibit hemozoin
formation, this is not the main mechanism through which endoperoxide

antimalarials act "7,

It is widely accepted that 4-aminoquinoline antimalarials act by inhibiting
hemozoin formation. However, they may exert their antimalarial effects
through other mechanisms. Quinoline antimalarials reversibly reduce the rate
of beta-hematin formation in vitro ''®. Other agents that inhibit beta hematin
formation in vifro include: hydroxanthones (2, 3, 4, 5, 6-pentahydroxyxénthone
(1.29, Figure 1-14) '% clotrimazole (1.30) '?°; and cyproheptadine (1.31) '2".

N
o NG Se
BSOS ; )
HO 0 OH c’
OH OH 1.30 T 1.31

1.29

Figure 1 - 14: Structures of compounds'that inhibit beta-hematin formation:
pentahydroxyxanthone (1.29), clotrimazole (1.30) and cyproheptadine (131).
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A common feature of these compounds is the presence of delocalized
electrons that interact with the 1 electrons of the porphyrin rings in heme. This
results in the formation of a complex with heme which prevents the
subsequent formation of hemozoin % % The formation of the complex is
called - 1 stacking. Cationic- 1 interactions may also occur between the
ferric moiety and the edge of the quinoline ring that contains the N and C8 2%
25 The structure of the quinoline-ferriheme complex is unknown since no
crystals are available. Recent models show that the stacking is not entirely

planar and is tilted "%+ 1%

While it is widely accepted that quinoline antimalarial agents inhibit hemozoin
formation by complexing with heme, alternative mechanisms have been
proposed. Quinolines may act by inhibiting glutathione and hydrogen-peroxide
dependent heme detoxification *!' %%, This has been demonstrated in vitro but
has never been observed in vivo. Quinolines may also act by masking lipids

which are involved in hemozoin formation %% 1%7,

1.6.1.5 Structure Activity Relationship of 4-aminoquinolines

The structural features of chlorogquine essential for its antimalarial activity are

summarized in Figure 1-15.
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Amino alky side chain - length and size
do not influence binding.
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slightly.
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N

A hydrophobic 2 or 4 quinoline
nucleus in involved in interaction
with the porphyrin ring. 3,5, 6
and 8 aminoquinolines lack
approriate electron distribution
for interaction.

Hydrophobic and electron withdrawing
groups improve binding to heme. In
synergy with the 4 aminoethyl group
binding is improved 5 fold. Chloro group
gives optimal activity and movement to
position 6 reduces binding C-8 and quinoline nitregen are the most
electron dense and are involved in cationic
interactions with Fe?- Protonation of the
nitrogen may improve accumulation in the
parasite food vacuole ion trapping.

Figure 1 - 15: Summary of the structure activity relationship of 4 aminoquinoline

antimalarials 128.

The quinoline ring N is essential for binding to heme to occur '*. Since the
nature of interaction of quinoline is electronic, substitutions that cause
changes in the electron density reduce or abolish the ability to complex with

128-131

heme The electron density distributions of 3, 5, 6 and 8

aminoquinolines do not allow them to interact with ferric heme 2.

The 7-chloro group and the alkyl group on the amino group independently do
not improve binding to hematin significantly '*® '*°. However, the 7-chloro
group and the terminal amino-ethyl side chain synergistically imvprove binding
to ferric heme five fold ™. A terminal ethyl group in CQ is critical for the
synergistic effect. '

The strength of ferric heme complexes is mainly determined by the
hydrophobicity of the molecule. Hydrophobic substituents at position 7
increase the strength of association between ferric heme and the quinoline
134 Although the amino alkyl side chain is not directly involved in hematin
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binding,' shortening or increasing the length of this side chain abolishes

3 In 4-aminoquinoline derivatives, the 7-

resistance in CQR strains
chloroquine ring is weakly correlated with cross-resistance with CQ. The
length and nature of the basic side chain is the determinant of activity against

chloroquine-resistant parasite strains "°.

1.6.2 Cysteine proteases as Molecular Targets in Plasmodium

Proteases are a fa‘mily of enzymes found in eukaryotes and prokaryotes and
are involved in proteolysis, which is the break down of proteins to peptides
and amino acids. Cysteine proteases, also called thioproteases, belong to the
Clan CA of the papain family of proteins "> "8 In this clan the amino acid
residue, Cysteine 25 and Histidine159 are highly conserved as the principle
amino acids at the site of action. They are involved in hemoglobin
degradation, erythrocyte invasion by the merozoites and rupture of the
infected RBC %% "0 The recombinant cysteine proteases isolated from P.
falciparum include: falcipains and Pf68. Pf68 is responsible for erythrocyte
rupture by the mature schizonts. Four types of falcipains have been identified:
falcipaih—1 (FP-1); falcipain 2A (FP-2A); falcipain 2B (FP-2B); and falcipain 3
(FP-3) "% The falcipains are closely related and genes coding for them are
located on chromosome 11 of the parasite. The falcipains are mainly involved

in haemoglobin degradation and are located in the parasite food vacuole.

FP-2 cleaves the erythrocyte membrane proteins ankyrin and protein 4 during
rupture of the infected RBC ' 8. FP-2 is responsible for over 90% of the
cysteine protease activity in the trophozoite stage. Falcipain 2A is a product of
duplication of the gene encoding for FP-2B 2. The two have the same
substrate specificity and similar kinetic properties '** 7. 148 FP_.2B may be
involved in RBC rupture. Falcipain 1 is distantly related to the other falcipains
and its biological role is unknown. It may be involved in oocyst release in the
mosquito mid-gut or may be involved in red blood cell invasion and cleavage

of Pfs230 during gametogenesis "9,
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1.6.2.1 Mechanism of inhibition of the cysteine proteases

The active site of cysteine proteases contains cysteine which has a highly
active thiol group. The activity of the enzyme is dependent on His-159 which

is in close proximity with the cysteine residue "%

The close proximity of the
two residues results in the deprotonation of the thiol group. At neutral and
slightly acidic pH, the two residues exist as a highly nucleophilic thiolate-
imidazolium ion pair. An amino acid at position S149 is critical for activity and
mutations at this site completely abolish activity of falcipains 4. The exact
role of this amino acid is unknown. S149 is more critical for the activity of FP-

2A compared to FP-2B.

The mechanism of the proteolytic action of cysteine proteases is presented in
Figure 1-16.
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Figure 1 - 16: Mechanism of proteolysis by cysteine proteases "> '*

Deprotonation of the thiol group on Cys-25 by His-159 to form the thiolate and
imidazolium ion pair. _

The highly nucleophilic thiolate ion attacks the carbonyl bond of scissile
amide bond resulting in the formation of an Oxyanion intermediate. This intermediate
is stabilized by hydrogen bonding with NH and NH, of Cys.-25 and GIn-18
respectively. |

Protonation of the amine group within the oxyanion with electronic
rearrangement leading to lysis of the amino end of the protein and formation of
acylated cysteine protease enzyme. The proton is supplied by the imidazolium ion.

Nucleophilic attack on the carbonyl of the acylated enzyme by water or a
base leading to the formation of a tetrahedral intermediate.

Regeneration of the thiolate-imidazolium ion pair with loss of the acyl group.
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1.6.2.2 Inhibitors of Cysteine Proteases

Most inhibitors contain an electrophilic center such as a carbonyl or
thiocarbonyl group which is attacked by the negatively charged active site

153

thiolate group of the cysteine residue . Compounds with an a, B

unsaturated ketone have a great affinity for the thiol in cysteine compared to

amino and hydroxy! nucleophiles "% 1%,

Ideally, an inhibitor of the falcipains should be active against all the 4 isoforms
of falcipain because selective reduction of the activity of any one of the
isoforms results in compensatory over expression of the other isoforms '*°. To
minimize toxicity, the inhibitor should be selective for the parasitic cysteine
proteases and should not inhibit human cysteine proteases such as cathepsin
L " Inhibitors that bind to the amino acids at positions $149 and either
position 185 or A151 of the falcipains are unlikely to interact with the human

protease analogue .

Inhibitors block the rupture of the infected RBC leading to the accumulation of
mature schizonts in RBC '°" '8 They also cause accumulation of native
hemoglobin and swelling of the food vacuole '*°. They inhibit gametogenesis

in vitro '¢°,

Inhibitors are classified into three categories: irreversible; slow turnover; and
the reversible inhibitors. The irreversible inhibitors form stable covalent bonds
with cysteine proteases. They include epoxides (1.32), a, B-unsaturated ester
Michael acceptors (1.33) and vinyl sulfones (1.34, Figure 1-17) '®'. Though
irreversible cysteine protease inhibitors inhibit human cysteine proteases,
undue toxicity has not been demonstrated in rodents and dogs because

mammals have large reserves of cysteine proteases.
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Figure 1 - 17: Structures of irreversible cysteine protease inhibitors.

Slow turn-over inhibitors form stable thicacyl complexes with cysteine

proteases that hydrolyze slowly with time. The reversible inhibitors form a

reversible transition state intermediate with cysteine proteases '®2. Slow turn-
over inhibitors are made up of aza-substituted peptides such as peptidyl
carbazate ester (1.35, Figure 1-18) '®® while reversible inhibitors include

162 164

ketone based peptide derivatives (1.36) " and pyrazolines (1.37)
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Figure 1 - 18: Structures of slow turnover and reversible inhibitors of cysteine
proteases: a peptidyl carbazate ester {1.35); a ketone based peptide derivative (1.36);
and a pyrazoline (1.37).

1.6.3 Antimalarial Activity of Iron Chelators

Iron chelators such as desferrooxamine (DFO) (1.38, Figure 1-19), have
antimalarial activity '®°. Desferrooxamine inhibits the erythrocytic and hepatic
phases of the parasite. Clinical trials showed it is effective in non-complicated

malaria %% 67,

T
NN W N
s Y
| OH 0 138 0

Figure 1 - 19: Chemical structure of desferroxamine {1.38).

iron chelators act by forming chelates with iron thus withholding iron from iron-
dependent enzymes. Some chelators, such as 8-hydroxyquinoline and 2, 2’-
Bipyridyl, form toxic complexes with iron '®®. The parasite is more sensitive to
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iron deprivation than mammalian cells. The metabolic processes in the
parasite that are dependent on iron are presented in Table 1-2.

Table 1- 2: Iron-dependent enzymes in Plasmodium'®®

Enzyme Metabolic Processes catalyzed by the enzyme
Ribonucleotide reductase DNA synthesis "0

Dihydroorotate Pyrimidine synthesis 7 172

dehydrogenase

Phosphoenol pyruvate | Carbon dioxide fixation "

carboxykinase

Delta-aminolevulinate Heme synthesis '™
synthase
Cytochrome oxidase, | Mitochondrial electron transport /% 17>

cytochrome b

Glycolytic enzymes Pentose phosphate shunt 17> 7/

Iron chelators with antimalarial activity are highly lipophilic and this enables

169. 178 They have a high affinity for iron '"® and are

them penetrate RBCs
relatively selective for iron compared to other divalent cations such as zinc
and calcium '®. The ability to accumulate and persist in the infected RBCs

0

improves the activity of the iron chelators '®. The structures and afffinity

constants of selected iron chelating agents are presented in Table 1-3.
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Table 1- 3: The affinity constants of iron chelators with antimalarial activity.

IRON CHELATOR STRUCTURE Affinity constant
(Ka)
Desferrooxamine 1.38, Figure 1-19 10 1
(DFO) 165
Acetomethoxy-calcein H - H\l 10
H
(1.39) 181, 182 - /N S
e
7 “OH
CH,
Hydroxyl pyridine-4- - 10 *°
one (1.40)'"® H TI
C(\N/N AN
OH
8-hydroxyquinoline 10 *°
(1.41) "% -
N o

1.6.4 New Permeability Pathways as Potential Drug Targets

Following infection of the red blood cell, new pathways appear on the red

blood cell membrane that differ biochemically from the host's cells native

pathways. These pathways are called new permeability pathways (NPPs) and

are produced 15 hours after RBC invasion '®. They increase the permeability

of the infected RBCs to electrolytes and other molecular currents '®°. Some of

the NPPs are native to the RBC and are activated on infection

186-188

. Other

NPPs are encoded by the parasite and are transported to the surface of the
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RBC. They are synthesized during the ring phase and appear at the RBC

surface only at the mid-trophozoite stage '°.

The functions of these pathways are still unclear but they may be responsible
for entry of essential nutrients such as pantothenate, glucose and choline *%
192 Other nutrients that are acquired through the NPPs include: purine and
pyrimidine nucleosides; isoleucine; small carbohydrates such as pentitols,
pentose, and hexitols; and polyamines ' % The NPPs are used for the
excretion of metabolic wastes such as lactic acid > 1%. NPPs are involved in
the regulation of the volume of infected RBCs by the extrusion of amino acids
that accumulate after hemoglobin degradation. They regulate the intracellular

concentrations of sodium and potassium ions '%’.

The NPPs have pharmacological and biochemical properties that are distinct
from mammalian transporters. This enables the design of drug molecules that
specifically target the NPPs. They are not inhibited by the classical inhibitors
that inhibit corresponding mammalian transporters '%* % They are not

199,200 gelectivity

saturable and show a preference for hydrophobic solutes
for parasite encoded NPPs can be improved by improving the lipophilicity of
an inhibitor 2. They are not stereospecific and transport both the levo and

dextro enantiomers of solutes 2" 202,

The anion transporters are the most predominant NPPs. They have very
broad substrate specificity and transport monovalent anions and cations,

201, 203

amino acids, sugars and nucleosides Due to their broad specificity,

anionic transporters are ideal targets for antimalarial drugs.

1.6.4.1 Anionic Transporters as Potential Drug Targets

The most common anionic transporters in nature are the chloride channels.
They are ubiquitous in nature. The chloride channels are involved in cell
volume regulation, transportation of salt and water and maintenance of the
electrical excitability of a cell 2°*. Anionic transporters in an infected RBC have

a greater preference for anions over cations and they tend to be inward
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rectifying '®® '°'. There are about 5 different types of anionic channels in the
infected RBC. Two of these anionic channels are Volume-Activated Anion
channel and Small Conductance Channel (SCC) 1% 187. 205

The anionic channel that has been validated as a potential drug target is the
Plasmodial Surface Anion Channels (PSAC). It is encoded by the parasite
and is a chloride transporter but is also permeable to purines, amino acids

and vitamins 2. It c 207,

is located on the Vexternal surface of the infected RB
208 PSAC is a good potential drug target for malaria since its biochemical
properties are different from that of the mammalian anionic channel. This
implies that inhibitors that are specific for PSAC are unlikely to bind to
mammalian anionic channels thus minimizing the chances of toxicity. Its
location on the external surface of the RBC implies that there is no need to
design drugs that penetrate the RBC and this reduces the potential for drug
resistance developing . This target has been validated and known
antagonists of this channel inhibit parasite growth in vitro "' 2'°. The ICsos of

compounds that inhibit anionic channels are presented in Table 1-4.
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Table 1- 4: The antiplasmodial activity of selected anionic channel inhibitors.

188, 202

Inhibitor Structure ICsp ICs0
{Inhibition {Inhibition of parasite
of choline | growth)
transport) {uM)
(LM)

Phlorozin and its 3 3-17

aglycone (1.42)

Piperine (1.43) 13 3-50

Furosemide 1 004-9

(1.44)

5-Nitro-2-(3- OOH 0.8 01-11

phenyl-

propyamino) O/\/\E NO,

benzoic acid

NPPB (1.45)

Anionic channel inhibitors tend to have an anionic head (-COO’) and an

uncharged hydrophobic tail end. Increasing the hydrophobicity of the tail end

improves the anion channel inhibition. Interaction between the inhibitor and

the anionic channels is stereospecific and R-enantiomers tend to be more

potent inhibitors 2''. The in vitro antiplasmodial effects of these compounds

may be mediated through other mechanisms unrelated to ion channel

inhibition 2'°.
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1.7 The Antiplasmodial and Anti-inflammatory Activities of the
Natural Product Curcumin

Curcumin, also called 1, 7-bis-(4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-
3, 5-dione) (1.46, Figure 1-20), is a yellow-crange pigment isolated from
turmeric powder which is the dried rhizome of the plant Curcuma
longa/domestica L.

(Zingiberaceae).

Figure 1 - 20: Chemical structure of the natural product curcumin {1.46}.

Curcumin is a promising lead molecule for the development of anticancer,
anti-inflammatory and antimicrobial agents because of its low toxicity, low
molecular mass and ease of synthesis. Curcumin has a wide range of
activities such as antiprotozoal, anticancer, anti-inflammatory and antioxidant
212 Curcumin was selected for chemical modification because it is easily
available at a low cost. Moreover, the presence of hydroxyl and carbonyl
groups on the molecule provide chemical diversity sites. Curcumin has a
favorable toxicity profile and moderate antiplasmodial activity. The ICsg
values of curcumin and its naturally occurring analogues, demethoxycurcumin
and bis-demethoxycurcumin, against a chloroquine sensitive strain of P.
falciparum are of 3.5, 4.2 and 3.0 pg/ml respectively 2'>. The in vitro activity of
curcumin against a chloroquine resistant strain of P. falciparum is about 5 yM
214 An oral dose of 100 mg/kg of body weight reduced parasitemia and

improved survival in rodents infected with P. berghei #'*.

A curcumin - q, B
arteether combination was found to improve survival of P. berghei infected

 mice compared to either agent administered alone 2'°. A combination of
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arteminisinin and curcumin the delayed appearance of parasitemia compared
to either agent used alone in artemisinin-resistant Plasmodium chabaudi
infected mice #'®. Curcumin did not appear effective in reversing resistance to

6

artemisinin 2'®. In addition to its antiplasmodial activity, curcumin has also

| 213, 217-222

been reported to have antileishmania and antitrypanosomal

activities %°,

1.7.1 Proposed mechanisms of the antimalarial activity | of

curcumin

Curcumin may cause its antimalarial effects by intercalating with DNA 2%,
Since curcumin has o, B-unsaturated carbonyl groups, it may also have the
ability to inhibit cysteine proteases. Compounds with an a, B-unsaturated
ketone group have a great affinity for the thiol groups in the active site of
cysteine proteases '** '%°. The antimalarial activity of curcumin may also be
due to its ability to chelate iron. The affinity of curcumin for Fe>* is similar to
that of desferroxamine 2%, Because of its iron chelating ability curcumin
reduces the enzymatic activity of iron-dependent enzymes %*°. The iron
chelating properties of curcumin are due to the di-ketone and phenolic
hydroxyl groups. However, alkylation of the phenolic groups does not abolish
the iron chelating ability of curcumin. Curcumin may share the same
mechanism of action with artemisinin since it inhibits human sarcoplasmic
reticulum Ca?* ATPase (SERCA) which is the orthologue of P. falciparum
Ca?* ATPase ( PfATPS8) 2%, Curcumin has not been demonstrated to inhibit
the NPPs. However, its structural similarity to chalcones indicates that it may
inhibit NPPs. Dimethoxy- and methoxychalcones (1.47, Figure 1-21) are

potent inhibitors of NPPs 2%,
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Figure 1 - 21: General structure of chalcones that inhibit new permeability pathways227

Curcumin has potent anti-inflammatory activity which is a useful property in

228, 229 part of the antimalarial activity of

the management of malaria
chloroquine and artemisinin is due to their anti-inflammatory activity.
Chioroquine and artemisinin derivatives inhibit the production of pro-
inflammatory cytokines and increase the production of interleukins 10 (I1L-10)
and 12 (IL-12) which confer protection against intracellular parasitic infection
230-232  Curcumin inhibits both cyclooxygenase and lipoxygenase which are

233, 234 It

involved in the generation of inflammatory agents down-regulates

the expression of pro-inflammatory agents such as COX2 2% ¢ LOX,
inducible nitric oxide synthase (INOS) 2*” 8. matrix metalloproteinase-
9/gelatinase B (MMP-9) 2°, TNF-a ?*° and chemokines such as IL- 1B, IL-6,

IL 8, ICAM-1 24",

1.7.2 Disadvantages of Curcumin

One of the major draw backs in the clinical use of curcumin is its poor water
solubility which results in low oral biocavailability. It is poorly absorbed when
taken orally. Over 75 % of an orally administered dose is excreted unchanged
in feces 24> 24*, Secondly, curcumin has a short half life because it is rapidly
metabolized in the liver. Due to its short half-life, curcumin cannot be used
clinically for management of malaria because it has to be administered
frequently and this will reduce adherence. In clinical trials, curcumin has to be
administered frequently and at very high doses to overcome its poor
pharmacokinetic properties. Compared to agents like chloroquine, curcumin

has a low antimalarial potency.
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1.8 Aim and Obijectives of the Study

The main aim of the study was to improve the antimalarial potency and
pharmacokinetics properties of the natural product curcumin by chemical
modifications targeted at specific biochemical pathways in Plasmodium
falciparum.

The specific objectives of the study were:

1. Synthesis of derivatives of curcumin by incorporating moieties known
to target specific biochemical pathways within P. flaciparum.

2. Improvement of the oral bioavailability and half-life of curcumin through
chemical modifications aimed at increasing water solubility and
reducing rate of metabolism.

3. Determination of the in vifro antiplasmodial activity of the derivatives
against chloroquine sensitive and resistant strains of P. falciparum

4. Determination of the ability of the derivatives to inhibit hemozoin
formation. _

5. Determination of the cytotoxicity of the derivatives against Chinese
Hamster Ovarian (CHO) cells.

6. Establishment of an optimal dose for in vivo antimalarial studies by pilot
single and repeated dose oral toxicity studies in mice.

7. Evaluation of in vivo efficacy of selected derivatives in murine model of
malaria.

8. Evaluation of the effect of chemical modification on the

pharmacokinetic parameters of a selected derivative in mice.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF
DERIVATIVES OF CURCUMIN

2.1 Introduction

This chapter describes the synthesis and characterization of derivatives of
curcumin. The main aim was to synthesize a lead compound with improved
antiplasmodial activity, oral bicavailability and a longer half-life compared to
curcumin. The synthetic procedures used were simple one step reactions
which may be scaled up at an industrial level. This was a critical consideration
in drug development since complex synthetic procedures are associated with
high costs and low yields which reduce the competitiveness of a drug in the
market 1' 2. The chemical modifications were aimed at the carbonyl group of
curcumin since it is the most important site of metabolism of the parent
compound. It was hoped that this would reduce metabolism and therefore
increase the half-life of the derivatives. Chemical modifications involved
addition of the following bioactiphores: azoles (2.2.1 and 2.2.2, Figure 2-1);
sulfonylurea (2.3); thiosemicarbazone (2.5); quinoline (2.7) and acyl
hydrazone (2.9). These bioactiphores were expected to increase activity
against selected molecular targets within Plasmodium falciparum. lsomerism
of synthetic derivatives was investigated. The synthesized derivatives were
evaluated for compliance with the minimum molecular requirements for good
oral bioavailability as described by Lipinski et al. > and Veber ef al. *. These
molecular properties include: octanol-water partition coefficient (cLogP);
topological surface area (tPSA); molecular weight (mwt.); and the total
number of hydrogen bond donors and acceptors. The cLog P, tPSA and Mwit.
were calculated using ChemDraw ultra™ Software version 8. Hydrogen bond
donors were the sum of all heteroatoms bonded to at least one hydrogen
group in a molecule. Though curcumin meets all the minimum
aforementioned requirements, it has a poor oral bioavailability due to its poor
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water solubility. To overcome this problem, the derivatives were required to
have a better water solubility profile than curcumin as indicated by a higher

cLogP relative to curcumin.

8]
0O \é
/H >LN3 \\\Ar
NN /U —N A ©
4 )\/}\
RJ\/LR R "R RN R
2.21 2.2.2 2.3
1
[? Cl Z l N\
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NH NH NH
2.5 2.7 2.9
Z OMe 1
R = R =H or Akyl or Ar
OH

Figure 2 - 1: General structures of the pyrazole: (2.2.1); isoxazole {2.2.2); sulfonylureas
(2.3); thiosemicarbazone {2.5); quinoline (2.7} and acyl hydrazone (2.9) derivatives of
curcumin.

2.1.1 Reaction mechanisms

Nearly all the synthetic reactions involved 1, 2-nucleophilic attack at the
carbony! groups of curcumin as outlined in Figure 2-2°. The carbonyl group is
a good electrophile which reacts with nucleophiles at the carbon atom of the
carbonyl functional group. The reaction can proceed in either acidic or alkaliné
conditions. Under acidic conditions, nucleophilic attack was preceded by the
protonation of oxygen of the carbonyl group (Figure 2-2). Nucleophilic attack
under alkaline conditions began with the deprotonation of nucleophile.
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Figure 2 - 2: Mechanism of 1, 2-nucleophilic attack on the carbonyl carbon °

In the case of curcumin, a competing mechanism is, 1, 4-conjugate addition

where nucleophilic attack takes place on the double bond adjacent to the

carbonyl! group (Figure 2-3).

R \j\ R H+J\Nu

Nu

b

Figure 2 - 3: Mechanism of 1, 4-conjugate addition in «a, B unsaturated carbonyl

compounds °

The former reaction mechanism was expected to predominate since it is

faster but is reversible and results in compounds of lower stability

5

Conjugate addition proceeds slowly compared to 1, 2 nucleophilic addition

and its products are more stable. Conjugate addition is irreversible.
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2.2 Purification and characterization of curcumin

Curcumin (2.1.1) was purified from commercially available technical grade
curcumin by flash chromatography on phosphate impregnated silica gel as
described by Rasmussen et al. 5. The 1-D and 2-D spectral data of curcumin
are presented in Table 2-1. Its physcial and spectroscopic characteristics
were in agreement with those previously described in literature 7°. An
interesting feature in the '"H NMR spectrum of curcumin was the integration
due to H-10 which appeared as a single proton confirming the predominance

of the enol form as reported in literature  '°.

Table 2 - 1: *H, "*C, HSQC and HMQC spectral data of curcumin (2.1.1B)

o 0 ' o OH
eo. .l B T oMe MO A A AN A OMe
SR C L R o
| Ho~Fe ¢ NF NoH HO e~ 6 & N7 oH
POSITION { § H | J Value (Hz) 8 C ' HMQC
HSQC
1,17 - 127.7
2.2 7.0501d 18 109.7 C4 4. C1, C7, C
6',6”
3,3 - 146.8
4 4 - 147.9
5, 5" 6.931d, 8.1 114.9 c-1,1",C-3, 3
6', 6" 7.121dd, 8.1,1.8 122.9 c-4'4" C-1,7
7,13 7.591d, 15.7 140.5 c-2,2",C-2,6,C-3
8, 12 6.47 | d,15.7 121.8 C-17,1",C-3
9,11 - 183.3
10 580|s 1011 C-3
2x0OCH; |3.83 55.0 c-3,3”
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2.3 Synthesis of the Azole derivatives of curcumin

2.3.1 Rationale for the antimalarial activity of the azole derivatives

The synthesis of the pyrazole (2.2.1, Figure 2-1) and isoxazole (2.2.2)

derivatives has previously been reported 4.

T
Nl———N
MeO O - o - O OMe
H OH
© 2.2.1
NI—O
MeO N N O OMe
HO ‘ | OH
2.2.2

Figure 2 - 4: Structures of the Pyrazole (2.2.1) and lsoxazole (2.2.2) derivatives of
curcumin

In this class of derivatives, the diketone moiety was replaced by a rigid
pyrazole or isoxazole ring (Figure 2-4). It was envisaged that this modification
would improve the antimalarial activity since azole-containing compounds
have antiplasmodial activity '°. This activity is a result of a delocalized T ring
system that is capable of interacting with the = rings of hematin thus
interrupting hemozoin formation '°. The protonatable nitrogen group was likely
to improve the accumulation of the compound in the parasite’s acidic food
vacuole. The food vacuole is the site of action of antimalarial agents such as
the 4- and 8- aminoquinolines. In addition, azole derivatives have a superior
iron chelating ability compared to curcumin and were therefore hypothesized
to have better antimalarial activity '* '®. The azole derivatives have been
shown to have a greater anti-inflammatory activity than the parent compound

7 which is a useful property in the management of malaria '* %. The
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introduction of a protonatable nitrogen group was likely to improve the
aqueous solubility and thereby improve oral bicavailability. Increasing the
rigidity of the heptadiene-dione chain by replacement of the dicarbonyl group
with the azole ring was likely to reduce the rate of reductive metabolism of the

molecule.

2.3.2 Synthesis and Characterization of isomers of the Pyrazole

Derivative (Hydrazinocurcumin)

Curcumin was reacted with hydrazine monohydrate under acidic conditions as

l., 14

described by Selvam et a and basic conditions (Scheme 2-1).

H
8] O i N——N
— ]
R R. R R
: 2.2.1a, 91% (mixture of isomers)}
l i 2.2.1b, 20 % (isomer)

/\/NIK—/]T\/\ o
OH

2.2.1¢c, 79%

Scheme 2 - 1: Reagents and conditions i) NH,NH,, acetic acid, rt, 72 h; i) NH,NH,, NaOH,
EtOH, 65°C, 15 min.

When synthesis in acetic acid was carried out for 7 hours as described in
literature, the reaction yields were low (19 %). The yield increased to 91 %
when the reaction was carried out over 72 hours. Though elemental analysis
of the reaction product (2.2.1a) showed a high degree of purity, HPLC
chromatographic separation revealed that it was a mixture of 3 isomers
(Figure 2-4).
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Figure 2 - 5: Expanded HPLC chromatogram of the pyrazole derivative of curcumin -
hydrazinocurcumin (2.2.14)

The mixture was subjected to column chromatography on silica gel and the
isomer 2.2.1b was obtained at a low yield of 20 %. The low yield was
attributed to the difficulty in achieving chromatographic separation of the

mixture.

The alternative procedure for the synthesis of the pyrazole derivatives by
heating curcumin in ethanol at 65°C for 15 minutes using NaOH as a catalyst
afforded a red colored isomer 2.2.1¢. When the reaction was carried out for 1
hour instead of 15 minutes, the yellow colored mixture (2.2.1a) was obtained.
The two products, 2.2.1b and 2.2.1¢, were isomers because they had the
same mass charge ratio (m/z) of 364 on low resolution mass spectrometry
(LRMS). The former compound was yellow in color and had a melting point of
217-218 °C while the later compound had a melting point of 227°C. The
mixture (2.2.1a) was yellow in color and its melting point (211-212 °C) was
similar to that reported by Flynn et al. '". Interestingly, on crystallization from
isopropanol, 2.21b formed red colored crystals. Though isomers of
hydrazinocurcumin have not been reported in literature, different authors
report either a red or yellow colored compound > ™ 2" The 1 and 2 D
NMR spectral data of 2.2.1b and 2.2.1¢ are presented in Table 2-2 and 2-3
respectively. The 'H NMR spectrum of 2.2.1b was very similar to that reported
by Shim et al., 2", There were slight differences in the '*C spectra which may
have been due to differences in the NMR solvents used. The proton NMR
spectrum of 2.2.1¢ was similar to that reported to Flynn et al. '*.
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There were significant differences in the 'H and '*C spectra of 2.2.1b and
2.2.1c. In the '"H NMR spectrum of 2.2.1b, the shift due to H-2 and H-2'
appeared as a singlet as opposed to the expected doublet. Secondly, the
shifts due to the imine group (C=N) appeared in the **C spectrum of 2.2.1b
while in the *C spectrum of 2.2.1¢ it did not appear. This indicated that there
was limited tautomeric exchange of H-10 in 2.2.1¢. Secondly, the proton shift
due to the H-7 and H-13 was more deshielded at 6 7.48 in 2.2.1¢ compared to
2.2.1b where the shifts occurred at & 7.04. This indicated that resonance was

more effective in 2.2.1¢.
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Table 2 - 2:. The 'H, ®C, HSQC AND HMQC spectral data of the isomer of
hydrazinocurcumin (2.2.1B)

Position |§'H |Jvalues | HSQC | COSY HMQC
(Hz)
1,1 - 128.3° - |
2,2 713 |d, 1.8 109.6 |H-6, H-6' C 4 4.C 713, C-
6.6
3,3 - 146.7° -
4,4’ - 147 .82 -
5,5 6.78 |d, 84 1156 |H-2,H-2,H-6,6' |C1,1,C3,3
8, 6' 6.90 |m 120.0 |H-5, H-5 -
7,13 7.04 |d, 165 [1295 |- C-6; C-2
8, 12 6.90 |m - - -
9, 11 - - -
10 6.05 |s 99.3 - -
2XOCH; 382 |[s 55.6 C-3, C-3’

Assignment yone using HMQC data and not HSQC data
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Table 2 - 3: The 'H, "°C, HSQC AND HMQC spectral data of the isomer of
hydrazinocurcumin (2.2.1C)

Position [§'H | Jvalue |3C COoSsY HMQC
(Hz) (HSQC)
1,1 - 125.8 -
2,2 7.25 |d, 1.9 1112 | H-6, H-6' C-1, 15 C 4, 4; C
7,13, C-6, 6'
3,3 - 147.9° -
4,4 - 149.1° -
55 6.78 |d, 8.1 116.9 |H-2, H-2, H-6,|C-1, 1", C-3, 3 C-6,
H-6’ 6’
8, 6' 706 |d, 86, [1227 [H-5 H-5 C-2, 2'; C-5, 5'; C-4,
1.9 4 C-7,13
7,13 748 |d, 159 [1444 |- C-1, 1, C-2, 2'; C-6,
| 6 C-8,12; C-9,11
8,12 6.33 |d, 158 [1146 |- c-1, 1; C-2, 2 C-
8,12; C-9,11
9, 11 - 167.9° -
10 6.05 (s 109.6° |- -
2 x -[383 [s 55.7 C-3,C-3'; C-4,C-4'
OCHs

 Assignment done on the basis of HMQC data and not HSQC data.
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On the basis of these observations, it was concluded that 2.2.1b and 2.2.1c
are tautomers named 1-N-H-hydrazinocurcumin and 3-H-hydrazinocurcumin
respectively. The tautomer, 1-N-H-hydrazinocurcumin, had one imine bond
and an ethine bond in the pyrazole ring (Figure 2-6). The second tautomer,
2.2.1¢, had two imine bonds in the pyrazole ring.

o N—N
HN I|\l ] - OMe
R)\VLR R R R=
2.2.1b 2.2.1¢ OH

Figure 2 - 6: Chemical structures of tautomers of hydrazinocurcumin.

The differences in the 'H and 'C spectra of 2.2.1b and 2.2.1c are best
explained by differences in the resonance structures (Figure 2-7).

H. H -

s

"N—N N——N

E
RWR R/\)\A/\R

w\ 2

He.90 63 H 633
2.2.1b 2.21c

Figure 2 - 7: Key differences in the 'H shifts of tautomers of hydrazinocurcumin

In 2.2.1¢, resonance is more effective because of the presence of two imine
bonds hence the affected protons (H-7, 13 and H-8, 12) are more deshielded
or shielded. Crystals of 2.2.1b and 2.2.2¢ have been submitted for X-ray
crystallography to confirm the structures of the different isomers. The
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tautomer, 2.2.1b is° more thermodynamically stable because it is major
reaction product when reaction time was prolonged. In the *C NMR
spectrum of 2.2.1b, the carbon shifts due to C-9 and C-11 were not observed
due to rapid tautomerism of the proton H-10 ' (Figure 2-8).

Figure 2 - 8: Tautomeric exchange in 1-N-H-hydrazinocurcumin {2.2.1b) z

2.3.3 Synthesis and Characterization of Isomers of the Isoxazole

derivative of Curcumin

The isoxazole derivatives were synthesized using the method described by
Selvam et al. '* (Scheme 2-2).

. N
N o s
R/VW\R R R

OMe 2.2.2a, 7%

- 2.2.2b. 14 %

R= 2.2.2¢, 23 %
OH

Scheme 2 - 2: Reagents and Conditions. NH,OH, acetic acid, 85°C, 48 h.

On column chromatography, three reaction products were obtained whose
molecular ions had the same mass charge ratio of 366.4. The isomers had
different colors and melting points (Table 2-4). The most abundant isomer

was white as reported in literature %.
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Table 2 - 4: The Physical Characteristics of Isomers of the Isoxazole derivative of

Curcumin
Isomer | Color Yield %age purity | Ry m.p. (°C)
(EtOAc: CH.CI,
1:19)
2.2.2a | Dullyellow | 7 % 88 0.3 168-169
(tr = 14.956)
2.2.2b | Off white |23 % 88 0.26 173
(tr = 14.952)
2.2.2¢ | Bright 14% 97 0.3 169-170
yellow (tr = 14.929)

Unlike, hydrazocurcumin and curcumin, the 'H NMR spectra of the isoxazole

derivative was more complex and this was due to loss of compound

symmetry. There were subtle differences in the coupling constants and

chemical shifts of the 'H NMR spectra of the different isomers (Table 2-5).

Unlike 2.2.2a, the shifts due to the methoxy groups, phenolic OH groups and

protons H-7 and H-13 were equivalent for isomers 2.2.2b and 2.2.2¢. It was

difficult to deduce the differences in the structures of the isomers using the 'H

NMR spectrum alone. The isomers have been submitted for X-ray

crystallographic evaluation and results are being awaited.
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Table 2 - 5: Comparison of the Chemical Shifts of 'H Spectra of Isomers of the

Isoxazole derivative of Curcumin (2.2.2)

2.2.2b 2.2.2a 2.2.2¢
POSITION | Yellow Dull yellow White
4- Ar-OH [ 9.37 (s) 9.36 (s) 9.31 (2H,s)
4- Ar-OH | 9.30 (s) 9.29 (s)
(s)
H-2 (d) 7.29 (J1.8) 7.28(d, J1.6) 7.29(d, J1.8)
H-2’ (d) 7.27(d, J1.8) 7.27 (J1.6) 7.28 (J 2.1)
H-5 (d) 6.80 (J8.4) 6.80 (J 8.4) 7.05(J 9.3)
H-5’ 6.80 (d, J8.0) 6.78 (d, J 8.0) 7.05 (d, J9.3)
H-6, H-6" |7.07 (J8.2, 1.8) 7.06 (J 8.2, 1.6) 6.81(J8.1,24)
(dd)
H-7 (d) 7.28 (J 16.4) 7.07 (J 16.8) 7.28 (2H, J 16.5)
H-13 (d) 7.04 (J 16.4)
H-8 7.07 J 16.4) 7.07 J16.4) 7.07 (J 16.8)
H-12 7.05 (d, J 16.8) 7.05(d, J 16.8) 7.05 (d, J 16.8)
H-10 (s) 6.83 6.83 6.84
4 -OCH3

3.84 (6H,s) 3.83 (3H,s) 3.85 (6H, s)
4’ -OCHjs 3.82 (3H,s)
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2.3.4 The predictive bioavailability molecular properties of the
Azole derivatives

The pyrazole and isoxazole derivatives meet all the minimum requirements for
good oral bioavailability as outlined by Lipinski et al. > 2 (Table 2-6). The
clogP values of the pyrazole and isoxazole derivative were greater than that
of curcumin indicating the derivatives had higher water solubility and were

therefore more likely to have a better absorption profile.

. Table 2 - 6: Molecular Properties of the Azole Derivatives (2.2.1 and 2.2.2} that Predict

COral Bioavailability

cLog |tPSA | H- - H-bond Mwt. Criteria
P bond acceptors met
donors
Rule <5 <140 } <5 <10 < 500
Curcumin 2939 [1219 |3 |6 368.39 |5
(enolic form)
2.2 3.989 |99.9 |3 9 364.14 |5
2.2.2 3.869 |80.28 |2 6 365.39 5

2.4 Synthesis and characterization of Sulfonylurea Derivatives

of Curcumin

241 Ratibnale for the synthesis of Sulfonylurea Derivatives

Sulfonylureas are anionic channel inhibitors and are used clinically for the
management of diabetes 2. Sulfonylureas have anticancer activity °. The
sulfonylureas, glibenclamide and meglitinide have antimalarial -and
antileishmanial activity ?® 2”. Their antimalarial activity is attributed to inhibition
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of parasite induced anioriic charinels on the host red blood cell. They inhibit
the transport of low molecular weight solutes into the infected erythrocytes. In
addition they inhibit formation of beta-hematin and cysteine proteases 2. It
was envisaged that the addition of the sulfonylurea pharmacophore to
hydrazinocurcumin would increase its antimalarial activity by imparting the
ability to inhibit anionic channels. Retention of the pyrazole pharmacophore
would confer the ability to inhibit hemozoin formation. The sulfonylurea
pharmacophore was likely to improve the water solubility and thus enhance

bioavailability by improving dissolution in the gut.

2.4.2 Synthesis of sulfonylurea derivatives

The sulfonylurea derivatives of curcumin were synthesized by reacting

hydrazinocurcumin (2.2.1) with an arene sulfonyl isocyanate %° (Scheme 2-3).

\

2.31-235 OH

Scheme 2 - 3: Reagents and conditions i) arene sulfonyl isocyanate, DMF, 65°C, N,, 24 h

The reaction involved nucleophilic attack of the pyrazole amine group on the
isocyanate carbon group. The reaction was performed under nitrogen in an

aprotic solvent, N, N-dimethyl formamide.
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The isocyanates were used in excess. The yields, purity and melting points of

the reaction products are presented in Table 2-7.

Table 2 - 7: The yields of the sulfonylurea derivatives of curcumin.

Compound | R’ Y Melting | HPLC Yield
Point | Purity (%)
(°C)
2.3.1 H |H |140 (93 24
(tr=11.89)
2.3.2 CH, [H |1812 |ND° 33
233 cl |H 218 |93 26
| (tr=11.61)
2.34 F_|H |186-8 |100 13
(tr=11.63)
2.3.5 H |CHs | 1812 | 100 25
(te=11.60)

8 Purity determined by elemental analysis

The presence of a carbonyl shift from 5159 to 5168 in the '*C NMR spectra of
the derivatives confirmed the formation of a sulfonylurea. The 'H NMR of the
sulfonylurea urea derivatives was similar to that of pyrazole parent compound
except of the appearance of addition peaks due to the phenyl substituents. As
was previously observed for the tautomer, 2.2.1b, the shift due to H-2 and H-
2' appeared as single{s as opposed to the expected doublets in the '"H NMR
spectra of 2.3.3 and 2.3.5.

The sulfonylurea derivatives met only 2 structural requirements for good oral
bioavailability (Table 2-8). This class of derivatives may therefore present
biocavailability problems. Though the molecular masses of these compounds
exceeded 500, this may not be a significant consideration since most anti-

infective agents in clinical use have high molecular weights *°.
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These compounds had high cLog P values which were consistent with the

observation that they are highly soluble in polar solvents like methanol as

opposed to solvents with low polarity.

Table 2 - 8: The predictive bioavailability molecular properties of Sulfonylurea

derivatives of curcumin

Compound | cLog | tPSA H-bond | H-bond Mwt. Criteria
P donors | acceptors met

RULE <5 <140 |<5 <10 <500

2.3.1 498911695 |3 8 5476 |2

2.3.2 548811695 |3 8 5616 |2

2.3.3 570211695 |3 9 5820 |2

2.34 513211695 |3 9 5656 |2

2.35 548811695 |3 8 5616 |2

2.5 Synthesis and characterization of Thiosemicarbazone

Derivatives of Curcumin

2.5.1 Rationale for the Synthesis of Thiosemicarbazone Derivatives

The general structure and IUPAC nurnbering of thiosemicarbazones are

presented in Figure 2-9.

Figure 2 - 9: General Structure and IUPAC numbering of Thiosemicarbazones

S
AN

A <
—N NRR,

R, R2, R3, R4 = H, akyl or aromatic groups
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Thiosemicarbazones are easy and cheap to synthesize by a Schiff

condensation reaction between a ketone and aldehyde with the appropriate

31

thiosemicarbazide Thiosemicarbazone derivatives exhibit geometric

isomerism (Figure 2-8)*24,

; N
y}% o g:_/ﬁ(

E
2a 2b

Figure 2 - 10: The general structures of E and Z sterecisomers of thiosemicarbazones

The presence of geometric isomers of thiosemicarbazones is revealed by

% In solution,

peak replicaton in 'H and "C NMR spectra
thiosemicarbazones coexist as thione and thiol tautomers (Figure 2-11). Infra-

red spectroscopy can be used to determine the predominant form .

. H
R1 /ﬁ\ - R AN A
/N\H N 3 I N N 3

HR HR
2 2
Thione Thiol

Figure 2 - 11: Thione and thiol tautomers of thiosemicarbazones

3638 antiviral *° antibacterial “© 4,

43, 44

Thiosemicarbazones have antitumour
antiprotozoal *%> **; antifungal, anti-inflammatory and anti-HIV activities
The antimalarial activity of thiosemicarbazones was first reported by Klayman
et al.*®. Thiosemicarbazones are potent inhibitors of recombinant falcipain 1
% 4 The imine (C=N) and thiocarbonyl (C=S) carbons of the
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thiosemicarbazone derivatives are electrophilic sites for nucleophilic attack by
the thiolate group in cysteine proteases *'. Attack on the later is favored
because the sulphur atom is more electron withdrawing than nitrogen which
makes thiocarbonyl carbon a better site for nucleophilic attack. In addition to
inhibition of cysteine proteases, thiosemicarbazones are bidendate or
tridentate iron chelators. The sulfur and hydrazinic nitrogen atoms are
responsible for interaction with the metallic ions. The iron chelating activity of
thiosemicarbazones is highly positively correlated with their in vifro

antimalarial activity 2.

A thiosemicarbazone derivative of curcumin has previously been synthesized
9. %0 The derivative had metal chelating ability. In this study additional N-
methyl and N-aryl substituted thiosemicarbazone derivatives were
synthesized. It was hoped that the derivatives would have good iron chelating
and cysteine protease inhibitory abilities which would enhance the
antiplasmodial activity of curcumin. The derivatives were expected to have
improved water solubility and hence improved oral bioavailability compared to

curcumin.

2.5.2 Synthesis of the thiosemicarbazide reagents and the

thiosemicarbazone derivatives

Two reagents, phenyl and 4-fluoro phenylithiosemicarbazides, were not
commercially available and were therefore synthesized by reacting an
isothiocyanate with hydrazine at ambient temperatures as described by Wiles
and Suprunchuk *! (Scheme 2-4).
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R + NHNH, — > @'
~ b

241R=H (94%)
242 R=F (93 %) H,

S

Scheme 2 - 4. Reagents aqd conditions i) diethyl ether, 25°C, 4 h

Two methods were applied for the synthesis of the thiosemicarbazone
derivatives. In the first method, curcumin was reacted with the
thiosemicarbazide in glacial acetic acid at 85°C. In the second method,
curcumin and methyl thiosemicarbazide were heated in acidified isopropanol
for 6 hours (Scheme 2-5).

=CH, 2.5.2a, b
1
| /R
H\N
1
S«_NHR S OMe
AT -
o) r\|1’ : RN AN R OH
2.6.1
R11=H, 251 |
R=-CiH, 253
R=PhF, 2.5.4

Scheme 2 - 5. Reagents and conditions (i) Acetic acid, 85°C, 72 h (i) isopropanol (10 ml),
acetic acid (0.5 ml), 65°C, 3 hr '
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Table 2 - 9: Yields, purity and melting points of thiosemicarbazone derivatives of

curcumin

Compound R Yield | HPLC Melting
(%) Purity Point (°C)
(%)

2.5.1a H 1 95 163-5
2.5.1b H 50 96 163-4
2.5.2a CH; 10 ND 173
2.5.2b CH3 13 81 171-2
253 Ph 5 3 peaks | 185-186
254 4-Ph-F | 3 2 peaks | 212-4

The first method gave low yields of less than 5 % because the reactions did
not go to completion even after 3 days (Table 2-9). When the reaction
duration was increased to 9 days, the yield of 2.5.1 increased from 1 % to 50
%. A second reason for the low yields was the formation of multiple reaction
products due to the formation of isomers. The isomers were difficult to

separate by column chromatography and prep. TLC.

2.5.3 Characterization of thiosemicarbazone derivatives

The 'H NMR spectra of 2.5.2a and 2.5.3 had peaks that were replicated 2 or 3
times. This provided evidence for sterecisomerism. This was confirmed by
HPLC. Two isomers of N-methyl hydrazine carbothioamide (2.5.2a and b)
were separated by preparative TLC but the yields were quite low. There were
significant differences in the 'H and "> C NMR spectra of the isomers. The "*C
NMR spectrum of the isomer 2.5.2a had a peak at 8179 (C=0) which was
absent in the spectrum of 2.5.2b. The isomer, 2.5.2b, had a peak at 6157
(C=N) which was absent in the spectrum of 2.5.2a. The differences in the 'H

NMR spectra were more subtle.
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The 'H NMR spectra of all the thiosemicarbazone derivatives were very
similar to that of curcumin with the exception of 2.5.2a and 2.5.2b. In these
two derivatives, there was loss of symmetry and the '"H NMR spectra were
more complex. All the hydrazine carbothioamide derivatives with the
exception of N-methyl substituted derivatives (2.5.2a and b) did not form
molecular ions on chemical ionization, fast atomic bombardment and electron
spray mass spectrometry. The most abundant product ion in the mass spectra
of the hydrazine carbothioamides had a mass-charge ratio of 369 which
indicated loss of the thiosemicarbazone moiety. Elemental analysis was

therefore used to confirm the identity of the compounds.

The IR spectra of all the thiosemicarbazone derivatives, with the exception of
2.5.2a and b, showed the strong thiocarbonyl stretch at about 1277 cm™ and
imine stretch at about 1509 cm™. This was similar to the spectral details
reported by Dutta et al. *°. With the exception of the N-methyl derivatives
(2.5.2a and b), there was no evidence of a carbonyl group in IR spectra of

these compounds.

All the thiosemicarbazone derivatives met at least 4 out of 5 molecular
requirements for good oral bioavailability (Table 2-10). This indicated that the
thiosemicarbazone derivatives were likely to have good oral bicavailability. All
the derivatives had tPSA and clogP values that were greater than that of
curcumin indicating that they potentially have a better water solubility profile.
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Table 2 - 10: Molecular properties of the thiosemicarbazone derivatives that predict

oral bioavailability

R cLog P H-bond Mwt. Criteria
acceptors met

LS B Wl”
251 | H 3.511 9 441.51 4
25.2 [ CH; 3.129 9 455.54 5
253 | Ph 4.574 9 517.61 4
254 1 4- 4.719 9 535.60 4

Fluoro

Ph

2.6 Synthesis and Characterization of 7-Chloroquinoline

Derivatives of Curcumin

2.6.1 Rationale for the synthesis of 7-chloroquinoline derivatives of

curcumin

The 7-chloroquinoline derivatives were synthesized by a condensation

reaction between curcumin and 7-chloro-4-hydrazinoquinoline. The rationale

for the synthesis of this derivative is presented in Figure 2-12. Cross

resistance to the quinoline moiety was likely to be a problem but it was hoped

the two aryl groups in curcumin would reverse resistance >,
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Enhance inhibition of

Favour electron hemozoin formation
distribution to \
allow for interaction
with heme, CH N
™ il 3
Bulky groupto ~ l P ~
freduce metabolism of carbonyl Increase water solubility}
group and accumulation in
NH food vacuole
o NH |

MeQ [ SN SN / e OMe
HO ‘ OH

Two aryl groups to

reverse resistance and
intercalate with DNA

Figure 2 - 12: Rational for the synthesis of 7-chloroquinoline derivative of curcumin

2.6.2 Synthesis of the 7-chloro-quinoline derivatives

The 7-chloroquinoline derivatives'were synthesized by a Schiff condensation
reaction between curcumin and 7-chloro-4-hydrazinoquinoline under acidic
conditions (Scheme 2-6). Both the imine derivative (2.7.1) and the pyrazole-
based derivatives were obtained (2.8.1).
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cl N
MeO NS - OMe = =~

HO OH

HO 2.71a,4 % OH
2.7.1b, 1 %
i

cl Ne

Ug
Ni——N
MeO NN N OMe
)
HO 2.8.1,1 % OH

Scheme 2 - 6: Reagents and conditions (i) glacial acetic acid, 80°C, 120h

The reaction yields were very low because the reaction did not go to
completion despite running the reaction for 120 hrs. Separation of the reaction
mixture by column chromatography gave two isomers, 2.7.1a and 2.7.1b
which had same melting point of 156°C but different colors. The former was
bright yellow and the latter was yellow-green in color. Both 2.7.1a and 2.7.1b
did not form molecular ions on both low ‘and high resolution mass
spectrometry. The mass spectra of the two isomers were similar and the most
abundant product ions had mass charge ratios of 453.3 and 495. The results
from elemental analysis were used to confirm the identity of the compounds.
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There were substantial differences in the '"H NMR spectra of 2.7.1a and b.
The 'H NMR spectra of 2.7.1a and b were rather unusual since most chemical
shifts associated with the 7-chloro-4-hydrazinoquinoline did not appear. This
phenomenon was attributed either rapid tautomerism or rapid interchange
between two or more conformers . In the case of 2.7.1b, none of the peaks
associated with the quinoline moiety appeared in the '"H NMR spectrum. The
appearance of a number of peaks not found in the '"H NMR spectrum of
curcumin provided evidence for the successful synthesis of the quinoline
derivative. The chemical shift at 6168.3 revealed the presence of an imine
double bond. | |

The "H NMR spectrum of 2.7.1a had two peaks due to H-3" and H-5" in
addition to those typically associated with curcumin. All the peaks associated
with heptadiene dione chain of curcumin (H-7 to H-13) were replicated three

or four times.

2.6.3 Characterization of the 1-pyrazole-7-chlor-4-

hydrazinoquinoline derivative (2.8.1)

Unlike the 7-chloro-quinoline derivative of curcumin (2.7.1), pyrazole based
derivative (2.8.1), formed a molecular ion on mass spectroscopy. The
absence of carbonyl shifts in the >C NMR and IR spectra confirmed that both
carbonyl groups in curcumin had undergone nucleophilic attack. All the proton
shifts due to both the 7-chloro-quinoline and curcumin moieties appeared in
the '"H NMR spectrum. Though elemental analysis showed a high degree of
purity, HPLC separation showed 2.8.1 is a mixture of 3 isomers. Further
evidence for stereoisomerism was provided by the '"H NMR spectrum in which

most peaks were replicated twice or thrice.
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2.6.4 The predicted oral bioavailability of the 7-chloroquinoline

derivatives of Curcumin

The 7-chloroquinoline based derivatives met 3 out of 5 requirements for good
oral bioavailability (Table 11). This implies that the compounds may have

good oral bioavailability.

Table 2 - 11: Molecular properties of the 7chloro-quinoline derivatives that predict oral

bioavailability

cLog P | tPSA | H-bond | H-bond Mwt. | Criteria
donors | acceptors met
RULE | <5 <140 | <5 <10 <500
271 [6.493 135 3 7 560.1 |3
2.8.2 |6.663 101.1 | 2 4 526.0 |3

2.7 Synthesis and Characterization of the N-Acyl Hydrazone

Derivatives of Curcumin

2.7.1 Rationale for the antiplasmodial activity of the N-Acyl

hydrazones derivatives

N-Acyl hydrazones are structural analogues of thiosemicarbazones. Like
thiosemicarbazones, they inhibit the enzyme cysteine protease and act as
iron chelators. The general structure and sites for nucleophilic attack by the

cysteine thiolate are presented in Figure 2-12.
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'R, R = Aromatic or heterocyclic substituents.

Figure 2 - 13: The general structure and electrophilic sites of N-Acyl hydrazones

An N-acyl hydrazone derivative of curcumin, curcuminsemicarbazone, has
been previously synthesized ** . Curcuminsemicarbazone has good metal
chelating activity and formed a tridendate complex with copper (ll) ions
(Figure 2-14)*.  The stability of the complex was determined by cyclic
voltammetry. Differences in the IR spectra of curcuminsemicarbazone and the
copper complex showed that imine bond and two carbonyl groups were
involved in complexation. The metal chelating ability of the N-acyl hydrazone
derivatives was likely to improve the antiplasmodial activity compared to the

parent compound.

H,N O /Cl

N__

H
MeO . N P O OMe
HO OH
Complex of curcuminsemicarbazone and copper (11) ions

Figure 2 - 14: Structure of curcuminsemicarbazone and its copper complex®
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N-Acy! hydrazone derivatives are easy to synthesize by nucleophilic attack on
the carbonyl group in either acidic or basic conditions (2.8). Further
nucleophilic addition on the second carbonyl group of curcumin was expected

to produce pyrazole-1-yl methanone derivatives (2.10, Figure 2-15).

b |
! R

0
oo, 1 g o
NN T g NNy T T "
i J L 2
R R
2.9

| =
2.10

Figure 2 - 15: Aryl hydrazine methanone {2.8) and pyrazole-1-methanone (2.10)
derivatives of curcumin.

Stereocisomerism was expected since N-acyl hydrazones exist as geometric
isomers with the E-isomers being predominant >°. The E-isomers exist in at
least 4 different conformations. The aromatic substituents on the derivatives
included isonicotyl, salicylaldehye, furoyl, benzoyl and 4-hydryoxyl benzoyl
groups. These groups were selected because they have been reported to play

a role in antiplasmodial activities of acyl hydrazones reported in literature **%,

2.7.2 Synthesis of the N-acyl hydrazone derivatives of curcumin

Two methods were applied in the synthesis of acyl hydrazone derivatives
(Scheme 2-7). In the first method, Method A, the acyl hydrazine was heated in
acetic acid at 70°C
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294 R=Ph, 2% 2101 R'=Ph, 1 %
2.9.2R'=4CI-Ph, 1%
. .,  2103RI=4HOPh 2%
T ,
Method B 204R1=( N2
3
1 1
RO R
hd i ) OMe
NG o N—N
RMR R)\%R OH
o
2.9.3 R'=4 HO-Ph, 26 % 2105 R'- \ /. 65%

Scheme 2 - 7: Reagents and conditions i) Acetic acid, 70°C, 72 h ii) isopropanol, sodium
acetate, 65°C, 48 h

Low yields of less than 3 percent were obtained because of the complexity of
the reaction mixture due to the presence of aryl hydrazine and pyrazole-1-yl
methanone derivatives. Secondly, the reaction did not go to completion. Both
aryl hydrazine (2.9.2 and 2.9.5) and pyrazole-1-yl methanone derivatives
(2.10.1 and 2.10.3) were obtained. The second method, Method B, was
performed in isopropanol using sodium acetate as the catalyst. This method
gave higher reaction vields and the work up was much easier. The precipitate
that formed at the end of reaction was simply filtered, washed and dried. The
reaction products included the aryl hydrazine methanone derivatives 2.9.1
and 2.9.4 and the 2-furolyl derivative (2.10.6).
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2.7.3 Characterization of the N-acyl hydrazone derivatives

All the aryl pyrazol-1-yl derivatives (2.10.1 and 2.10.5) with the exception of
2.10.3 gave molecular ions on mass spectrometry. On the other hand, aryl
hydrazine methanone derivatives did not give molecular ions on MS except

the isonicotoyl derivative (2.9.5).

The 'H NMR spectra of the aryl methanone derivatives (2.9.1 to 2.9.4) were
similar to that of curcumin. The *C NMR spectral peaks at about 183 and &
157 which confirmed the presence of the curcumin carbonyl bond and the
formation of an imine bond respectively. The most abundant product ion in the
MS spectra of the aryl hydrazine methanone derivatives has an m/z ratio of
369 with relative abundance of 100 %. Though HPLC and peak replication
revealed the existence of isomers, none of the isomers were successfully

separated.

There was a significant difference in | the '"H NMR spectra of the aryl
methanone derivative, 2.9.2, when the spectrum was run in different solvents.
When the spectrum was run in d-DMSO the peak due to H-2”, 6” had an
integration of about 0.25. The same peak gave an integration of 2 protons
when the spectrum was run in d-MeOH. The peak due to H-37, 5" did not
appear when the spectrum was run in d-MeOH. The difference in the two
spectra seems to suggest that H-2", 8” are involved in rapid interconversion
between two or more resonance states or conformers which made them
appear as a small peak that gives an integration of less than a full proton
when the spectrum was run in d-DMSO®. The other parts of the spectra were

similar.

- The '"H NMR spectra of the pyrazole-1-yl methanone (2.10.1, 2.10.3 and
2.10.5) derivatives were similar to that of hydrazinocurcumin (2.2.1). The
éppearance of NMR chemical shifts associated with the aryl group was used
to confirm formation of the reaction product. The *C NMR spectrum lacked
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the carbonyl shift at about 6183. This confirmed that nucleophilic attack took

place on both carbonyl groups of curcumin.

2.7.4 The molecular properties of the N-acyl hydrazone derivatives
that predict oral bioavailability

All the synthesized N-acyl hydrazone derivatives, except 2.9.2, met at least 3
out of the 5 criteria for good oral bioavailability (Table 2-12). These

compounds are therefore likely to have a good absorption profile.

Table 2 - 12: Molecular properties of the N-acyl hydrazone derivatives that predict oral
bioavailability

R cLog [tPSA | H-bond | H-bond Mwt. Criteria
P donors | acceptors met

RULE |<5 <140 §<5 <10 < 500

2.9.1 4.407 11445 |3 8 4865 |4

2.9.2 5321 {1445 |3 8 521 2

293 |4.079 1683 |4 9 520.5 3

294 3654 1558 |3 8 487.5 4
2101 |6.744 | 112.1 |2 5 4685 |4
2.10.3 |5.168 11359 |3 6 4845 14
2.10.5 } 5920 §1126.2 |2 5 4585 |4
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2.8 Conclusion

Azole, sulfonylurea, quinoline, thiosemicarbazone and N-acyl hydrazone
derivatives of curcumin were successfully synthesized by nucleophilic attack
on the carbonyl group. In the case of the N-acyl hydrazone derivatives,
nucleophilic attack also took place on the second carbonyl group of curcumin
to yield a series of methanone derivatives. HPLC and 'H NMR revealed the
derivatives displayed isomerism. Isomers of azole and quinoline derivatives
were successfully separated by column chromatography. More work is

required to identify the structural differences between the isomers.
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CHAPTER 3
IN VITRO ANTIPLASMODIAL ACTIVITY AND
CYTOTOXICITY OF DERIVATIVES OF CURCUMIN

3.1 Introduction

After synthesizing derivatives of curcumin, it was necessary to determine if
the chemical modifications had resulted in compounds with improved
antiplasmodial activity. The derivatives were tested for their in vifro
antiplasmodial activity against the chloroquine sensitive (CQS) D10 and
chloroquine resistant (CQR) K1 strains of Plasmodium falciparum using the
Parasite Lactate Dehydrogenase (pLDH) assay " 2. The cut off for good in
vitro activity was an ICs of less than 1 uM 3 In addition, the cytotoxicity
against the Chinese Hamster Ovarian (CHO) cells was determined using the
MTT assay *. The cytotoxicity was used to determine the selectivity of the
compounds for Plasmodium as opposed to mammalian cells. Selected
compounds were tested for their ability to inhibit the formation of beta-hematin
using the pyridine hemichrome inhibition assay °. This test was deemed
important since ability to hemozoin formation is linked to the activity of 4-
aminoquincline antimalarials °. The beta-hematin assay has been successfully
used in pharmaceutical industry in high throughput drug discovery ’. The cut
off for good activity was an ICsg of less than 200 uM or 5 equivalents of heme.

The in vitro activities of derivatives were compared with that of the curcumin.
The selectivity index (Sl) was used to access the specificity of action of the
test compounds. It was also used to access the lack of toxicity to mammalian
cells at concentrations where the test compound was effective against P.
falciparum. 1t was calculated by dividing the CCsy against the CHO cells by
the ICsp against the CQR strain (Si= CCx/ICsp) by the CCq .
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The resistance index (RI) was used to access activity against the CQR
strains. It predicts the likelihood of development of resistance if a compound
were in clinical use. It was calculated by dividing the I1Cs, against the CQR
strain by the ICsq against the CQS strain.

3.2 Results and Discussion

3.2.1 The in vitro biological activities of curcumin and the azole

derivatives

Although the antiplasmodial activity of curcumin has been reported, no
comparison between the activity against CQS and CQR has been made. In
this study curcumin was found to be equally active against both the CQS and
CQR strains with 1Csy values of 1.674 and 1.647ug/ml respectively. The
resistance index (Rl} was 1. The ICs0 values of curcumin were similar to
values reported in literature 3 °. The ability of curcumin to act against the CQR
strain may have been due to the a, B-unsaturated carbonyl groups within
curcumin. The a, B-unsaturated carbonyl groups have been shown toc confer
the ability to inhibit multidrug resistance proteins thus overcoming drug
resistance '°. Curcumin showed no cytotoxicity against the CHO cells (CCs >
100 pg/ml). However, this finding was interpreted with caution since
compounds with antioxidant and chelating activity are known to interfere with

MTT assay to give false negative results ">,

The antiplasmodial activities of isomers of pyrazole derivative of curcumin
were compared (Table 3-1). The mixture of isomers, 2.2.1a, and the tautomer,
2.2.1b, had a 9-fold greater activity against the CQS compared to curcumin.
The ICso values were 0.183 and 0.085 ug/ml respectively. The enhanced
antiplasmodial activity of the pyrazole derivative was afttributed fo the azole
ring which conferred the ability to inhibit beta-hematin formation. However, the
isomer 2.2.1¢ had an ICsp of 1.084 pg/ml and its activity was comparable to

that of curcumin. The superior antiplasmodial activity of the tautomer, 2.2.1b,
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may have been due to the presence of the amine group (N-H) which

enhanced solubility and the ability to accumulate in the parasitic food vacuole

by pH ion trapping.

The antiplasmodial activities of the different isomers of the isoxazole

derivative were compared (Table 3-2). There was no difference in the

activities of the isomers of the isoxazole derivatives. The ICsy values of the

isomers, 2.2.2a, b and ¢, were 1.573, 2.180 and 1.866 ug/ml respectively.

There was comparable in vitro activity between isomers.

Table 3 - 1:

derivative of curcumin / hydrazinocurcumin

In vitro antiplasmodial and cytotoxicity of the isomers of the pyrazole

N|_N/H NN OMe
R)\)\R R)\)\R < OH
2.21a,b 2.2.1c
ICs0 ° CCso°
pg/mi (pM) pg/ml (uM)
D10 K1 CHO sl |RI°
cQ 5.521 + 1.547° | 182.523 + | ND ND |33.1
10.253
Emetine |ND ND 0.067 + 0.011 ND |ND
Curcumin | 1.674+0.708 |[1.657 +0.496 |> 100 ND [0.99
(4.545 + 1.922) | (4.496 + 1.346)
2.2.1a 0.183+0.082 |[1.832+0.731 |2.151 + 0.4264 1.17 | 10.01
(0.502 +0.227) | (5.030 +£2.008) | (5.908 + 1.171)
2.2.1b 0.0850°
(1.909)
2.2.1¢c 1.084 + 0.143 [5.790 + 1.771 5.34

(2.976 +0.394)

(15.900 + 4.864)

2 mean + SD,

n=3, b S| selectivity index, ¢ RI Resistance Index, d

performed due to low amounts of material.

ng/ml, € Only one assay was
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Table 3 - 2: /n vitro antiplasmodial and cytotoxicity of the isomers of isoxazole

derivative of curcumin

222
ICs0? CCs°®
Hg/ml (UM/ml) Hg/ml (uM/ml)
D10 K1 CHO Si RI
CcQ 5521 +1.547° |182.523 +10.253° | ND | ND |33.1
Emetine | ND ND 0.067 £ 0.011 ND |[ND
2.2.2a 1.573 £0.703 3.173 0. + 688 2.02
(4.305 £ 1.924) | (8.690 + 1.884)
2.2.2b 2.180 £ 0.833 3.018 £ 0.070 1.38
(5.967 +2.278) |(8.266 +0.191)
2.2.2¢c 1.866 +0.503 |3.921+0.618 11.339 +0.854 2.89 |2.10
(5.105+£1.375) ](10.739 +1.694) | (31.032 +2.336)

®mean * SD, n=3,

The pyrazole derivative (2.2.1a and b) had greater antiplasmodial activity

against the CQS strain compared to isoxazole derivative (2.2.2) (Figure 3-1).

The activity of the latter was comparable to that of curcumin.

All the azole derivatives had reduced activity against the CQR strain (Figure

3-1). The activity against the CQR strain was less than that of curcumin.
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Figure 3 - 1: Comparison of the in vitro activities of the azole derivatives against the

CQS and CQR strains of Plasmodium falciparum

The diminished activity against the CQR strain may suggest that carbonyl
groups on curcumin were responsible for activity against the resistant strains.
The RI of the isoxazole derivative was much lower than that of the pyrazole

derivatives.

Unlike curcumin, the pyrazole (2.2.1a) and isoxazole (2.2.2c) derivatives
inhibited the formation of beta-hematin with ICso values of 0.832 + 0.1 and
1.054 + 0.1 equivalent of hematin respectively. In this regard, they had
superior inhibitory activity compared to chloroquine diphosphate which had an
ICs0 of 1.91 equivalents. However, chloroquine had a much higher in vitro

antiplasmodial activity than these derivatives.
The low selectivity indices of the pyrazole and isoxazole derivatives (1.17 and

2.89 respectively), implied that they have a non-specific mechanism of action.

They were highly cytotoxic as previously reported ' 1°.
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Introduction of an azole ring improved the antiplasmodial activity of curcumin.
However, further chemical modifications are required to reduce the

cytotoxicity and improve activity against resistant strains.

3.2.2 The in vitro biological activities of the sulfonylurea

derivatives of curcumin

The sulfonylureas differed in the nature of the substituent at the para and
ortho position. The in vitro activity against the CQS strain of the sulfonylureas
derivatives was comparable to that of curcumin with ICso values ranging from
1.753 to 7.578 pM (Table 3-3). The sulfonylurea derivatives were less active
than the pyrazole derivative. This suggested that bulky substituents on the
pyrazole ring diminished antiplasmodial activity. Activity against the CQR
strain was considerably reduced and was less than that of curcumin (Figure 3-
2). Resistance to the sulfonylureas was probably mediated by the P-
glycoprotein homologue 1 (Pgh1) which causes the efflux of drugs from the

16,17

cytoplasm. This transporter, which belongs to the ATP-binding-cassette

(ABC) transporter family, has been shown to cause resistance fo

sulfonylureas in isolates of Leishmania *® 9.

All the sulfonylurea derivatives were highly cytotoxic with CCsg values ranging
from 3.164 to 9.716 pg/ml. They were more toxic to the CHO cells compared
to the CQR strain of P. falciparum with S| values ranging from 0.31 to 1.18
(Table 3-3). The CQR strain of P. falciparum was probably protected from the
cytotoxic effects of the sulfonylureas by efflux of the sulfonylurea from the
cytoplasm or by other cellular processes that confer drug resistance. The
halide substituted derivatives (2.3.3 and 2.3.4) had the highest cytotoxic and
antiplasmodial activities. This indicated that the biological activity may be
determined by electronic interactions of the phenyl moiety with a receptor
target. However, more derivatives need to be synthesized in order to

delineate meaningful structure-activity relationships.
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Figure 3 - 2 : Biological activities of sulfonyl urea derivatives of curcumin

Table 3 - 3: In vitro antiplasmodial and cytotoxicity of the sulfonylurea derivatives of

curcumin
ICs0 2 CCsp?
| ng/ml (uM) Hg/ml (uM) ®

D10 K1 CHO Sl RI
231 |1.920 £ 1.556 11.995 £ 2.304 3.725 £ 1.117

(2.946 + 2.231) | (15.212 + 11.968) | (6.803 +2.034) | 0.31| 6.25
23.2 |12203+2.367 8.227 £1.787 9.716 £ 0.970

(3.923 +4.214) |(14.650 +3.181) | (17.300 £1.726) | 1.18 3.73
23.3 ]1.031+£0.402 7.086 + 7.066 4.253 + 1.666

(1.753 £ 0.490) | (12.175 + 12.141) | (7.308 + 2.863) | 0.60| 6.87
234 |4.286 +0.866 (9.864 £ 2.819) 3.164 £ 2.371

(7.578 + 1.531) | (12.216 +9.711) | (5.594 +4.193) | 0.32] 2.30
235 |3.499+1.838 9.296 +2.787 ND

(6.230 + 3.273) | (11.628 + 9.222) 2.66

231R=H,23.2R=CH; 23.3R=Cl, 2.3.4 R=F, 2.3.5 R = CHj3 (ortho), “mean + SD, n=3

105



Sulfonylurea derivatives inhibited the formation of beta-hematin (Table 3-4).
They had greater inhibitory activity than chloroquine, which had a greater
antiplasmodial activity. Sulfonylureas have been shown to inhibit beta-hematin
formation %°. This activity may have been due to the presence of the pyrazole
ring. The chloro substituted sulfonylurea derivative had highest beta-hematin
inhibitory activity amongst the three derivatives tested which is consistent with
the fact that in quinoline derivatives the chloro group alters distribution of

eletrons to favor interaction with heme 2'.

Table 3 - 4: The IC5, values for the inhibition of B-hematin formation by sulfonylurea

derivatives of curcumin

ICso (equivalents
of hematin)
cQ 1.91+£0.3
2.31 0.530 + 0.1
233 0.320 £ 0.09
235 0.631+£0.3

®mean + SD, n=3

The sulfonylurea derivatives may not be good lead compounds for
antimalarial drugs because of poor activity against the CQR strain and their
high cytotoxicity. They, however, could be investigated further as cytotoxic

agents for the development of new anticancer drugs.

3.2.3 The in vitro biological activities of the thiosemicarbazone

derivatives of curcumin

The in vitro antiplasmodial activities of the thiosemicarbazone derivatives are

presented in Table 3-5.
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Table 3 - 5: In vitro antiplasmodial and cytotoxicity of the thiosemicarbazone

derivatives of curcumin

1
1
SYNHR
NH
0O N|/
MeO XN = | X OMe
HO = OH
Gy ? (ele T
pg/ml (M) pg/mi (uM)
D10 K1 CHO Si RI
cQ 5521+ 1.547° | 182,523 +| ND ND 33.1
10.253°
251 |2353+1.018 |... 69.032 + 0.893 | 29.34°
(5.334 + 2.307) (105.08 + 89.05)

2.5.2b |3.169+£1.894 |2.763+1.277 71.528 + 8.868 |25.89 | 0.87
(56.355 £ 4.016) | (6.064 + 2.804) | (157.02 + 19.47)

253 2448 +1.053 |3.094 +0.811 80.309 +34.106 | 25.96 | 1.26
(4.728 £ 2.034) | (5.978 + 1.567) | (155.15 + 65.89)

254 2.307 £1.089 |16.368 +0.800 |59.745+ 14.985 | 25.89°| 7.09
(4.308 £ 2.032) | (30.561 £1.493) | (111.55 + 27.98)

251R=H, 2.5.2bR = CHj, 2.5.3 R = Ph, 2.5.4 R = 4-Fluro Ph, ?mean + SD, n=3, °ng/m|

“Calculated using ICso against D10 as the denominator

The antiplasmodial activity of the thiosemicarbazone derivatives against the
CQS strain was comparable to that of curcumin. Activity was not affected by
the type of substituent at the thioamide bond. Addition of the
thiosemicarbazone group did not improve the antiplasmodial activity of these
compounds. All the thiosemicarbazone derivatives were equally active against
the CQS and CQR strains with the exception of 2.5.4 (Figure 3-3).
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Figure 3 - 3: Comparison of the in vitro activities of the thiosemicarbazone derivatives
of curcumin against the CQS and CQR strains of Plasmodium falciparum

The ability of thiosemicarbazone derivatives to overcome drug resistance may
have been due to the presence of the «, B unsaturated carbony! group ' or
the innate ability of thiosemicarbazones to act against CQR strains . The
thiosemicarbazone derivatives were not cytotoxic and had high selectivity
indices of above 25 (Table 3-5).

3.2.4 The in vitro biological activities of the 7-chloroquinoline

derivatives of curcumin

Two types of derivatives were obtained: hyrazino 7-chloroquinoline derivative
(2.7.1a and b, Table 3-6) and the pyrazole-7-chloroquinoline derivative
(2.8.1).
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Table 3 - 6 : In vitro antiplasmodial and cytotoxicity of the 7-chloroquinoline derivatives

of curcumin
Cl N
= S Cl . l N\
N = S _
|/NH N|—N
R/\)WR R/\WR
271a,b 2.8.1
OMe
R =
OH
ICs0°® CCs?
ug/ml (uM) pg/mi (uM)
D10 K1 CHO | RI
2.7.1a | 0.968 + 0.102 28.080 +4.156 ND ND 29.01
(1.728 £ 0.182) | (50.138 +7.420)
271b | 2.779 +1.211 4244 + 2606 >100 ND 1.53
(4.962 +2.162) | (7.578 +4.653)
2.8.1 0.412 £ 0.208 1.671 £ 1.044 >100 ND 4.06
(0.784 £ 0.396) | (3.177 + 1.985)

®mean % SD, n=3

The derivative containing the pyrazole group (2.8.1, Table 3-6) had the
highest activity against the CQS and CQR strains. The antiplasmodial activity
of 2.8.1 was about 4 times that of curcumin. Unlike hydrazinocurcumin, 2.8.1
was not cytotoxic to the CHO cells. This implied that the introduction of bulky
substituents on nitrogen atoms of the pyrazole ring abolished the cytotoxicity

of the pyrazole based derivatives of curcumin.
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The two isomers of 2.7.1 had different in vitro activities. The isomer, 2.7.1a
was less active than 2.7.1b against the CQR. The resistance indices were
29.01 and 1.53 respectively. The isomer, 2.7.1b, was not cytotoxic to the
CHO cells. The diminished activity against the CQR strain was surprising
considering that 2.7.1 contained an a, B-unsaturated carbonyl group. The
bulky subsituent on the a, B unsaturated carbonyl group may have impaired
the ability to overcome the effects of proteins responsible for drug resistance.
Resistance may also have been due to cross resistance since the derivative

contained the quinoline ring.

The 7-chloroquinoline derivatives were10 times more active than chloroquine
at inhibiting the formation of beta-hematin. The ICs values for 2.7.1a and
2.8.1 were 0.173 + 0.1 and 0.449 + 0.05 equivalents of hematin respectively
compared to CQ which had an ICsy of 1.91 £ 0.3 equivalents of hematin.

Despite this, chloroquine had a much greater in vitro antiplasmodial activity.

The most promising compound in this class of derivatives was 2.8.1 which
had an I1Cs of less than 1uM against the CQS strain. It lacked cytotoxicity. It
may be used to develop other lead compounds if subjected to chemical

modifications that impart the ability to overcome resistance.

3.2.5 The in vitro biological activities of the N-acyl hydrazone

derivatives of curcumin

Two types of N-acyl hydrazone derivatives were synthesized: the aryi
hydrazine methanone derivatives and the pyrazole-1-yl methanone
derivatives. The biological activities of these two classes of compounds are

presented in Table 3-7 and 3-8 respectively.
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Table 3 - 7: In vitro antiplasmodial and cytotoxicity of the aryl hydrazine methanone

derivatives of curcumin

ICs0°® CCso®

Hg/ml (uM) ug/ml (uM)

D10 K1 CHO Sl RI
2.9.1 |0.382+0.121 |ND 84.900 +26.154 |ND |ND

(1.208 + 0.755) (174.50 + 53.76)

2.9.2 [2.206 +0.893 [3.075+0.484 |33.510+21.715 |15.19 [1.39
(4.235 £ 1.715) | (5.902 + 0.929) | (43.52 + 46.55)

2.94 | 0.610+£0.149 1.307 £ 0.418 |>100 ND 2.14
(1.251 £ 0.306) | (2.472 £ 0.708)

2.9.1 R= Ph, 2.9.2 R= 4 chloro Ph, 2.9.4 R= 2 hydroxyl Ph, 2.9.5 R= isonicotyl, mean % SD,
n=3

111



Table 3 - 8:

methanone derivatives of curcumin

In vitro antiplasmodial and cytotoxic activities of the aryl pyrazole-1-

ICs 2 CCso”

pg/ml (uM) pg/ml (uM)®

D10 K1 CHO sl RI
2.10.1 | 1.467 £ 0.820 |8.704 + 3.487 1.467 + 0.820

(2.799 + 1.364) | (18.577 + 7.442) |(2.799+1.364) |1.00 |5.93
2.10.3 | 0.290 + 0.044 | 1.896 + 1.252 10.129 + 1.790

(0.599 + 0.090) | (3.913 £2.583) | (20.905 + 3.695) | 34.93 | 6.54
2.10.4 [ 1.512£0.269 [2.963 +0.702 32.186 + 12.390

(3.214 £ 0.572) | (4.896 + 2.624) | (66.02 +25.414) | 2129 | 1.96
2.10.5 [ 0.437 £ 0.157 [ 7.476 +6.415 26.478 + 21.661

(0.952 + 0.342) | (16.306 + 13.991) | (57.752 + 47.246) | 60.59 | 17.1

2.10.1 R= Ph, 2.10.3 R= 4 hydroxy Ph, 2.10.4 R= Isonicotyl, 2.10.5 R= 2-furoyl, *mean + SD,

n=3

The most active hydrazine aryl methanone derivatives against the CQR strain
were 2.9.1 and 2.9.4 with ICso values of about 1.208 and 1.251uM

respectively. They had phenyl and isonicotyl substituents respectively.

Amongst the pyrazole-1-methanone derivatives, 2.10.3 and 2.10.5 were the

most active with |ICso values of less than 1 yM against the CQS strain. The

former had a 4-hydroxyl phenyl substituent while the latter had a furoyl

substituent. Unfortunately antiplasmodial activity against the CQR of all the N-

acyl hyrazone derivatives was substantially reduced with resistance indices

ranging from 1.39 to 17.1 (Figure 3-4).
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Figure 3 - 4: Comparison of the in vitro activities of the N-acyl hydrazone derivatives of

curcumin against the CQS and CQR strains of Plasmodium falciparum

The pyrazole-1-yl methanone derivatives had greater cytotoxicity against the

CHO cells compared to the aryl hydrazine derivatives (Figure 3-5).
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Figure 3 - 5: The cytotoxicity of the N-acyl hydrazone derivatives of curcumin against
the Chinese Hamster Ovarian cells
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The high cytotoxicity of the pyrazole-1-methanone derivatives was attributed
to the pyrazole ring '* '®. The most cytotoxic compounds in this group, 2.10.1
and 2.10.3, had phenyl and 4-hydroxylphenyl substituents respectively.
Derivatives that had heterocyclic subsituents (isonicotyl in 2.10.4 and furoyl in
2.10.5) had a lower cytotoxicity. All the hydrazine methanone derivatives had
a low cytotoxicity. The high cytotoxicity of the hydroxyl phenyl substituted
derivatives (2.10.3) may have been due to their ability to undergo tautomeric
rearrangements that result in the formation of a quinone intermediate %.
Quinones are Michael acceptors and cause cellular death by forming adducts

with DNA and proteins 2*%’.

All the N-acyl hydrazone derivatives inhibited formation of beta-hematin
(Table 3-9).

Table 3 - 9: ICs for inhibition of beta-hematin formation by N-acyl hydrazone

derivatives of curcumin.

Compound | ICs
(equivalents of
hematin)

cQ 1.91+£0.3

2.91 ND

2.9.2 0.798 + 0.09

2.9.3 ND

294 0.826 + 0.2

2.101 ND

2.10.3 0.504 + 0.05

2104 0.254 + 0.05

2.10.5 0.614 + 0.06

114



3.3 Conclusion

Curcumin was found to be equally active against both the CQS and CQR
strains with [Cso values of 1.674 and 1.647ug/ml respectively. The resistance
index was 1. All synthetic derivatives had reduced activity against the CQR
strain except the thiosemicarbazone derivatives. The most active derivatives
tended to have a pyrazole ring. Derivatives with 1Csq values of less than 1 uM
against the CQS strain were: 2.2.1a, 2.8.1, 2.10.3 and 2.10.6. The diminished
activity against the CQR strain may be improved by chemical maodifications
that impart the ability to reverse resistance. All the derivatives inhibited the
formation of beta-hematin. The azole and sulfonylurea derivatives were highly

cytotoxic against the CHO cells.

3.4 Materials and Methods

3.4.1 In vitro Test for Antimalarial Activity

3.4.1.1 Materials

Dimethyl sulfoxide (DMSO), absolute ethanol and Giemsa stain were
purchased from BDH chemicals. RPMI-1640 with glutamate and without
bicarbonate (GibcoBRL) and Albumax Il (lipid rich bovine serum albumin)
were obtained from InVitrogen Life Technologies, New Zealand. HEPES (N-
[2-Hydroxethyl]-piperazine-N'-[2-ethanosulphonic  acid]), glucose, sodium
bicarbonate, calcium lactate hydrate, chloroquine diphosphate, hydrochloric
acid, D-sorbitol, phenazine ethosulphate (PES), Nitro Blue Tetrazolium (NBT)
and Triton-X-100 were obtained from Sigma-Aldrich. Gentamycin ampoules
for injection (80 mg/2ml) were obtained from Micro Healthcare
Pharmaceuticals, RSA. Heparinised O+ human blood was obtained from

Western Province Blood Transfusion service, Groote Schuur, Hospital, SA.
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Centrifuge tubes, sterile and non-sterile flat bottomed 96 well plates and 50 ml

culture flasks were obtained from Greiner.

Absorbance was read at 620 nm using a 7520 Microplate Reader (Cambridge
Technologies, Inc.). All glassware and equipment were sterilized by
autoclaving and all solutions were sterilized by membrane filtration before

use. All reagents were of cell culture grade.

3.4.1.2 Preparation of culture medium, reagents and stock solutions

Culture medium without serum (CMS) was prepared by dissolving RPMI-1640
with glutamate and without bicarbonate, hypoxanthine (44mg), HEPES buffer
(6 g), glucose (4g), and gentamycin (50 mg/l) in 1 liter of millipore water. The
pH was adjusted to 7.4. Complete culture medium (CM) was prepared by
adding Albumax Il (10 % v/v) to CMS. Before use bicarbonate solution (17 ml)
was added to CMS and CM (400 ml).

To obtain leukocyte free erythrocytes, heparinised O" human blood added to
an equal volume of CMS and centrifuged at 1250 rcf for 5 minutes. The
supernatant layer and the upper buffer layer of cells were discarded. This
process was repeated twice. The cells were stored at 4°C for a maximum of
30 days.

The detection reagent had a similar composition to Malstat Reagent™ (Flow
Inc.). It was prepared by dissolving 400 ul of Triton X100, 4g of lithium lactate,
1.32 g of TRIS buffer and 22 mg of APAD in 1 liter of water. The pH was
adjusted to 9 using HCI. NBT solution was prepared by dissolving 160 mg of
NBT and 8 mg of PES in 100 mi of Millipore water. The solution was protected
from light since the reagents were photosensitive. All solutions and reagents

were stored at 4°C for a maximum of 1 month.
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Stock solutions (2 mg/ml in 10 % v/iv DMSO or EtOH) of the test compounds
were prepared weekly. The test compounds (2 mg) were dissolved in DMSO
or ethanol (100 ul) and Millipore water (900 ul) in that order. Chloroquine was
dissolved in water. The stock solutions were stored at 4°C for a maximum of
one week. The blank was 10 % v/v DMSO or EtOH in water.

3.4.1.3 Parasite culture

Plasmodium falciparum was cultured according to the method described by

8 The parasite strains used were D10 which is

Trager and Jensen
chloroquine sensitive and K1 which is resistant to both chloroquine and
pyrimethamine. These strains are well characterized and originated from

Papua New Guinea and Thailand respectively %°.

Parasites were grown in human erythrocytes (5 % haematocrit) suspended in
culture medium at 37°C in microaerophilic conditions (93 % N3, 4 % CO; and
3 % Oz gas mixture) in 50 mi culture flasks. The medium was changed daily to
remove toxic metabolic wastes. The level of parasitemia was monitored daily
by light microscopic examination of giemsa stained thick smears of the
culture. The parasitemia was maintained at 2 to 5 %. When the parasitemia
exceeded 5 %, it was reduced by subculturing and adding uninfected

erythrocytes.

The parasite culture was synchronized according to the method described by
Lambros and Vanderbeg *°. The culture was centrifuged at 750 rcf for 3
minutes and the supernatant discarded. The RBC pellet was incubated with
five volumes of 5 % w/v D-sorbitol aqueous solution at room temperature for
15 minutes. D-sorbitol selectively killed the ring stage of the parasite and the
trophozoites were not affected. Sorbitol was removed by centrifugation and

the supernatant was discarded.
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3.4.1.4 The Plasmodium Lactate Dehydrogenase Assay (pL.DH assay)

The assay was performed as described by Makler and Hinrichs % *'. It is a
colorimetric assay in which activity for the parasite enzyme lactate
dehydrogenase is used as a proxy measure for number of viable parasites.
The specificity of the assay is based on the parasite’s enzyme ability to utilize
3-acetyl pyridine adenine dinucleotide (APAD) as a co-factor. The human
enzyme cannot utilize APAD. In the presence of APAD, parasite lactate
dehydrogenase converts NBT to a blue colored formazan product. In the
process, APAD is converted to 3-acetyl dihydropyridine dinucleotide
(APADH). The absorbance of the formazan product at 620 nm is used as a

proxy indicator of the percentage of viable parasites.

The test was performed on a 96 well plate, made up of 8 rows labeled A to H
and 12 columns numbered 1 to 12. Each test compound was tested in
duplicate on two rows of the plate. Four compounds were tested on each
plate. CM (100 pl) was added to each well the plate except the third column.
The stock solution of the test compound was diluted with CM fo a
concentration of 200 pg/mi. The diluted solution of the test compound (200 pl)
was added to two wells in the third column. Using a multichannel pipette, the
drug solution was serially diluted two-fold across each row. Each well
contained 100 pl of drug solution in CM.

Parasited RBCs (100 pl, 2 % parasitemia, 2 % haematocrit) were added to all
the wells except column one. Non-parasitized RBCs (100 pl, 2 % haematocrit)
were added to each well in column one. The final parasitaemia and
haematocrit in each well was 1 %. The plates were incubated for 48 hours at

37°C in a gassed modular chamber.

After incubation the red blood cells in each well were suspended by thorough
mixing using a multichannel pipette. The suspended red blood cells (15 ul)
were transferred to 96 well plate containing Malistat™ (100 pl). NBT (25 pi)
solution was added to each well. The plate was placed in a dark cupboard for
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about 15 minutes to allow for the formation of the formazan derivative. The

plates were read in a microplate reader at 620 nm.

3.4.1.5 Data Analysis

The absorbances of the wells in the first column were used to correct for
background noise. The absorbance of the wells in column 2, where the
parasites were grown without any drug, were used as the denominator as
they represented the maximum possible growth of the parasites. Microsoft
Excel XP™ was used to calculate the percentage parasite growth in each well

using the following formula:

%age of maximum growth in well = Absorbance in well; X 100

Absorbance in well;

i = row number, = column number, wellp = the well in row i in the

2" column

The 1Csq was obtained by extrapolation from a sigmoidal plot of log of well
drug concentration against percentage parasite growth. The graph was fitted
by the least square method using GraphPad Prism software **. The mean and
standard deviation of three determinations of the ICsq was calculated using
Microsoft Excel. The resistance index was calculated by dividing the 1Cs

against the CQR strain by the ICsp against the CQS strain.

3.4.2 MTT Cytotoxicity Assay

The method used was as described by Mosman ef al. *. This assay tests the
ability of compounds to kill mammalian cells. It is a colorimetric assay in which
the number of viable cells is measured by the conversion of the yellow water-
soluble (3-[4,5-Dimethylthiazol-2-yl]-Diphenyltetrazolium bromide) (MTT ) to
the water insoluble purple formazan product by non-mitochondrial and

119



mitochondrial hydrogenases ** . The mammalian cells used in this assay were
the Chinese Hamster Ovarian (CHO) cells which were kindly donated by S.
Schwager of the Department of Medical Biochemistry, University of Cape

Town.

3.4.2.1 Materials

Dulbeco Modified Eagles Medium (DMEM) was purchased from Invitrogen
Incorporation (New Zealand). Nutrient HAMS-12 powder, sodium bicarbonate
and MTT were purchased from Sigma-Aldrich, St. Loius, USA. All reagents

were of cell culture grade.

3.4.2.2 Preparation of culture medium and detection reagent

Phosphate Buffer Solution (PBS) was prepared by dissolving one tablet of the
buffer salt mixture in 100 ml of water and warmed to 37°C for 30 minutes in a
water bath before use. Dulbeco Modified Eagles Medium (DMEM) was
prepared by dissolving 13.53 g of powder, 500 pl of gentamycin and 3.7 g of
sodium bicarbonate in 1 liter of Millipore water. The pH was adjusted to 7.1.

HAMS F-12 solution was prepared by dissolving one bottle of nutrient HAMS-
12 powder, 1.176 grams of bicarbonate and 500 pl of gentamycin in one liter
of Millipore water. The pH was adjusted to 7.1. Fetal calf serum (FCS) was
heat inactivated at 56°C for 30 minutes. Trypsin solution (0. 1% w/v) was
prepared by dissolving 0.10 g in 100 ml of PBS. The solution was pre-warmed
to 37°C in a water bath before use. All solutions were stored at 4°C for a

maximum of 2 months.
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3.4.2.3 Cell culture

Cryofrozen cells were thawed in a water bath at 37°C. An equal volume of
thawing medium (30% FCS, 35 % DMEM, 35 % HAMS F-12) was added to
the thawed cells and the mixture was centrifuged for 5 minutes at 750 rcf. The
supernatant was discarded and the pellet transferred to a 50 ml culture flask
containing 9 ml of thawing medium. The cells were cultured at 37°C in 5 %
carbon dioxide in air humidified atmosphere for 48 hours after which medium
was changed to culture medium (10% FCS, 45 % DMEM, 45 % HAMS F-12).
Thereafter, the culture medium (CM) was changed every 2 to 3 days. The
cells were sub-cultured for a maximum of 10 times when they attained

confluence.

3.4.2.4 The cytotoxicity assay

Stock solutions of the test compounds (2 mg/ml in 10 % DMSO) were
prepared as previously described for the parasite lactate dehydrogenase
assay. The stock solution was diluted ten fold in eppendroff tubes using
culture medium to obtain the 6 ten fold dilutions with concentrations ranging

from 200 pg/mi to 2ng/mi.

When the culture had attained confluence, culture medium was aspirated,
rinsed twice with pre-warmed PBS solution (10 ml) and the cellular matrix of
the culture was digested by exposing to pre-warmed trypsin solution (5 ml) for
2 minutes. After confirming that cells were no longer adhering to the flask by
examining under a light microscope, the digestive action of trypsin was
stopped by the addition of 5 mi CM. The cell suspension was centrifuged at
750 rcf, the supernatant discarded and the cell pellet resuspended in CM (5
rml). The number of cells in 20 pl was determined by counting under a light
microscope and this was used to dilute the cell suspension to a count of 10°

cells/ml of suspension.
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The cell suspension (100 pl) was added to each well of a 96 well plate except
those in the first row. The plate was incubated for 24 hours at 37°C in a
humidified 5 % COj-air atmosphere. After confirming that the cells had
attained confluence, the medium was carefully aspirated out of the wells and
each dilution of the test compounds (100 pl) was added in triplicate to the
wells from the third to the eighth row. This was followed by CM (100 pl) so
that the final well concentration of the test compounds ranged form 100 pg/mi
in the third row to 1ng/ml in the 8 row. An additional 100 ul of CM was added
to the first 2 rows. Four compounds were tested in one plate. Emetine (2
mg/ml) was used as the positive control and 10 % viv DMSO was used as the

negative control.

The plate was incubated at 37°C for 48 hours. After incubation, 25 pl of sterile
MTT (5 mg /ml in PBS) were added to each well and the plate was further
incubated for 4 hours to allow for the formation of the formazan derivative.
After 4 hours the plates was centrifuged for 10 minutes at 1200 rpm. The
supernatant in each well was aspirated carefully so as not to disturb the
formazan precipitate. DMSO (100 ul) was added to each well and the plate
vortexed gently for 5 minutes to dissolve the formazan crystals. The plate was
read at A 540 nm on the plate reader. The absorbance of the first row which

contained no cells was used to correct for background absorbance.

3.4.2.5 Data Analysis

The absorbance of the culture wells in the first row was used to correct for
background absorbance. The absorbance of the culture wells in the second
row, where no test compound was added, was used as a denominator to
calculate percentage of cell growth in each well. Cell viability in each well was
calculated using the following formula:

% Cell Viability = A ,s40 test well (cells + drug) X 100

A 1540 control well (cells + no drug)
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Data analysis was performed as described for the antiplasmodial assay.
Selectivity index was calculated using the following formula: CCsy against the

CHO cells/ICso against CQR parasites

3.4.3 The pyridine hemichrome assay for inhibition of beta-hematin

formation assay

This assay determines the ability of a compound to inhibit the formation of
beta-hematin from hematin. Beta-hematin is the synthetic analogue of
hemozoin which is formed in the food vacuole after digestion of hemoglobin
by P. falciparum. The method used was developed by Ncokazi and Egan °.
It was a simple colorimetric assay based on the ability of agueous pyridine to

form a low spin complex with hematin.

3.4.3 1 Materials

Bovine hemin, Hepes, chloroquine diphosphate, sodium acetate trihydrate
(NaOAc), glacial acetic acid and NaHSO,; were purchased from Sigma-
Aldrich, South Africa. Pyridine (AR) was purchased from BDH Chemicals.
Sodium chloride (AR) was purchased from Saarchem, South Africa. Methanol
(AR) was purchased from Kimix, South Africa. Flat and U- bottomed non
sterile 96-well plates were obtained from Greiner. Spectroscopic
measurement of the absorbance of the plates was done using an Anthos

Labtec HTZ2 plate reader.

3.4.3.2 Preparation of the stock solutions

A supersaturated solution of sodium acetate trihydrate (100 ml, 12.9 M) was
prepared by dissolving 63.14 g of sodium acetate trihydrate in 47.28 ml of
glacial acetic acid. Gentle warming and vigorous stirring was done to effect
complete dissolution. The pH of the solution was adjusted to 5 and it was
stored at room temperature. Before use the solution was incubated at 60°C

for one hour.
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Hematin stock (1.680 mM) solution was prepared by dissolving 1.680 X 1072
millimoles of bovine hemin in 10 ml of 0.1 M NaOH. The solution was used
within 60 minutes of preparation. A stock solution of the test compound (168
mM) was prepared by dissolving 0.168 millimoles of the test compound in 1
mi of 1.0 M HCI or methanol. When methanol was used as the solvent, NaOH
solution that was used to dissolve hematin was neutralized by the addition of
an equivalent of 1 M HCI. This was done to prevent precipitation of the

compound during the assay.

3.4.3.3 The Pyridine hemichrome assay

The assay was performed on a 96 well U bottomed plate. The stock solution
(20.4 pl, 168 mM) was added to the 3 wells in first column. The solvent used
to dissolve the drug was added to the next 5 wells of each row. Using a
multichannel pipette 10.1 pl for stock solution was transferred from the first
column on the next column. The multichannel pipette was used to dilute the
stock drug solution two-fold in next 4 wells of each row such that each well
had 10.2 pl of the test compound. The wells in the 6™ and 12" row had no test
compound. Hematin stock solution (101.2 pl, 1.680 mM) was added to each
well so that the ratio of equivalents of drug to hematin in wells decreased in
the following order: 10; 5; 2.5; 1.3; 0.63; and 0.

Pre-warmed acetate solution (68.7 ul, 12.9 M) was added to each well and the
plate was incubated for 30 minutes at 80°C to allow for the formation of B-
hematin. After incubation, the detecting reagent, pyridine solution (80 ul, 30 %
vivin 20 mM Hepes, pH 7.5) was added to each well at room temperature.
The solids in wells were resuspended by gently vortexing the plate for 5
minutes. The solids were allowed to settle by leaving the plate to stand for 15
minutes at ambient room temperature. The supernatant (38 pl) was
transferred to a flat bottomed 96 well plate and diluted to 250 pl by adding 238
I of pyridine solution. The plate was read using a plate reader at 405 nm.
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3.4.3.4 Data analysis

The ICsq for B-hematin formation inhibition was obtained by extrapolation from
a sigmoidal plot of log of well drug concentration against absorbance at
405nm. The graph was fitted by the least square method using Graph Pad
Prism software *%. The standard deviation of the mean of three determinations

of the ICsowas calculated using Microsoft Excel.
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CHAPTER 4
IN VIVO TOXICITY AND ANTIMALARIAL ACTIVITY OF
SELECTED CURCUMIN DERIVATIVES

4.1 Introduction

Candidate drugs are tested in animal models to determine the efficacy,
toxicity profile and pharmacokinetic properties. In vivo tests in animal models
is the link between preclinical studies and clinical trials .  Information
obtained from in vivo studies is used to predict the therapeutic index, dose for
humans and to identify biomarkers for drug efficacy and disease progression
2. A major criticism against animal experimentation is that findings in animals
cannot always be extrapolated to humans. Secondly, there are ethical

% 4 Despite the shortcomings of

concerns about animal experimentation
animal experimentation, it is an extremely valuable tool in drug discovery
because the complexity of an animal cannot be replicated in in vitro
experiments *. It provides a ‘proof of concept’ before human studies and can
be used to predict potential problems in humans. Pre-clinical in vivo toxicity
study is a mandatory requirement in drug development °. The main objective
of toxicity tests is not to demonstrate that a chemical substance is safe but

rather to characterize what toxic effects the chemical can produce.

This chapter describes a preliminary toxicological investigation of 3
derivatives of curcumin (2.1.1, Figure 4-1) aimed at determining the optimal
dose for the in vivo antimalarial study as well as exploring their intrinsic
toxicity. Dose optimization was necessary to rule out drug induced mortality
and other related outcomes during the antimalarial study. The study was
performed according to the guidelines of the British Toxicology Society (BTS)
®. Pilot toxicological investigations are qualitative in nature and reveal the type
of adverse reactions expected of a compound. They are used to determine
the optimal doses for full toxicological investigations using guidelines in
Appendix A 7.
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The objective of toxicity testing is to classify a test compound as harmful,

toxic, very toxic, or unclassified.

The in vivo antimalarial efficacy of the test compounds was determined using
the method described by de Ferreira-da-Cruz et al. . This method was a
modification of that described by Peters et al. °. The key difference between
the method used and that earlier described was that parasitemia was
monitored for 7 to 9 days instead of only on day 4. This permitted the
detection of antimalarial activity of compounds that are slow acting. Secondly,
additional outcomes such as survival of infected mice and body mass
changes were monitored. These additional outcomes augmented the validity
of the in vivo efficacy study. Compounds were tested for activity against the
chloroquine sensitive strain P. berghei ANKA. The main criteria for the
selection of the derivatives were high in vifro antimalarial activity and high
synthetic yields. Each class of derivatives was represented. Structures of the
compounds investigated are presented in Figure 4-1. All the derivatives
except for 2.2.2a were N-substituted derivatives of hydrazinocurcumin
(2.2.1a).

4.1.1 Objectives

The main aim of the study was to test for in vivo efficacy of the test
compounds against CQS Plasmodium berghei ANKA infected mice. The
specific objectives of the study were:

1. Assessment of the intrinsic toxicity of the test compounds.

2. Determination of an optimal dose for the in vivo antimalarial assay.

3. ldentification of adverse outcomes associated with single and repeated oral
doses of the test compounds on body mass and behaviour of the mice.

4. Determination of the effects of the test compounds in the mouse model of
malaria on the following outcomes: parasiternia; body mass, survival, and
selected clinical signs.

5. Establishment of the dose-response relationship of hydrazinocurcumin

(2.2.1a) in the mouse model of malaria.
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Figure 4 - 1: Structures of compounds tested for in vivo antimalarial activity

4.2 Results and Discussion

4.2.1 Pilot Toxicological Investigation

The pilot toxicological investigation was performed on compounds: 2.2.2a,
2.81 and 2.10.3 according to the guidelines set out by the British
Toxicological Society °. The doses administered ranged from 12.5 to 416
mg/kg of body weight (bwt.) which was within the range typically used in in

10, 11

vivo antimalarial studies . A second consideration in the selection of

doses was the amount of test material available. There was a 3 to 5 fold
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difference in the doses administered across groups. All test compounds were
administered orally since this is the ideal route of administration of first line
antimalarial agents. As required by the BTS guidelines, each compound was
administered to 3 groups of 3 mice with the exception of curcumin (2.1.1) and
acylhydrazone derivative, 2.10.3. Curcumin (2.1.1) was formulated as a

. 2 and was

phosholipid complex using the method described by Liu et a
tested in one group of mice that received a single oral dose equivalent to
200mg/kg of bwt. of the curcumin. Due to limited amounts of test material, the

N-acyl hydrazone derivative, 2.10.3 tested in only two groups.

The doses administered are presented in Table 4-1.

Table 4 - 1: Doses administered in the pilot toxicological investigation

Group 1

Group 2

Group 3

Daily oral dose?

| (mg/kg of bwt.)

Daily oral dose?
(mg/kg of bwt.)

Single oral dose
(mg/kg of bwt.)

Curcumin 200
2.2.2a 12.5 62.5 156
2.8.1 25 125 416
2.10.3 12.5 62.5

®For a duration of 5 days.

The animals were observed for 1 hour after drug administration, 6 hours later
and at the end of each day for behavioural and clinical signs of iliness such as
lethargy, tremors, vocalizations, piloerection and pinocytosis. Mice were
weighed daily for 15 days. Body mass loss of more than 20 % of the mass at

the start of the study was considered significant. All mortalities were noted.
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4.2.1.1 Mortalities and Observed Clinical Signs during the Toxicity Study

No mortalities were observed except for one animal that received a 62.5
mg/kg of bwt. of 2.10.3 daily for 5 days. The animal that died was wasted and
had lost about 30 % of its initial body mass by the time it died.

The adverse reactions observed in animals that received the repeated oral
doses are listed in Table 4-2. Animals treated with curcumin had the least
number of adverse reactions. The only adverse effect was vocalization in
distress immediately after drug administration. It may have been due to the
constituents of the formulation which may have caused gastrointestinal
irritation. To prevent further distress to the mice, curcumin was administered
only twice instead of the intended 5 doses. The N-acyl hydrazone derivative,
2.10.3 showed the highest frequency and range of adverse reactions.
Hypoactivity, unsteadiness and poor motor control were the most frequently
observed reactions across all groups except for groups treated with curcumin.
The adverse reactions were transient and wore off in 6 hours. The adverse
reactions were dose-dependent and were most severe in animals that
received 2.10.3.

The range of adverse reactions observed included: pinocytosis, lethargy and
reduced motor function. These observations are subjective and a full well
designed toxicological investigation is required to confirm these findings. The
observed adverse reactions suggested that the tested compounds may affect
the neurological system as has been reported for phenyl pyrazoles 3. All the

test compounds were structurally similar to phenyl pyrazoles.
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Table 4 - 2: List of the adverse outcomes observed during the duration of toxicity study

DOSE
(mg/kg of bwt.)

OBSERVED CLINICAL AND BEHAVIOURAL CHANGES

2.1.1 - CURCUMIN

200 mg/kg - two

doses

Vocalization immediately after drug administration.

2.2.2a - Isoxazole derivative of curcumin

12.5 mg/kg daily

No adverse reaction except for transient lethargy on the
4™ day of the study.

62.5 mg/kg daily

No adverse reaction except for slight unsteadiness on the
4" day of the study

156 mg/kg single

dose

No reaction observed

2.10.3

— N-4’-hydroxyphenyl hydrazone derivative

12.5 mg/kg daily

Unsteady gait, lethargy. One mouse had contracture of

the front right lirnb.

62.5 mg/kg daily

Weakness of the hind limbs, unsteady gait, lethargy,
contracture of front left limb in one mouse, pinosis in one

eye. One animal died.

2.8.1 — 7-chloro-quinoline derivative

25 mg/kg daily

No adverse reaction except one animal was lethargic on
the 4" day of the study.

125 mg/kg daily

Lethargy, unsteady gait, weakness of hind limbs,

vocalizations, piloerection, Intensity of adverse reactions

increased daily.

416 mg/kg single

dose

Lethargy and unsteady gait. One mouse showed

pinocytosis and piloerection. Recovered in 24 hours
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4.2.1.2 Effects of the Test Compounds on Body Mass

The most common adverse event was a reversible decrease in body mass. A
representative graph of the mean body mass expressed as a percentage of

the initial mass plotted against time is presented in Figure 4-2.
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Figure 4 - 2: Effects of different doses of the isoxazole derivative (2.2.2a) on the mass

of mice. Mass expressed as a percentage of initial body mass

Mice treated with single oral doses lost less than 6% of their body weight

except for mice treated with 2.2.2a (Figure 4-3). The loss in body mass was

not significant.
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Figure 4 - 3: Single Oral Dose Toxicity Study - Mean of Maximum Percentage Loss of Body
Mass (n=3) on administration of Curcumin (200 mg/kg), 2.2.2a (156 mg/kg) and  2.8.1
(416 mg/kg)

Since no mortalities or significant adverse reactions were observed in animals
treated with single oral doses, the studied compounds cannot be rated as
toxic or very toxic using the guidelines described by Heuvel et al. L
Appendix A). Using the guidelines, the lowest dose for a full toxicological
investigation should be about 500 mg/kg of bwt. The lack of toxicity of

curcumin agrees with previous studies ' '°.

Animals that were treated with repeated oral doses experienced more severe
weight loss. The decline in body mass was dose-dependent (Figure 4-4).
Animals treated with 2.10.3 experienced the greatest decline in body mass.
One animal in each of the groups that received 12.5 and 62.5 mg/kg of 2.10.3

lost over 20 % of its initial body mass.
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Figure 4 - 4: Repeated Oral Dose Toxicity Study - Mean of maximal Percentage Loss in
Body Mass (n=3)

Mice treated with the N-acyl hydrazone derivative (2.10.3) experienced the
most intense and frequent adverse reactions. One mouse treated with this
compound died. The toxicity of this compound may have been due to the
presence of a phenol group. Phenols are precursors for quinone which is a

known toxiphore 16 1.

4.2.1.3 Dose selection for the in vivo antimalarial study

The repeated dose toxicity study was designed to imitate the dosing schedule
used in the in vivo antimalarial study. Mice in the repeated dose study
displayed more adverse reactions compared to mice in the single dose study
due to cumulative toxicity. It was observed that severity of adverse reactions
was dose dependent. From the dose-response curve for the loss in body
mass, it was noted that mice treated with 62.5 mg/kg bwt. of the test
compounds lost a least 10 % of their initial body mass (Figure 4-4). This dose
seemed to be poorly tolerated since the treated mice displayed many adverse
reactions. Mice treated with 12.5 mg/kg of the test compound showed very

few adverse reactions while doses of 62.5 mg/kg were poorly tolerated.
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To eliminate the risk of drug-induced mortality during the in vivo antimalarial
study a repeated oral dose of 25 mg/kg of bwt. was considered as safe. This
dose was rather conservative and it represented a compromise between the

amount of test material available and a maximum tolerated dose.

4.2.2 Determination of the in vivo antimalarial activity of curcumin

derivatives

The in vivo antimalarial activities of the derivatives, 2.2.1.a, 2.2.2a, 2.5.4,
2.8.1 and 2.10.3, were investigated in C57\BL\6 male mice infected with
chloroquine sensitive Plasmodium berghei, ANKA strain. The study was
approved by the Animal Ethics Committee of the University of Cape Town.
Treatment was commenced 24 hours after intraperitoneal infection of mice
with 107 parasitized red blood cells. A pilot study was performed to
compare the in vivo efficacy of 2.8.1 when administered orally or
subcutaneously. Oral administration of 2.8.1 was found to cause no
suppression of parasitemia by day 4 of the study. Subsequently, all the test
compounds were administered subcutaneously at a dose 25 mg/kg bwt.
every 24 hours for 5 days). A dose response study was performed by treating
3 groups of infected mice with 25, 50 and 100 mg/kg of bwt. of
hydrazinocurcumin (2.2.1a) respectively. This compound was selected for the
dose response study because it was the most abundant and was the easiest
to synthesize. The control group did not receive any treatment. Chloroquine
diphosphate (10 mg/kg of bwt.) was used as the positive control. The mice
were followed for 20 days after which they were sacrificed. The outcomes
measured were parasitemia, body mass changes and mortality. Parasitemia
was determined by microscopy. Suppression of parasitemia by 20 % on day

4 was considered as a positive indication of in vivo antimalarial activity.
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4.2.2.1 Effects of the Test compounds on Parasitemia

The scatter plot of log. percentage parasitemia against time showed that

parasitemia of the treated mice was lower than that of the controls for the

duration of the study (Figure 4-5). The methodology for calculating percentage

suppression on Day 4 is presented in Appendix B. All the test compounds

suppressed parasitemia on Day 4 by over 50 % with the exception of 2.8.1

(Table 4-3).

There was a statistically significant difference in the levels of

parasitemia of the test and control mice in animals treated with 2.2.2a, 2.5.4

and 2.10.3. The ability of the test compounds to suppress parasitemia was

inferior to chloroquine (10 mg/kg of bwt) which suppressed parasitemia

completely until the 8" day of the study.
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Figure 4 - 5: Mean of Log. Percentage parasitemia against time of P. berghei ANKA

infected mice.
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Table 4 - 3: In Vivo Test for Antimalarial Activity - Percentage Suppression of
Parasitemia on Day Four

‘ Y%age P
All groups 1- 0.003"
2.2.2a vs. control 59.2 0.004~
2.5.4 vs. control 73.0 0.063*
2.8.1 vs. control 20.7 0.144
2.10.3 vs. control 60.8 0.039*
CHLOROQUINE 100 0.000*

*Statistically significant  *Univariate ANOVA test results for differences in

Changes in Log. %age Parasitemia from Days 3 o 5.

4.2.2.2 Effect of Treatment on the Survival of Infected Mice

The percentage mortality and mean survival times of the mice in each group
are presented in Table 4-4. The log rank test was used to compare survival of
treated groups and the control group. There was no statistically significant
difference between survival of animals in the control and treated groups

except for the isoxazole derivative (2.2.2a) and chloroquine.
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Table 4 - 4: In Vivo Test for Antimalarial Activity - Group Mortalities by Day 7 and Mean

Survival Times

Compound %age Mean P-value®
Mortality | Survival Time
by day 7 | (days)?
Control 100 6.4 +0.548 -
2.2.2a 0 19 0.002*
254 80 6 +1.225 0.672
2.81 60 7 +£1.000 0.206
2103 80 6.4 +1.140 0.869
CHLOROQUINE | O 15 0.002*

*Statistically significant
?Data presented as Mean = S.E. of 5 replicate determinations.

bLog Rank test of equality of survivor function. Comparison with the control group

4.2.2.3 Effect of Treatment on the Body Masses of Infected Mice.

A plot of the mean percentage of initial body mass on day one against time
showed that there was no difference in changes in the body masses of the
treated and untreated groups. The body masses were relatively constant for
the first 3 days and then declined sharply thereafter till about day 6 of the
study (Figure 4-6).  The apparent increase in body mass after day seven
observed for mice treated with 2.5.4 and 2.8.1 was an artifact since mean
masses represented the masses of 2 or 3 mice that were still surviving. There
was no statistically significant difference in the changes in body masses of the
derivatives compared to the changes in the mass of the negative control
(Table 4-5).
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Figure 4 - 6: The mean percentage body masses of P. berghei infected mice plotted

against time (n=5).

Table 4 - 5: Comparison of Changes in Body Mass between the Treated and Untreated

Groups by Univariate ANOVA (n=5)

Groups P-Value
All groups 0.906
2.2.2a vs. control | 0.790
2.5.4 vs. control 0.371
2.6.1 vs. control 0.597
2.8.1 vs. control 0.739
2.10.3 vs. control ] 0.459
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A notable exception in the trend in changes in body mass was the group of
mice treated with a single oral dose of chloroquine (Figure 4-7). The mean
mass of these mice remained fairly constant at between 97 to 100 % of the
initial body mass until day 12 when the mass began to fall. After day 2, there
was a significant difference in the changes in body mass of the controls and

group treated with chloroquine (P=0.010).
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Figure 4 - 7: The percentage body mass of mice infected with P. berghei plotted against

time. Comparison between chloroquine and the untreated control group (n=3)

A second notable exception in the trend in body mass fluctuations was the
group of mice treated with the isoxazole derivative, 2.2.2a. Like the other test
compounds, the body mass declined from day 3 of the study. On the seventh
day of the study, it was dramatically clear most mice in the control and other
treated groups had died except for mice treated with 2.2.2a. All the surviving

mice were ill and had hypothermia and piloerection.
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Readministration of 2.2.2a (100 mg/kg) 24 hourly for 5 days abolished the
clinical signs of rodent infection. The mice looked better although
parasitemia was persistently high and the ears and extremities were pale
indicating that they were anemic. Interestingly, readministration of 2.2.2a
reversed the decline in mass and the increase persisted for 3 days after
administration had stopped (Figure 4-8). The mice fell ill on stopping
administration of isoxazole derivative and body mass decline began again on

day 17. The mice were sacrificed on Day 19 since they were still infected.
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Figure 4 - 8: Scatter plot of mean body mass (g) against time of mice treated with the

isoxazole derivative (2.2.2a) (n=5)

The in vivo antimalarial effect of 2.2.2a was rather unusual and merits further
investigation. Though 2.2.2a did not supress parasitemia as effectively as
chloroquine but it clearly prolonged survival of infected mice. Curcumin (100
mg/kg bwt. for § days) has been noted to prolong the survival of infected mice
and in this regard was superior to artesunate and artemether '®. This effect
on animal survival may not be due to a direct antiparasitic effect but may be
due to an immunomodulating or anti-inflammatory effect. The immuno-
modulating agents such as thalidomide have been shown to improve survival

19, 20

in mice infected with Plasmodium Immune modulators may have a role

in malaria chemotherapy.
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4.2.2.4 Dose-Response Study of the Antimalarial Activity of

Hydrazinocurcumin

The study found no clear dose-effect relationship on the level of parasitemia
following the administration of 25, 50 and 100 mg/kg of bwt. of
hydrazinocurcumin to infected mice. The percentage suppression of
parasitemia on day 4 was 26, 21 and -3 % respectively (Appendix B). There
was no statistically significant difference in the levels of parasitemia between
the test and control groups. However, mice that received 100 mg/kg of
hydrazinocurcumin had a higher survival time of 10 days compared to the
other groups. The mean survival times of mice treated with 25 and 50 mg/kg

was 7.6 £ 0.163 and 6 + 0.213 days respectively.

4.2.3 Overall synthesis of the Cytotoxicity and in vitro and in vivo

antimalarial activities of synthetic derivatives of curcumin

A summary of the cytotoxicity and in vitro and in vivo antimalarial activities of
synthetic derivatives of curcumin is presented in Table 4-6. There was a clear
lack of correlation between in vitro and in vivo activity . Though 2.2.1a had
almost the highest in vitro antiplasmodial acitivity, it had no antiparasitic
effects in vivo. Though 2.2.2a and 2.5.4 had about ten-fold less in vitro
antiplasmodial activity compared to 2.2.1a they had a higher antiparasitic
effect in vivo. Lack of correlation between in vitro and in vivo antiplasmodial

activity has b previously been demonstrated 21
There was also lack of correlation between in vivo antiparasitic activity and

the survival of infected mice. Though 2.5.4 and 2.10.3 caused a significant

reduction of parasitemia, they did not improve survival of infected mice. This
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Table 4 - 6: The cytotoxicity, in vitro and in vivo antimalarial activities of synthetic

derivatives of curcumin

In vitro activity

Cytotoxicity

In vivo antimalarial activity

ICs (pg/ml) CCs (Hg/ml)
D10 K1 CHO %age %age
suppression survival

cQ 5.521° 182.523° | ND 100 100 %
Curcumin | 1.674 1.657 >100
221a 0.183 1.832 2.151 -3% 100 %
2.21c 1.084 5.790
2.2.2a 1873 3.173 0. 59.2* 100 %
2.2.2b 2.180 3.018
2.2.2c 1.866 3.921 11.339
231 1.920 11.995 3.725
23.2 2.203 8.227 9.716
2.33 1.031 7.086 4.253
234 4.286 9.864 3.164
23.5 3.499 9.296 ND
251 2.353 69.032
25.2b 3.159 2.763 71.528
253 2.448 3.094 80.309
254 2.307 16.368 59.745 3.0 20 %
2.71a 0.968 28.080 ND
2.71b 2.779 4.244 >100
281 0.412 1.671 >100 20.7 40 %
291 0.382 ND 84.900
29.2 2.206 3.075 33.510
294 ND 5253 3.719
29.5 0.610 1.307 >100
2101 1.467 8.704 1.467
2.10.3 0.290 1.896 10.129 60.8 %* 20%
2.10.5 1.512 2.963 32.186
2.10.6 0.437 7.476 26.478
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4.3 Conclusion

The toxicological study investigated a narrow range of potential adverse
reactions on a small sample size. Nonetheless the propensity of the selected
derivatives to cause adverse reactions was demonstrated. A more rigorous
toxicological investigation is required. More toxicological studies should be
done in other species since the toxic effects observed in one species are not
always observed in a different species °. The pilot toxicological study provided
information for the design and selection of dose levels for future acute and
chronic toxicological investigations. The derivatives except 2.10.3 may have
a low intrinsic toxicity since single oral doses of 156 or 416 mg/kg did not
cause severe adverse reactions. From the pilot study, the optimal dose for

the in vivo antimalarial study was determined to be 25 mg/kg of body weight.

The test compounds, 2.2.2a, 2.5.4 and 2.10.3, suppressed parasitemia
significantly. However, their in vivo antimalarial activity was inferior compared
to that of chloroquine which suppressed parasitemia completely for 7 days.
The inferior activity of the test compounds may have been due to short half-
lives and a poor intrinsic activity against P. berghei. The isoxazole derivative
(2.2.2a) of curcumin had the most interesting effect on mice infected with P.
berghei. It improved survival of infected mice. Its beneficial effects may not be
due to a direct antiparasiticidal effect but may have been due to

immunomodulation.

Typically, body mass is not monitored during in vivo antimalarial studies. This
study demonstrated that it is a useful outcome to follow since a compound
with high efficacy like chloroquine delayed loss in body mass of infected mice.
It is an easier outcome to measure compared to parasitemia. Survival was a
useful indicator for picking up compounds that may act through mechanisms

unrelated to a direct parasiticidal effect.

The lack of correlation between in vitro and in vivo antiplasmodial activity and

survival of infected mice demonstrated the importance of in vivo tests.
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4.4 Materials and Methods

4.4.1 Materials

4.4.1.1 Chemicals and Reagents

The test compounds were synthesized in the Department of Chemistry of
University of Cape Town. Their purity and identify were determined using
chromatographic and spectroscopic methods as earlier described. Phosphate
buffered saline tablets were obtained from Sigma-Aldrich. Tween 80 and
ethanol were obtained from Merck, Darmstadt, Germany. Soya bean lecithine
was obtained from BDH, Poole, England. Chloroquine diphosphate salt was
obtained form Sigma (St. Louis,‘ MO, USA). Giemsa solution was obtained
from Merck and Co., Inc. (Whitehouse Station, New Jersey, USA). Soya
bean lecithine was obtained from BDH, Poole, England. PBS buffer solution

was prepared by dissolving 5 tablets in 1 liter of Millipore water.

4.4.1.2 Animals and Parasites

Specific pathogen free C57/BL/6 male mice of age 6 to 11 weeks and
weighing 25 + 5g were obtained from the Animal Unit, University of Cape
Town. They were fed on a diet of mice pellets and tap water ad libitum. The
animal house was maintained at a temperature of about 22°C and a relative
humidity of 50 — 70 %. A top loading balance model TS120 from Ohaus was
used to weigh the mice. The parasite strain used was chloroquine sensitive

Plasmodium berghei, ANKA strain.
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4.4.2 Preparation of Solutions of the Test Compounds for the

Toxicological Study

Solutions of the test compounds administered to the animals were designated
low, medium and high dose solutions. For all the compounds, the high dose
solution was prepared by dissolving 39.0625 mg of the test compound in
Tween 80 (200 pl), ethanol (300 ul) and Millipore water (500 pl) in that order.

Dissolution was aided by sonication.

The medium dose solutions of 2.2.2a and 2.10.3 (9.765 mg/ml) were prepared
by dissolving 39.0625 mg of the test compound in ethanol (1 ml) followed by
Tween 80 (100 pl and Millipore water (3 ml) in that order. To prepare, the
lowest dose solution (1.9513 mg/ml), 1 ml of medium dose solution was
diluted with 4 ml of 25 % v/v ethanol in water to obtain a solution of
concentration. The medium and low dose solutions of 2.8.1 were prepared
similarly except that 78.125 mg of 2.8.1 were weighed instead 39.063 mg.

The solutions were stored at 4°C for a maximum of 5 days.

4.4.3 Preparation of solutions of test compounds for the in vivo

antimalarial study

Chloroquine diphosphate (1 mg) was dissolved in 1ml Millipore water to obtain
a concentration of 1 mg/ml. The test drugs, 2.2.1a, 2.2.2b, 2.5.4, 2.8.1 and
2.10.3, were first dissolved in 1 ml of ethanol and sonicated for 30 minutes.
Five hundred microliters of Tween 80 was added to the ethanol solution and
followed by 3.5 ml of PBS to cbtain a final volume of 5 ml. The solutions were

stored at 4°C for a maximum cf 5 days.
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4.4.4The Toxicological Study

The mice were divided into 4 groups of three. The mice in the high dose
groups received a 200 ul of the high dose solution orally for one day (312.5
mg/kg of bwt.). The mice in the medium and low dose groups received 200 pl
of the respective test solutions orally once daily for 5 days. The doses

administered are presented in Table 4-7.

Table 4 - 7: Doses administered the mice in the pilot toxicological study

Group 1 | Group 2 Group 3

Daily oral dose® | Daily oral dose? | Single oral dose
(mg/kg of bwt.) | (mg/kg of bwt.) | (mg/kg of bwt.)

Curcumin - - 200
2.2.2a 12.5 62.5 156
2.8.1 12.5 62.5

2.10.3 25 125 416

The body masses were recorded daily and the mice were observed daily for

15 days for subjective changes in animal behavior. All mortalities were noted.

4.4.5 Determination of in Vivo Antimalarial Activity

A cryotube of infected erythrocytes was thawed at room temperature. The
contents were diluted with an equal volume of PBS. Two hundred microliters
of the thawed erythrocytes were used to infect a mouse intraperitoneally.
About 5 days later when the parasitemia of the infected mouse was about 30
% it was bled by nicking the tail vein slightly. Four to five drops of blood were
added to an eppendroff tube containing 1 ml of PBS solution. Five hundred
microliters were used to infect a second mouse. After five days, the
parasitemia of the infected mouse was determined by microscopy. The total

number of red blood cells suspended in the PBS was determined by counting
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in a haemocytometer. The volume required to infect a mouse with one million
infected red blood cells was calculated. Each experimental mouse was

infected with one million parasites by intraperitoneal injection.

The mice were divided into groups of 5 each of the same sex. Treatment was
commenced 24 hours after infection. The treated group received 200 pl (100
mg/kg of bwt.) of the test drug subcutaneously every 24 hours for 5 days. The
control group received the test compound only. The mice were followed up
for a minimum of nine days. The parasitemia of each mouse was determined
on the 3™ and 4™ day of infection and subsequently on alternate days. Blood
samples for microscopic examination were obtained from the tail vein. The
thin blood smears were fixed with methanol and stained with Giemsa stain.

The mice were weighed on alternate days and all deaths were noted.

4.4.6 Data Analysis

Data was analysed using Stata® version SE 8. Body masses obtained in the
toxicological and in vivo antimalarial studies were expressed as a percentage
of initial body mass on day 1 when the test compound was administered.
Scatter plots were used to examine the daily changes in body mass. For
each group the mean daily body mass was calculated. Univariate ANOVA
was used to compare the changes in body mass of the animals that received
the test compounds with the changes in the control group. The percentage
suppression of parasite growth on day 4 of the study was calculated using the

formula: 100 [1 — (mean parasitemia of test group/mean parasitemia of control

group)].

For the in vivo antimalarial study, scatter plots were used to examine the daily
changes in log. of parasitemia. Univariate analysis of variance was used to
test if there was a difference between the log. of parasitemia of the test and
control groups. The analysis was restricted to days 3 to 5 of the study.
Similarly ANOVA was used to test for differences in changes in the body

mass up to day 7 of the study. The mean and standard error of the survival
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time of the animals in each group was calculated. The Log rank test was
used to test for differences in the survival of the animals in the test groups and
the untreated group. P-values of less than 0.05 were considered statistically
significant.
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CHAPTER FIVE
PHARMACOKINETIC PROPERTIES OF
HYDRAZINOCURCUMIN IN MICE

5.1 Introduction

5.1.1 Rationale for Pre-Clinical Pharmacokinetic Studies

While a lead compound may be highly selective and highly potent, it may lack
the desired pharmacokinetic properties for use in humans. An ideal
antimalarial agent should have good oral bioavailability that permits oral
dosing, a long half life that allows for once daily dosing and a minimal

potential for drug-drug interactions

. The pharmacokinetic evaluation of
potential antimalarial agents is a critical consideration in the drug
development process. Preclinical pharmacokinetic studies include both in vifro
and in vivo studies. The key advantage of in vifro pharmacokinetic studies
over in vivo pharmacokinetic studies in rodents is that they are performed in
human cell lines and the findings can be extrapolated to humans using
appropriate software. Secondly, many compounds can be screened rapidly.
However, some authors feel that over reliance on in vitro tests should be
avoided since in vitro methods may actually slow down the drug development
process. Results obtained from in vitro studies may be artfactual since they
are performed at physiological conditions that do not reflect reality 2 In vivo
tests in rodents are more reliable in early identification of compounds with
poor pharmacokinetic properties. Some authors feel that in vivo
pharmacokinetic tests in rodents should precede in vitro tests >. The main
objective of a PK study in animals is to determine PK parameters such as
maximum plasma concentration (Cna.x) and area under the curve of the
plasma concentration versus time plot (AUC). These parameters can change

depending on the route of administration and type of formulation used °.
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Mice are not frequently used in pharmacokinetic studies because they have a
small blood volume which limits the volume of blood samples that can be
taken. Mice however are easy to breed, occupy a low cage space and are
easier to handle. The challenges associated with the use of mice in
pharmacokinetic studies are overcome by using LC-MS/MS for the analysis of

drug levels in blood or plasma.

5.1.2 Pharmacokinetic Properties of Curcumin

Curcumin has a poor oral bioavailability in rodents, humans and dogs due to
pre-systemic metabolism in the gut * °. In addition, its poor water solubility
leads to most of the administered dose being excreted unchanged. Studies in
rats showed that 40-89 % of the orally administered dose is excreted

6-11

unchanged in feces in 72 hours . The rate of fecal excretion is highest in

the first 48 hours of drug administration °.

In the human and rat guts, curcumin is metabolized to curcumin glucuronide,
curcumin sulfate, tetrahydrocurcumin, and hexahydrocurcumin. Gut
metabolism is more extensive in humans compared to rodents *. More
recently curcumin bisglucuronide and O-demethylated metabolites have been
identified 2. Mouse and human liver microsomal enzymes metabolize

curcumin in a similar fashion '2.

In rodents and humans, negligible amounts of curcumin are found in plasma,
liver, kidney and fat after oral administration ® 7 due to its poor absorption,
rapid metabolism and rapid biliary excretion. However, when high oral doses
of above 2g/kg of body weight are administered, considerable amounts of
curcumin can be detected in body tissues after 12 days . Curcumin is mainly
excreted through the bile and the major biliary metabolites are the
glucuronides of tetrahydrocurcumin and hexahydrocurcumin. The minor
metabolites include dihydroferulic acid and ferulic acid °. Urinary excretion is

negligible at 1-6%.
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Curcumin has a short half life since it is rapidly metabolized. When added to
suspensions of liver microsomal enzymes curcumin is rapidly metabolized
within 30 minutes °. The main route of metabolism is reduction of carbonyl
groups and the two C=C bonds on the heptadiene chain and glucuronidation
and sulphation of the phenolic hydroxyl groups *. The key metabolic sites of
curcumin are presented in Figure 5-1. In rodents and humans curcumin
undergoes successive reduction to dihydrocurcumin, tetrahydrocurcumin,
hexahydrocurcumin and hexahydrocurcuminol (Figure 5-2). The reductive
products subsequently undergo glucuronidation and sulphation phase I

reactions.

__—" REDUCTION
O

MeO S /\ : :OMe
HO \ OH

REDUCTION

SULPHATION
GLUCURONIDATION

Figure 5 - 1: The key sites of metabolism of curcumin
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Figure 5 - 2: Key metabolic products of curcumin in rodents and humans

5.1.3 Rationale for the Study of the Pharmacokinetic Properties of

Hydrazinocurcumin (2.2.1b)

Out of the number of derivatives synthesized in this work, hydrazinocurcumin
was selected for pharmacokinetic investigation (2.2.1b, Figure 5-3) because
of its high in vitro antiplasmodial activity against the chloroquine sensitive

strain. Secondly, it was easy to synthesize and gave high yields on synthesis.

r\1 N
’ OMe

MeO N F

HO OH

Figure 5 - 3: The structure of hydrazinocurcumin (2.2.1b).

158



An in vitro absorption study showed that hydrazinocurcumin is well absorbed
across the isolated rat intestine . No in vivo study has been reported on the
pharmacokinetic properties of hydrazinocurcumin. It was hoped that
hydrazinocurcumin would have a better in vivo pharmacokinetic profile
compared to the parent compound because the presence of two nitrogen
groups on the molecule would increase the water solubility and therefore
overcome the problem of low oral bioavailability. Replacement of dicarbonyl
groups of curcumin with a pyrazole group was expected to reduce the rate of
metabolism by increasing the rigidity of the heptadiene-dione chain which
would reduce binding to metabolizing enzymes. Hydrazinocurcumin met all
the minimal structural requirements for good oral bioavailability as outlined by
Lipinski ' . Hydrazinocurcumin was expected to have a better water solubility
than curcumin since it has a higher octanol-water partition coefficient (cLogP)
of 3.989 compared to 2.251 of curcumin. The study focused on the oral route
of administration because ideal antimalarial agents should have a good oral

bioavailability as well as a long half life.

5.1.4 Aims and Objectives of the Pharmacokinetic Study

The main aim of the pharmacokinetic study was to determine the
pharmacokinetic properties of orally administered hydrazinocurcumin in mice.
The specific objectives were:

1. development of an LC-MS/MS method for the assay of hydrazinocurcumin
in murine blood. This involved determination of the optimal HPLC and mass
spectrometry conditions and a method of extraction of drug from
plasma/blood.

2. validation of the analytical procedure.

3. comparison of the bioavailability of orally administered hydrazinocurcumin
from 3 different vehicles.

4. determination of the following pharmacokinetic parameters in mice:
maximum plasma concentration (Cmax): area under the curve of the plasma

concentration versus time plot (AUC); time taken to reach maximum plasma
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concentration (Tmax); half-life in plasma (t 12); and elimination rate constant
(Kel)-

5.2 Results and Discusion

5.2.1 Method Development

5.2.1.1 Instrumentation

The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the University of Cape Town. Method development entailed
optimization of LC-MS/MS conditions and determination of the optimal
extraction method by trial and error. Tandem LC-MS/MS analysis was
performed using an Agilent 1200 Series HPLC system (Agilent Technologies,
Japan) coupled to a tandem quadruple mass spectrometer (Sciex 3200Q
Trap system, Phenomenex, USA). Separation of hydrazinocurcumin was
achieved using a Phenomemex Gemini C18 HPLC analytic column (50 X 2.0
mm, 5 um particle size) maintained at ambient temperatures. The mobile
phase consisted of 0.1 % formic acid: acetonitrile (1:1 v/v) at an isocratic flow
rate of 0.3ml/minute with a run time of 2 minutes. The injection volume was 10
pl. The retention time was 1.11 minutes. The mobile phase was degassed
ultrasonically before use. Detection was done using an MS/MS mass
spectrometer. The ftransition monitored was the fragmentation of the
molecular ion to the most abundant product ion (m/z 365.2 to m/z 349.2)
(Figure 5-4). Detection was done in the multireaction monitoring mode (MRM)
with a dwell time of 150 msec. Electron spray ionization (ESI) was done in the
positive ion mode at a collision energy of 33eV. Voltage of the ion spray
needle was 5.5 kV. Nitrogen was used as the auxiliary and nebulizer gas at a
flow rate of 60 arbitrary units. The temperature of the source heater was set at
400°C. The flow rate of the curtain gas was 20 arbitrary units. The auto
sampler injection needle was cleaned between samples by rinsing for 10
seconds with mobile phase. All mass spectrometric data was processed using

Analyst™ software version 1.1.1.
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Figure 5 - 4: The mass spectrum of hydrazinocurcumin (2.2.1b).

5.5.1.2 Method of Extraction of Hydrazinocurcumin from Blood/Plasma

Two methods for extracting hydrazinocurcumin from blood were compared:

I. ** and liquid—liquid

filter paper method as described by Dzinjalamala et a
extraction. The filter paper method was laborious and had low precision.
Liquid-liquid extraction of hydrazinocurcumin from whole blood was the least
laborious method and gave a high recovery of 75 %. Extraction was
performed by suspending 10 ul of the blood in Britton Robinson universal
buffer '® at pH 10 (50 pl), addition of 250 ul of ethyl acetate, vortexing for 1
min followed by centrifugation. The upper organic layer (215 ul) was removed
and evaporated to dryness. The dried extract was stored at -20°C and

dissolved in the 100 pl of the mobile phase before analysis.

To determine the optimal pH in which the blood sample was suspended,
extraction was performed on spiked blood (10 ug/ml) suspended in a series of
Britton Robinson buffers ranging from pH 2-12. Recovery of
hydrazinocurcumin was highest when the blood sample was suspended in

buffer at pH 10 (Figure 5-5). In basic pH conditions hydrazinocurcumin was
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predominantly in the non-ionized form thus favoring dissolution in the organic

layer.

A1,
N
w
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Figure 5 - 5: Determination of the optimal pH for extraction of hydrazinocurcumin from

blood. Peak areas at various pH values.

To determine whether extraction from plasma gave a higher recovery
compared to extraction from whole blood, a spiked blood sample (10 pg/ml)
was centrifuged and separated into plasma and red blood cells. The
concentration of hydrazinocurcumin in red blood cell layer was 30.8 times the
concentration in plasma. This showed that hydrazinocurcmin may selectively
bind to RBCs as opposed to plasma components such as albumin. The
accumulation of hydrazinocurcumin in RBC layer did away with the need to

centrifuge blood samples to obtain plasma for extraction.

5.2.1.3 The Calibration Curves

The calibration curve, which was used to calculate the concentration of
hydrazinocurcumin, was prepared by spiking human blood with
hydrazinocurcumin to obtain the following concentrations: 10 ug/ml; 5 pg/ml;
2.5 yg/ml; 1.25 pg/ml; 0.625 pg/ml; 0.313 ug/ml; 0.156; and 0.0781 ug/mi.

162



The spiked blood samples were extracted as previously described and
analyzed by LC-MS/MS. The peak areas were plotted against concentration.
Weighted quadratic regression with a weighting of 1/X gave a better fit of the
calibration curve compared to linear regression. X represented the nominal

concentration of the spiked blood samples.

Since the calibration standards were prepared using human blood as the
diluent as opposed to murine blood, it was necessary to compare the
calibration curves obtained from the extraction of hydrazinocurcumin from
human and murine blood. The two calibration curves were perfectly super
imposable with a correlation coefficient of one. Two way paired student t-test
showed there was no statistically significant difference in the peaks areas of
the two calibration curves (P=0.07).

The calibration curves obtained from spiked human blood and spiked plasma
were compared (Figure 5-6). Although the peak areas of the two calibration
graphs were highly correlated with a correlation coefficient of 0.974, the peaks
areas of the spiked blood samples were 2 to 3 times the peak areas of the
spiked plasma samples. Paired one-way student t-test showed the difference
in peak areas was statistically significant (P=0.022). This observation
validated the extraction of hydrazinocurcumin from human blood as opposed

to plasma.
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Figure 5 - 6: Comparison of the calibration graphs obtained from whole blood and

plasma.

5.2.2 Validation of the LC-MS/MS Method for the analysis of

hydrazinocurcumin in blood

Method validation was performed according to the FDA guidelines on
validation of bioanalytic methods ' '®. However, the sample stability and
selectivity was not determined as these are not required for pre-clinical
studies. Intra-day accuracy and precision were determined by calculating the
relative error (RE) and relative standard deviation (RSD) of 4 replicates of the
quality control samples (QC) of concentrations from 10 to 0.156 pg/ml
assayed on the same day. Inter-day accuracy and precision were determined
by calculating the relative error and coefficient of variation of 4 QC samples
assayed on 3 consecutive days. The RE was the percentage deviation of
observed concentration (Cops) from the nominal concentration (Chom). The
accuracy and precision at the lower limit of quantification (LLOQ) were
determined by analyzing 5 replicates of the QC sample one of the validation
days. At the lower limit of quantification (LLOQ), a RE of + 20 % and a CV of
20 % were considered acceptable. For QC samples with a concentration
greater than LLOQ, a RE of + 15 % and a CV of 15 % were considered
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acceptable. The limit of detection (LOD) was the lowest concentration at

which the signal to noise ratio was 3.

All correlation coefficients of the calibration curves were greater than 0.997.

The best fit was obtained by quadratic regression with a weighing factor of
1/X. The LLOQ was determined to be 0.625 ug/ml and the LOD was 0.156

pug/ml. At concentrations above LLOQ, intra- and inter-day accuracy and

precision were within accepted limits (Tables 5-1 and 5-2).

Table 5 - 1: The intra-day accuracy and precision of the LC-MS/MS method for the

determination of hydrazinocurcumin (2.2.1b) in blood

~ Nominal Observed Accuracy Precision
concentration concentration (RE %) (RSD %)
(ng/ml) (ng/ml)
(mean * SD, n=4)
10 10.627 + 0.917 +6.34 9
5 5.49 +0.325 +9.90 6
2.5 2513 +0.190 +0.51 8
1.25 1.363 £ 0.103 +9.09 8
0.625 0.692 + 0.105 +10.79 15
0.313 0.452 + 0.196 +45.09 43
0.156 0.755 + 0.703 + 387.03 93
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Table 5 - 2: The inter-day precision and accuracy of the LC-MS/MS method for the

determination of hydrazinocurcumin in blood

Accuracy | Precision
| ) |[(RSD%)
10 -7 7
5 -8 15
2.5 12 15
1.25 0 11
0.625 ¥ & 20
0.313 -5 53
0.156 -20% 219

As expected, intra and inter-day accuracy declined with decreasing
concentration of the analyte. The relatively high LLOQ of about 0.625 ul/mi
was attributed to the low the sampling volume of 10 ul. The LLOQ could have
been improved by increasing the blood sampling volume from 20 to 40 l

which would have still allowed for multiple sampling from a single mouse.

5.2.3 The Pharmacokinetic Properties of Hydrazinocurcumin

Hydrazinocurcumin (100 mg/kg of bwt.) was formulated in 3 different vehicles
and administered orally to 3 different groups of mice. The mice had free
access to food and water. Vehicle A consisted of 1 % DMSO in 33 % v/v
ethanol in water. Vehicle B consisted of 1 % DMSO and 33 % v/v ethanol in
buffer at pH 7.4. Vehicle C lacked ethanol as a co-solvent and
hydrazinocurcumin was administered in 1 % DMSO in buffer at pH 6.
Sampling was done at 5 time points and samples were analyzed by LC-
MS/MS. Blood concentrations that were below the lower limit of quantification
were noted (Appendix C). Hydrazinocurcumin could not be detected in most
of blood samples obtained from animals that received the test compound in

vehicle C. Consequently data analysis was restricted to data obtained from
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animals that received hydrazinocurcumin in vehicles A and B. Data was
analyzed by non-compartmental analysis using WinNonlin software. A scatter
plot of the blood concentration — time curve showed that hydrazinocurcumin
reached peak plasma concentrations between 0.5 to 1 hour and most of it

was cleared from the blood in 5 hours (Figure 5-7).

Blood concentration curve - time curve for hydrazinocurcumin
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Figure 5 - 7: A typical blood concentration-time curve of hydrazinocurcumin (2.2.1b) in
a mouse

Three methods were used to handle values that were below lower limit of
quantification (BLOQ) ' . In the first method all values BLOQ were
discarded. This is the most frequently used method for handling values BLOQ
but it often results in biased pharmacokinetic parameters ® In the second
method, all value BLOQ were replaced with a value half of LLOQ. In the third
method, all values below the LOD were discarded 2°.

The pharmacokinetic parameters calculated using data obtained from mice
treated with hydrazinocurcumin in vehicle B were found to be inconsistent as
well as varied depending on the method used to handle values BLOQ. (Table
5-3). This was attributed to the fact that a large proportion of the data was
BLOQ. The terminal half life and the elimination rate constants could not be

calculated.
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Table 5 - 3: Pharmacokinetic parameters of hydrazinocurcumin (2.2.1b) in Vehicle B

First method

Second method

Third method

Cnax (Hg/ml) 0.66 + 0.438 | 0.848 +0.823 0.939 + 0.341
Trmax (h) 2 1.3+0.671 1.3+0.3

Terminal Half-life (h) | ND ND 0.768 + 0.372
(Ke) () ND ND 1.601 +0.537
AUC st (hW*ugml™) [0.33+0.219 | 0.377 +0.450 1.266 + 0.479
AUC.y (h*ug ml™) 1.32+0.875 |0.455+0.388 1.937 + 0.802

Data expressed as mean + SD, n=5

Due to the

inconsistency,

pharmacokinetic parameters obtained from

hydrazinocurcumin formulated in Vehicle B were not considered reliable.

There was more consistency between pharmacokinetic parameters when the

3 different methods were applied to data obtained from mice treated with

hydrazinocurcumin in Vehicle A (Table 5-4).

Table 5 - 4: Pharmacokinetic parameters of hydrazinocurcumin (2.2.1b) in Vehicle A

First method

Second method

Third method

Crmax (Hg/ml) 2.912 £ 1.751 |2.91% 1.751 2.912 £ 1.751
Tinase (1) 0.833+0.258 |0.833 £0.258 0.8333 + 0.258
Terminal Half-life (h) 0.8333 (n=1) | 0.452 £ 0.344 0.377 £0.316
(Ke) (h7) 2.128 (n=1) 2.220 + 1.386 2.476 £ 0.717
AUC jat (h*ug mi™) 1414+2.046 |[2.888+2315  |[2.922:0.870
AUC (h*ug ml™) 2.380 £2.193 |3.017 +2.286 3.076 + 0.915

Data expressed as mean £ SD, n=5
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Since there was greater consistency in the calculated parameters using data
obtained from mice treated with hydrazinocurcumin in Vehicle A, greater
reliance was placed on this data. The methods used did not influence the
parameters Cmax and Tnax as opposed to half life, AUC and elimination rate
constanf. For the purpose of discussion the pharmacokinetic parameters
obtained using method 2 in Table 5-4 were used since they represented a
compromise between the other two methods. Method three is not popular
since parameters obtained using this method has an upward bias.

5.2.3.1 The Half-Life of Hydrazinocurcumin.

The terminal half life of hydrazinocurcumin was short with a mean of 0.452 h.
This half-life was less than the reported half-life of curcumin which ranged
from 0.74 to 1.96 hrs 2'*%. The short half may have been due to a high rate of
metabolism or rapid excretion. Similar to the parent compound, it is likely that
hydrazinocurcumin is metabolized by glucuronidation and sulphation of the
phenolic hydroxyl groups and reduction of the double bonds on heptadiene-
dione chain. Replacement of hydroxyl groups with halide, alkyl or alkoxy
groups may reduce the rate of metabolism of curcumin derivatives. Excessive
metabolism may be overcome by incorporating metabolic enzymes inhibitors
such as piperine in the molecule. The short half life may explain lack of
antimalarial activity observed during in vivo antiplasmodial study in

Plasmodium bergheij infected mice.

5.2.3.2 The Bioavailability of Hydrazinocurcumin

The absolute bioavailability of hydrazinocurcumin was not determined since
the pharmacokinetic parameters of an intravenously administered dose were
not determined. AUC, Cnax and Tnax were used as proxy indicators of
bioavailability. An in vifro study showed that hydrazinocurcumin is well

13

absorbed through a rat intestine The mean AUC values of

hydrazinocurcumin following absorption from vehicle A were almost twice that
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when administered in vehicle B. There were large differences in the mean
Cmax and Tmax values when hydrazinocurcumin was absorbed from vehicle A
and B. Absorption from vehicle A was more rapid since Tmax values ranged
from 0.5 to 1 hour while for vehicle B, the Tmax values ranged from 0.5 to 2

hours.

The Cmax value of 2.912 pg/ml was above the ICsy value of 1.084 ug/mi

hydrazinocurcumin against the CQS strain of Plasmodium falciparum. This
implied that therapeutic concentrations of hydrazinocurcumin were achieved
by oral administration of 100 mgikg in vehicle A. The short half-life of
hydrazinocurcumin explained its poor in vivo antiplasmodial activity in

Plasmodium berghei infected mice.

5.2.3.3 Comparison of the Bioavailability of Hydrazinocurcumin from
Different Vehicles

The differences in the Tmax and Cnax values of hydrazinocurcumin absorption
from vehicles A and B were interpreted with caution. The differences may
have been due to the differences in amount of food in gut of the animals since
they had free access to food and water. A more rigorous comparison of
absorption from the vehicles should have been done on fasted animals to
eliminate the effect of food on absorption.

In the absence of the effect of food in the gut, any difference in bioavailability
profile from the different thicles may have been due to difference in the pH
of the formulations which would have affected the dissolution and diffusion
profiles. At a pH of 7.4, hydrazinocurcumin was predominantly in the non-
ionized state making it less water soluble but with improvéd permeability
across cellular membranes. In the acidic pH of vehicle C, hydrazinocurcumin
was predominately in the ionized state which would have improved its
dissolution but retarded diffusion across membranes. This may explain the
poor bioavailability associated with vehicle C.
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5.2.3.4 Comparison between the Bioavailability of Hydrazinocurcumin
and Curcumin

The reported key pharmacokinetic parameters of orally administered curcumin
in rats are presented in Table 5-5 2" 2 For the sake of comparison an
assumption was made that the pharmacokinetic profile of curcumin in mice .
and rats is similar. The pharmacokinetic parameters of hydrazinocurcumin
" administered in Vehicle A were included for comparison. An oral dose of
hydrazinocurcumin (100mg/kg of bwt.) in vehicle A gave a much higher Cpax
concentrations compared to the parent compound administered at much
higher doses. The AUC values of hydrazinocurcumin (100 mg/kg) in vehicle A
was greater than that of higher dose of curcumin (1g/kg) (Table 5-5).The
superior bioavailability of hydrazinocurcumin was attributed to improved
dissolution as a result of the introduction of nitrogen atoms in the molecule or

as a result of reduced first pass metabolism in the gut and liver.

Table 5 - 5: Comparison between the pharmacokinetic properties of curcumin and

hydrazinocurcumin

Curcumin “' Curcumin ** | Curcumin “ Hydrazinocurcum
Vehicle Not reported 1 % Tween | phospholipid- Vehicle A
20 in water | complex

Oral Dose (500 mg/kg ) 1g/kg 1g/kg (100 mg/kg )
Crmax (Hg/ml) 0.06 0.5 1.20 2.91+ 1.751
Trmax (hr) 0.692 0.75 1.5 0.833 +0.258
Terminal Half- | 0.74 1.45 1.96 0.452 + 0.344
life (hr)

(Kel) (hr) - 0.48 0.35 2.220 + 1.386
AUC ¢t - 1.68 8.73 2.888 + 2.315°
(ug mi™ h)

Bioavailability 1% ND ND ND

3 ® AUC|as\
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5.3 Conclusion

The study demonstrated that mice can be used successfully in multiple
sampling pharmacokinetic studies. The high sensitivity of LC-MS/MS did away
with the need to sacrifice animals at every time point. This was more ethically
acceptable. Absolute bioavailability was not determined since the drug was
not administered intravenously. Hydrazinocurcumin had a better oral

2t 22 gince

bioavailability than the parent compound reported in literature
higher plasma concentrations and AUCs were attained. The bioavailability of
hydrazinocurcumin was affected by the type of formulation. The half life of
hydrazinocurcumin was short (0.452 h) and further chemical modifications are
required to reduce its metabolism and excretion rate. The short half-life of
hydrazinocurcumin may explain its poor in vivo activity when administered to
Plasmodium berghei infected mice. This underlines the importance of
performing pre-clinical pharmacokinetic studies hand in hand with in vivo

investigations for biological in order determine reasons for lack of efficacy.

5.4 Materials and Methods

5.4.1 Materials

5.4.1.1 Chemicals and Regents

Technical grade curcumin, ethyl acetate (HPLC grade), sodium hydroxide
pellets and boric acid (Molecular biology grade) were purchased from Sigma-
Aldrich. Dimethyl sulfoxide, absolute ethanol, acetic acid, acetonitrile (HPLC
grade), formic acid were obtained from Saarchem, MercK Chemicals,
Gauteng, South Africa. O-phosphoric acid (analytical grade) was obtained
from BDH Chemicals, Poole, England. Hydrazinocurcumin was synthesized
by reacting technical grade curcumin and hydrazine hydrate as previously
described. Its purity and identity was confirmed by HPLC and spectroscopy
methods. Sterile Vacutainer Heparinized PST™ tubes were obtained from
Becton Dickinson Vacutainer Systems, Meylan Cedex, France. Human
heparinised blood was obtained from the Western Cape Blood Donor Service.
It was stored at 4°C for a maximum of two months. Human plasma was
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obtained by centrifuging whole blood at 1250 rcf for 10 minutes. The upper
supernatant layer was collected and stored at 4°C for a maximum of 2 days

5.4.1.2 Experimental Animals

The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the University of Cape Town. Specific Pathogen Free C57/BL/6
mice were obtained from the Animal Unit of the University of Cape Town. The
mice were hoLused in groups of 5-6 in cages at ambient temperatures of 20-
25°C with a 12 hour light/dark cycle and free access to water and food. They
were allowed to acclimatize in the Pharmacology Animal unit for 2 weeks
before the study. Mice blood was obtained by cardiac puncture of
anesthetized mice. Mouse blood was stored in heparinized tubes at 4°C for a

maximum of 2 days.

5.4.1.3 Instrumentation

Tandem LC-MS/MS analysis was performed using an Agilent 1200 HPLC
system (Agilent Technologies, Japan) coupled to a tandem quadrupole mass
spectrometer (Sciex 3200Q-Trap). Separation of hydrazinocurcumin was
achieved using a Pheromenex Gemini Cs HPLC analytic column (50 X 2.0
mm, 5 pm particle size) maintained at ambient temperature. Small blood
samples were centrifuged in an Abbot Laboratories centrifuge (Germany, Cat.
No. 3530) at 12000 rcf for 5 minutes. Lager volumes of blood samples where
centrifuged in an Eppendroff 5804 centrifuge at 1250 rcf for 10 minutes.
Samples were vortexed on a Vortex-2-Gen mixer Model G560E from
Scientific Industries Inc., Bohemia, New York, USA. Solvents were
evaporated in a Cold Trap model 10.10 from Jouan Quality Systems, France.
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5.4.2 Preparation of Stock, Reference, Quality Control and
Calibration Standard Solutions of Hydrazinocurcumin

All solutions were prepared daily before analysis since hydrazinocurcumin is
unstable in solution. A stock solution of hydrazinocurcumin was prepared by
dissolving 1 mg in 1 ml of acetonitrile. A secondary stock solution of
hydrazinocurcumin was prepared by diluting the stock solution 10 fold to 100
pg/mi using acetonitrile. The reference standard solution was prepared by
diluting the secondary stock solution of hydrazinocurcumin with the mobile
phase (0.1% FA: ACN, 1:1; v/v) to obtain a solution of concentration 10 ug/mi.
The calibration and QC standards were prepared by spiking whole human
blood with hydrazinocurcumin to obtain the following solutions with the
following concentrations: 10 pg/mil; 5 pg/mi; 2.5 pg/mi; 1.25 pg/ml; 0.625
pg/mi; 0.313 pg/ml; 0.156; and 0.078 pg/ml.

5.4.3 Method Development

5.4.3.1 Optimization of the Mass Spectrometric and Chromatographic
Conditions

5.4.3.1.1 MS optimization

The analyte was infused at a concentration of 500 ng/m in mobile phase at a
flow-rate of 5 pl/min to obtain a mass spectrum. The molecular ion was
selected in Q1 and fragmented in the collision cell using N; gas. Q3 was set
to scan fro all possible product ions. The most abundant product ion was
selected in Q3 and the mass spectrometer was set in the MRM mode. Q1 was
set to monitor the molecular ion and Q3 was set to monitor the most abundant

product ion.
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5.4.3.1.2 Chromatography optimization

The injection solvent and the mobile phase of the HPLC system was
optimized which resulted in good peak shapes and a relatively short run time
of 2 minutes.

5.4.3.2 Determination of the Optimal Extraction Method from Blood

Three extraction methods for sample preparation from blood were compared:

5.4.3.2.1 Filter paper spotting and direct extraction with ACN-water

Spiked human blood calibration (10 pl) solutions with concentrations ranging
from 10 to 0.078 pg/mi were separately spotted on Whatman filter paper No.
542 (110 mm diameter). Each blood spot was dried slowly using a blow dryer
held at a distance from the filter paper. The dried blood spot was cut into
pieces which were transferred to an eppendroff tube. Water (100ul) and
acetonitrile (200ul) were added to the eppendroff tube successively. The
eppendroff tube was vortexed for 1 minute and then centrifuged for 5 minutes
at 10 900 rpm (10 500 rcf). The supernatant was removed and analyzed by
LC-MS/MS.

5.4.3.2.2 Filter paper spotting and direct extraction with ethyl
acetate

Spiked human blood calibration solutions (10 pl) were spotted on filter paper,
dried and transferred to an eppendroff tube as described above. Millipore
water (200 ul) and ethyl acetate (1 ml) were added to the eppendroff tube
containing'the filter paper. The contents were vortexed for one minute and
then centrifuged for 5 minutes. The organic layer (600 pl) was removed and
evaporated under vacuum for 40 minutes. The dried residue was dissolved in
the mobile phase (100 ul) and analyzed by LC-MS/MS.
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5.4.3.2.3 Liquid-liquid extraction using ethyl acetate and
determination of the optimal pH for extraction

Universal Britton Robison buffers'® ranging from pH 2 to 11 were prepared
by adjusting the pH of Solution A (0.1 M acetic acid, 0.1 M phosphoric acid;
0.1 M boric acid) to the desired pH using 0.5 M NaOH. Buffer (50 pl), spiked
whole biood (10 pl, 10 pyg/ml) and ethyl acetate (250 pl) were added to an
eppendroff tube in that order. Thé contents Were vortexed for 1 minute and
then centrifuged for 5 minutes at 10 900 rpm (10 500 rcf). The upper organic
layer (215 pl)  was transferred to an eppendroff tube. Ethyl acetate was
evaporated under vacuum for 30 minutes and the residue was stored at -20°C
- till analysis. For each buffer, two replicate extractions were done. The
samples were analyzed within 3 days so as to minimize degradation on
storage. The dried residues were dissolved in 100 pl of mobile phase before
analysis by LC-MS/MS. The mean peak area was plotted against the pH of
the buffer. The optimal pH for extraction was the pH at which there was

maximal recovery.

5.4.3.3 Comparison of the Recovery from Red Blood Cells and Plasma

Human blood was spiked with the test drug (10 pg/ml, 1 ml) was centrifuged
for 10 minutes at 1250 rcf. The upper plasma layer was transferred to an
eppendroff tube. The RBCs (30 pl) and plasma (30 ul) were separately'
transferred to eppendroff tubes containing 150 pl of buffer at pH 10. The
RBCs and plasma were separately subjected to liquid-liquid extraction as
previously described ethyl acetate (750 ul).The upper ethyl acetate (700 i)
layer were transferred to a glass tube and the solvent was evaporated in a
cold trap. The samples were stored at — 20°C until analysis. Before analysis
the sarhpies were dissolved in mobile phase (100 pl) and vortexed for 15
seconds. The peak areas obtained were compared.
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5.4.3.4 Comparison of Calibration Curves obtained from Spiked Human
Blood and Plasma

To obtain the calibration curve, 10 pl of the calibration solutions in human
blood were extracted by liquid-liquid extraction with ethyl acetate and buffer at
pH 10 as previously described (section 5.4.3.2.3). The organic layer was dried
and dissolved in 100 pl of the mobile phase. The solutions were analyzed by
LC-MS/MS. The peak areas were plotted against the nominal concentration of
the calibration solution. The regression line was fitted by weighted quadratic

. regression using 1/X as the weighting factor.

Two separate calibratién curves weré obtained using human and murine
blood spiked with hydrazinocurcumin. The correlation between the
calibration curves was determined using Pearson’s correlation coefficient. The
paired student t-test was used to compare the peak areas obtained when

extraction was done from either murine or human blood.

5.4.4 Method Validation

5.4.4.1 Determination of LLOQ, ‘LOD, Intra and Inter-Day Accuracy and

Precision

Method validation was performed according to the FDA guidelines for
validation of bioanalytic methods ' '®. However, the sample stability and
selectivity was not determined as these are not required for pre-clinical
studies. The accuracy of the method was the percentage deviation of
observed concentration (Cops) from the nominal concentration and was
calculated using the following formula: [(Cops - Crom)l Chom x 100. The
precision was calculated from the relative standard deviation (RSD) of
replicate determinations as follows: standard deviation (SD)/Cops X 100. Intra-
day accuracy and precision were determined by calculating the relative error
(RE) and relative standard deviation (RSD) of 4 replicates of the quality
control samples (QC) of concentrations 10 to 0.156 pug/mi assayed on the
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same day. Inter-day accuracy and precision were determined by calculating
the relative error and coefficient of variation of 4 QC samples assayed on 3
consecutive days. The relative error was the percentage deviation of
observed concentration (Cqps) from the nominal concentration (Cnom). The
accuracy and precision at the lower limit of quantification (LLOQ) were
determined by analyzing 5 replicates of the QC sample one of the validation
days. At the lower limit of quantification (LLOQ), a RE of + 20 % and a CV of
20 % were considered acceptable. For QC samples with a concentration
greater than LLOQ, a RE of £ 15 % and a CV of 15 % were considered
acceptable. The limit of detection (LOD) was the lowest concentration at

which the signal to noise ratio was 3.

5.4.4.2 Determination of the Recovery Efficiency

Spiked whole human blood (10 ul,10 pg/ml) were extracted by liquid-liquid
extraction as described above and analyzed by LC-MS/MS. The recovery
efficiency was determined by comparing the peak areas of the recovered

~calibration solution to the peak area of the reference standard solution (10

ug/ml in mobile phase) using the following formula:

Percentage recovery = Peak area of extracted sample X F X G X 100

Peak area of reference standard

G is the extraction factor and corrected for the fact that only 215 pl of ethyl
acetate was evaporated as opposed to the 250 pl that was used for
extraction. The value of G was 1.163. Where F is the dilution factor and
corrected for the 10 fold dilution of the extracted sample with mobile phase.
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§.4.5 The Pharmacokinetic Study

5.4.5.1 Comparison of the Bioavailability of Hydrazinocurcumin from
Different Vehicles

Hydrazinocurcumin was suspended in 3 different vehicles with different pH

values. The vehicles were designated A, B and C. The first two vehicles had

ethanol as a co-solvent. The third vehicle lacked ethanol as a co-solvent.

Vehiclé A consisted of 1,0 % viv DMSO, 33.3 % v/v ethanol and water in

order. Vehicle consisted of 10 % DMSO, 33.3 % v/v ethanol and PBS buffer at

pH 7.4. Vehicle C consisted of 10 % DMSO and buffer at pH 6.
Hydrazinocurcumin was first dissolved in DMSO with sonication, followed by

ethanol (for vehicle A and B) and finally water or the buffer was added.

Male mice weighing between 29 to 34 g were divided in 3 groups of 5 or 6
animals each. Each group of received a single oral dose of
hydrazinocurcumin (100 mg/kg of body weight) in different vehicles by
gavage. Blood samples (10 pl) were taken from the tail vein at 0, 0.5, 1, 2 and
5 hours post dosing. The blood samples were analyzed for the levels of

hydrazinocurcumin.

5.4.6 Data Analysis

The correlation coefficients, means, relative standard deviations and accuracy
were calculated using Microsoft Excel ™. The guidelines outlined by Beal '°
and Hennig et al. *° were used to handle values that were below lower limit of
quantification (BLOQ). Given that values that are BLOQ may accurately
~ reflect true concentrations discarding them they were used in analysis using 3
different methods. In the first method all values BLOQ were discarded. This is
the most frequently method for handling values BLOQ but it often results in
biased pharmacokinetic parameters '°. In the second method, all value BLOQ
were replaced with a value half of LLOQ. In the third method, all values below

the LOD were discarded %°.
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Pharmacokinetic parameters were calculated by Non-compartmental analysis
using WinNonlin Standard Edition software version 4.1 (Pharsight
Corporation, Mountain View, USA). The area under the curve (AUC) was
calculated using the linear trapezoidal rule. AUC from the time of dosing to
time to the last measurable concentration was designated AUC)ss:. Area under
the curve from the time of dosing to the last time point was designated AUC .
Area under the curve from the time of dosing to the time extrapolated to
infinity was designated AUC 4., The terminal half-life (8) was calculated by
linear regression of the post-absorption phase/terminal phase of the log
concentration vs. time curve. The time points used for the calculating the
terminal half life were 0.5 to 2 hours. R? (unadjusted for the number of points
used to compute the terminal half life) was used to assess the goodness of fit
of regression line of the terminal elimination phase. The volume of distribution,
mean residence time and clearance were not reported since these could not
be accurately determined in the absence of data on fraction of drug absorbed.
All pharmacokinetic parameters were reported as the mean and standard

error of the mean of five or six individual experiments.
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CHAPTER SIX |
CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK

A series of derivatives of curcumin were synthesized. These included the
azole . derivatives, sulfonylureas, chloroquine-based derivatives,
thiosemicarbazones and N-acyl hydrazones. These derivatives were
designed to act against specific molecular targets in Plasmodium falciparum.
The derivatives were tested for their in vitro activity against the chloroquine
sensitive (D10) and resistant (KI) Plasmodium falciparum strains. In addition,
their ability to inhibit the in vitro formation of beta hematin was determined.
The parent compound, curcumin, was equally active against the chloroquine
sensitive and resistance strains with a resistance index of about 1. The ICsq
against the sensitive and resistant strains was 4.545 and 4.496 pM
respectively. It has a low cytotoxicity with a CCsy of over 100 yM against the
CHO cell line. Although the antiplasmodial activities of curcumin have
previously been reported, its activities against active and resistant strains
have never been compared. Some derivatives had improved in vitro activity

compared to curcumin.

HPLC and 'H NMR réveaied that a number of derivatives exist as isomers.
Two tautomers of hydrazinocurcumin were synthesized: 1-N pyrazole (2.2.1b)
and the 3-N pyrazole tautomer (2.2.1¢). There were considerable differences
in the "TH NMR spectra of the two isomers which were used to establish the
structural differences between the tautomers. There was a large difference in
in vitro antiplasmodial activity of the two tautomers. 1-N-pyrazole was 6 times
more active than the 3-N-pyrazole tautomer with an ICsy of 0.502 uM
compared to the 3-N tautomer that had an ICsy of 2.876 uM against the CQS
strain. Activity against the CQR strain was reduced. In addition, three isomers
of the isoxazole derivative of curcumin were isolated. However, the structural
differences of the isomers could not be determined using 'H NMR. The
isomers have been submitted for X-ray crystallographic analysis. The in vitro
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antiplasmodial activities of the isomers were similar and were less active than
the pyrazole derivatives.

Sulfonylurea derivatives of curcumin were synthesized by a condensation
reaction between an aryl isocyanate and hydrazinocurcumin. The
sulfonylureas were active against the CQS strain but activity decreased
considerably against the CQR strain. The sulfonylurea derivatives had a high
cytotoxicity which indicated that these compounds should be evaluated further
as potential anticancer agents. The in vivo activity of the most active

sulfonylurea was inferior to that of chloroquine.

The thiosemicarbazone and N-acylhdrazone derivatives were synthesized by
a condensation reaction between a thiosemicarbazide and aryl hydrazide
respectively. When the reaction was performed in acetic acid at 70°C the
reaction yields obtained were low. HPLC chromatography revealed that
 thiosemicarbazone and N-acylhdrazone derivatives exist as isomers.
Unexpectedly, pyrazole-1-methanone derivatives were obtained as a result of
nucleophilic attack of the N-2 within aryl hydrazone derivative on the second
carbonyl functional group on curcumin. The pyrazole-1-derivatives were more
cytotoxié and had better antiplasmodial activity.

The pharmacokinetic profile of the 3-N pyrazole tautomer of
hydrazinocurcumin was investigated in mice. Blood concentrations of
hydrazinocurcumin were assayed by LC-MS/MS. The bioanalytic method was
validated. The lower limit of quantification was 0.625 ug/ml and the limit of
detection was 0.156 pg/ml. The precision and accuracy of the method was
within acceptable limits. Hydrazinocurcumin was administered in 3 different
vehicles that had different pH values. Ten microliter blood samples were
obtained at 5 different time points. Drug absorption was optimal from the
formulation with an acidic pH. Hydrazinocurcumin, however, had a very short
half-life of about 0.452 hours. This showed it is rapidly excreted or
metabolized and additional chemical modifications are required to improve its
pharmacokinetic profile. - Hydrazinocurcumin had a better oral bioavailability
than curcumin since much higher plasma concentrations and AUC values
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were attained compared to values reported in literature. The short half life of
hydrazinocurcumin in mice may explain its poor jn vivo antiplasmodial

efficacy.
Conclusion

Derivatives of curcum‘in with improved in vitro antiplasmodial activity were
synthesized. Unlike curcumin, some of the derivatives had ability to inhibit
beta hematin formation. A pilot toxicological study showed that derivatives
were more toxic than curcumin and they may affect the neurological function.
Selected derivatives suppressed parasitemia on day 4. Like the curcumin, the
pyrazole and isoxazole derivatives were able to prolong survival in infected
mice. A pharmacokinetic study done on the pyrazole derivative,
hydrazinocurcumin, showed that while it has a better oral bioavailability
compared to the parent compound, its half life was too short. This may have |

accounted for the poor in vivo efficacy of the synthetic derivatives.

Recommendations for future work

Though derivatives were designed to act against the molecular targets within
Plasmodium falciparum: cysteine proteases; iron-dependent enzymes;
parasite induced new permeability pathways (NPPs), activity against these
targets was not determined. Further work is required to determine if the
chemical modifications successfully improved activity against these targets.

HPLC chromatographic separation showed that a large number of the
synthetic derivatives of curcurnin exist as isomers. These isomers need to be
isolated and their three dimensional structure be determined in order to

establish the differences between the isomers.
The pilot toxicological investigation showed that selected derivatives of

curcumin may affect neurological function. This needs to be investigated
further as these agents may find use in management of neurological disease.
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The isoxazole and pyrazole derivatives demonstrated an unusual ability to
prolong the survival of infected mice. This effect has been noted before for
curcumin and a number of compounds. Since such compounds may find use
as coadjuvants in the management of malaria and other infections, their
effects on the immune response in malaria need to be further investigated.

The pharmacokinetic assay showed that the half-life of the pyrazole ring is too
short. This showed that increasing the rigidity of molecule failed to reduce its
metabolism or excretion. Further chemical modifications are required that will
reduce the metabolic rate and conserve the ability to inhibit growth of the

chloroquine resistant strain.
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CHAPTER 7
EXPERIMENTAL

7.1 Instrumentation and Materials

Technical grade curcumin, glacial acetic acid, N, N-dimethly formamide
(DMF) were obtained from Sigma-Aldrich, St. Louis, U.S.A. Hydrazine
monohydrate, hydroxylamine hydrochloride, glacial acetic acid and
isopropanol were purchased from Merck, Germany. Sodium hydroxide -
was obtained from Chemical Lab and Suppliers, S. A. Anhydrous sodium
acetate was obtained from PAL chemicals, S.A. The arene sulfonyl
isocyanates which included p-toluene, benzene, 4-chlorobenzene and 4
flurobenzene sulfonyl isocyanates were obtained from Sigma-Aldrich,
Milwaukee, USA. Phenyl thioisocyanate and 4-phenyl thioisocyanate
were obtained from Lancaster Synthetics, Morecambe, England. The
hydrazides which incluced, semicarbazide hydrochloride, salicyclic acid
hydrazide, isonicotinic acid hydrazide, benzoic acid hydrazide, 4-chloro
benzoic acid hydrazide, 4-hydroxy benzoic acid hydrazide, 2-furoic acid
hydrazide and 7-chloro-4-hydrazinoquinoline, where obtained from
Sigma-Aldrich, Milwaukee, USA. Acetonitrile (HPLC grade) was obtained
from BDH chemicals. Deuterated solvents for NMR spectroscopy were
obtained from Sigma-Aldrich. Reactions were monitored by thin layer
chromatography on 0.25 mm silica gel F254 pre-coated aluminum-backed
plates (Merck). The plates were visualized using ultraviolet light. The
reaction products were purified by gravity column chromatography using
silica gel 60 (230-400 mesh) from Merck. Flash chromatography was
‘ performed using Silica gel for TLC 60 H GR without a binder obtained

from Merck.

Nuclear magnetic resonance spectra ("H NMR) were recorded on a Varian
XL-300 spectrometer at 300 MHz, Varian Unity Spectrometer at 400 MHz and
at 600 MHz on a Varian Unity Inova spectrometer. °C NMR spectra were
recorded at 75 MHz or 100 MHz on Varian Mercury and Varian Unity

spectrometers respectively. The samples were dissolved in either
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deuterodimethylsulfoxide or deuteromethanol. The peaks are described in
ppm downfield of tetramethylsilane. All the proton NMR shifts and coupling
constants were rounded off to one decimal point. The carbon NMR shifts

were rounded off to the nearest whole number.

Low resolution mass spectra were recorded using a VG70-SEQ (FAB)
operating at 7 kV at the University of Witswatersrand. High resolution mass
spectrometry was performed on a VG70-SEQ (FAB) instrument operating at
8kV also at the University of Witswatersrand. Elemental analysis was
performed using a Fisons EE 1108 CHNO-S instrument and analyses were
within + 0.4 % of the theoretical values for the specified elements. The
samples for purity determination were prepared by dissolving 1mg in DMSO
(10pl). Purity was determined by High Performance Liquid Chromatography
(HPLC) on a Waters 1525 Instrument with Waters 996 photodiode array
detector and an autosampler. The stationary phase was a Discovery®
reverse phase C-16 amide column (15 cm by 4.6 mm, 5 yM) (Sulepco) at
ambient temperatures. The samples were eluted with acetonitrile-water
gradient starting from 20 % acetonitrile in water to 100 % acetonitrile over 30
minutes at a flow rate of 1 mi/min. The peaks were detected at 254 nm and
integrated using Millenium® Chromatography Manager Software.

Infra-red spectroscopy was measured using a Perkin Elmer FTIR instrument
from 4000 to 450 cm . The samples were run as solutions in either
dichloromethane or acetonitrile or on potassium bromide (KBr) disks. Melting
points were determined on a Gallenkamp hot p!até melting point apparatus
from Sanyo and are uncorrected.

The octanol-water partition coefficient {cLog P) and typological polar surface
area (tPSA) were calculated using ChemDraw ultra™ Software version 9.
Hydrogen bond donors were the sum of all heteroatoms bonded to at least
one hydrogen group in a molecule. The hydrogen bond acceptors were the
sum of all heteroatoms that lacks a formal positive charge. Halogens, pyrrole
nitrogen and oxygen and sulfur in aromatic systems were excluded. The total
hydrogen bond count was the sum of hydrogen bond acceptors and donors.
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B

7.2 Synthesis, physical and spectral characteristics of
derivatives of curcumin

Curcumin/  Diferuloylmethane/ 5-hydroxy-1, 7-bis (4-hydroxy-3-
methoxyphenyl) hepta-1, 4, 6-trien-3-one, 2.1.1

Curcumin was purified from technical grade curcumin using the method
described by Rasmussen et al.'. Silica gel for TLC 60 H without binder (200
g) and potassium dihydrogen phosphate solution (250 ml, 12 % w/v in water)
were added to acetone (1 1) and the mixture was stirred for 6 hours. The silica
gel was filtered, air-dried and activated by heating overnight in the oven at
80°C before use. Curcumin impregnated silica gel was prepared by adding
40g of silica gel for TLC to a solution of curcumin in DCM (2 g in 1 liter). The
mixture was air-dried and eluted by vacuum liquid chromatography with 3 %
v/v ethyl acetate in dichloromethane. The fractions by monitored by TLC on
phosphate impregnated plates. Red/orange powder (1.48g, 74 %), m. p. 183-
184°C [iit. 2182-183°C | ; R¢(EtOAc: CH,Cl, 4:96) 0.43; IR Vimax (CH2Cl) /em™
3683 (OH), 3526 (OH), 3060 (C=C-H), 2914 (C-H), 1627 (s, C=C); 1592
(C=0); 6n (300 MHz, DMSO-ds) 9.62 (2H, s, Ar-OH), 7.55 (2H, d, J 15.9, H-7,
H-13), 7.32 (2H, d, J 1.8, H-2, H-2"), 7.14 (2H, dd, J 1.8, 8.4, H-6, H-6"), 6.83
(2H, d, J 8.4, H-5, H-5), 6.75 (2H, d, J 15.9, H-8, H-12), 6.07 (1H, s, H-10),
3.84 (6H, s, Ar-OMe); 8¢ (100 MHz, DMSO- dg)183.3 (C=0), 147.9 (C-4, 4",
146.8 (C-3, 3"), 140.5 (C-7, 13), 127.7 (C-1, 1), 122.9 (C-6,6"), 121.8 (C-8,
12), 114.9 (C-5,5"), 109.7 (2, 2), 101.1 (C-10), 55.0 (C-3 O-Me, 3’ O-Me);
LRMS (ESI): (M+1) m/z 369.3.
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(1) General procedure for the synthesis of pyrazole derivatives.

The method used was modified from the procedure described by Selvam et
al. ®* Technical grade curcumin (3 g) and 5 ml hydrazine monchydrate were
added to acetic acid (50 ml). The reaction mixture was stirred at ambient
temperature for 72 hours. A precipitate formed which was filtered and rinsed

with water three times.

4, 4-(1E, 1E)-2, 2'-(pyrazole-3, 5-diyl}) bis (ethene-2, 1-diyl) bis (2-
methoxyphenol) 3- methoxyphenol), 2.2.1a

The general procedure for the synthesis of pyrazole derivatives was applied.
| The precipitate obtained was filtered and washed with water. Pale yellow
powder (2.7 g, 90 %) m.p. 211-212°C [1it.*211-214°C}];. R; (EtOAc:CH,Cl; 1:1)
0.33; IR Viax (KBr) fem™ 3685 (O-H), 3600 (N-H), 3063 (C=C-H), 2986 (C-H),
1757, 1713, 1606, 1447 (azole ring stretch); &4 (400 MHz, DMSO- dg) 12.8
(1H, br s, N-H), 9.12 (2H,s, Ar-OH, 4, 4’), 7.12 (2H, d, J 1.7, H-2, 2’), 7.03
(2H, d, J 16.5, H-7, H-13), 6.92 (2H, dd, J 8.1, 1.7, H-6, 6"), 6.90 (2H, d, J
16.5, H-8, H-12), 6.76 (2H, d, J 8.1, H-5, 5’} / 7.35 (d, J 8.5, H-5, §), 6.60
(1H, s, H-10), 3.81 (6H, s, Ar-OMe); 8¢ (100 MHz, DMSO- dg) 147.8 (C-4, 4"),
146.7 (C-3, 3), 129.4 (C-7, 13), 127.6 (C-1, 1’), 119.9 (C-6,6"), 115.6 (C-5, §'),
109.6 (2, 2'), 99.2 (C-10), 55.6 (C-3 O-Me, 3'0O-Me); LRMS (ESI): (M+1) m/z
365.2. EA. Found C, 69.18; H, 5.69; N, 7.59. Co1HzN20O, réquires C, 69.22;
H, 5.53; N, 7.69
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Isomer of hydrazinocurcumin/ 4, 4'-(1E, 1°E)-2, 2’-(1 H- pyrazole-3, 5-diyl)
bis (ethene-2, 1-diyl) bis (2-methoxyphenol), 2.2.1b

The general procedure for the synthesis of pyrazole derivatives was applied.
The precipitate was subjected to column chromatography on silica gel. The
column was eluted with ethyl acetate — dichloromethane (1:1) and the
compound purified by crystallization from ethanol. Bright yellow needle-like
crystals (154 mg, 20 %), m.p. 217-218 °C [lit.* 211-214°C ]; R; (EtOAc:CH,Cl;
1:1) 0.33; IR Vimax (KBr) /cm™ 2913 (C-H), 2848 (C-H), 1447 (azole ring
stretch), 1458 ((azole ring stretch); &y (300 MHz, DMSO- d;) 12.8 (1H, s, N-
H), 9.12 (2H,s, Ar-OH), 7.13 (2H, s, H-2, 2'), 7.04 (2H,d, J 16.4, H-7, H-13),
6.92 (4H, m, H-8, H-12, H-6, 6"), 6.78 (2H, d, J 8.2, H-5, 5"), 3.81 (6H, s, Ar-
OMe); 8¢ (75 MHz, DMSO- ds) 147.8 (C-4, 4°), 146.7 (C-3, 3"), 129.8 (C-7,
13), 128.3 (C-1, 1'), 120.0 (C-6,6"), 115.6 (C-5, 5'), 109.6 (2, 2'), 99.3 (C-10),
55.6 (C-3 O-Me, 3'0O-Me); LRMS (ESH: (M+1) m/z 365.2; E.A. Found C,
68.83 ; H, 5.57; N, 7.39. C21HzoN204 requires C, 69.22; H, 5.53; N, 7.69;
HPLC Purity: 90 %, tr = 12.315 min.

191



Isomer of hydrazinocurcumin, 4, 4'-(1E, E'1)-2, 2’- (3 H- pyrazole-3, 5-
- diyl) bis (ethene-2, 1-diyl) bis (2-methoxyphenol), 2.2.1¢c

1.36 mmol of sodium Hydroxide was dissolved in 50 ml of ethanol with slight
warming. An equivalent amount of curcumin (500 mg, 1.36 mmol) and
hydrazine monohydrate (0.08 ml) were added to the sodium hydroxide
solution. The reaction mixture was stirred for 15 min at 65°C. The reaction
was stopped by the addition of 5-6 drops of concentrated hydrochloric acid. A
dark red precipitate formed which was filtered and rinsed with water. (388
mg, 79 %), m.p. 227°C [lit. * 211-214°C |; Ry (EtOAc:CH.Cl, 1:1) 0.38; IR Vinax
(CH,CL) fom™ 3739 (OH), 3362 (N-H/O-H), 2984 (C-H),1462 (azole ring
stretch); 8y (300 MHz, DMSO- ds) 7.48 (2H, d, J 15.9, H-7, H-13), 7.25 (2H,
d 1.9, H-2, 27, 7.06 (4H, dd, J 8.6, 1.9, H-6, 6), 6.78 (2H, d, J 8.1, H-5, &),
6.33 (2H, d, J 15.8, H-8, 12), 4.51 (1H, s, H-10), 3.82/ 3.82/ 3.80 (6H, s, Ar-
‘OMe); &¢ (75 MHz, DMSO- ds) (major/minor) 167.9 / 169.0 (C-9, 11), 149.1 /
1494 (C-4, 4), 147.9/147.4/ 146.8 (C-3, 3"),, 144.4 / 1448 (C-7, 13), 129.7
/128.4 (C-7, 13), 125.8 / 126.2 / 125.6, 124.8 (C-1, 1), 122.7 / 123 (C-6, 6'),
120.0 / 120.3, 117.0, 115.6 / 115.6/ 115.3/ 115.0 (C-5, 5", 114.9 / 114.6/
114.4 (C-8, 12), 111.3 (C-2, 2'), 109.7, 65.7 / 55.6 (C-3 O-Me, 3'0O-Me);
LRMS (ESI): m/z (M+1) 365.2; HPLC Purity: 85 %, tr = 12.28 min.
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(2) General method for the synthesis of isoxazole derivatives of

curcumin

The synthesis was as described for the synthesis of pyrazole derivatives
except that hydroxylamine hydrochloride was used instead of hydrazine
hydrate and the reaction mixture was heated at 85°C for 48 hours. The
reaction was stopped by the addition 50 ml of water and extracted with 50 ml
portions dichloromethane three times. The dichloromethane extracts were
combined and washed with saturated brine solution. The organic extracts
were combined, evaporated in vacuo and subjected to column
chromatography on silica gel. The organic extract eluted column
chromatography with dichloromethane. Later fractions were eluted with

dichloromethane: ethyl acetate (1:4).

Isomer of 4, 4-(1E, 1’E)-2, 2'- (isoxazole-3, 5-diyl (ethene-2, 1-diyl) bis (2-
methoxyphenol), 2.2.2a A

5

It was obtained from fractions 3-9. Dull Yellow powder (160 mg, 7 %), m.p.
168-169°C [lit. ® 169-171°C]; R¢ (EtOAc:C HzClz 1:19 ) 0.3; IR Vinax (KBr) Jom™
3514 (OH), 3341 (O-H), 2957 (C-H), 1642 (C=C), 1688 ( azole ring stretch),
1277 (s) (N-O) stretch; 6n (400 MHz, DMSO-ds): 9.36 (1H,s br, Ar-OH), 9.29
(IH, s br, Ar-OH), 7.28 (1H, d, J 1.6, H-2), 7.27 (1H, d, J 1.6, H-2"), 7.27 (2H,
d, J16.0, H-7, 13), 7.04 (1H, d, J 16.8, H-8), 7.06 (2H, dd, /8.2, 1.6, H-6,6),
7.04 (1H, d, J 16.4, H-12), 6.83 (1H, s, H-10), 6.80 (1H, d, J 8.4, H-5), 6.78
(1H, d, J 8.0, H-5"), 3.83 (3H, s, Ar-O-CH3j), 3.82 (3H, s, Ar-O- CHa); 6 (100
MHz, DMSO- dg) 168.3, 162.1, 148.1, 147.9, 147.8, 136.3, 134.7, 127.3,
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126.9, 121.6, 121.2, 1156.5, 112.6, 110.4, 110.3, 110.1, 97.8, 55.7, 55.6;
LRMS (ESI) (M+1): m/z 366.2; EA Found C, 68.87; H, 5.40; N, 3.35
C21H1gNOs requires C, 69.03; H, 5.24; N, 3.83 HPLC Purity: 88 % , tg =
14.96 min. |

Isomer of 4, 4’-(1E, 1’E)-2, 2’- (isoxazole-3, 5-diyl (ethene-2, 1-diyl) bis (2-
methoxyphenol), 2.2.2b '

5

A yellow precipitate that formed from fractions 4 to 12 which was rinsed
dichloromethane. Bright yellow (335 mg, 14 %), m.p. 169-170°C [iit. ° 169-
171°C]; R¢ (EtOAc:C HzCly 1:19 ) 0.3; IR Vimax (KBr) /om™ 3486 (OH), 1642
(C=C), 1508 (C-0), 1426 (azole ring stretch), 1274 (N-O stretch); &4 (400
MHz, DMSO-dg) 9.37 (1H,s br, 4Ar-OH), 9.30 (1H, s br, 4° Ar-OH), 7.29 (1H,
d, J 1.8, H-2), 7.28 (2H, d, J 16.4, H-7, H-13), 7.27 (1H, d, H-2", J 2.0), 7.07
(1H, d, J 16.4, H-8), 7.07 (2H, dd, J 8.2, 1.8, H-6,6"), 7.05 (1H,d, J 16.8, H-
12), 6.83 (1H, s, H4), 6.80 (1H, d, J 8.0, H-5), 6.80 (1H, d, J 8.4, H-5'), 3.84
(6H, s, Ar-OMe); &, (100 MHz, DMSO-ds) 168.3, 162.1, 148.1, 147.9, 147.8,
136.3, 134.7, 127.3, 126.9, 1216, 121.2, 115.6, 115.5, 112.6, 1104, 110.3,
110.2, 97.8, 65.7, 556; LRMS (ESI): (M+1) m/z 366.3; EA Found C, 68.70;
H, 5.27; N, 3.35 Cx1HgNOs requires C, 69.03; H, 5.24; N, 3.83; HPLC
Purity: 97 %, tr = 14.93 min.
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Isomer of 4, 4'-(1E, 1’E)-2, 2’- (isoxazole-3, 5-diyl (ethene-2, 1-diyl) bis (2-
methoxyphenol), 2.2.2¢ '

It was obtained from fraction 10. Crystallized from n-butanol. Off-white powder
with a yellow-green taint (550 mg, 23.1%), m.p. 173°C [iit.> 169-171°C]; Ry
(CH:Cl, : EtOAc 19:1) 0.26; IR Vmax (KBr) fom™ 3507 (OH), 3384 (O-H), 1639
(C=C), 1588 (azole ring stretch), 1516 (C-O), 1429 (CH,/ azole ring stretch),
1364 (C=N), 1274 (s) (N-O); 84 (300 MHz, DMSO-ds): 9.31 (2H,s br, 4, 4’ Ar-
OH), 7.29 (1H, d, J 1.8 Hz, H-2/2"), 7.28 (1H, d, J 2.1 Hz, H-2/2"), 7.28 (2H, d,
J 16.5, H-7, H-13), 7.07 (1H, d, J 16.8, H-8/12), 7.05 (1H, d, J 16.5, H-8/12),
7.05 (1H, d, J 9.3, H-5/5"), 7.05 (1H, d, J 9.6, H-5/%"), 6.84 (1H, s, H-10), 6.81
(2H, dd, J 8.1, 2.4 , H-6,6), 3.85 (6H, s, Ar-OMe); 8. (75.MHz, DMSO-ds)
168.3, 162.1, 148.1/147.9/147.8, 136.3, 134.7, 127.3/126.9, 121.5, 121.2,
115.6, 115.5, 112.6, 110.4/110.3/110.2, 97.8, 55.7, 55.6; LRMS (ESI): (M+1)
m/z 366.4; HPLC Purity: 88 %, tr = 14.952 min.

(3) General method for the Synthesis of Sulfonylurea derivatives

The arene sulphonyl isocyanate (1 eq) was added to a solution of
hydrazinocurcumin (100 mg, 0.275 mmols) in N, N-dimethlyformamide. The
reaction mixture was stirred at 65°C for 24 hours under nitrogen.  The
reaction was stopped by the addition of water (10 ml) and the reaction mixture
was extracted with ethyl acetate (20 ml) three times. The organic layers were
combined, evaporated to dryness and dissolved in about 1 ml of methanol.
About 5 ml of water was added to the solution which was extracted again with

diethyl ether and toluene in that order.

195



3, 5-bis-(4-hydroxy-3-methoxystyryl)-N-(phenylsuphonyl)-1H-pyrazole-1-
carboxamide, 2.3.1

Yellow-brown powder (36 mg , 24 %); m.p. 140°C; R (CH.Cl, : EtOAc 1:1)
0.29; IR Vimax (ACN) fem™ 3623 (OH), 3543 (NH), 3159 (C=C-H), 3000 (C=C-
H), 2934 (C-H), 1444, 1411, 1358 (S=0 stretch) ; 1165 (§=0); &4 (300MHz,
CDs;0OD): 7.95 ~ 7.88 (2H, m, H-2", H-6"), 7.58 -~ 7.49 (2H, m, H-3”, H-5")
7.18 (1H, m, H-4"), 714 - 7.04 (4H, m , H-2, H-2', H-7, H-13), 6.96 (4H, m,
H-6, H-6" H-8, H-12), 6.79 (2H, d, J 8.2, H-5, H-5), 6.61 (s, H-10), 3.89 (6H,
s, -OCH3); 8¢ (75 MHz, CD3;0D) 168.1 (C=0), 149.4/ 149.2 (2C) , 148 (2C),
133.2 (2C), 132.1/ 131.9 (2C), 130.5/ 130/ 129.9/ 128.9/ 129.1 (2C), 127.1
(2C), 126.3 (2C), 121.4 (2C), 116.6/ 116.5/116.4 (2C), 1105 (1 C), 586.5/
56.4(2C). HPLC purity: 93 %, tg 11.89 min.
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3, 5-bis-(4-hydroxy-3-methoxystyryl)-N-tosyl-1H-pyrazole-1-
carboxamide, 2.3.2

Yellow (51 mg, 33 %); Rt (CH.Cl,: EtOAc 1:1) 0.31; m.p. 181-182°C, IR Vimax
(ACN) fem™: 3616 (NH/ OH), 3536 (NH/ OH), 3159 (Ar-C-H), 2935 (C-H),
1631 (C=C), 1436, 1358 (S=0 stretch) ; 1165 (S=0);; oy (400MH2; DMSO-ds):
12.77 (1H, s br, N-H), 9.56 (1H, s br, -C=0-NH), 9.10 (2H, s br, 4 Ar-OH),
7.69 (2H, m, H-2", "), 7.35 (2H, m, H-3", 57), 7.22 (1H, s, H-2), 7.12 (1H, d,
J 0.9, H-2"), 7.02 (2H, d, J 164, H-7,13), 6.91 (2H, dd, J 8.2, 2.0, H-6, 6"),
6.91 (2H, d, J 16, H-8, 12), 6.76 (2H, d, J 8.0, H-5, H-5"), 6.60 (1H, s, H-10),
3.82 (6H, s, -OCH3), 2.35 (3H, s, 4”-CH3); 3. (100 MHz): 157.0 (HN-CO-NH),
147.8 (C-4, 4'), 147.8 (C-4, 4), 146.7 (C-3, 3'), 141.8/141.3, 129.2 (C-7, 13),
125.5 (C-1, 1’), 120.0 (C-6,6"), 115.6 (C-5, 5'), 109.6 (2, 2'), 99.3 (C-10), 55.6
(C-3 O-Me, 30-Me), 20.29 (4” Ar-Me) EA Found C 62.26 %, H-5.33 %, N
7.35 % CagH27N30,S requires C 62.02 %, H-4.85%, N7.48% S571%
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N-(4-chlorophenyisulfonyl)-3, 5-bis-(4-hydroxy-3-methoxystyryl)-1H-
pyrazole-1-carboxamide, 2.3.3 |

Yellow-brown powder (42 mg, 26 %); m.p. 218°C; Rs¢(EtOAc:CH,Cl, 1:1) 0.31;
IR Vmax (ACN) /em™": 3609 (NH/ OH), 3529 (NH/ OH), 3159 (C=C-H), 2942 (C-
H), 1631 (C=C), 1440, 1415, 1375, 1035; 84 (300MHz, CD3;0D) 7.86 (2H, m,
H"-2, H-6"), 7.563 (2H, m, H-3", H-5"), 7.10 (2H, s, H-2, H-2"), 7.07 (2H, d, J
16.5, H-7, H-13), 6.97 (2H, d, J 8.1, H-6, H-8"), 6.87 (2H, d, J 16.3, H-8, H-
12), 6.78 (2H, d, J 8.1, H-5, H-5), 6.62 (s, H-10), 3.90 (6H, s, -OCHj3); 3. (75
MHz, CD;0D) 164.8 (NHC=ONH), 158.8 / 158.7 (C=N), 149.2/148.9 (C-4,
4), 1481 / 1480 (C-3, 3%, 139.2, 1324/ 1323/ 1321/ 131.9,
130.4/130.1/129.9/129.8 (C-7, 13), 128.8 (C-1, 1"), 121.4, 120.2 (C-6, 6'),
126.3, 122.3, 121.4, 120.3/ 119.9, 118.6/ 118.3, 116.5/116.4 (115.6 (C-5, &),
111.0/ 109.2/ 100.2/ 97.3109.6 (2, 2'), 55.8/ 56.5/ 56.4/ 53.5 ((C-3 O-Me,
3'0-Me)); LRMS (FAB): m/z 582.4. HPLC purity: 100 %, tg =11.61 min.
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N-(4-flurophenylsulfonyl)-3, 5-bis-{4-hydroxy-3-methoxystyryl)-1H-
pyrazole-1-carboxamide, 2.3.4

Yellow-green powder (20 mg, 13 %); m.p. 186-188°C ; R; (EtOAc:CH,Cl, 1:1)
0.29 ;IR Vimax (ACN) /ecm™ 3623 (OH), 3551 (NH), 3203 (C=C-H), 2935 (C-H),
1628 (C=0), 1358 (S=0 stretch) ; 1165 (S=0);54 (300MHz, CD;0D): 7.37
(2H, d, J 8.7 Hz, H"-2, H-6"), 7.12 (2H, d, J 1.5 , H-2, H-2"), 7.08 (2H, d, J
16.5, H-7,H-13), 6.98 (2H, dd, J 8.25, 1.95, H-6, H-6"), 6.88 (2H, d, J 16.8, H-
8, H-12), 6.79 (2H, d, J 8.4, H-5, H-5'), 6.62 (s, H-10), 3.91 (6H, s, -OCHz);
8¢ (100 MHz, CD3;0OD) (major/minor) 8¢ (100 MHz, DMSO- ds) 159.6
| (C=0)147.8 (C-4, 4'), 146.7 (C-3, 3"), 141.7 (2 C), 140.2 (2C), 129.4 (C-7, 13),
125.8/125.5 (C-1, 1), 120.0 (C-6,6"), 115.6 (C-5, 5"), 109.6 (2, 2'), 9.2 (C-10),
556 (C-3 O-Me, 3'0O-Me); LRMS (ESI): LR FAB MS: m/z 565.1.
Ca2sH24N30;SF HPLC purity: 100 %, tg = 11.63 min.
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N-(2-methyl phenyisulfonyl)-3, 5-bis-(4-hydroxy-3-methoxystyryl)-1H-
pyrazole-1-carboxamide, 2.3.5

Yellow powder (51 mg, 33 %), m.p. 181-2°C; R¢(EtOAc: CH2CI2 1:1) 0.31;
(ACN) /em™ 3616 (OH), 3529 (NH), 3167 (C=C-H), 2935 (C-H), 1631 (C=C),
1444, 1418, 1375, 1034; 5y (400MHz, CD;OD): 79.4 (1H, m, H-6"), 7.43 (1H,
m, H-4), 7.30 (2H, m, H-3",5"), 7.09 — 7.04 (4 H, m, H-2, H-2", H-7, 13), 6.96
(2H, m, H-6, H-6"), 6.86 (2H, d, J 16.3, H-8, H-12), 6.78 (2H, d, J 8.1, H-5, H-
5), 6.61 (s, H-10), 3.87 (6H, s, 3, 3-OCHs): 3.3 (3H, s, 2"-CHy);
2.91/2.81/2.61 (3H, 2"-CHz3)d¢ (100 MHz, CD;0OD) 158.8 (C=N), 149.5/149.4
(C-4, 4), 148.1/148.0 (C-3, 3), 133.4/132.2, 132.5/132.5/132.4/132.1/131.9
. (C-7, 13), 130.5/130.2, 128.9/128.5 (C-1, 1), 127.0 (C-4, 4), 121.4 (C-6, &),
110.5 (C-2, 2'), 100.2 (C-10), 56.4 (-OCHs), 20.3; HPLC purity: 100 %, tr =
' 11.60 min. -

(4) General synthesis of thiosemica'rbazide reagents

The method used was as described by Wiles and Suprunchuk ©. A solution of
hydrazine hydrate (0.022mmol in 25 ml of ethanol) was added drop wise a
solution of phenylisothiocyanate or p-fluropheny! isothiocyanate (0.022 mmol
in 5 ml diethyl ether). The reaction mixture was stirred gently for one hour at
35°C. The reaction mixture was reduced to about a third its initial volume in
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vacuo. This lead to the formation of a precipitate which was filtered washed
thrice with cooled diethyl ether and twice with ethanol.

4-Pheny! thiosemicarbazide, 2.4.1

3 2
Toll
5 6 >:S
H—N
Y .
| NH,

White powder (240 mg, 65 %) m.p. 140°C [lit. $141°C]; R¢ (EtOAC:CH,Cl, 1:1)
0.29; 8y (400 MHz, DMSO-ds) 9.84 (1H, s br, N-H), 9.65 (1H, s br, N-H), 7.54
(2H, m, H-2, H-6), 7.33 (2H, m, H-3, H-5), 7.14 (1H, m, H-4), 3.29 (2H, s,
~ 2NH,); 8¢ (100 MHz, DMSO-ds) 139.1, 128.1 (2C), 124.8 (2C)

4-Fluorophenyl thiosemicarbazide, 2.4.2

3 2
5 6 >:S
HN\
' NH

2

White powder (279 mg, 69 %) m.p. 188-189 [lit. © 189 °CJ; R; (EtOAc:CH,Cl;
1:1) 0.24; &y (400 MHz, DMSO-ds) 9.08 (1H, s br, NH), 7.6 (2H, m, H-2, H-6),
7.10 (2H, m, H-3, H-5), 4.77 (2H, s br, NH,) 8¢ (100 MHz, DMSO-dg) 179.8
(C=8), 160.0 (C-4), 157.6 (C-1), 135.6 (2C), 125.8 (2C). E. A. Found C-45.36
%, H-4.49 % N-23.39 %, S-17.19 % C;HgN:SF requires C-45.39 %, H-4.35 %
N-22.69 %, S-17.31 % F-10.26 %.
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(5) General Procedure for the synthesis of thiosemicarbazone
derivatives

Technical grade curcumin (3g, 8.15 mmol) was added to a solution of one
equivalent of thiosemicarbazide in 50 mi glacial acetic acid. The reaction
mixture was stirred at 85°C for 72 hours. The reaction was stopped by the
addition 50 ml of water and extracted with 50 ml portions dichloromethane
three times. The organic extracts were combined, washed with saturated
brine solution and evaporated /in vacuo and subjected to column
chromatography.

1, 7-bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-diene-3-ylidene)
hydrazinecarbothioamide, 2.5.1

The general procedure for the synthesis for thiosemicarbazone derivatives
was applied. The organic layer was eluted with dichloromethane: efhyl acetate
(7:3). Fractions yielded an orange-red precipitate (21 mg, 1 %), m.p. 163-
165°C; R¢ (EtOAC: CH,Cly) 0.43; IR vimax (KBr) fom™ 3428 (NH, OH), 2891 (C-
H), 2826 (C-H), 1631 (C=C), 1509 (C=N), 1277 (C=S stretch); 1140 (C=S); 8n
(400 MHz, DMSO-dg), 9.59 (2H,s, Ar-OH), 7.54 (2H,d, J 16.0, H-7, H-13), 7.31
(2H,d, J 2.0, H-2,2), 7.14 (2H, dd, J 8.0, J 2.0, H-6, H-6"), 6.82 (2H, d, J
8.4, H-5, H-5), 6.74 (2H, d, J 16.0 , H-8, H-12), 6.06 (1H, s, H-10), 3.83 (6H,
s, Ar-OMe), 3.29 (2H, s br, NHy); 8¢ (100 MHz, DMSO-dg)183.3, 159.7, 149.3,
147.9, 140.6, 140.3, 130.2, 126.3, 125.8, 123.0, 121.0, 115.8,115.6, 100.7,
55.7, HPLC purity: 95 %, tr = 15.693 min.
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Isomer of (E)-2-((1E, 6E)-1, 7- bis (4-hydroxy-3-methoxyphenyl)-5-
oxohepta-1, 6-dien-3-ylidene)-N-methyl hydrazinecarbothiomide, 2.5.2a

Curcumin (100 mg, 0.272 mmol) was suspended in isopropanol (10ml).
Acetic acid (0.5ml) and one equivalent of N-methyl thiosemicarbazide were
added to the reaction mixture which was stirred for 6 hours at 65°C. The
reaction mixture was reduced to dryness and dissolved in methanol (10ml). A
precipitate formed which was dissolved in ethyl acetate and subjected to
preparative TLC on silica gel using methanol: DCM (1:39) as the eluent. The
fastest moving band with an R¢ value of 0.6 afforded an orange colored
compound. Orange powder (12 mg, 10%); m.p. 173°C; R¢ (EtOAc:CH.Cl;
3:97) 0.18; (KBr) /em™ 3435 (br N-H, O-H), 2884 (C-H ), 2826 (C-H ), 1631
(C=C);d4 (400 MHz, CD;0D) 10.02 (2H, s br, 4,4'-Ar-OH), 856 (1H, d, J
16.0, H-7/13), 8.07 (1H, d, J 16.8, H-7/13), 8.01 (1H, s, H-10), 7.99 (1H, d, J
2.0, H-2/2"), 7.82 (1H, d, J 16.0, H-8/12), 7.78 (1H, d, J 2.0, H-2/2"), 7.74
(1H, d, J 16.4, H-8/12) , 7.73 (1H, dd, J 8.0,1.6, H-6/6"), 7.69 (1H, dd, J 8.4,
2.0, H-6/6"), 7.50 (1H, d, 2.0, H-2/2), 7.50 (1H, d, J 8.0, H-5/5"), 7.49 (1H, d, J
8.0, H-5/57), 4.51 (6H, s, Ar-OMe), 3.31 (3H, s, N-Me); 8¢ (100 MHz, CD3;0D):
176.3, 130.4, 126.4, 123.3, 117.9, 112.7, 109.7, 108.5, 99.3, 59.5, 58.3. APCI
MS: m/z (M+) 455.336
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Isomer of (E)-2-((1E, 6E)-1, 7- bis (4-hydroxy-3-methokyphenyl)-5-
oxohepta-1, 6-dien-3-ylidene)-N-methyl hydrazinecarbothiomide, 2.5.2b

5

The method used for the synthesis of 2.5.2 a was applied. The compound
was obtained from the second band as a mixture of 2 isomers. Orange/red
powder (16 mg, 13 %) m.p. 171-172°C; Rs (EtOAc:CH,Cl; 3:97) 0.12; R¢
(EtOAC:CH,Cl, 3:7) 0.64, 0.80; IR Vimax (KBr) /cm™ 3442 (br N-H, O-H), 2891
(C-H ), 2826 (C-H ), 1631 (C=C); 5y (300 MHz, DMSO-dg) 9.30 (1H, s, 4/4’Ar-
OH), 9.28 (1H, s, 4/4'-Ar-OH), 7.88 (1H, d, J 16.2, H-7/13), 7.39 (1H, d, J
16.5, H-7/13), 7.32 (1H, s, H-2/2"), 7.32 (1H, d, J 1.5, H-2/2"), 7.14 (1H, d, J
16.5, H-8/12), 7.08 (1H, d, J 16.0, H-8/12), 7.03 (1H, dd, J 8.1, 1.5 H, H-
6/6'), 7.00 (1H, dd, J 8.0, 2.3, H-6/6"), 6.83 (1H, d, J 7.5, H-5/5’), 6.80 (1H, d,
J 8.1, H-5/5"), 3.86 (3H, m, Ar-OMe), 3.84 (3H, s, Ar-OMe), 2.49/2.49 (3 H, N-
Me); 8¢ (75 MHz, DMSO-ds) 153.3, 147.9, 147.8, 147.7, 147.3, 136.3, 133.8,
127.7, 127.6, 121.3, 120.5, 115.8, 115.5, 1156.2, 115.1, 110.6, 110.0, 107.0,
55.6; LRMS (ESI): m/z (M) 455.3; HPLC purity: 81 %, tg = 19.88 min.
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(E)-2-({(1E, 6E)-1, 7- bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-
dien-3-ylidene)-N-phenyl hydrazinecarbothiomide, 2.5.3

4"

The general method for the synthesis of thiosemicarbazone derivatives was
applied. The organic extract was eluted with n-hexane: ethyl acetate (1:1) to
give a mixture of three isomers. Orange powder (71 mg, 5 %), m.p. 185-
186°C, R (n-hexane: EtoAc 1:1) 0.33; IR Vimax (KBr) fem™ 3524 (NH/OH), 3061
(C=C-H), 3054 (C=C-H), 2987 (C-H), 1626 (C=0), 1540, 1511 (C=N), 1277
(C=S stretch); 1135 (C=S); &1 (300 MHz, DMSO-ds) Major component 10.15
(1H, s, N-H), 9.75 (2H, s, OH), 7.59 - 7.48 (5H, m, H-2", H-3", H-4”, H-5", H-
6"), 7.36 (2H, d, J 15.6, H-7, H-13), 7.29 (2H, d, J 1.8, H-2, H-2), 7.13 (2H,
dd, /8.7, 2.1, H-6, H-6"), 6.85 (2H, d, J 8.4, H-5, H-5'), 6.72 (2H, d, J 16.6, H-
8, H-12), 6.05 (1H, s, H-10), 3.86 (6H,s, O-CH3); 8¢ (75 MHz, DMSO-ds)
186.7, 153.1, 150.0, 148.0, 143.6, 140.6, 133.3, 130.9, 129.8, 128.5, 127.3,
126.3, 123.4, 121.1, 117.4, 116.0, 112.2, 100.7, 65.6. Minor component &y
(300 MHz, DMSO-de) 9.99 (IH, s, N-H), 9.58 (2H, s, OH), 7.59 to 7.48 (5H, m,
H-2”, H-3”, H-4", H-5”, H-6"), 7.36 (2H, d, J 15.6, H—?',»H-13), 7.21 (2H, d,
1.5, H-2, H-2)), 7.10 (2H, dd, J 8.1, 1.5, H-6, H-6"), 6.81 (2H, d, J 7.8, H-5, H-
57, 6.66 (2H, d, J 16.0, H-8, H-12), 6.03 (1H, s, H-10), 3.82 (6H,s, O-CHz); é¢
(75 MHz, DMSO-ds) 183.1, 153.1, 149.3, 147.9, 143.6, 140.6, 133.3, 130.2,
129.3, 128.1, , 126.1, 123.0, 121.1, 117.4, 115.8, 111.4, 100.7, 55.6
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(E)-2-((1E, 6E)-1, 7- bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-
dien-3-ylidene)-N-(4-fluorophenyl) hydrazinecarbothiomide, 2.5.4

The general method for the synthesis of thiosemicarbazone derivatives was
applied. The organic extract eluted on dichloromethane followed by MeoH:
DCM (1:9). The product was obtained from fractions which formed a yellow
precipitate. The precipitate was rinsed with methanol. Yellow powder (48 mg,
3 %), m.p. 212-214°C: R¢ (EtOAc: CH,Cly 3:97) 0.12; IR Vinax (KBr) /cm™ 3684
(OH/NH), 3600 (OH/NH), 3061 (C=C-H), 3052 (C=C-H), 2987 (C-C-H), 1606,
1511 (C=N) 1277 (C=S stretch); 54 (300MHz, DMSO-ds) 9.81(2H, s, Ar-OH),
9.58 (1H, s, N-H), 7.55 (4H, m, H-6, H-6’, H-2”, H-6"), 7.52 (2H, J 15.9, H-7,
H-13), 7.29 (2H, d, J 1.2, H-2, H-2"}, 7.12 (4H, m, H-6, H-6', H-3”, H-5"), 6.81
(2H, d, J 8.1, H-5, H-5"), 6.72 (2H, d, J 15.9, H-8, 12}, 6.05 (1H, s, H-10); &
(75 MHz, DMSO-ds) 183.1, (C=0),158.3 (C=S), 155.7 (C=N), 155.2, 149.3,
148.0, 140.6, 137.6, 126.3 (b), 123.0, 121.1, 118.4/118.3/115.7/115.5/115.2,
1114, 100.7, 55.7; EA Found C, 62.94;‘ H-4.55; N, 8.24; S, 5.04
C.gH26N3SFOs5 requires C, 62.79; H, 4.89; N, 7.85; S-5.99; F, 10.26
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5-(2-(7-Chloroquinolin-4-yl)-hydrazino)-3-hydroxyhepta-1, 3, 6-triene-1, 7
—diyl) bis (2-methoxyphenol), 2.7.1a

Technical grade curcumin (3g, 8.1562 mmol) and 1 equivalent of 7-chloro-4-
hydrazinoquinoline were dissolved in 50 ml of glacial acetic acid and heated
at 80°C for 5 days with stirring. The reaction was stopped and worked up as
previously described for the synthesis of isoxazole derivatives. The organic
extract was evaporated in vacuo and eluted with dichloromethane using
column chromatography. A precipitate formed from one of the factions and
was rinsed with ethyl acetate: dichloromethane (1:1). Bright yellow powder
(191 mg, 4 %) m.p.156°C; R (EtOAc: CH,Cl, 3:97) 0.310; IR Vmax (KBr) /om™
1758 (C=0), 1631 (C=C), 15695 (C=N), 1509 (C=N), 1216 (C-0O), 1194 (C=C-
OH); 400 MHz, DMSO-ds) (major/minor/minor/minor/minor) 7.77 (1H, d, J 8.4,
H-5"), 7.63 /7.64/ 7.64/463 (2H, d, J 15.6, H-7, H-13), 7.49 (1H, d, J 1.6, H-
8"), 7.31 (1H, dd, v 8.2, 1.8, H-6"), 7.20 (1H, d, J 8.8, H-2"/3"), 7.14 (1H, d,
J 8.0, H-2"/3"), 6.96/6.97/6.91/6.91 (2H, d, J 16.0, H-8, H-12); 6.19/6.17/6.17
(1H, s, H-10), 3.85/3.83/3.82 (6H, s, Ar-OMe); ¢ (100 MHz, DMSO-ds) 183.1
(C=0),169.6/ 169.1(C=N), 152.6, 151.9, 141.7, 140.5/140.1 , 134.4, 133.0,
130.2, 125.3/125.1, 124.0, 123.1, 122.1, 112.8 (C-5,5"), 102.4/ 102.3, 56.7 (C-
3 O-Me, 3’ O-Me); EA Found C -66.18 %; H, 5.64 C31H3gN305Cl requires C,
66.48; H, 5.40; N, 7.50; HPLC purity: 91 %, tr = 18.01 min.
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5-(2-(7-Chloroquinolin-4-yl)-hydrazono)-3-hydroxyhepta-1, 3, 6-triene-1, 7
~diyl) bis (2-methoxyphenol), 2.7.1b

A precipitate that formed was rinsed with ethyl acetate: dichloromethane (1:1).
It was obtained as a yellow-green powder (61 mg, 1 %) m.p. 155-156°C; Rs
(EtOAc: CHxClx 3:97) 0.31; IR Vmax (KBr) fem™ 3051 (C=C-H), 2935 (C-H),
2841 (C-H), 1754 (C=0), 1628 (C=C), 1595 (C=N), 1191 (C=C-OH stretch);
o1 (400 MHz, DMSO-dg) 9.62 (2H,s, Ar-OH), 7.63 (2H, d, J 16, H-7, H-13),

7.49 (2H, d, J 1.6 Hz, H-2’, H-2"), 7.30 (2H, dd, J 8.2, 1.8 Hz, H-6, H-6’), 7.14
‘ (2H, d, J 8.0, H-5, H-5%), 6.96 (2H, d, J 16.0, H-8, H-12), 6.19 (1H, s, H-10),
3.84 (6H, s, Ar-OMe); 64 (100 MHz, DMSO-d;) 183.6 (C=0), 168.3 (C=N),
161.1, 140.4, 139.7, 133.6, 124.5, 123.2, 121.3, 112.0, 101.6, 55.9; EA Found
C, 66.31; H, 5.36; N, 7.50 C31H30N305Cl requires C, 66.48 %; H, 5.40; N,
7.50; HPLC purity: 94 %, tr = 18.09 min. '
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2, 2’-(1'-(7-Chloroquinoline-4-yl)-1H-pyrazole-3, 5-diyl) bis (ethane-2, 1-
diyl) bis (2-methoxyphenol), 2.8.1

Technical grade curcumin (3g, 8.152 mmol) and 1 equivalent of 7-chloro-4-
hydrazinoquinoline were dissolved in 50 ml of glacial acetic acid and heated
at 80°C for 5 days with stirring. The reaction was stopped and worked up as
previously described for the synthesis of the isoxazole derivatives. The
organic extract was evaporated in vacuo and eluted with dichloromethane
using column chromatography. Fractions were combined, reduced to dryness
in vacuo and further eluted with petroleum ether: ethyl acetate (5:3). A
precipitate formed from the fractions. A mixture of 3 isomers was obtained as
a dull yellow precipitate (24 mg, 0.56 %), m.p. 158-161°C; R¢ (CH2Clz:EtOAc
(6:4) 0.5; IR Vinax (KBr) fem™ 3413 (s, br OH, NH), 1606 (C=C), 1588 (C=N),
1612 (C-O); du (400 MHz, DMSO-ds) (major/minor/minor) 8:23 (1H, d, J 2.0,
- H-87), 7.85/7.70/7.70 (1H, d, J 9.2, H-5"), 7.71 (1H, dd, J 9.0, 2.2, H-8"), 7.62
(1H,d, J 4.8, H-2"), 7.44 (1H, d, J 8.4, H-3"), 7.22 (2H, s, J 4.8, H-2, 2'), 7.22
(2H, d, J 16, H-7/ H-13), 7.22 (1H, d, J 16.4, H-7/13), 7.06 (1H, d, J 16.4, H-
8/12), 6.98 (1H, d, J 16.0 Hz, H-8/12), 6.98 (1H, m, H-6/6’), , 6.88 (1H, dd, J
8.4, 2.0, H-6/6’), 6.79 (1H, d, 8.4 Hz, 5/5’), 6.69/ 6.69 (1H, d, 8.4, 5/5’), 6.60/
6.59/ 6.56/ 6.55 (1H, s, H-10), 3.83/ 3.70/ 3.69 (6H, s, Ar-OMe); 8. (100 MHz,
DMSO-ds): (major/minor/minor)152.4/ 152.3 (2C, C=N), 149.6 (1C), 147. 9/
147.7/ 147.5 (2C, C-4, 4’), 147.0 (2C, C-3, 3'), 144.5 (1C), 142.8 (1C), 134.8
(1C), 133.6 (1C), 131.7 (1C), 128.4/ 128.1/ 127.9/ 127.5 (2C, C-7, 13), 126.1
(2C, C-1, 1’), 122.8 (1C), 120.5/120.4 120.0 (2C, C-6,6"), 119.3 (1C) , 116.9/
115.6/115.5 (C-5, 5’), 111.3 (1C), 110.7/109. 7/109.6 (2C, 2, 2’), 100.7/99.3

209



(1C, C-10), 55.6/55.60 (2C, C-3 O-Me, 3'O-Me); LRMS (FAB): m/z (M+])
526.3; EA Found: C, 68.53; H, 4.56; N, 7.58 C30H24N304Cl requires C, 68.24;
H-4.96; N, 7.96. '

(7) General methods for the synthesis of N-acyl hydrazone derivatives

Method A: One equivalent of the acid hydrazide was added to curcumin (2g,
5.43 mmols) in glacial acetic acid (50ml). The reaction mixture was stirred at
70°C for 72 hours. The reaction was stopped by the addition 50 ml of water
and extracted with 50 ml portions dichloromethane three times. The
dichloromethane extracts were combined and washed with saturated brine
solution. The organic extracts were combined, evaporated in vacuo and

subjected to column chromatography on silica gel.

Method B: Sodium acetate (0.025 mg) was added to a solution of curcumin
(100mg, 271.8 mmols) in isopropanol (10 ml). The reaction mixture stirred for
10 minutes. One equivalent of the aryl acid hydrazide (135.9 mmols) was
added to the reaction mixture which was stirred at 65°C for 48 hours. A
precipitate formed when the reaction was stopped by the addition of water. It
was filtered off and left to dry. ‘
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N’-((1E, 6E)-1, 7-bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-dien-
3-ylidene) benzohydrazide, 2.9.1

5

Method A was applied. The organic /was eluted on silica gel column using
pet. ether: EtoAC (1:3). It was obtained as an orange precipitate (26mg, 2 %),
m.p. 165°C;R; (EtOAc:CH.Cl; 3:97) 0.35; IR Vimax (CH.Clp) /em™ 3525 (O-H, N-
H), 3051 (s) (C=C-H), 3013 (C=C-H), 2986 (C-H), 2928 (C-H), 1686 (C=0),
1627 (C=C), 1512 (C-O); 84 (400 MHz, CD;0H) 7.93 (2H, d, J 7.2, H-2", H-
6"), 7.56 (2H, d, J 15.6, H-8, H-12), 7.43 (3H, m, H-3", H-4", H-5"), 7.19 (2H,
s, H-2, H-2"), 7.09 (2H, d, J 8.4, H-6, H-6"), 6.82 (2H, d, J 8.0, H-5,H-5), 6.60
(2H, d, J 16.0, H-7, H-13), 3.93 (6H, s, Ar-OMe); 8¢ (100 MHz, CD3;OH) 184.8,
150.5, 149.4, 142.1, 129.8, 122.9, 116.6, 111.6, 111.8, 56.5; HPLC purity: 100
%, tr = 14.70 min.
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N’-((1E, 6E)-1, 7-bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-dien-
3-ylidene)-4-chlorobenzohydrazide, 2.9.2

Method A was applied. The reaction mixture was eluted on silica gel using
pet. ether: EtoAC (1:3). Fractions formed an orange/red precipitate (22 mg, 1
%) m.p 164-165°C; R¢ (EtOAc: CH2CI2 3:97) 0.22; IR Vmax (ACN) /cm™ 3630
(br, OH),3536 (br, NH), 3167 (C=C-H), 2993 (C-H), 1635 (C=0), 497 (C-Cl)
51 (400 MHz, CD30D) 7.96 (2H, s, H-2", H-6"), 7.55 (2H, d, J 16, H-7, H-13),
7.30 (2H, d, J 1.6, H-2, 2"), 7.14 (2H, dd, J 6.8, 1.6 Hz, H-6, H-6), 6.82 (2H, d,
J 8.0, H-5, H-5"), 6.73 (2H, d, J 15.6, H-8, H-12), 3.89 (6H, s, Ar-O-CHs); 5¢
(100 MHz, CD3;0H) 184.6 (1C, C=0), 164.9 (1C, NH-C=0), 150.5 (2C, C-4,
4’), 149.4 (2C, C-3, 3'), 142.1 (2C, C-7, 13), 129.9 (2C, C-27, 8”), 128.6 (2C,
C-37,5"), 124.1 (2C, C-6,6), 122.3 (2C, C-8, 12), 116.6 (2C, C-5,5"), 111.9
(2C, C-2,2’), 565 (2C, C-3, ¥ MeO-Ar); 34 (400 MHz, DMSO-ds)
(major/minor) 7.93 (2H, d, J 8.4, H-2”, H-6"), 7.67 (2H, m, H-3”, H-5")/7.59
(2H, d, 8.4 Hz, H-3,” 5”), 7.54 (2H, d, J 16, H-7, H-13), 7.30 (2H, d, J 1.6, H-
2), 719 (1H, d, J 1.6, H-2'), 7.08 (2H, dd, J 6.8, 1.6 Hz, H-6, H-6"), 6.81 (2H,
d, J 8.4, H-5, H-5"), 6.60 (2H, d, J 16, H-8, H-12), 3.89 (6H, s, Ar-O-CH3)d¢
- (100 MHz, DMSO-ds) 183.1 (1C, C=0), 164.5 (1C, NH-C=0), 149.3(2C, C-4,
4), 147.9 (2C, C-3, 3’), 140.6 (2C, C-7, 13), 1314 (2C, C-2", 6”), 128.6 (2C,
C-37, 5”),126.3 (2C, C-1, 1)), 123.0 (2C, C-6,6"), 121.0 (2C, C-8, 12), 1156
(2C, C-5,5"), 111.4 (2C, C-2,2), 100.7 (1 C, C-10), 65.6 (2C, C-3, 3’ MeO-Ar).
HPLC purity: 100 %, tr = 15.68 min.
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N’-((1E, 6E)-1, 7-bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-dien-
3-ylidene)-4-hydroxybenzohydrazide, 2.9.3

3
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Method B was applied. Orange powder (36 mg, 26 %); m.p. 174°C; Ry
(EtOAC:CH,Clz 1:9) 0.42; IR Vinax (ACN) fcm™ 3420 (br, NH, OH), 2884 (C-H),
1631 (C=0); 54 (400 MHz, CD30D) (major/minor) 7.66 / 7.74 (2H, d, J 9.0, H-
37, H-5"), 7.56 (2H, d, J 15.7, H-7,13), 7.20 (2H, d, J 1.8,H-2, H-2"), 7.10 (2H,
m, H-6, H-6"), 6.82 (4H, m, H-5, H-5', H-2", H-6"), 6.61 (2H, d, J 15.7, H-8, H-
12), 5.47 (s, H-10), 3.91 (6H, s, -OCH3); 8. (100 MHz, CD;0D) 193.3, 160.9,
150.5, 149.5, 142.1, 130.1, 128.6, 124.1, 122.3,116.6, 116.2, 111.8, 56.5; EA
Found C, 66.58; H, 5.52; N, 5.94 C,sH2sN,07 requires C, 66.92; H, 5.22; N,
5.57.
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N'-({(1E, 6E)-1, 7-bis (4-hydroxy-3-methoxyphenyl)-5-oxohepta-1, 6-dien-
3-y.lidene) isonicotinohydrazide, 2.9.4

Method A was applied. The organic extract was eluted with pet. ether: EioAc

(1:1). A precipitate was obtained as a mixture of 3 isomers. Orange-red
powder (21 mg, 2 %), m.p.155-157°C ; R (EtOAc:CH,Cl, 3:97) 0.46; IR vinax
(KBr) /em™ 3687 (N-H / O-H), 3599 (N-H / O-H), 3526 N-H / O-H, 3071 (C=C-
H), 3051 (C=C-H), 2986 (C-H), 1627 (C=0), 1805 (C=C); &4 (400 MHz, d-
DMSOQ) 7.56-7.47 (4H, m, H-2", 3", 4", H-5"), 7.31 (2H, s, H-2, H-2")/ 7.27
(2H, d, J 1.6 H-2, H-2), 7.14 (2H, dd, J 8.2, 1.8, H-6, H-6")/ 7.07 (2H, dd, J
8.0, 2.0, H-6, H-6"), 6.82/6.72 (2H, d, J 8.0, H-5, H-5'), 6.74/6.74/6.67 (2H, d,
J 16, H-7, H-13), 6.35/6.28 (2H, d, J 16, H-8, H-12), 6.06/6.04/6.03 (1 H, s, H-
10), 3.84/3.82/3.81 (6H, s, -OCH3); 6. (100 MHz, d-DMSO) 183.2/183.1,
167.9, 159.7, 149.3/149, 147.9/149.8, 144.4/144 1, 140.6/140.3, 130.2/130.0,
126.3/125.8, 123.0/122.7, 121.120.8, 115.8/115.7/115.6/115.3,
114.4/111.3/111.2, 107.7, 100.8/100.7, 94.9, 55.6/58.3; LRMS (FAB) m/z
(M+1)" 488.2
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(3, 5-bis (4-hydroxy-3-methoxystyryl))-1H-pyrazol-1-yl (phenyl)
methanone, 2.10.1 '

Method A was applied. The organic layer was eluted with petroleum ether:
ethyl acetate (1:1) to give the product as an orange-red precipitate (19 mg, 1
%); m.p. 168°C; R¢ (EtOAC: CH,Clz 1:1) 0.23; IR Vimax (KBr) fcm™ 3428 (O-H,
N-H), 2957 (C-H), 2913 (C-H), 1722 (C=0); 1631 (C=C), 1512 (C-0), 1465,
1375, 1277 &y (600 MHz, Acetone-dsj 7.75 (2H, m, H-2”, H-6"), 7.65 (3H, m,
H-37, H-4”, H-5"), 7.20 (2H, d, J 1.8, H-2, H-2"), 7.12 (2H, d, J 16.2, H-7, H-
13), 7.00 (2H, dd, J 9.0, 2.4, H-6, H-6'), 6.99 (2H, d, J 16.2, H-8, H-12), 6.83
(2H, d, J 8.4, H-5H-5), 6.66 (1H, s br, H-10), 3.92 (6H, s, Ar-OMe); 6¢ (150
MHz, Acetone-d) 167.1 (C=0), 147.7 (2C, C-4, 4’), 146.8 (2C, C-3, 3'), 132.0,
131.1, 129.7, 128.3 (2 C, C-7, 13), 128.7 (2C, C-1, 1'), 120.3 (2C, C-6,6"),
115.9 (C-5, &), 115.1, 109.0 (2C, C-2, 2), 99.1 (1C, C-10), 55.3 (2C, C-3,
Ar-OMe); LRMS (ESI): m/z (M+1) 469.5; HPLC purity: 90 %, tr = 12.34 min.
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(3, 5-bis (4-hydroxy-3-methoxystyryl)-1H-pyrazol-1-yl (4-hydroxy-phenyl)
methanone, 2.10.3

Method A was applied. The organic extract was eluted with methanol: DCM
(1:19) to give the compound as a pale yellow precipitate (66mg, 2 %), m.p.
184-185°C, R¢(CH3OH: DCM 1:19) 0.23 ; IR Vinax (KBr) fem™ 3684 (OH/NH),
3601 (OH/NH), 3534 (OH), 3061 (C=C-H), 3052 (C=C-H), 2987 (C-C-H), 2928
(C-C-H), 1606, 1513, 1275;6n (300MHz; DMSO-de): 12.65 (1H,.s br, 4"-Ar-
OH), 9.50 (1H, s br, 4-Ar-OH), 9.15 (1H, s br, 4-Ar-OH), 7.35 (2H, d, J 8.7,
H-2",H-6"), 7.12 (1H, d, J 0.9, H-2/2"), 7.03 (2H, d, J 16.8, H-7, H-13), 6.93
(1H, d, J 0.9, H-2/2'), 6.92 (2H, m, H-6, H-6), 6.84 (2H, d, J 16.5, H-8, H-12),
6.76 (4H, J 8.4, H-5, H-5', H-3", H-5"), 6.60 (s,. H-10), 3.83 (6H, s, -OCH3); &c
(75 MHz, DMSO-dg) 157.3 (C=0) , 147.9 (2 C, C-4, 4’), 146.7 (2 C, C-3, 3)),
129.5 (2 C, C-7, 13), 128.3 (2 C), 127.6 (2 C), 120.0 (2 C, C-6,6', C-1, 1),
1156 (4 C, C-5,5),1096 (2 C, 2,2),99.2 (1 C, C-10), 55.6 (2 C, C-3, 3’ Ar-
OMe); HPLC purity: 70 %, tr = 12.686 min. |
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(3, 5-bis (4-hydroxy-3-methoxystryryl)-1H-pyrazol-1-yl) furan-2-yl)
methanone, 2.10.5

Method B was applied. The precipitate obtained was filtered, rinsed with
cooled isopropanol, dissolved in ethyl acetate and extracted with water to get
rid of sodium acetate. The organic layer air-dried. A yellow powder was
obtained after drying (40 mg, 65 %), m.p. 180-181°C; R (EtOAc:CH,Cl; 3:97)
0.20; IR Vmax (ACN) /em™ 3627 (O-H), 3540 (N-H), 3238 (w, br), 3166 (C=C-
H), 3013 (C=C-H), 2992 (C-H), 2941 (C-H), 1631 (C=C), 1539 (C-0O), 1518
(C-0); 8y (400 MHz, DMSO-ds) 9.33 (1H, s br, 4-Ar-OH), 9.26 (1H, s br, 4’-Ar-
OH), 8.17 (1H, d, J 1.6, N-H), 7.99 (1H, d, J 3.2, H-2"), 7.62 (1H, d, J 16.4, H-
7/13), 7.32 (1H, d, J 16.4, H-7/13), 7.30 (1H, d, J 8.8, H-5/5"), 7.28 (1H, d, J
1.6, H-2/2"), 7.27 (1H, d, J 16.0, H-8/12), 7.14 (1H, d, J 2.0, H-2/2"), 7.08 (1H,
d, J 16.4, H-8/12), 7.02 (1H, dd, J 8.1, 4.2, H-5"), 7.02 (1H, d, J 8.0, H-5/5"),
6.84 (1H, s, H-10), 6.83 (2H, dd, J 8.4, 1.6, H-6, H-6"), 6.82 (1H, dd, /5.4, 1.8,
H-4"), 3.83 (6H, s, 3, 3’ Ar-O-CHg); &c (100 MHz, DMSO-de) 156.3, 154.1,
149.1, 147.9/147.9, 147.7/147.5 (2C, C-4, 4’), 146.9 (2C, C-3, 3’), 145.0,
134.7, 134.3, 127.71127 (2C, C-1, 1'),124.1, 121.1/121.0 (2C, C-6,6), 120.7,
116.6, 115.8/115.7/115.5 (2C, C-5, 5), 113.5, 112.8,110.3, 109.9 (2C, C-2,
2’), 55.6/55.6 (2C, C-3, 3’ Ar- OMe); EA Found: C , 67.57; H, 4.92; N, 5.68
CoeH2sN20s requires C, 67.52; H, 5.25; N, 6.08;, LRMS (ESI): n/z 459.6;
HPLC purity: 98 %, tr = 17.63 min. | |
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Appendix A

APPENDICES

Table 1: Pilot Toxicological Investigations - Guidelines for Dose Selection and

Classification of Compounds

Test dose (mgkg-1)

Result

Action

5

Less than 90% survival

Classify as very toxic

90% or more survival but

evident toxicity

Classify as toxic

90% or more survival, no

evident toxicity

Retest at 50mgkg-1

50

Less than 90% survival

Classify as toxic
Retest at 5mg kg-1
If not already tested
At that dosage

90% or more survival, but

evident toxicity

Classify at harmful

90% or more survival, no

evident toxicity

Retest at 500mgkg-1

500

Less than 90% survival,

or evident toxicity and no

Classify harmful.
Retest at 50mgkg-1

deaths If not already tested
At that dose
No evident toxicity Unclassified

Source: Van den Heuvel et al (1987)’
‘van den Heuvel, M. J. ; Dayan, A. D. ; Shilaker, R. O.Hum. Toxicol. 1987, 6, 279-291.
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Appendix B

Calculation of the suppression of parasitemia of mice infected with
Plasmodium berghei ANKA

The percentage suppression of parasite growth on day 4 of the study was calculated
using the formula: 100 [1 — (mean parasitemia of test group/mean parasitemia of

control group)].

Table 1: Parasitemia and calculation of percentage suppression

Mouse Control 222a |254 281 2.10.3
1 2.357 1.623 0.571 2.324 0.000
2 4.043 1.958 0.000 4.023 0.199
3 2.840 0.685 1.176 2.843 2.387
4 3.588 0.000 1.523 0.469 2.022
5 3.448 2.375 1.130 3.256 1.774

MEAN 3.255 1.328 0.880 2.583 1.276

ICs0 test/ICs

control 1.000 0.408 0.270 0.793 0.392

%age

suppression 0.0 59.2 73.0 20.7 60.8

Table 2: Parasitemia and calculation of percentage suppression for mice treated with

hydrazinocurcumin (2.2.1a)

MOUSE CONTROL | 25 mg/kg 50 mg/kg 100 mg/kg
1 1.299 5.140 3.415 2.614
2 6.604 2.745 2.564 1.667
3 0.656 0.000 2.428 4.068
4 3.970 0.000 2.083 5.010
5 3.692 1.905 2.829

MEAN 3.132 2.315 2.479 3.238

ICso  test/ICs

control 1.000 0.739 0.791 1.034

%age 0% 26% 21% -3%
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Appendix C

Blood Concentrations of Mice Treated with Hydrazinocurcumin (2.2.1b)

in the Pharmacokinetic Study

Table 1: Blood concentrations (ug/ml) of mice that received hydrazinocurcumin (2.2.1b)

in vehicle A

Time | Mouse Mouse Mouse Mouse Mouse | Mouse

(h) One Two Three Four Five Six
0 0 0 0 0 0 0.0255°

0.5 0.545° 0.822 1.8 0.572%| 0.191° 3.33

1 1.3 0.364° 5.75 3.26 3.01 0.1592
2 0.545° 0.116° 0.685 0.1697] 0.0703%| 0.00818°
5 0 0.1712 0.285° 0.182° 0 0.196°

2 Below lower limit of quantification

Table 2: Blood concentrations (ug/mi) of mice that received hydrazinocurcumin (2.2.1b)

in vehicle B
Time (h) Mouse Mouse Mouse | Mouse Mouse
One Two Three Four Five
0 0.188 0 0 0 0
0.5 0.18 0.252 0.609 0.113 0.145
1 0.0454 0.262 0.16 0.238 0.55
2 2.18 112 0.122| 0.0833]| 0.0548
5 0 0.364 0.119 0.133 0

All values except the shaded boxes were BLOQ

Table 3: Blood concentrations (pg/ml) of mice that received hydrazinocurcumin (2.2.1b)

in vehicle C
Time (h) | Mouse | Mouse | Mouse |Mouse Mouse
One Two Three Four Five
0|0 0 0 0 0
0.5 0.321] 0.0516]0 0 0
110 0.117 |0 0 0
210 0 0 0 0
5]0 0.196 |0 0 0

221



222



223








