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ABSTRACT

Pharmacokinetics is the characteristic interactions of a drug and the body in terms
of its absorption, distribution, metabolism and excretion (ADME). Pharmacokinetic
related evaluations have been widely applied as one powerful tool to enhance the
information gain and the efficiency of the decision making process during drug
development. Preclinical pharmacokinetics refers to all in vivo and in vitro
pharmacokinetic evaluations supporting drug development, which plays a major role in
candidate compounds screening in early stage of drug development. In this dissertation,
preclinical pharmacokinetic evaluations were performed to investigate pharmacokinetic
properties of anti-infective agents, including an anti-parasitic agent ((1-
Decyl)triphenylphosphonium bromide, dTPP), an anti-tuberculosis agent (Two-
(Hydroxymethyl)phenylboronic acid cyclic monoester, OH49) and an anti-viral agent (L-
B-5-Bromovinyl-[2-(2°-amino-3’-methtyl-butanoyloxy)methyl]-1, 3-(dioxolanyl) uracil,
L-BHDU). Simple, rapid, and sensitive HPLC methods were developed and validated for

the quantification of these compounds in plasma and tissues. The in vivo pharmacokinetic



and tissue distribution studies of dTPP and OH 49 were performed in mice. These
pharmacokinetic studies showed that both dTPP and OH49 have low bioavailability,
short elimination half-life, rapid clearance from the plasma and wide tissue distribution.
The in vitro stability study showed that L-BHDU is substrate of esterase, which may
affect pharmacokinetic profiles of L-BHDU in vivo. These pharmacokinetic study results

would offer supportive information for the decision making of further drug development.
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CHAPTER 1
INTRODUCTION

(1-Decyl)triphenylphosphonium bromide (dTPP) is an analog of MitoQ, which is a
widely proven mitochondria-targeted antioxidant, consisting of a quinone moiety linked to a
triphenylphosphonium (TPP) moiety by a 10-carbon alkyl chain. In vitro studies indicate that
dTPP is a potential, broad-spectrum anthelmintic, with low toxicity and a novel mechanism
of action. In vivo pharmacokinetic and tissue distribution study is described in chapter 3,
including the development of an HPLC assay for quantification of dTPP in mouse plasma
and tissues; and the pharmacokinetic evaluation of dTPP in mouse following oral, IV and
subcutaneous administration.

Two-(Hydroxymethyl)phenylboronic acid cyclic monoester (OH49) is an analog of
aryl boronic acid, some of which showed excellent antifungal, anti-inflammatory, antibiotic
activity, and antiprotozoal activity. In vitro studies suggest that OH49 is a potential anti-
tuberculosis agent. Chapter 4 describes an in vivo pharmacokinetic and tissue distribution
study in the mouse. In this study, a simple, rapid and sensitive HPLC assay was developed
for quantification of OH49 in mouse plasma and tissues. A pharmacokinetic evaluation of
OHA49 following 1V and oral administration was performed in the mouse.

L-B-5-Bromovinyl-[2-(2’-amino-3’-methtyl-butanoyloxy)methyl]-1, 3-(dioxolanyl)

uracil (L-BHDU) is a pro-drug of the anti-viral agent, L-f-5-Bromovinyl-(2-hydroxymethyl)-



1, 3-(dioxolanyl) uracil (L-BVOddU). Both of these compounds are L-nucleoside analogs.
L-BHDU is designed to improve the metabolic activation of the parent compound (L-
BVOddU). In chapter 5, a simple, rapid and sensitive HPLC assay was developed for the
quantification of L-BHDU and L-BVOddU simultaneously in rat plasma. An in vitro
stability study of L-BHDU was performed in human, rat and mouse plasma by using the

validated HPLC assay.



CHAPTER 2
LITERATURE REVIEW

Preclinical Pharmacokinetics in Drug development

Introduction

Drug discovery and development is a very complex, costly, and time-consuming
process. It requires a major investment of money, human resources and technological
expertise. The search for new drugs can be divided functionally into two stages:
discovery and development [1]. The discovery stage includes the identification of drug
targets-typically through an understanding of the biological pathways of health and
disease, medicinal chemistry, in which molecules are structured to attack such targets,
establishment of suitable models to test biological activities, and screening new drug
molecules for in vitro and/or in vivo biological activities. In the development stage,
efforts are focused on the evaluation of the toxicity and efficacy of new drug candidates.
The new drug development process can also be divided into four sequential stages,
including discovery stage, preclinical development, clinical development and post-
approval stage.

Recent statistics reveal that for every 5,000-10,000 potential compounds only 250
will progress to pre-clinical development, and of these, 5 will move forward into clinical
development of which only a single compound will be approved by regulatory authorities
for human use [2, 3]. Drug development from the synthesis of a compound to New Drug
Application approval can take 10-20 years, with an estimated average of about 9-12 years.

In addition, the length of this process has increased in the past 20 years [4, 5]. Data from
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a variety of sources indicate that in the past two decades, the total R&D investment in
pharmaceutical industry increased more than two fold, and biomedical research has
progressed at a faster pace putting more and more new molecular entities on the drug
development pathway, however, the rate of marketing approval has shown a declining
trend [6-10]. As a result, the R&D cost per new drug has increased dramatically. In 1987,
the R&D cost of a new drug was only $237 million as opposed to $802 million in 2000.
Until 2003, this number increased to $1,700 million, and now, the estimated R&D cost
per new drug is as high as $3.5-5.3 billion [2, 11-13]. One of the most apparent cost
drivers in the R&D process is the failure to identify poor candidate compounds early in
the development process, and the failure identification attributes to overall 75% of the
total R&D costs [14]. Improving failure detection by even 10% before clinical trials
could reduce R&D costs by $100 million per drug [15].

One important attribute of a drug is its pharmacokinetic profile. Suboptimal
pharmacokinetics is stated to be one of main reasons for failures during drug
development [16]. Pharmacokinetics is the study of the time course of drug ADME, and
the multiple interrelationships affecting ADME, such as incomplete absorption,
saturability in transport, biotransformation, or binding. [17]. Now, pharmacokinetic
related evaluations have been widely applied in all stages of preclinical and clinical drug
development (Fig 2.1), and has become one potential tool to enhance information gain
and efficiency of the decision making process during drug development [18,19].

Pharmacokinetic study can broadly be divided into two areas: preclinical and
clinical pharmacokinetics. Traditionally, “preclinical pharmacokinetics” referred to

pharmacokinetics in animals. Today, the definition is expanded to all in vivo and in vitro



pharmacokinetic activities supporting drug development. Therefore, preclinical
pharmacokinetic activities can be further divided into in vitro preclinical
pharmacokinetics and in vivo preclinical pharmacokinetics.
In vitro Preclinical Pharmacokinetics
High-throughput Screening

High-throughput screening is a relevant, effective, fast, robust and accurate
process to evaluate the physicochemical characteristics of a large number of chemicals,
and obtain appropriate “drug-like” lead candidates for further pharmacokinetic evaluation
[20]. There are several parameters or rules that can be applied as criteria for the high-
throughput screening process:

Modified Absorption Potential (MAP)

In1985, Dressman et al. first introduced the concept of absorption potential, a
dimensionless number indicating the fraction of an oral dose available to human liver via
passive diffusion. Sanghvi et al (2001) developed this model as

MAP = log [Kow*Sw*V./D]
where, K, is the partition coefficient, Sy is the intrinsic solubility in water at 37°C, V_is
the volume of fluid in the gastric lumen (which is assumed to be 0.25 L), and D is the
dose administered [21,22]. In practice, the analogs with the largest MAP are chosen for
further development.

Polar Surface Area (PSA)

Polar surface area of a molecule is defined as the surface sum over all polar atoms,
primarily oxygen and nitrogen, also including their attached hydrogens. It is another

parameter that helps identify compounds with poor absorption potential. Analyzing



twenty compounds, Palm et al. found a highly predictive sigmoidal relationship between
the fraction of dose absorbed in humans and the PSA of the molecule. Compounds with a
PSA more than 140 A? showed poor absorption potential [23, 24]. Kelder et al. further
limited the PSA value to 120 (80) A? for good oral bioavailability, by analyzing 1,590
orally administered non-CNS drugs and 776 orally administered CNS drugs [25].

Other rules

By studying the physicochemical properties of thousands of drugs from the World
Drug Index (WDI), Lipinski et al. developed the so-called “Rule of Five” to predict oral
bioavailability (intestinal absorption) of a compound [26, 27]. Based on this rule, poor
absorption or permeability is more likely if the drug possesses any of the following
properties or characteristics:

1. More than five H-bond donors (NH’s or OH’s)

2. The molecular weight is more than 500

3. The LogP (lipophilicity) is greater than 5

4. More than H-bond acceptors (N’s or O’s)
In addition, the solubility of the compound is considered as an additional rule, which
requires the solubility of the drug in water to be greater than100 ug/mL. If two or more
parameters are out of range, the candidate will not be selected for further development.
One drawback of this method is that the Rule of Five is based on the physicochemical
properties of the compounds and assumes drug absorption follows Fick's first law of
diffusion. Therefore, if transporters facilitate the absorption of the compounds, these rules

might not apply to them.



Another criterion for drug-likeness is the presence or absence of particular
chemical groups and the amount of these groups. Veber et al. observed that compounds
with ten or fewer rotatable bonds have a high gastrointestinal permeability rate indicating
that compounds with lower molecular flexibility are more likely to have better oral
absorption [28]. Oprea et al. analyzed compounds from the MDDR, Comprehensive
Medicinal Chemistry (CMC), Current Patents Fast Alert, New Chemical Entities, and
Available Chemicals Database (ACD) and limited the number of rotatable bonds as equal
or less than 8, or rings in a molecule equal or less than 4 for high gastrointestinal
permeability [29]. As a summary, table 2.1 shows a list of boundaries of prominent
counting parameters mentioned above and some others such as, molar refractivity, heavy
atoms, net charge.

In-Vitro Permeability assays

Oral delivery is without question the preferred route of administration for patients.
Therefore successful therapy requires good intestinal absorption to ensure that sufficient
drug can enter the systemic circulation. Permeability, together with solubility, are two
major factors affecting the intestinal absorption of oral drugs. Solubility can be improved
by formulation means. Permeability depends on the physicochemical properties of the
molecule and is difficult to fix by formulation. Therefore, permeability evaluation is more
important for candidate compound screening, especially at early stages in drug discovery
and development.

Permeability models serve as tools in the drug candidate selection for further in
vitro and in vivo studies. To obtain accurate prediction of the absorption profile of lead

compounds, reliable and appropriate screening methods to assess intestinal permeability



are necessary (30-32). A variety of methods have been developed over the past decade to
assess drug permeation across the gastrointestinal tract, including Caco-2 cells, artificial
membranes and tissue-based assays. Each method has its own advantages and limitations
to be considered when choosing models for permeability evaluation.

Caco-2 cell Assay

The Caco-2 system is one of the most extensively utilized assays for assessment
of permeability. Although originally derived from a human colon adenocarcinoma, Caco-
2 cells exhibit many primary-like qualities of enterocytes, both functional and
morphological. When cultured as a monolayer, Caco-2 cells differentiate to form a brush
border (microvilli) membrane with tight junctions between cells. In addition, this cell line
has been shown to express various efflux transporters, microvillar transporters,
hydrolases, and Phase 1l conjugation enzymes which are more representative of
enterocytes of the small intestine. Caco-2 cells also express enzymes such as membrane
peptidases and disaccharidase [33]. Therefore, the Caco-2 cell line is one of the most
popular assays to model a variety of transcellular pathways as well as the metabolic
transformation of test substances.

In many respects, the Caco-2 cell monolayer mimics the human intestinal
epithelium. The Caco-2 system has some limitations, due to the minor difference from in
vivo enterocytes. Firstly, in Caco-2 cells the expression of the cytochrome P450
isozymes is low or nonexistent, and in particular, CYP3A4, which is normally expressed
at high levels in the intestine. Expression of CYP 3A4 in Caco-2 cells can be induced by
treatment with vitamin D3 [34]. As a result, the gut wall metabolism of some compounds

will be severely underestimated in the Caco-2 system. In addition, the tight junctions



formed in the Caco-2 system are less permeable than those in human intestinal epithelium.
P-gp efflux pump is overexpressed in Caco-2 cells compared to levels measured in vivo
with primary enterocytes [35]. Therefore, these minor differences between Caco-2 cells
and in vivo enterocytes may cause the permeation of some compounds to be
underestimated or overestimated, resulting in poor correlation of in vitro/in vivo data [35].

Artificial Membrane Assays

The parallel Artificial Membrane Permeability Assay (PAMPA) was initially
developed in 1998 as a high-throughput screening tool to model the gastrointestinal
epithelium passive permeability [36]. This system involves artificial lipid membranes
formed by a mixture of lecithin and an inert organic solvent on a filter support, the donor
compartment containing buffer solution with new chemical entities and the acceptor
compartment with only fresh buffer. Despite the absence of enzymes and transporters,
PAMPA is able to measure the relative passive transcellular diffusion of compounds with
reasonable accuracy [37-39]. The simplicity, low cost, high-throughput, and wide pH
range make PAMPA technology popular within the pharmaceutical industry. In addition,
by optimizing the membrane composition, PAMPA can be easily prepared and applied to
mimic different biological barriers, such as blood brain barrier (BBB) or skin [40-42].

Animal tissue-based Assays

Excised animal tissue models have been used since the 1950s to explore the
mechanism of absorption of nutrients from the intestine. Tissue flux chambers, everted
gut sacs, non-everted gut sacs and other tissue-based assays have been developed for the
study of intestinal absorption and assessing the intestinal absorption potential of drug

candidates [43-44]. Compared to cell or artificial membrane-based assays, these tissue-



based assays offer more accurate predictions, in terms of intestinal absorption of the drug
candidates. The drawbacks of these assays are also obvious, such as, low-throughput and
labor-intensive. In addition, the viability of the excised tissues is difficult to maintain
since the tissues are devoid of a direct blood supply and need constant oxygenation [43].

All these in vitro permeability assays represent a compromise between high-
throughput with low predictive potential and low-throughput with high predictive
potential [45]. Therefore, no single method will be sufficient for evaluating drug
absorption, but most likely a combination of systems is needed. Higher throughput, less
reliable methods could be used to discover 'loser' compounds, whereas lower throughput,
more accurate methods could be used to optimize the absorption properties of lead
compounds [46].

In-Vitro Metabolism Studies

Metabolism is the irreversible transformation of parent compounds into
metabolites. It is part of the body's natural defense mechanism to eliminate unwanted
xenobiotics. By enzymatic transformation, chemicals are metabolized into polar, more
water-soluble products that can be readily excreted from the body. Metabolism
constitutes the most important aspect during drug discovery and development. Metabolic
studies provide information about metabolites, enzymatic pathways, and inhibition or
induction of a metabolizing enzyme. All of these studies can be used to understand
potential toxicity, drug-drug interactions, toxicological differences between species and
dosage issues associated with a drug candidate [47].

The liver is the major organ involved in the metabolism of drugs and performs

enzymatic transformation in two distinct phases: phase I and phase Il reactions.
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Evaluation of liver metabolism in vitro is critical when selecting drug candidates [48]. A
number of in vitro systems have been developed for drug metabolism studies, including
liver microsomes, S9 homogenates, hepatocytes, liver slices, cDNA expressed enzymes,
isolated perfused livers and some preclinical animal models [47, 49]. While considering
the simplicity, availability, cost and ease of automation, liver microsomes and S9
homogenates are the most widely applied systems in the pharmaceutical industry.

Recently, some metabolism in silico screening systems, such as, homology
modeling, pharmacophore modeling, QSAR modeling, metabolism information systems,
and metabolite prediction systems have been reported to provide supportive information
for the decision making process in drug discovery [47, 50]. Several approaches that use
databases to predict metabolism are available, including MetabolExpert (Compudrug),
META (MultiCASE), Meteor (Lhasa), the databases Metabolite (MDL) and Metabolism
(Accelrys) [51].

Plasma Protein Binding

Plasma protein binding is another important factor that affects pharmacokinetics
(ADME) and pharmacological activities of drugs. Only the fraction of drug unbound
from plasma proteins is available to be transported from the vascular system into the
tissues, and interacts with therapeutic targets. In addition, only unbound drug can be
cleared from the body. Therefore, the extent of drug binding to plasma proteins can have
a significant impact on pharmacokinetic parameters, such as, clearance and volume of
distribution, and pharmacodynamic properties of a compound [52]. In addition, the extent
and linearity of plasma protein binding are highly associated with potential drug-drug

interactions and toxicity. The free fraction of drug in plasma is also an important input
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parameter in physiologically based pharmacokinetic and allometric scaling models and in
pharmacokinetic/ pharmacodynamic (PK/PD) models [53].

Binding Proteins in Plasma

Drugs commonly bind to albumin, alpha-1-acid glycoprotein, or lipoproteins.
Among them, albumin is the most abundant protein in plasma. It contributes about half of
the total plasma protein. Albumin is highly water soluble and flexible, resulting in the
ability to bind a large array of molecules. There are at least two high affinity drug binding
sites, site | (warfarin binding site) and site 11 (benzodiazepine binding site) as well as
many low affinity sites [54]. Albumin is a basic protein and preferentially binds to acidic
and neutral drugs.

The next most important plasma protein responsible for drug binding is alpha-1-
acid glycoprotein. It has one binding site selective for basic drugs such as disopyramide
and lignocaine. Alpha-1-acid glycoprotein is an acute-phase protein. Therefore, the extent
of binding to alpha-1-acid glycoprotein will be altered by certain pathological conditions
such as cancer, cardiovascular disease, inflammatory disease, kidney disease, liver
disease and infections. For instance, alpha-1-acid glycoprotein serum concentration
increases in patients with systemic tissue injury, inflammation, infection or cancer, which
may result in increased plasma protein binding of drugs to alpha-1-acid glycoprotein.

Lipoproteins are complex aggregates of lipids and proteins that primarily
responsible for the transport of endogenous fatty acids such as triglycerides,
phospholipids, and cholesterol. Lipoproteins play an important role in binding of very

lipophilic compounds such as cyclosporine A. The “binding” of drugs to lipoproteins is

12



not a true specific binding reaction, but is more like the drugs dissolve in the lipids
component of lipoproteins.

In vitro methods for plasma protein binding

Several in vitro methods have been developed to measure the unbound drug
concentration in plasma, including equilibrium dialysis, ultrafiltration, ultracentrifugation,
gel filtration, albumin and/or alpha-1-acid glycoprotein columns, microextraction and
optical biosensor [55]. Equilibrium dialysis and ultrafiltration are the most commonly
used methods to determine plasma protein binding.

Equilibrium dialysis is considered to be the gold standard method for plasma
protein binding measurement. Recently, several 96-well equilibrium dialysis apparatuses
have been developed as high-throughput screening tools for determining plasma protein
binding [55]. There are drawbacks to this technique, including time to reach equilibrium,
nonspecific binding, volume shift, Donnan effects and changes in initial equilibrium
conditions. In addition, compounds with low water solubility and plasma stability are not
suitable to this method.

Ultrafiltration is the simplest and fastest method for determining the free fraction
of drug. Similar to equilibrium dialysis, ultrafiltration uses a two chambered device that
is separated by a semipermeable filter membrane. Unbound drug can be separated from
plasma very quickly by positive pressure or, more commonly, centrifugation
(approximately 2,000xg). Ultrafiltration is rapid and technically less challenging than
equilibrium dialysis, which makes it more popular at the drug discovery stage to rank-
order a number of compounds based on plasma protein binding. The major disadvantage

of ultrafiltration is nonspecific binding of free drug to the filter membrane or collection
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chamber. This drawback can be partially overcome by mixing control plasma or serum
retentate with the filtrate or pre-treatment of the system with Tween 80 or benzalkonium
[56].

Ultracentrifugation is an alternative method to the membrane techniques of
equilibrium dialysis and ultrafiltration. Ultracentrifugation uses high gravitational force
(625,0009) to separate the unbound fraction from the bound compound. Since no
semipermeable membrane is involved, ultracentrifugation has fewer nonspecific binding
issues, which makes it a good alternative to highly absorptive compounds. However, the
equipment used for ultracentrifugation is expensive in contrast to that for equilibrium
dialysis and ultrafiltration. Restricted by the equipment, ultracentrifugation can only
process relatively small number of samples at one time, which makes this technique a
low-throughput application.

In vivo Preclinical Pharmacokinetics

After a series of in vitro ADME screening, a few remaining candidates will be
processed for further in vivo pharmacokinetic studies. The in vitro characterization of
ADME profiles offers an experimental basis to predict the in vivo pharmacokinetic
profiles of candidate compounds. These in vitro predictions will be justified during in
vivo pharmacokinetic evaluation. Generally speaking, the primary goal of in vivo
preclinical pharmacokinetic studies is the identification of drug candidates suitable for
clinical testing [57]. One of the major roles of in vivo preclinical pharmacokinetic studies
is to characterize the primary pharmacokinetic parameters and understand the underlying

mechanisms that govern the ADME properties of drugs.
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Pharmacokinetic Parameters

Area under the curve (AUC)

The area under the plasma drug concentration-time curve (AUC) reflects the
actual body exposure to drug after administration. Under linear pharmacokinetic
conditions, AUC is directly proportional to the dose and inversely proportional to the
clearance of the drug. AUC is required to calculate values of other pharmacokinetic
parameters, such as clearance and bioavailability. It is also a useful parameter to evaluate
bioequivalence, when comparing different formulations of a drug or generic drugs.

Clearance (CL)

Clearance is defined as ‘the volume of fluid which is totally cleared of the drug in
a unit time’. Based on the definition, clearance is not an indicator of how much of a drug
is eliminated per unit time, but how much apparent volume of reference fluid is cleared of
a drug per unit time. Clearance is a key parameter that describes the ability of the body
or an organ to eliminate drug from the body [58]. After IV administration, the total
systemic clearance can be determined directly from the concentration-time profile as the
ratio of dose to area under the plasma concentration-time curve (AUC). Since many
different organs may be involved in the elimination of the drug, total systemic clearance
equals the sum of individual organ clearances. Therefore, characterization of the
magnitude and routes of clearance is one of the major objectives for preliminary animal
studies. In addition, information about the relative contributions of renal, biliary and
hepatic clearances in vivo may help guide the selection of lead compounds that are

cleared by multiple routes and organs. Because, for a drug candidate, renal clearance and
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biliary excretion are consider to be preferred elimination pathways, which cause less
toxicity and fewer drug-drug interaction.

Volume of Distribution (Vd)

The apparent volume of distribution of a drug can be viewed simply as a
proportionality factor between the total amount of drug present in the entire body and the
drug concentration in the reference body fluid, usually the plasma, at any given time [58].
Vd does not represent a real physiological parameter and can be used to assess the extent
of the distribution of a drug. As an independent parameter, the volume of distribution is
indicative of the extent of space or volume into which the drug is distributed.

Oral Bioavailability (F)

The concept of bioavailability refers to the rate and extent to which the active
ingredient or active moiety is absorbed from a drug product and becomes available in the
systemic circulation [59]. From a pharmacokinetic perspective, bioavailability of a given
formulation provides an estimate of the relative fraction of the orally administered dose
that is absorbed into the systemic circulation. Bioavailability is a function of both drug
absorption and first pass effects. For an orally administered drug, before reaching
systemic circulation, there are the several sequential barriers to overcome. In addition, the
metabolic enzymes and active transporters involved in these barriers are considered to be
the major sources of drug loss following oral administration. Therefore, all of these
factors significantly affect the bioavailability of a drug.

Absolute bioavailability is the amount of drug from a formulation that reaches
the systemic circulation relative to an intravenous (V) dose, which is assumed to be 100%

bioavailable. Absolute bioavailability is determined by comparing the AUC of a drug
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after non-intravenous administration to that after intravenous administration. Relative
bioavailability refers to availability of a drug product as compared to another dosage
form or product of the same drug [59]. Relative bioavailability can be directly determined
by comparing the AUCs of a drug when administered via different routes or formulations.

High-throughput In Vivo Pharmacokinetic Screening

Conventional preclinical pharmacokinetic studies involve the administration of a
single compound to animals, sample collection at specific time points, sample preparation,
and sample analysis for drug concentration quantification, which are extremely labor
intensive [57]. The advances in liquid chromatography/mass spectrometry/mass
spectrometry (LC/MS/MS)-based quantitative analytical techniques have made it possible
to significantly increase the throughput of in vivo pharmacokinetic screening. In recent
years, several experimental approaches have been developed based on advances in
instrumentation and analytical techniques, including cassette dosing, cassette analysis and
rapid rat screen.

Cassette Dosing

Cassette dosing, also called ‘cocktail’ or “N-in-one’ dosing, was first developed in
1997. It involves the simultaneous administration of a mixture of compounds (typically
five to ten compounds belonging to the same structural class) to a single animal [60, 61].
From collected biological samples, concentrations of each analyte are measured in a
single run by mass spectrometry. Compared with conventional single compound
administration, cassette dosing can reduce the amount of compound and animal usage,
which further reduces sampling, sample preparation, and sample analysis, and

significantly increases the throughput.
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As a screening tool, cassette dosing is not intended to accurately define
pharmacokinetic parameters for each compound; rather, it has mostly been applied to
rapidly rank order compounds, eliminate compounds exhibiting poor pharmacokinetic
properties, and identify those that should be prioritized for further evaluation.
Furthermore, cassette dosing provides rapid feedback to medicinal chemists, and guides
future synthetic efforts to optimize ADME properties of new chemical entities [62].

Although there have been many successful applications with cassette dosing, this
method is not without controversy. A major concern is the risk of drug-drug interactions
following the co-administration of multiple chemical entities (62, 63). These interactions
may occur as a result of competitive inhibition of metabolic enzymes, transporters, or
plasma protein binding and may lead to false-negative as well as false-positive results
(63). White and Manitpiskul reviewed the pharmacokinetic theory behind cassette dosing
approaches and made recommendations to minimize the risk of drug-drug interactions,
included experimentally minimizing the number of compounds in the dosing cocktail
(below five) and administering the lowest doses detectable [63].

Lowest dosing of several compounds may cause another challenge for this
approach, which is the requirement of high sensitivity and selectivity of analytical
methods. To quantify low levels of multiple compounds in a single sample
simultaneously, highly sensitive and selective analytical methods are required, which
makes method development and validation time-consuming and effort-intensive. In
addition, multiple analytes in one biological sample may cause significant analytical
interference, including collision cell cross-talk between structurally related compounds

with similar fragmentation patterns, in-source fragmentation of metabolites to produce
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the parent compounds, and ion suppression as a result of competition between the analyte
and co-eluting analytes, residual matrix components, or mobile phase constituents [64,
65]. Once analytic interference occurs, optimization of sample preparation and
chromatographic conditions is required to ensure the resolution of interfering compounds.

Cassette Analysis

Unlike cassette dosing, which reduces the animal use, cassette analysis (sample
pooling or cocktail analysis) tries to reduce the sample amount by combining equal
aliquots of samples collected at a particular time point from different animals after dosing
an individual drug. Although cassette analysis requires more animals and resources for
the study, it is a good alternative, if significant drug-drug interactions occur when
processing cassette dosing [66]. Another concern of this method is that combination of
biological samples will dilute concentrations of each compound, which could be a
challenge for simultaneous compound analysis by LC/MS/MS.

Hop et al. developed an alternative strategy, pooling the samples collected at each
consecutive time point from a single animal dosed with an individual compound to
produce a single sample for analysis (67). The concentration of this pooled sample is then
multiplied by the time period of collection to give an estimation of the area under the
concentration versus time curve. Cheung et al. applied a related approach, in which a
single sample with a concentration proportional to AUC was derived by combining
plasma aliquots whose volumes were proportional to the time interval on either side of
the sample time point (68). In this study, the area under the first moment curve (AUMC),
the mean residence time (MRT) and the steady-state volume of distribution (Vss) of a

compound were successfully estimated. However, the drawback of this pooling approach

19



is obvious; other than obtaining an estimated AUC value, pharmacokinetic parameters
cannot be determined due to the lack of a plasma concentration-time profile.

All these in vivo high-throughput techniques provide crude estimation of ADME
properties for the initial selection of candidate compounds, which may be further
subjected to a full pharmacokinetic study to obtain more detailed ADME knowledge.

Full pharmacokinetic study

Generally, a full pharmacokinetic study refers to conventional preclinical
pharmacokinetic studies, including administration of a single compound to animals,
samples collection at specific time points, sample preparation, and sample analysis for
drug concentration quantification. The purpose of a full pharmacokinetic study is to
reconfirm the results of in vivo high-throughput screening and generate statistically
accurate PK parameters. In addition, other studies such as identification of in vivo
metabolites and tissue distribution study could be involved in full pharmacokinetic
evaluations.

Anti-infective Agents

Anthelmintics

Parasitic worms (helminths) are the most common infectious agents in humans.
They have plagued humans for thousands of years, and historically infected more than
half the world’s population [69-71]. Typically, helminths cause relatively nonspecific and
nonlethal acute symptoms, with pathology that develops over many years. This limits
their priority for control compared to more lethal pathogens like tuberculosis, HIV and
malaria. However, some developed parasitic infections may cause extensive morbidity,

including fetal/neonatal damage, nutritional deficiencies, cutaneous nodules, skin
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eruptions or necrosis, and major end-organ damage of the eyes, central nervous system
(CNS), lungs, heart, or liver [72-74]. Recently, the burden on childhood development and
economic productivity imposed by parasitic helminths has led to renewed interest in
controlling neglected helminthic infection by mass drug administration strategies [75].
The goals of this preventive chemotherapy are minimization of morbidity by yearly or
twice-yearly administration of anthelmintics to keep worm burdens below the level
associated with symptoms and pathology, and reduction in transmission as the local
abundance of infective larvae diminishes [76-78]. Obviously, anthelmintics play an
important role in this disease control program.

Currently, drugs for combating worm infections are limited. Of the 1,556 new
chemical entities marketed between 1975 and 2004, only four drugs were licensed for use
as human anthelmintics. They are albendazole, oxamniquine, praziquantel, and
ivermectin [79]. All of these drugs were developed for veterinary use before adoption for
humans.

Albendazole

Albendazole is a benzimidazole drug first discovered at the SmithKline Animal
Health Laboratories in 1972. It is a broad spectrum anthelmintic, effective against
roundworms, tapeworms, and flukes of domestic animals and humans [80]. Albendazole
is a pro-drug, which required to be oxidized to albendazole sulphoxide-the active drug.
Albendazole sulphoxide binds to the colchicine-sensitive site of B-tubulin and inhibits the
polymerization or formation of microtubules. The loss of the cytoplasmic microtubules
leads to the impaired uptake of glucose and depletes glycogen stores and production of

adenosine triphosphate (ATP), which results in immobilization and eventually death of
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the parasite [81]. Resistance to albendazole has been attributed to specific amino acid
changes in the B-tubulin protein of parasite, leading to reduced binding affinity for -
tubulin.

Albendazole is poorly absorbed from the gastrointestinal tract due to its low
aqueous solubility. Albendazole undergoes extensive first-pass metabolism in the liver,
and albendazole sulphoxide is the primary metabolite, which is responsible for the
effectiveness against systemic tissue infections. The plasma elimination half- life of
albendazole sulphoxide is 8-15 hours. Albendazole sulfoxide is 70% bound to plasma
protein and is widely distributed throughout the body. Albendazole sulphoxide appear to
be principally eliminated in bile, with only a small proportion appearing in the urine [82].

Ivermectin

Ivermectin is a broad-spectrum anti-parasitic drug. When it first appeared in the
late-1970s, ivermectin was considered to be a revolutionary drug. It was the world’s first
endectocide, the forerunner of a completely new class of anti-parasitic agents, and
potently active against a wide range of internal and external nematodes and arthropods
[83]. Although initially introduced as a veterinary drug, ivermectin proved to be an ideal
anti-parasitic drug for humans, since it was first used to treat onchocerciasis in humans in
1988. Ivermectin is highly effective, broad-spectrum, safe and well tolerated. It is used to
treat a variety of internal nematode infections, including onchocerciasis, strongyloidiasis,
ascariasis, cutaneous larva migrans, filariases, gnathostomiasis and trichuriasis, as well as
for oral treatment of ectoparasitic infections, such as pediculosis and scabies [84].

Initially, ivermectin was believed to block neurotransmitters by acting on GABA-

gated chloride channels and exhibiting potent disruption at GABA receptors in
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invertebrates and mammals. GABA is recognized as the primary inhibitory
neurotransmitter in the somatic neuromuscular system of nematodes. Further studies
suggested that it was in fact glutamate-gated chloride channels that were the target of
ivermectin and related drugs. lvermectin binds with high affinity to glutamate-gated
chloride channels which occur in invertebrate nerve and muscle cells, causing an increase
in the permeability of the cell membrane to chloride ions with hyperpolarization of the
nerve or muscle cell. Hyperpolarization results in paralysis and death of the parasite [85].

The oral administration is the only approved for ivermectin administration in
humans. Ivermectin highly binds to serum albumin. Due to the high lipid solubility of
ivermectin, this compound is widely distributed within the body. Ivermectin is
extensively metabolized by CYP-3A4, converting the parent drug to at least 10
metabolites, most of them are hydroxylated and demethylated derivatives. lvermectin and
its metabolites were excreted mainly in faeces and only 1% in urine [86].

Oxamniguine

Oxamniquine is a potent single-dose agent for treatment of Schistosoma mansoni
infection in human. Oxamniquine is known to inhibit nucleic acid synthesis in
schistonsomal cells. The mechanism of action is thought to involve prior activation of the
drug by sulfotransferase of the parasite. The sulfate ester metabolite alkylates the DNA of
the parasite and prevents DNA replication, resulting in cell death [87]. Oxamniquine is
generally well tolerated following oral doses. Dizziness, headache and gastrointestinal
effects, such as nausea, vomiting, and diarrhea, are common. At the recommended doses,

hallucinations and seizures have been reported rarely. There are no data available on
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interactions with other drugs, but the ability of oxamniquine to inhibit CYP2D6 may be
of clinical importance [88].

Praziguantel

Praziquantel is an anthelmintic effective against flatworms. It was developed in
the laboratories for parasitological research of Bayer AG and Merck KGaA in Germany
in the mid-1970s. The excellent pharmacological properties, particularly its effectiveness
after only one orally administered dose, its lack of toxicity, and substantial reductions in
cost, make praziquantel still the only effective, routinely used compound for the
treatment and control of Schistosomiasis, a tropical disease caused by blood-dwelling
trematodes (flatworms) of the genus Schistosoma [89].

Exact knowledge about the mechanisms of action of praziquantel remains elusive.
Voltage-gated calcium channels have been identified as potential molecular targets of
praziquantel. A recent study suggested that praziquantel inhibits the uptake of adenosine
(and uridine) by schistosomes. Therefore, the explanation for the mechanisms of action is
that praziquantel may interfere with the parasite's obligate need to acquire adenosine from
its host. In addition, the inhibition of adenosine uptake may relate to praziquantel induced
Ca®" influx [90].

Praziquantel is absorbed rapidly from the gastrointestinal (Gl) tract after its oral
administration. In human, praziquantel undergoes extensive first pass hepatic
biotransformation into a series of mono- and dihydroxylated inactive metabolites.
Praziquantel is rapidly distributed in body tissues due to its high lipid solubility.

Approximately 80 to 85% of the drug is bound to plasma proteins [82].
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Anti-tuberculosis drugs

Tuberculosis (TB) is a contagious and deadly disease caused by mycobacterium
tuberculosis (M.tb), which could spread through the air. Since it was first identified by
Robert Koch in 1882, M.tb has been a serious threat to human health [91]. According to
the World Health Organization (WHO), at least one third of the entire world’s population
is infected with M.tb. In 2011, 8.7 million people became ill with TB and 1.4 million died
from TB. TB is also a leading killer of people living with human immunodeficiency virus
(HIV) causing one quarter of all deaths [92].

M.tb is an obligate aerobic bacillus that divides at an extremely slow rate
(approximately every 15-20 hours). M.tb has an unusual structure of the cell wall that
consists of peptidoglycans and complex lipids, in particular mycolic acids. Mycolic acids
form a waxy coating on the cell surface, which allows M.tb to lie dormant for many years
as a latent infection. M.tb is highly aerobic and requires high levels of oxygen. When
active, M.tb is primarily a pathogen of the mammalian respiratory system and typically
infects the lungs [93]. In approximately 25% of cases, the bacteria enters the blood and
infects other parts of the body, such as the pleura, the meninges, the lymphatic system,
the genitourinary system and the bones and joints [94].

A 6-9 month chemotherapy regimen using a combination of 4 drugs (rifampicin,
isoniazid, ethambutol, and pyrazinamide) with cure rates of approximately 90% in HIV
negative patients is the globally accepted standard treatment of drug-susceptible (DS),
active tuberculosis [95]. It is difficult for TB patients to adhere to this standard regimen,
due to several reasons, including long and intensive treatment with multiple

complementary drugs, abated symptoms after a few weeks of treatment, unpleasant side
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effects during the treatment, and the cost of medication and tests. Nonadherence of
patients is more likely result in treatment failure and development of drug-resistance [96].

There are 10 drugs currently approved by the U.S. Food and Drug Administration
for treating TB. Of the approved drugs, isoniazid (INH), rifampin (RIF), ethambutol
(EMB), and pyrazinamide (PZA) have been used as first-line anti-TB agents for more
than 40 years and form the core of treatment regimens. The mechanism of action of these
first-line agents include the obstruction of cell wall formation, inhibition of fatty acid
synthase and inhibition of bacterial DNA-dependent RNA synthesis. Ethambutol inhibits
the enzyme arabinosyl transferase, resulting in the obstruction of cell wall formation.
Isoniazid disrupts cell wall formation by blocking the synthesis of mycolic acid.
Pyrazinamide inhibits fatty acid synthase and disrupts membrane potential and energy
production. Rifampin inhibits bacterial DNA-dependent RNA polymerase [97]. All these
first line drugs have good oral absorption and tissue distribution, except isoniazid, which
is limited absorbed after oral administration due to its high aqueous solubility, poor
permeability and extensive hepatic metabolism [98]. Other drugs, such as amikacin,
capreomycin, ciprofloxacin and cycloserine are considered as secondary options for
tuberculosis treatment due to their potency, toxic side effects or unavailability in many
developing countries.

Historically, research into new anti-TB drugs was at a standstill, partly due to
complacency, as first-line drug treatments had been shown to cure TB, and the fact that
there had been little incentive for investment in new anti-TB drug discovery and
development, since the vast majority of patients are found in the developing world. Since

the late 1990’s, renewed interest in this area has resulted in a number of new drug
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candidates entering clinical trials. Some of them exhibit novel mechanisms of action.
TMC207 is a diarylquinoline that exhibits excellent activity against drug-susceptible,
multiple-drug resistant (MDR) and extensively drug resistant (XDR) M.tb strains.
TMC207 acts by inhibiting mycobacterium membrane-bound ATP synthase. This unique
mechanism of action offers great selectivity as there is little similarity between the
mycobacterial and human ATP synthase [99]. PA-824 is a bicyclic nitroimidazofurans
analog, without any unfavourable mutagenic features. PA-824 exhibits high in vitro
activity against M.tb including drug resistant strains by inhibiting cell wall lipid and
protein synthesis. This drug is also active against non-replicating bacteria, which
indicates an unknown mechanism of action [100].

The increasing MDR and XDR-TB cases, non-compatibility of regimen treating
HIV/TB co-infection, and limited new anti-TB drug candidates make a compelling case
for the urgent need for new anti-TB drugs and, in particular, a need for drugs that could
shorten treatment regimens as well as treat multiple-drug resistant -TB, extensively drug
resistant -TB and HIV/TB co-infection.

Anti-viral nucleoside analogue

A virus is a simple infectious agent that consists of a genome, a protein coat, and
in some cases an envelope of lipids. Viruses replicate only inside the living cells of other
organisms and could infect all types of life forms, from animals and plants to bacteria and
archaea [101]. Several common human diseases are caused by viruses, including
influenza, chickenpox, and cold sores. Some serious diseases such as ebola, AIDS, avian

influenza and SARS are caused by viruses.
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Anti-viral strategies are mainly targeting a specific step of the viral life cycle,
including attachment to a host cell, release of viral genes and possibly enzymes into the
host cell, replication of viral components using host-cell machinery, assembly of viral
components into complete viral particles and release of viral particles to infect new host
cells. Serveral key factors in these steps of the life cycle have been used as targets to
develop ant-viral agents, such as reverse transcriptase, integrase and protease.

Nucleoside analogues represent an important class of anti-viral agents. Since the
first anti-viral nucleoside drug, idoxuridine, was discovered in 1959 [102], nucleoside
analogs have played an important role in the battle against various cancers and viral
infections. More than 20 anti-viral nucleosides and nucleoside analogs are currently
available, including anti-HIV drugs such as didanosine, emtricitabine, zalcitabine and
zidovudine , and anti-HBV drugs, such as lamivudine, entecavir and telbivudine. The
mechanism of action of nucleoside analogs depends on their ability to mimic natural
nucleosides once phosphorylated by viral encoded enzyme. The phosphorylated
metabolites are incorporated into growing DNA strands; but they act as chain terminators
and inhibitors of viral DNA polymerase, which prevent further nucleic acid chain
elongation.

In biological systems, DNA and RNA are composed of f-D-nucleosides as
proteins are composed of L-amino acids. Therefore, it has been widely accepted that only
natural D-nucleosides could effectively interact and inhibit metabolic enzymes and
exhibit biological activities, owing to the stereospecificity of enzymes in living systems

[103]. This paradigm has proven not to be true with the discovery of lamivudine (3TC) as
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a therapeutic agent, which exhibited more potent anti-viral activity compared to the D-
counterparts while exhibiting less toxicity [104].

The discovery of 3TC sparked the interest to explore the L-nucleosides as
potential anti-viral agents. Since then, a large number of L-nucleoside analogs have been
synthesized and evaluated for their anti-viral activities. Several L-nucleoside analogs
exhibit favorable features as therapeutic agents, including comparable or greater anti-
viral activities than their D-counterparts, more favorable toxicological profiles and better
metabolic stability.

In the past several years, L-nucleosides have drawn greater attention and
significant progress has been made in developing L-nucleosides to fight against viral
infections. Currently, L-nucleoside analogs, such as lamivudine, emtricitabine and
telbivudine, have been applied as treatment for HBV or HIV infections; clevudine,
elvucitabine, maribavir, troxacitabine, and valtorcitabine are in clinical studies; other L-
nucleosides are also under development to treat herpes simplex virus (HSV) or varicella
zoster virus (VZV) infections.

Overall, due to the limited drugs available for the treatment, there was an urgent
need for development of new anti-infective drugs, especially for new anti-parasitic drugs
and anti-tuberculosis drugs. As one of the most important attributes of drugs,
pharmacokinetic properties should be evaluated at earliest development stages.
Preclinical pharmacokinetic studies of three anti-infective candidate compounds were
performed in this study, including preclinical pharmacokinetic and tissue distribution of

an anti-parasitic compound and an anti-tuberculosis compound in mice, and the in vitro
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stability study of an anti-viral compound. The results will be used to direct further

evaluations of these compounds.
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Table 2.1 Typical ranges for parameters related to drug-likeness (Modified from Mark W.
and Terry W. Management of chemical and biological samples for screening applications.

Wiley-VCH Verlag & Co. KGaA, Boschstr. Weinheim, Germany. 2012)

Parameter Minimum Maximum
Solubility (in water) 100 ug/mL /
LogP -2 5
Molecular weight 100 500
Hydrogen bond
0 10
acceptors
Hydrogen bond donors 0 5
Rotatable bonds 0 8
Rings 0 4
Polar surface are 0 120
Molar refractivity 40 130
Heavy atoms 20 70
Net charge -2 +2
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Figure 2.1 Applications of PK concepts during preclinical and clinical drug product

development. Figure modified from Peter LB Pharmacokinetic-Pharmacodynamic

Modeling and Simulation (second edition) Springer New York Dordrecht Heidelberg

London 2011
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CHAPTER 3
PRECLINICAL PHARMACOKINETICS AND TISSUE DISTRIBUTION OF (1-

DECYL) TRIPHENYLPHOSPHONIUM BROMIDE (dTPP) IN MICE*
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ABSTRACT

(1-Decyl) triphenylphosphonium bromide (dTPP) is a potential broad-spectrum,
anthelmintic drug. The purpose of this study is to evaluate the preclinical
pharmacokinetic profile and tissue distribution of dTPP in mice. An HPLC method for
the quantification of dTPP in mouse plasma, brain, liver, kidney, heart, lung, spleen and
intestine was developed and validated. Intra-day and inter-day assay precision (<15%)
and accuracy (<15%) were observed over a linear range of 0.1-150 ug/mL in plasma or
0.25-150 ug/g in tissues (r2>0.99). The recoveries of dTPP ranged from 93.8-98.9%.
Pharmacokinetic parameters were determined in mice after IV and oral dosing. After IV
administration, dTPP extensively distributed in tissues, especially in heart and kidney,
and was retained in tissues (tissue t¥2 2-10 hrs). After oral administration, dTPP
extensively distributed in the GI tract, indicating it may be effective in treating infections
of Gl tract, while, it would be ineffective in treating systemic infections due to the low
bioavailability (F=4.8%). After subcutaneous injection, dTPP also extensively distributed
in tissues, and maintained steady levels for up to 12 hr, which may make this a good

route of administration for treating systemic infections.

Key words: Anthelmintics, HPLC assay, pharmacokinetics, tissue distribution
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INTRODUCTION

Parasitic worms (helminths) are the most common infectious agents in humans.
They have plagued humans for thousands of years, and historically infected more than
half the world’s population [1-3]. Generally, parasitic worms are categorized into three
groups: nematodes, trematodes and cestodes. The nematodes (hookworm, whipworm,
and roundworm), include the major intestinal worms (also known as soil-transmitted
helminths) and the filarial worms that cause lymphatic filariasis (LF) and onchocerciasis.
The trematodes are also known as flatworms, including the schistosomes that cause
schistosomiasis. The cestodes are also known as tapeworms, including pork tapeworm
that causes cysticercosis [4, 5]. To date, it is estimated that more than two billion people
harbour parasitic worm infections worldwide. Infections are widely distributed in
developing regions of sub-Saharan Africa, East Asia, and the South America [6, 7]. In
addition, some studies suggest human helminth infections have both direct and indirect
effects on malaria and HIV/AIDS. In sub-Saharan Africa and elsewhere, helminthiases
are frequently reported to co-infect with malaria and HIVV/AIDS, which causes increased
susceptibility to infection with these pathogens, and an exacerbated progression of these

two lethal diseases (8-10).

The prevalence of parasitic worm infections and associated high medical,
educational, and economic burden makes it urgent to launch a global assault on parasitic
worms. However, the drugs currently available for combating worm infections are
limited. Of the 1,556 new chemical entities marketed between 1975 and 2004, only four
drugs- albendazole, oxamniquine, praziquantel, and ivermectin- were licensed for use as

human anthelmintics [11]. All of these drugs were initially developed for treating
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veterinary parasites [12], and have been used for three decades or more. The limited
arsenal of available anthelmintics, coupled with very little development of new drugs
specifically targeted for human helminthiasis, makes the situation of anthelmintic
resistance even worse [13]. Consequently, there is a desperate need for new anthelmintics

to treat human infections.

(1-Decytriphenylphosphonium bromide (dTPP, Fig.1a) is an analog of MitoQ
(Fig.1b), MitoQ is a mitochondria-targeted antioxidant consisting of a quinone moiety
linked to a triphenylphosphonium moiety by a 10-carbon alkyl chain [14-16]. dTPP also
contains the triphenylphosphonium cation, which facilitates uptake into mitochondria
and this uptake is driven by the membrane potential across the plasma membrane (30-60
mV) and by the mitochondrial membrane potential (150-180 mV) [17, 18]. The
hydrophobicity of the carbon chain increases the rate of uptake of MitoQ across
biological membranes [18-20]. Due to the similar chemical structure as MitoQ, without
the reductive quinone component, dTPP has been used as a negative control compound in
several studies investigating the antioxidant activity of MitoQ [21-23]. The anthelmintic
activity of dTPP was initially discovered in a study determining the effects of the
mitochondria-targeted antioxidant MitoQ on Caenorhabditis elegans (C. elegans, a free
living soil nematode) longevity. As a negative control in this study, dTPP was applied to
C. elegans cultures, and paralysis and/or death of nematodes was observed. Further in
vitro studies suggest that dTPP Kills several different types of parasitic worms, such as, C.
elegans, H. contortus, Brugia malayi, and Dirofilaria immitis, at uM concentration with
an IC50 range from 1 to 100uM. The mechanism of action is not yet well understood, but

it is highly related to the mitochondria-targeting property of dTPP, which may trigger the
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release of calcium from intracellular stores. Other studies suggested that long-term
treatment of dTPP causes no adverse effects in rodents [21- 24]. All of this evidence
indicates that dTPP is a potential, broad-spectrum anthelmintic, with low toxicity and a
novel mechanism of action. In addition, the special structure of dTPP and associated
membrane permeability make it interesting to investigate the in vivo pharmacokinetics
profile and tissue distribution of this compound. Therefore, the purpose of this study is to
investigate the pharmacokinetics and tissue distribution of dTPP in mice, and test our
hypothesis that dTPP will be extensively distributed in tissues due to its good membrane
permeability and mitochondria targeting ability. To achieve the objective of this study, an
accurate, sensitive and reproducible HPLC method for the quantification of dTPP in
mouse plasma, brain, heart, intestine, kidney, liver, lung, muscle, and spleen was

developed and validated

EXPERIMENTAL

Chemicals and Reagents

(1-Decyl)triphenylphosphonium bromide (dTPP) was purchased from Santa Cruz
Biotech. (Dallas, TX, USA.). HPLC grade Acetonitrile (ACN) was purchased from
Fisher Scientific Inc. (Pittsburgh, PA, USA). Diazepam was used as the internal standard
(1S), and was purchased from Sigma Aldrich (St. Louis, MO, USA). Formic Acid was
obtained from J.T Baker Inc. (Philipsburg, NJ, USA). Heparin was manufactured by
Baxter Healthcare Corporation (Deerfield, IL, USA). Water used throughout the study
was purified with a Milli-Q water purification system from Millipore (Millipore,

Bedford, MA, USA). Other reagents were analytical grade.
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Preparation of Stocks and Standard Solutions

Stock solutions of dTPP and the internal standard at a concentration of 10 mg/mL
were prepared in acetonitrile, respectively. Standard solutions of dTPP were prepared by
mixing and diluting the appropriate amounts from the stock solutions. The final
concentration of the standard solutions were 1000, 500, 100, 50, 10, 5, 2.5 and 1.0 ug/mL.
Quality control solutions with concentrations of high (600 ug/mL), medium (60 ug/mL)
and low (6 ug/mL) were prepared with acetonitrile from 10 mg/ml stock. An internal
standard solution was prepared by diluting the stock solution with acetonitrile to 1000 ug
/mL. Stock solutions were stored in brown glass bottles at -80°C when not in use and
replaced on a bi-weekly basis. Fresh standard solutions were prepared each day of
analysis and validation.
Preparation of standards, quality control samples

Blank plasma, brain, heart, intestine, kidney, liver, lung, muscle and spleen tissue
were collected from untreated euthanized mice. The tissues were homogenized with an
equivalent volume of deionized water (w/v) with poyltron PT 1200 handheld
homogenizers (Kinematica AG, Switzerland). Calibration standards of plasma were
constructed by adding 10 pL of the working standard solution and the internal standard
working solution to 100 pL of blank plasma. Calibration standards of tissues were
constructed by adding 10 pL of the working standard solution and the internal standard
working solution to 200 pL of the tissue homogenates. The calibration curve of plasma
was in the range of 0.1-100 ug/mL, calibration curves of other biological matrices were in
the range of 0.25-100 pg/mL, and the internal standard concentration in each sample was

100 pg/mL. Quality-control samples (QCs) were prepared with blank plasma and tissues
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at low (0.6 ug/mL), medium (6 ug/mL) and high (60 ug/mL) concentrations. The
calibration standards and QCs were extracted on each day of the analysis with the
procedure described below.
Sample Preparation

To each standard, blank and QC samples, 3 volumes of the acetonitrile were
added. After mixing on a vortex shaker for 10 min, the samples were centrifuged at
13000 rpm for 10 min. The clear supernatants were collected and 30 uL of the solution
was injected for HPLC analysis.
Chromatographic System

HPLC analysis was performed on an Agilent 1100 series system (Santa Clara,
CA, USA) equipped with a variable wavelength UV detector, an on-line degasser, a
quaternary gradient pump, an autosampler and a column oven. A Phenomenex Luna C18
column (250 x 4.6 mm, 5u particle size), protected by a Phenomenex C18 guard column
(Torrance, CA, USA) was used to achieve chromatographic separation.
Chromatographic Conditions

The column temperature was set at 35°C. The mobile phase was comprised of
solution A (water with 0.1% formic acid) and solution B (acetonitrile with 0.1% formic
acid). The composition of the initial mobile phase was 50:50 (v/v) of solutions A/B, and
was changed linearly to 20:80 (v/v) till 5 min, then kept the composition until 8 min.
From 8 min to 9 min, the mobile phase was changed to the initial composition, and kept
for 3 min before the next injection. The mobile phase flow rate was 1.0 ml/min and the

UV detection wavelength was set at 260 nm. HPLC run time for each sample was 12 min.
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Under the chromatographic conditions described, dTPP and the internal standard eluted at
5.3 and 6.9 min, respectively.
Method validation

The method was validated according to the FDA guidance for bioanalytical
method validation [25].
Linearity

The linearity of the HPLC method for the determination of dTPP was evaluated
by a calibration curve in the range of 0.1-100 pg/mL for plasma and 0.25-100 pg/g for
tissues. Calibration curves were constructed by plotting peak area ratio (y-axis) of the
analyte to the IS versus the nominal concentrations (x-axis) with a weighting (1/y) least-
squares linear regression. The calibration curve required a coefficient of determination
(R?) of 0.99 or better, which was considered appropriate for a validated method.
Precision and accuracy

To evaluate the intra-day precision and accuracy, QC samples (n = 5) at low (0.6
ug/mL), medium (6 ug/mL), and high (60 ug/mL) concentrations were processed and
injected in one batch. To determine inter-day precision and accuracy, three batches of QC
samples were processed by the same procedure on three consecutive days. Each day, a
freshly prepared calibration curve was constructed when the QC samples were extracted.
The precision was reported as the relative standard deviation (RSD %) which was
calculated as the ratio of standard deviations of replicates to the mean concentrations. The
accuracy was expressed as the relative error (RE %) which is the % bias of theoretical
versus calculated concentrations. For a validated method, the precision of all the

measurements should <15%, and the accuracy should be within the limits of £15%.
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Recovery and LLOQ

Absolute recoveries were assessed by comparing the peak area of the analyte
extracted from QC samples to those of pure compound in the mobile phase at the same
concentration. Five repetitions were carried out on QC samples spiked with LLOQ), low,
medium and high concentration of dTPP. The lower limit of quantification (LLOQ) was
defined as the lowest concentration on the calibration plot with a precision of <20% and
an accuracy (RE %) within £ 20%.
Stability

Autosampler stability (25°C, 8 h), bench-top stability (25°C, 4 h) and freeze-thaw
stability (3 freeze-thaw cycles, -80°C, 72 h) in plasma and tissues homogenate were
tested for the analyte at both low (0.6 ug/mL) and high (60 ug/mL) concentrations (n =
5). The bench-top stability of spiked biological samples stored at room temperature was
evaluated for 4h. The freeze-thaw stability was investigated by comparing the samples
following three freeze-thaw cycles, against freshly spiked samples. The autosampler
stability was evaluated by comparing the extracted plasma or tissue samples that were
injected immediately, with the samples that were re-injected after storage in the
autosampler for up to 8h.
Animal experiment

Black Swiss mice (weighing 18-22g) were purchased from Charles River
Laboratories International, Inc. (Wilmington, MA, USA). All experimental protocols
were approved by the University of Georgia Animal Care and Use Committee, and
conducted in accordance with guidelines established by the Animal Welfare Act and the

National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals
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were maintained on Purina Lab Rodent Chow 5001 and water ad libitum. They were
maintained at a constant temperature of 70-75° F with light/dark cycle from 6:00 to 18:00
at an AAALAC (Association for Assessment and Accreditation of Laboratory Animal
Care) approved facility on campus. The mice were acclimated (5 mice/cage) for at least a
week before they were utilized in the experiments.

Preliminary studies were performed to determine the dosage for pharmacokinetic
study of dTPP in mice. The dosages were optimized at 20mg/kg, 100mg/kg and
100mg/kg for 1V, oral and subcutaneous injection by testing the dose concentration, dose
volume and no adverse effects. Mice were randomly separated into three groups, and
were fasted for 12 h before receiving dTPP and provided feed 4 h after drug
administration. Mice in group one received an IV bolus dose of dTPP (20 mg/kg) via tail
vein injection. Three mice were euthanized at each time point. Blood and tissue samples
were collected at 3, 7, 15, 30, 45, 60, 90, 120, 240, 480, 720, 1080, 1440 and 2160 min
after administration. Mice in group two received an oral dose of dTPP (100 mg/kg) via
gavage. Three mice were euthanized at each time point. Blood and tissue samples were
collected at 5, 15, 30, 45, 60, 120, 240, 360, 480 and 720 min after administration. Mice
in group three received a subcutaneous injection of dTPP at 100 mg/kg. Three mice were
euthanized at a series of time points. Blood and tissue samples were collected at 30, 120,
240, 480 and 720 min after the injection. All blood samples were collected by cardiac
puncture. Blood samples were transferred into heparinized microcentrifuge tubes
immediately. Plasma was separated by centrifuging blood samples at 6000 rpm for 10
min at 4°C. Portal vein perfusion was performed with 5 mL of saline before collecting

tissues. The intestinal contents were removed and the fluid was collected after
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centrifuging at 20,000xg at 4°C for 30 min [26]. Brain, heart, kidney, intestine, liver,
lung, muscle and spleen tissues were homogenized with an equal amount of water. All
samples were stored at -80°C until analysis. All samples were processed and analyzed by
a validated HPLC assay to determine the concentrations of dTPP present in the samples.
The concentration-time profiles of dTPP in all matrices were plotted.
Pharmacokinetic analysis

The plasma data was analyzed using WinNonlin 5.2. (Pharsight, Mountain View,
CA, USA). Plasma data after IV administration were fitted to a two-compartment
intravenous bolus model with first-order elimination. Plasma data after oral
administration were subjected to one compartmental analysis with first order absorption
and elimination. A 1/y weighting scheme was used to analyze both IV and oral data. The
following pharmacokinetic parameters were generated; absorption rate constant (Ka),
volume of distribution (\Vd), elimination half-life (t1/2), peak concentration (Cmax), time
to reach peak concentration (Tmax), area under the concentration-time curve (AUC), and
total body clearance (CL). Oral bioavailability was calculated by the equation:

F = (AUC po/AUC 1y) X (Dose n/Dose po)

where, F = bioavailability, AUCpo = area under the concentration-time curve after oral
administration, AUC,y = area under the concentration-time curve after intravenous
administration, Dose v = IV dosage and Dose po = oral dosage.

The tissue data were subjected to non-compartmental analysis using WinNonlin
5.2. Pharmacokinetic parameters such as half-life and area under curve were generated.
Relative exposure (RE) of each tissue was calculated by the equation:

RE = AUCtissue / AUCpIasma
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where, AUC;issue = area under the concentration-time curve of tissue, AUCjasma = area
under the concentration-time curve of plasma. The tissue distribution coefficient of dTPP
in tissues after subcutaneous injection was calculated by using dTPP concentrations in
tissues divided by dTPP concentration in plasma at the same time point.
RESULTS AND DISCUSSION

Chromatographic results

Since dTPP contains the triphenylphosphonium cation, ion pair chromatography
was initially tested for the separation. Different ion pair reagents, pH and gradient
conditions were investigated, however, the separation was not acceptable. Considering
dTPP also contains carbon alkyl chain, which may be retained by a C18 column, we
tested reverse phase C18 column. At low pH levels, good peak shape and separation were
observed. The complexity of the biological matrices limited the use of available
techniques for the extraction of dTPP due to the wide variety of endogenous substances.
It was necessary to perform appropriate sample preparation to eliminate the interference
of endogenous substances with peaks of interest. The method was ultimately optimized as
the condition described above. Chromatograms were generated by applying optimized
sample preparation and HPLC conditions; Fig. 3.2 shows the chromatograms of blank
and spiked plasma (a), brain (b), heart (c), intestine (d), kidney (e), liver (f), lung (g),
muscle (h) and spleen (i), respectively. By comparing the blank and spiked
chromatograms, no interfering peaks from endogenous components were observed where
dTPP and the internal standard (IS) were eluted, which indicates good specificity and
selectivity for this assay. Under these chromatographic conditions, dTPP and IS were

well separated, and eluted at 5.3 min and 6.9 min, respectively.
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Method validation
Linearity and range

The linearity of the calibration curves for dTPP was determined using least square
regression analysis. The peak area ratio of dTPP is linear in the range of 0.1-100 ug/mL
or ug/mg. The coefficient of determination (R?) of dTPP calibration curves in plasma,
brain, heart, intestine, kidney, liver, lung, muscle and spleen are all greater than 0.999
(Table 3.1). The coefficient of variations of slopes for all calibration curves are less than
5%, which indicates a high precision of the present assay.
Precision and accuracy

The intra- and inter-day precision and accuracy of the assay were calculated from
3QC standard and LLOQ samples. Precision is reported as RSD and accuracy is reported
RE. RSD and RE values for dTPP in plasma and tissue homogenates are shown in Table
3.2. The intra-assay RSD and RE for the analyte range from 0.44 to 6.69% and £0.04 to
+10.82%; the inter-assay RSD and RE from 0.26 to 7.50% and +0.09 to £7.90%, which
met the FDA requirements of less than 15% for QCs and less than 20% for LLOQs.
Recovery

The absolute recoveries of dTPP from plasma and tissues are summarized in
Table 3.3. At the concentration range of 0.1-60 ug/mL in plasma or 0.25-60 ug/g in tissue
homogenates, the absolute recoveries of dTPP from mouse plasma, brain, heart, intestine,
kidney, liver, lung muscle and spleen are greater than 93%. The coefficient of variations
of the recoveries are less than 15% for each concentration. The good recovery of dTPP

from these biological matrixes is mainly due to the simplified sample preparation.
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Stability

When performing method validation, a stability study is an important part that
affects the recovery of the analyte from biological samples and the reproducibility of the
assay. Stability of dTPP in plasma and tissues was investigated under a variety of storage
and processing conditions, including bench-top stability (25°C, 4 h) freeze-thaw stability
(3 freeze-thaw cycles, -80°C, 72 h) and autosampler stability (25°C, 8 h). As shown in
Table 3.4, the RSD % and RE % of all samples are less than 15%, which indicates dTPP
in mouse plasma and tissue homogenates were stable in terms of autosampler, bench-top
and freeze-thaw stability.

Pharmacokinetic study of dTPP in mice

The mean plasma and tissues concentration-time profiles after intravenous
injection of 20 mg/kg of dTPP are shown in Fig. 3.3. The plasma data after IV
administration was fitted to a two-compartment model with first order elimination (Fig.
3.5). Pharmacokinetic parameters for dTPP are displayed in Table 3.5. The
pharmacokinetic parameters generated from WINNONLIN non-compartmental analysis
for tissues are shown in Table 3.6.

After IV injection, the plasma concentrations of dTPP declined quickly in a bi-
exponential fashion, and were not detectable after 2 hr. The elimination half-life (t1/2),
systemic clearance (CL), and volume of distribution (\Vd) of dTPP are 48.6 + 10.1 min,
116.0 £ 3.4 mL/min/kg and 6.1 £ 0.3 L/Kkg, respectively. The CL is considered to be high
since the hepatic blood flow of mouse is 70-90 mL/min/kg [27, 28], which suggests that
this compound is cleared rapidly from the body. In addition, the CL of dTPP is greater

than the hepatic blood flow, which indicates that renal clearance or biliary excretion is
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involved in the elimination of dTPP. The Vd of the compound is much higher than the
total body water of mouse (0.43 L/kg) [29], indicating that dTPP is extensively
distributed in total body fluid. The distribution half-life of dTPP is 2.7 £ 0.1 min. The
short distribution half-life indicates fast tissue uptake, which mainly due to the
lipophilicity and membrane permeability of dTPP.

As shown in concentration-time profiles of all tissues (Fig. 3.3), dTPP reached
peak concentrations at 3-7 min, and then declined in a biexponential fashion. The
terminal half-life of dTPP in tissues range from 1.4 to 9.8 hr, which is longer than t1/2 in
plasma (48.6 min). The longer half-life of the compound in tissues suggests that dTPP
may be sequestered in tissues (especially in heart, with a t1/2 of 9.8 hr), which may be
due, in part, to the mitochondria-targeting property of dTPP. The AUCs of all tissues are
larger than the plasma AUC, yielding a RE that range from 1.5 to 267.8, which suggests
the extensive distribution of dTPP in these tissues. Brain has the lowest RE value (1.5) in
all tissues examined, which indicates that dTPP can cross the blood brain barrier and
distribute into the brain. The ability of dTPP to cross the blood brain barrier is of
particular interest, considering the difficulties of delivering drugs to the brain and the
number of CNS parasitic worms. Previous study of Mito Q also showed the substantial
accumulation of MitoQ within mouse heart and liver, with significantly less in the brain
[24].

The mean plasma and tissues concentration-time profiles after oral administration
of 100 mg/kg of dTPP are shown in Fig. 3.4. The plasma data was analyzed using a one-
compartment model analysis (Fig. 3.6). The pharmacokinetic parameters generated from

WINNONLIN for plasma and tissues are shown in Table 3.5 and Table 3.7, respectively.
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After oral administration, dTPP reached peak concentrations in plasma at
approximately 30 min, and then declined quickly in a mono-exponential fashion. Since
the distribution half-life is approximately 3 min, this phase was masked by the absorption
phase. After 2 hr, the dTPP concentration was lower than the LLOQ. The t1/2, CL and
Vd estimated from oral data are consistent with those obtained from the IV data, which
indicates that the oral administration route did not significantly alter the intrinsic
pharmacokinetic behavior of dTPP. The oral bioavailability of dTPP is 4.8%, which is
similar to the previous reported low bioavailability of MitoQ [14, 30-32]. dTPP and
MitoQ have similar hydrophobicities (log P = 3.7 and 3.4, respectively in octan-1-
ol:PBS) and are soluble in water [20, 21, 24]. The solubility would not be considered as
factor to limit the absorption and bioavailability of these compounds. Other studies
suggested the low bioavailability of MitoQ is mainly due to the intracellular metabolism
and the efflux transporting by P-glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) [33, 34], which may result in significant first pass effects. In vitro Caco2 cell
study also showed the low Pppag and high intracellular accumulation of MitoQ, which
suggests MitoQ was trapped within the cells possibly due to its superior ability to bind
within the mitochondrial membrane [35]. This may also explain the low bioavailability of
dTPP, considering the similar chemical structure and cellular up-take behavior of dTPP
and MitoQ [36].

High concentrations of dTPP were detected in the intestinal fluid and the intestine
after oral administration, and dTPP concentration in intestinal fluid and intestine declined
slowly. The concentrations of dTPP in the intestine and the intestine fluid are higher than

the IC50 obtained from the in vitro efficacy studies. It should be effective to treat
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parasitic worms in the GI tract. The high concentration and long t1/2 in intestinal fluid
and intestine yields extremely high AUC and RE value in these tissues. In this study, only
10-15cm of small intestine was collected for sample analysis, which may have limitation
to represent the distribution of dTPP in the whole Gl tract. In the other tissues examined,
dTPP concentrations were too low to be detected. The limited tissue distribution of dTPP
after oral administration is mainly due to the low oral bioavailability of this compound,
which may limit its use in the treatment of systemic parasitic infections.

The mean plasma and tissues concentration after subcutaneous injection of 100
mg/kg of dTPP are shown in Fig. 3.7. The tissue distribution coefficient of dTPP in
different tissues was calculated by using the concentration of tissue divided by the
concentration of plasma at the same time point, and the result are shown in Fig. 3.8.

After subcutaneous injection, dTPP concentration in plasma and tissues reached a
relatively stable concentration at 2-4 hr, and maintained this concentration up to 12 hr.
All tissues, except brain, have higher dTPP concentrations than plasma, yielding tissue
distribution coefficients of these tissues greater than 1. Kidney has the highest tissue
distribution coefficient; heart, intestine, lung and spleen have intermediate tissue
distribution coefficients; liver, muscle have the relatively low tissue distribution
coefficients; and the brain has the lowest tissue distribution coefficient. The tissue
distribution coefficient followed the same rank order as the RE for the tissues following
IV administration (Table 3.6). The highest distribution of dTPP in the kidney after IV and
subcutaneous injection may due to the renal elimination pathway of dTPP, in which dTPP
is distributed in the kidney before excreted into unrein. Efflux transporters present in the

blood brain barrier may contribute to the lowest distribution of dTPP in the brain,
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considering Mito Q is the substrate of P-gp and BCRP. The tissue distribution coefficient
indicates that dTPP is extensively distributed in these tissues after subcutaneous injection,
which confirms the membrane permeability of dTPP, and suggests that subcutaneous
injection is a good option to treat systemic infections.

The studies presented here improve our understanding of the preclinical
pharmacokinetics of dTPP and confirm that dTPP is extensively distributed in tissues
such as, brain, heart, intestine, kidney, liver, lung, muscle, and spleen after
administration. Our results are consistent with the previous reports about the tissue
distribution of MitoQ and other TPP containing compounds [17, 37]. Unlike previous
studies that roughly described the pharmacokinetics and tissue distribution of TPP
containing compounds, our studies provides the detail pharmacokinetic profile of dTPP
with estimated pharmacokinetic parameters in mice.

After 1V and oral administration, dTPP is cleared rapidly from the plasma, which
may limit its use in clinical treatment for systemic parasitic infections. To obtain more
stable plasma and tissue concentration, for the first time, dTPP plasma concentration and
tissue distribution after subcutaneous injection were evaluated in this study. The
extensive tissue distribution and the maintenance of steady dTPP concentrations in
plasma and tissues make subcutaneous injection an alternative route of administration to
treat systemic infections. At 100mg/kg dosage of subcutaneous injection, no adverse
effects were observed in mice, which indicates that there is still room to increase the
dosage to reach the therapeutic concentrations in plasma and tissues. The
pharmacokinetic parameters also indicate that dTPP is cleared by multiple elimination

pathways, which is also observed in the elimination of MitoQ [36, 38]. Since no detail
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information about the elimination of these TPP containing compounds are available now,
it would be necessary to investigate the elimination pathways and evaluate their
contribution to the total clearance of dTPP. The metabolism study of dTPP is of
particular interest, because metabolism is closely related to the hepatic clearance and first
pass effect.
CONCLUSIONS

A rapid and sensitive HPLC method was developed to determine dTPP
concentrations in mouse plasma, brain, heart, intestine, kidney, liver, lung, muscle and
spleen. This method showed high sensitivity, reliability, and specificity, with a total run
time of 12.0 min per sample. This method was successfully applied to a pharmacokinetic
and tissue distribution study of dTPP in mice. The pharmacokinetic characteristics
suggested that dTPP is rapidly cleared from plasma and extensively distributed in tissues
such as, brain, heart, intestine, kidney, liver, lung, muscle, and spleen. The extensive
tissue distribution and accumulation of dTPP is an ideal property to treat parasitic worm
infections. Oral administration of dTPP could be used to treat Gl tract parasitic infection,

IV and subcutaneous injections could be used to treat systemic infections.
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Table 3.1. Linear regression equations generated from validation data for each matrix; slope

(meanz s.d.), intercept (meanz s.d.), coefficient of determination (meanz s.d.).

Matrix Slope Intercept R?
Plasma 88.3+04 0.03+0.01 0.9997 + 0.0002
Brain 1729+ 0.9 -0.02 £ 0.004 0.9996 + 0.0004
Heart 1728+ 2.4 -0.02 £ 0.02 0.9995 + 0.0002
Intestine 1715+ 3.6 0.03 £ 0.007 0.9992 £ 0.0005
Kidney 1715+£23 -0.005 + 0.02 0.9996 + 0.0003
Liver 1721+ 0.6 -0.09 £ 0.07 0.9993 £ 0.0004
Lung 172.7+£1.2 -0.03 £ 0.02 0.9997 + 0.0001
Muscle 173.6+£25 0.04 £ 0.01 0.9994 + 0.0003
Spleen 173.8+2.2 -0.02 £ 0.006 0.9997 £ 0.002
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Table 3.2. Intra-day (n=5) and Inter-day (n=15) precision (RSD %) and accuracy (RE %) of the

HPLC assay used to quantitate dTPP in mouse plasma, brain, heart, kidney, intestine, liver, lung,

muscle, and spleen.

Plasma:
Intra-day (n=5) Inter-day (n=15)
dTPP Conc. c b d c b d
us/mL onc. observe o o onc. observe o o
(ug/mL) (ug/mL) RSD (%) | RE (%) (ug/mL) RSD (%) | RE (%)
0.1 0.10 £ 0.004 4.50 4.71 0.11 +0.003 2.72 7.90
0.6 0.63 +£0.01 1.53 5.07 0.59+£0.01 1.27 -0.97
6 6.18 £ 0.05 0.77 3.01 6.01 £0.07 1.21 0.09
60 60.60 + 0.26 0.44 1.01 59.90 +£2.45 0.68 -0.17
Brian:
Intra-day (n=5) Inter-day (n=15)
dTPP
Conc. Conc. observed RSD Conc. observed RSD
RE (% RE (%
(ug/e) (ug/e) (%) 1 ugrg) (%) o
0.25 0.27 £0.02 5.62 1.64 0.26 £0.02 7.50 3.14
0.6 0.58+0.03 5.76 0.04 0.60 £ 0.04 6.12 0.55
6 6.00 £ 0.35 5.86 -3.42 6.05+£0.36 5.87 0.86
60 60.99 = 1.79 2.94 8.09 61.23 £2.68 4.37 2.05
. _____________________________________________________________________________________________________"]
Intra-day (n=5) Inter-day (n=15)
dTPP Conc. C b d c b d
us/ onc. observe RSD (° RE (® onc. observe RSD (© RE (©
(ug/g) (ugle) (%) (%) (ug/e) (%) (%)
0.25 0.25+0.01 3.97 1.34 0.26 +0.01 5.78 2.12
0.6 0.61 +0.02 4.46 1.41 0.61 +0.03 4.45 1.15
6 6.03+0.18 2.94 0.57 6.01 £0.22 3.59 0.09
60 61.45+0.73 1.19 2.42 61.61 £2.02 3.28 2.68
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Intestine:

Intra-day (n=5)

Inter-day (n=15)

dTPP Conc. c b d c b d
us/ onc. observe RSD (° RE (® onc. observe RSD (° RE (®
(ug/g) (ug/g) SD (%) (%) (ug/g) SD (%) (%)
0.25 0.26 £0.01 5.02 5.95 0.25+0.02 6.04 -0.50
0.6 0.60 £ 0.02 3.39 041 0.59+0.04 6.40 -2.11
6 6.22 +£0.27 4.36 3.61 5.82+0.30 5.08 -3.04
60 59.21+3.18 5.37 -1.31 60.46 £ 2.45 4.05 0.76
Kidney:
Intra-day (n=5) Inter-day (n=15)
dTPP Conc. c b d c b d
onc. observe onc. observe
ug/ RSD (¢ RE (¢ RSD (¢ RE (¢
(ug/g) (ug/g) SD (%) (%) (ug/g) SD (%) (%)
0.25 0.26 +£0.01 4.80 4.36 0.26 +0.01 495 4.46
0.6 0.63 +0.02 3.50 4.53 0.61 £0.03 5.50 1.66
6 6.07 £0.25 4.07 1.16 6.06 = 0.30 498 0.96
60 59.35+2.84 4.79 -1.08 59.28 £2.62 4.42 -1.19
Liver:
Intra-day (n=5) Inter-day (n=15)
dTPP Conc.
(ug/g) Conc. observed RSD (® RE (° Conc. observed RSD (® RE (®
(ug/g) 5D (%) (%) (ug/g) 5D (%) (%)
0.25 0.25+0.01 3.97 1.34 0.26+0.01 5.78 2.12
0.6 0.61 £0.02 4.46 1.41 0.61 £0.03 445 1.15
6 6.03+£0.18 2.94 0.57 6.01 £0.22 3.59 0.09
60 61.45+0.73 1.19 2.42 61.61+£2.02 3.28 2.68
Lung:
Intra-day (n=5) Inter-day (n=15)
dTPP Conc.
(ug/g) Conc. observed RSD (° RE (° Conc. observed RSD (® RE (®
(ug/g) 5D (%) (%) (ug/g) SD (%) (%)
0.25 0.28 +£0.02 5.99 10.82 0.26 +£0.02 6.97 543
0.6 0.62 +£0.02 3.06 393 0.60 +£0.03 4.86 0.74
6 6.29 +0.22 3.47 4.85 6.11+0.33 5.32 1.81
60 64.26 +£2.27 3.54 7.10 61.31+3.32 5.41 2.18
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Muscle:

Intra-day (n=5)

Inter-day (n=15)

dTPP Conc.
(uglg) Conc(.u(:gl/);rved RSD (%) | RE (%) Conc(.uogl;;;zrved RSD (%) | RE (%)
0.25 0.25+0.02 6.42 -0.50 0.26 +£0.02 6.50 4.37
0.6 0.59 +0.02 2.90 -3.22 0.61 £0.04 5.91 1.56
6 5.89+£0.25 4.20 -1.81 5.87+0.29 4.97 -2.24
60 58.15+2.33 4.01 -3.08 59.40 +£2.40 4.05 -1.01
Spleen:
Intra-day (n=5) Inter-day (n=15)
dTPP Conc.
(ug/g) Conc(.u(;l/);;:rved RSD (%) | RE (%) Conc(.uogl;;;:rved RSD (%) | RE (%)
0.25 0.28 £0.02 6.69 10.12 0.27+0.02 6.61 7.04
0.6 0.63 £0.02 3.28 5.47 0.62 +0.03 4.73 3.20
6 6.15+£0.32 5.15 2.55 6.06 £ 0.31 5.19 1.03
60 62.60 +2.26 3.61 4.33 60.94 +2.48 4.07 2.48
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Table 3.3. Absolute recoveries of dTPP from mouse plasma, brain, heart, kidney, intestine, liver,

lung, muscle, and spleen (mean + s.d., n=15).

(ugfrrr]\fér Plasma* Brain Heart Intestine Kidney Liver Lung Muscle Spleen
ug/g)
0.25 95.2+0.01 96.8+0.63 982+0.26 985+032 96.1+0.75 957+135 97.3+0.77 943+132 98.0+057
0.6 94.1+0.01 98.6+0.25 981+0.81 96.2+059 93.8+0.18 97.3+0.82 98.7+0.26 96.3+0.85 96.9+1.26
6 95.6 + 0.004 97.0+058 941+038 946+096 98.4+0.82 989+058 97.8+0.93 957+1.18 98.7+0.61
60 96.2 £0.02 975+031 97.0+0.74 981+067 97.0+1.06 96.6+1.02 956+1.62 972+133 941+1.18

*Spiked concentration in plasma were 0.1, 0.6, 6 and 60 ug/mL
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Table 3.4. Autosampler stability (n = 5), bench-top stability (n = 5) and freeze-thaw stability (n

=5) of dTPP at 0.6 and 60.0 ug/mL or g concentrations in mouse plasma, brain, heart, kidney,

intestine, liver, lung, muscle, and spleen.

Plasma:
. Spiked conc. Conc.observe
Stability (ug/mL) (ug/mL) RSD % RE %
Three freeze-thaw 0.6 0.59+0.01 231 -2.20
cycles 60 57.9 +3.33 5.76 -3.43
0.6 0.63£0.03 4.59 4.24
Bench-top (4h)
60 58.8 +2.02 3.43 -1.90
0.6 0.59+0.01 1.26 -0.97
Auto-sampler (8h)
60 59.9 £ 0.45 0.68 -0.17
Brain:
Spiked conc. Conc.observe
Stability (ug/g) (ug/g) RSD % RE %
Three freeze-thaw 0.6 0.59+£0.03 4.46 -3.77
cycles 60 57.7+257 5.07 -1.94
0.6 0.60 +0.03 3.43 -2.3
Bench-top (4h)
60 58.6 +2.10 4.98 -0.81
0.6 0.61+0.02 3.31 -1.9
Auto-sampler (8h)
60 58.9 £ 1.95 4.21 1.06
Heart:
Stabili Spiked conc. Conc.observe RSD % RE %
apliil
R (ug/g) (ug/g) ° °
Three freeze-thaw 0.6 0.57+£0.03 4.96 -4.52
cycles 60 58.1+1.00 1.73 -3.21
0.6 0.59+0.02 4.17 -2.09
Bench-top (4h)
60 58.1+1.85 3.18 -3.25
0.6 0.60 +0.02 2.74 -0.52
Auto-sampler (8h)
60 58.4+1.10 1.84 -2.6

73



Intestine:

. Spiked conc. Conc.observe
Stability (ug/g) (uglg) RSD % RE %
Three freeze-thaw 0.6 0.59+0.03 5.78 -19
cycles 60 59.3+2.43 4.1 -1.17
0.6 0.60 £ 0.02 3.39 0.41
Bench-top (4h)
60 59.2 £ 3.18 5.37 -1.31
0.6 0.61+0.04 7.01 2.15
Auto-sampler (8h)
60 58.2 £4.01 6.99 -3.07
Kidney:
Spiked conc. Conc.observe
Stability (ug/g) (ug/g) RSD % RE %
Three freeze-thaw 0.6 0.55+0.01 2.24 -1.6
cycles 60 59.4 £ 1.45 2.45 -1.04
0.6 0.58 £ 0.02 3.13 -4.04
Bench-top (4h)
60 57.5+2.06 3.58 -4.23
0.6 0.56 £ 0.02 3.78 -6.04
Auto-sampler (8h)
60 54.2 £ 2.53 4.68 -9.73
Liver:
Stabili Spiked conc. Conc.observe RSD % RE %
apin 0 (o]
R (uglg) (uglg)
Three freeze-thaw 0.6 0.59+0.01 2.39 -1.80
cycles 60 59.1 +£1.09 1.84 -1.53
0.6 0.59 £ 0.03 4.89 -1.97
Bench-top (4h)
60 60.3 £ 1.07 1.77 0.45
0.6 0.61 +0.03 4.72 1.37
Auto-sampler (8h)
60 61.5+2.21 3.59 2.49
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Lung:

. Spiked conc. Conc.observe
Stability (ug/a) (ug/a) RSD % RE %
Three freeze-thaw 0.6 0.54+£0.04 7.42 -9.51
cycles 60 56.4 + 3.08 5.47 -6.04
0.6 0.56 + 0.04 6.82 -6.39
Bench-top (4h)
60 56.5+3.74 6.62 -5.78
0.6 0.57 £0.02 4.08 -5.34
Auto-sampler (8h)
60 57.8 £ 0.86 1.49 -3.64
Muscle:
. Spiked conc. Conc.observe
Stability (ug/g) (ug/g) RSD % RE %
Three freeze-thaw 0.6 0.59£0.04 7.43 -1.35
cycles 60 58.2 £ 4.07 6.99 -3.07
0.6 0.59 £0.03 4.92 -1.58
Bench-top (4h)
60 56.7 + 3.13 5.52 -5.56
0.6 0.59 +0.04 6.39 -2.11
Auto-sampler (8h)
60 60.5+2.45 4.05 0.76
Spleen:
Stabili Spiked conc. Conc.observe RSD % RE %
apliil 0 0
R (ug/g) (ug/g)
Three freeze-thaw 0.6 0.57+£0.03 5.79 -4.97
cycles 60 58.5+3.81 6.52 -2.52
0.6 0.59 £ 0.03 4.98 -0.81
Bench-top (4h)
60 58.6 £ 2.01 3.43 -2.30
0.6 0.61+£0.04 6.99 1.40
Auto-sampler (8h)
60 59.4 £ 4.06 6.84 -0.97
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Table 3.5. Plasma pharmacokinetic parameter estimates for dTPP at 20 mg/kg 1V bolus dosing

and 100 mg/kg oral dosing (meanz s.d.).

v Oral

Cmax  (ug/mL) 329+14 0.4+0.01

Tmax (min) - 338+18

AUCO— (min ug/mL) 172.4+5.0 416+24

Distributiqn Half-life 27401 )
(min)

Elimination Half-life (min) 48.6 +10.1 47876
Clearance (mL/min/kg) 116.0+ 3.4 116.1+£6.7
Ka (min -1) - 0.05 £ 0.009

Vvd (L/kg) 6.1£0.3 8.0£0.9

48+0.2

Bioavailability (%6) -
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Table 3.6: Tissue pharmacokinetic parameters and relative exposure (RE) of dTPP at 20 mg/kg

IV bolus dosing.

Half-life AUC Cmax Tmax Rg=
(hr) (mineug/g) (ug/g) (min)

Brain 2.2 257.9 31 7 1.5
Heart 9.8 28144.9 72.1 3 1633
Intestine 14 2385.0 28.7 7 13.8
Kidney 4.6 46175.4 109.1 15 267.8
Liver 21 1284.9 59.6 3 7.5
Lung 2.6 4161.3 171.3 3 24.1
Spleen 51 5968.3 27.0 7 34.6

*Relative Exposure = AUCiissue/ AUC jasma
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Table 3.7: Tissue pharmacokinetic parameters and relative exposure (RE) of dTPP at 100 mg/kg

oral dosing.

Half-life AUC Cmax Tmax
(min)  (mineug/g) (ug/g) (min)

Intestine 10.8 43761.6 367.0 30 10419

Gl Tract 11.6 92591.2 1877.9 5 2204.6

*Relative Exposure = AUCiissue/ AUCpjasma
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Figure 3.1. Chemical structure of dTPP and Mito-Q

79

O



b)

(@]
~—

d)

80




9)

h)

81




dTPP
N . o 5 SRR

Figure 3.2. Representative HPLC chromatograms of blank (top) and spiked* (bottom) plasma or
tissue homogenates: (a) plasma, (b) brain, (c) heart, (d) intestine, (e) kidney, (f) liver, (g) lung, (h)
muscle, and (i) spleen.

*plasma or tissue homogenates were spiked with 2 ug/mL dTPP and 100 ug/mL IS
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Figure 3.3. Concentration vs. time profiles of dTPP in plasma, brain, heart, intestine, kidney,

liver, lung, and spleen after 20 mg/kg of IV bolus
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Figure 3.4. Concentration vs. time profiles of dTPP in plasma, intestine, and intestinal fluid after

100 mg/kg of oral administration.
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Figure 3.5. Individual plasma concentration after I\ administration of dTPP was fitted to a two

compartment model.
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Figure 3.6. Individual plasma concentration after oral administration of dTPP was fitted to a one
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Fig 3.7. dTPP concentration in plasma, brain, heart, kidney, intestine, liver, lung, muscle, and
spleen at 30, 120, 240, 480, and 720 min after 100 mg/kg of subcutaneous injection.
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CHAPTER 4
PRECLINICAL PHARMACOKINETICS AND TISSUE DISTRIBUTION OF OH49, A

POTENTIAL ANTI-TUBERCULOSIS COMPOUND*

* Li, Dawei; Catherine A. White. To be submitted to AAPS Journal
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ABSTRACT

2-(Hydroxymethyl)phenylboronic acid cyclic monoester (OH49) is an analog of
aryl boronic acid, and shows anti-tuberculosis in vitro. The purpose of this study was to
investigate the preclinical pharmacokinetic profile and tissue distribution of OH49 in
mice. In this study, an HPLC method for the quantification of OH49 in mouse plasma,
brain, heart, liver, kidney, lung, and spleen was developed and validated. The
pharmacokinetics and tissue distribution of OH49 was studied in male CD-1mice
following IV and oral administration. After I\ administration, OH49 was cleared rapidly
from the body with the systemic clearance of 45 mL/min/kg. OH 49 also showed
extensive tissue distribution in brain, heart, liver, kidney, lung, and spleen whit the
relative exposure value ranging from 1.3 to 2.2. After oral administration, the
pharmacokinetics and tissue distribution of OH49 showed a similar pattern with IV data.
The bioavailability of OH49 was 28.3%. The pharmacokinetic characteristics suggested
that OH49 has rapid oral absorption, low bioavailability, rapid clearance, short

elimination half-life, and wide tissue distribution.

Key words: Aryl boronic acid analog, anti- tuberculosis, HPLC assay, pharmacokinetics,

tissue distribution
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INTRODUCTION

Tuberculosis (TB), is a common, but lethal, infectious disease caused by
mycobacterium tuberculosis (M.tb) [1]. Since it was first identified by Robert Koch in
1882, M.tb has been a serious threat to human health [2]. Today, at least one third of the
entire world’s population is infected with M.th. In 2011, 8.7 million people became ill
with TB and 1.4 million died. TB is also a leading killer of people living with human
immunodeficiency virus (HIV) causing one quarter of all deaths [3]. A 6-9 month
chemotherapy regimen using a combination of 4 drugs (rifampicin, isoniazid, ethambutol,
and pyrazinamide) with cure rates of approximately 90% in HIV negative patients is the
globally accepted standard treatment of drug-susceptible (DS), active tuberculosis [4].
The concept of TB drug combinations was empirically reached in the 1960s [5, 6], and, in
fact, these four first-line drugs and most of the drugs in the second-line treatment are at
least 40 years old [7, 8, 9]. The long and intensive treatment with multiple
complementary drugs results in poor patient compliance and irrational prescribing
practices, which increase the risk of drug-resistant strains of M.tb. Recently, multiple-
drug resistant TB (MDR-TB, strains that are resistant to isoniazid and rifampin) and
extensively drug resistant TB (XDR-TB, strains that are resistant to isoniazid and
rifampin, as well as any fluoroquinolone and at least one of three injectable second-line
drugs, such as amikacin, kanamycin, or capreomycin) are on the rise. This makes the
disease management of TB more difficult [10, 11]. Now, only eleven new or repurposed
tuberculosis drugs are in clinical investigation, 1 in phase I, 7 in phase 1l, and 3 in phase
[ trials [12]. Consequently, there is an urgent need for new TB drugs and, in particular,

a need for drugs that could shorten treatment regimens as well as treat MDR-TB, XDR-
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TB and HIV-TB co-infection. Considering the attrition rate and the length of drug
development in general, the need for an even larger assortment of new TB drug
candidates is equally urgent [13].

Boronic acids are boron-containing compounds of increasing interest due to their
new applications in organic synthesis, catalysis, supramolecular chemistry, biology and
medicine [14, 15]. Recently, great attention has been paid to the derivatives of aryl
boronic acids for their therapeutic applications. Some boron-based compounds have been
discovered and showed excellent antifungal activity [16, 17], anti-inflammatory activity
[18], antibiotic activity [19, 20], and antiprotozoal activity [21, 22, 23]. Two-
(Hydroxymethyl)phenylboronic acid cyclic monoester (OH49) (Fig. 1) is an aryl boronic
acid analog. In vitro study has shown the anti-tuberculosis activity of OH49 with
minimum inhibitory concentration (MIC) of 12.5 ng/uL. The physicochemical properties
of OH49 fully satisfied the Lipinski's rule of five, with molecular weight = 133.9,
hydrogen bond acceptors =2, hydrogen bond donors = 1and logP = 2.09. In addition,
OH49 has no rotatable bonds and very low polar surface area (29.46 A?). Therefore,
OH49 most likely has good oral absorption, bioavailability and extensive tissue
distribution. The purpose of this study was to investigate the tissue distribution and
pharmacokinetic profile of this potential anti-tuberculosis agent. In this study, an accurate,
sensitive and reproducible HPLC method for the quantification of OH49 in mouse plasma,
brain, heart, kidney, liver, lung, and spleen was developed and validated. The
pharmacokinetic and tissue distribution study of OH49 was performed in mice following

the administration of a 150 mg/kg i.v. or 200 mg/kg oral dose.
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MATERIALS AND METHODS

Chemicals and reagents

Two-(Hydroxymethyl)phenylboronic acid cyclic monoester (OH49) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade acetonitrile (ACN)
was purchased from Fisher Scientific Inc. (Pittsburgh, PA, USA). Diazepam was used as
the internal standard (1S), and was purchased from Sigma Aldrich (St. Louis, MO, USA).
Potassium hydroxide (KOH), phosphoric acid (H3PO,) and monopotassium phosphate
(KH2PO,) were obtained from J.T Baker Inc. (Philipsburg, NJ, USA). Heparin was
manufactured by Baxter Healthcare Corporation (Deerfield, IL, USA). Water used
throughout the study was purified with a Milli-Q water purification system from
Millipore (Millipore, Bedford, MA, USA). Other reagents were analytical grade.
Preparation of stocks and standard solutions

Stock solutions of OH49 and the internal standard at a concentration of 10 mg/mL
were prepared in acetonitrile, respectively. Standard solutions of OH49 were prepared by
mixing and diluting the appropriate amounts from the stock solutions. The final
concentration of the standard solutions were 1000, 500, 100, 50, 10, 5, and 2.5 ug/mL.
Quality control solutions with concentrations of high (600 ug/mL), medium (60 ug/mL)
and low (6 ug/mL) of OH49 were prepared with acetonitrile from 10 mg/ml stock. An
internal standard solution of diazepam was prepared by diluting the stock solution with
acetonitrile to 1000 pg /mL. Stock solutions were stored in brown glass bottles at -80°C
when not in use and replaced on a bi-weekly basis. Fresh standard solutions were

prepared each day of analysis and validation.
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Preparation of standards and quality control samples

Blank plasma, brain, heart, kidney, liver, lung and spleen tissue were collected
from untreated euthanized mice. The tissues were homogenized with an equivalent
volume of deionized water (w/v) by POLYTRON® PT 1200 Handheld Homogenizers
(KINEMATICA AG, Switzerland). Calibration standards of plasma were constructed by
adding 10 pL of the working standard solution and the internal standard working solution
to 100 uL of blank plasma. Calibration standards of tissues were constructed by adding
10 pL of the working standard solution and the internal standard working solution to 200
uL of the biological matrices. The calibration curves of all matrices were in the range of
0.25-100 pg/mL, with an internal standard concentration in each sample of 100 pg/mL.
Quality-control samples (QCs) were prepared with blank plasma and tissues at low (0.6
ug/mL), medium (6 ug/mL) and high (60 ug/mL) concentrations. The calibration
standards and QCs were extracted on each day of the analysis with the procedure
described below.
Sample Preparation

To each standard, blank and QC samples, 3 volumes of the acetonitrile were
added. After mixing vigorously on a vortex shaker for 10 min, the samples were
centrifuged at 13000 rpm for 10 min. The clear supernatants were collected, and 40 uL of
the solution was injected for HPLC analysis.
Chromatographic System

HPLC analysis was performed on an Agilent 1100 series system (Santa Clara,
CA, USA) equipped with a variable wavelength UV detector, an on-line degasser, a

quaternary gradient pump, an autosampler and a column oven. A Phenomenex Gemini
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C18 column (250 x 4.6 mm, 5u particle size), protected by a Phenomenex C18 guard
column (Torrance, CA, USA) was used to achieve chromatographic separation.
Chromatographic Conditions

The column temperature was held at room temperature. The mobile phase was
comprised of solution A (20 mM KH2PO,, pH 7.0) and solution B (acetonitrile). The
composition of the initial mobile phase was 65:35 (v/v) of solutions A/B and was kept
until 5 min. From 5 to 7 min the mobile phase was changed linearly to 20:80 (v/v), and
was then kept until 9 min. From 9 to 10 min, the mobile phase was changed to the initial
composition, and kept for 3 min before the next injection. The mobile phase flow rate
was 1.0 ml/min and the UV detection wavelength was set at 265nm. HPLC run time for
each sample was 13 min. Under the chromatographic conditions described, OH49 and the
internal standard eluted at 7.2 min and 11.5 min, respectively.
Method validation

The method was validated according to the FDA guidance for bioanalytical
method validation.
Linearity

The linearity of the HPLC method for the determination of OH49 was evaluated
by a calibration curve in the range of 0.25-100 ug/mL or ug/g. Calibration curves were
constructed by plotting the peak area ratio (y-axis) of the analyte to the IS versus the
nominal concentrations (x-axis) with a weighting (1/y) least-squares linear regression.
The calibration curve required a coefficient of determination (R?) of 0.99 or better, which

was considered appropriate for a validated method.
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Precision and accuracy

To evaluate the intra-day precision and accuracy, QC samples (n =5) at low (0.6
ug/mL), medium (6 ug/mL), and high (60 ug/mL) concentrations were processed and
injected in one batch. For the assay of the inter-day precision and the accuracy, three
batches of QC samples were processed and injected by the same procedure on three
consecutive days. Each day, a freshly prepared calibration curve was constructed when
the QC samples were extracted. The precision was reported as the relative standard
deviation (RSD %), which was calculated by the ratio of standard deviations of replicates
to the mean concentrations. The accuracy was expressed as the relative error (RE %)
which is the % bias of theoretical versus calculated concentrations. For a validated
method, the precision of all the measurements should be <15%, and the accuracy should
be within the limits of £15%.
Recovery and LLOQ

Absolute recoveries were assessed by comparing the peak area of the analyte
extracted from QC samples to those of pure compound in the mobile phase at the same
concentration. Five repetitions were carried out on QC samples spiked with LLOQ, low,
medium and high concentration of OH49. The lower limit of quantification (LLOQ) was
defined as the lowest concentration on the calibration plot with a precision of <20% and
an accuracy (RE %) within £ 20% [24].
Stability

Autosampler stability (25°C, 8 h), bench-top stability (25°C, 4 h) and freeze-thaw
stability (3 freeze-thaw cycles, -80°C, 72 h) in plasma and tissues homogenates were

tested for the analyte at both low (0.6 ug/mL) and high (60 ug/mL) concentrations (n =
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5). The bench-top stability of spiked biological samples stored at room temperature was
evaluated for 4 h. The freeze-thaw stability was investigated by comparing the samples
following three freeze-thaw cycles, against freshly spiked samples. The autosampler
stability was evaluated by comparing the extracted plasma or tissue samples that were
injected immediately, with the samples that were re-injected after storage in the
autosampler for up to 8 h.
Animal experiment

Male CD-1 mice (weighing 18-22g) were purchased from Charles River
Laboratories International, Inc. (Wilmington, MA, USA). All experimental protocols
were approved by the University of Georgia Animal Care and Use Committee, and
conducted in accordance with guidelines established by the Animal Welfare Act and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals
were maintained on Purina Lab Rodent Chow 5001 and water ad libitum and maintained
at light/dark cycle from 6:00 to 18:00 at an AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care) approved facility on campus. The mice were
acclimated (5 mice/cage) for at least a week before they were utilized in the experiments.

According to preliminary studies, the dosages for pharmacokinetic studies were
optimized at 150 mg/kg and 200 mg/kg for IV and oral administration. The mice were
fasted 12 h before receiving OH49 and provided feed 4 h after drug administration. The
mice received an IV bolus dose of OH49 (150 mg/kg) via tail vein injection. Three mice
were euthanized at each time point, blood samples were collected at 5, 15, 30, 45, 60, 120
and 180 min after administration and transferred into heparinized microcentrifuge tubes.

Plasma was collected after centrifuging blood samples at 6000 rpm for 10 min at 4°C.
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Portal vein perfusion was performed with 5 mL of saline before collecting tissues. Brain,
heart, kidney, liver, lung and spleen were also collected and homogenized with an equal
volume of water. The mice received an oral dose of OH49 (200 mg/kg) via gavage. Three
mice were euthanized at each time point, blood samples were collected at 2, 5, 7, 15, 30,
45, 60, 120 and 180 min after administration and transferred into heparinized
microcentrifuge tubes. Plasma was collected after centrifuging blood samples at 6000
rpm for 10min at 4°C. Portal vein perfusion was performed with 5 mL of saline before
collecting tissues. Brain, heart, kidney, liver, lung and spleen tissues were also collected
and homogenized with an equal amount of water. All samples were stored at -80°C until
analysis. All samples were processed and analyzed by a validated HPLC assay to
determine the concentrations of OH49 present in the samples. The concentration-time
profiles of OH49 in all matrices were plotted.
Pharmacokinetic analysis

The plasma data was subjected to compartmental analysis by using WinNonlin
5.2. (Pharsight, Mountain View, CA, USA). The IV data were fitted to a one-
compartment model with first-order elimination. Plasma data after oral administration
were subjected to one compartmental analysis with first order absorption and elimination.
A 1/y2 weighting scheme was used to analyze the 1V and oral data. The following
pharmacokinetic parameters were determined: absorption rate constant (ka), volume of
distribution (\Vd), elimination half-life (t1/2), peak concentration (Cmax), time to reach
peak concentration (Tmax), area under the concentration-time curve (AUC), and total
body clearance (CL). Oral bioavailability was calculated by the equation:

F= (AUC po/AUC IV) X (DOSG |V/DOSE po)
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where, F = bioavailability, AUCpo = area under the concentration-time curve after oral
administration, AUC,y = area under the concentration-time curve after intravenous
administration, Dose v = IV dose and Dose po = oral dose.

The tissue data were subjected to non-compartmental analysis using WinNonlin
5.2. Half-life and area under curve were generated. Relative exposure (RE) of each tissue
was calculated by the equation:

RE = AUCiissue / AUCplasma

where, AUC;issue = area under the concentration-time curve of tissue and AUCjasma = area
under the concentration-time curve of plasma.
Stability in mice plasma

The plasma stability of OH49 was investigated using a modified method
described previously [25, 26]. Briefly, 1.0 mL of CD-1 mice plasma (Bioreclamation
LLC, Westbury, NY, USA) was pre-incubated for 30 min at 37 °C followed by the
addition of 10 pL of a 5.0 mg/mL stock solution of OH49. Aliquots (50 uL) were
withdrawn at 0, 2, 4, 8, 12, 24, 36, 48 and 72 hr and immediately quenched with three
volumes of ice cooled acetonitrile to precipitate the proteins. After mixing vigorously on
a vortex shaker for 10 min, the samples were centrifuged at 13000 rpm for 10 min. The
clear supernatants were collected for HPLC injection.

RESULTS AND DISCUSSION

Chromatographic results

Chromatograms were generated using optimized sample preparation and HPLC
conditions described above. Fig. 4.2 shows the chromatograms of blank and spiked

plasma (a), brain (b), heart (c), kidney (d), liver (e), lung (f) and spleen (g), respectively.
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In these chromatograms, no endogenous components are found to interfere with the
OH49 and diazepam (internal standard) peaks, which indicates good specificity and
selectively for this assay. Under these chromatographic conditions, OH49 and diazepam
are well separated, and eluted at 7.2 min and 11.4 min, respectively.
Method validation
Linearity and range

The linearity of the calibration curves for OH49 was calculated and constructed
by least square regression method. The peak area ratio of OH49 is linear in the range of
0.25-100 ug/mL or ug/g. The coefficient of determination (R?) of the OH49 calibration
curves in plasma, brain, liver, kidney, lung, heart, and spleen were all greater than 0.99
(Table 4.1). The coefficients of variation for slopes of calibration curves were <15%,
which indicated high precision of the assay.
Precision and accuracy

The intra- and inter-day precision and accuracy of the assay were calculated from
3 QC standard and LLOQ samples. Precision was reported as the percent relative
standard deviation (RSD) and accuracy was reported as relative error (RE). RSD and RE
values for OH49 in plasma and tissue homogenates are shown in Table 4.2. The intra-
assay RSD and RE for the analyte range from 0.6 to 9.5% and +0.34 to £11.0%. The
inter-assay RSD and RE from 2.8 to 9.6% and £0.14 to £7.0%, which met the FDA
requirements of less than 15% for QCs and less than 20% for LLOQs.
Recovery

The absolute recoveries of OH49 from plasma and tissues are summarized in

Table 4.3. At the concentration range of 0.25-60 ug/mL or ug/g, the absolute recoveries
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of OH49 from mouse plasma and tissues ranged from 91-96%. The coefficient of
variations of the recoveries are less than 15% for each concentration.
Stability

Stability studies are very important for validated methods in biological samples.
To ensure good reproducibility of the assay, the stability of OH49 in plasma and tissues
was investigated under a variety of storage and processing conditions. As shown in Table
4.4, the RSD % and RE % of all samples are less than 15%, which indicate OH49 in
mouse plasma and tissue homogenates are stable in terms of autosampler, bench-top and
freeze-thaw stability.
Pharmacokinetic study of OH49 in mice

The mean plasma and tissues concentration-time profile of OH49 in mice
following intravenous injection of 150 mg/kg and oral gavage of 200 mg/kg are shown in
Fig. 4.3 and Fig. 4.4, respectively. After oral administration, the plasma concentration of
OHA49 increased quickly and reached peak concentration at approximately 7 min. The
plasma concentrations of OH49 declined in a mono-exponential fashion for both routes of
administration. The concentrations of OH49 in tissues declined in a similar pattern as in
plasma after both IV and oral administration. The peak concentrations of OH49 in plasma
and tissues are higher than MIC (12.5 ug/mL). OH49 concentrations in plasma and
tissues are higher than minimum inhibitory concentration (MIC) for 30-60 min after
administration.

The fitted individual plasma concentration-time curve of OH49 using one
compartment model analysis are shown in Fig. 4.5 (IV administration) and Fig. 4.6 (oral

administration), respectively. The pharmacokinetic parameters generated from
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WINNONLIN are shown in Table 4.5. After IV administration, the t1/2 of OH49 is 19.8
+ 0.6 min, indicating the rapid elimination of OH49. Clearance of OH49 is 45.0 + 3.0
mL/min/kg, which suggests that this compound is cleared rapidly from the body. The
hepatic blood flow of mouse is about 74 mL/min/kg [27]. Vd of OH49 is 1.3 £ 0.1 L/kg,
which is much higher than the total body water of mouse (0.43 L/kg) [28], suggesting
that OH49 is extensively distributed and has significant tissue binding in mice.

The t1/2, CL and Vd of OH49 obtained from oral data are consistent with those
from 1V data, which indicates that the oral administration route did not alter the intrinsic
pharmacokinetic behavior of OH49. The bioavailability of OH49 is 28.3%. Considering
the high CL of this compound, the low bioavailability may be due, in part, to first pass
metabolism.

The pharmacokinetic parameters for tissues generated from WINNONLIN non-
compartmental analysis are shown in Table 4.6 and Table 4.7. The terminal half-life of
OHA49 in tissues after IV and oral administration ranged from 22.0 to 32.1 min and 25.0
to 34.7 min, which are higher than the terminal half-life of OH49 in plasma. After IV
administration, all tissues (except spleen) have higher Cmax than plasma and OH49
concentrations in tissues are higher than those in plasma at all time points. OH49
concentration in spleen exceeds OH49 plasma concentration after 30 min of IV
administration. The AUCs of all tissues are larger than plasma AUC, yielding REs range
from 1.3 to 2.2 (IV data) and 1.4 to 3.1 (oral data). The REs of all tissues are greater than
1, which suggests extensive distribution of OH49 in these tissues. RE values of brain are
1.6 (IV) and 1.4 (oral), which indicates that OH49 can cross the blood brain barrier easily

and distribute into brain. The small molecular size (MW 133.9) and lipophilicity (logP
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2.09) of OH49 may contribute to the rapid tissue uptake. The primary target of M.tb
infection is the respiratory system and typically the lungs. In addition, in approximately
25% of cases the bacteria enter the blood and infect other parts of the body, such as the
pleura, the meninges, the lymphatic system, the genitourinary system and the bones and
joints [29]. Therefore, extensive tissue distribution of OH49 is a desired characteristic for
treating systemic infection of M.tb.

Our studies provide pharmacokinetic information of OH49 in mice and confirm
that OH49 is rapidly absorbed and widely distributed into tissues after administration.
Based upon Lipinski's rule of five, the low bioavailability of OH49 is unexpected.
Considering the limitation of Lipinski's rule of five which assumes drug absorption
follows Fick's first law of diffusion and no other factors, such as, transporters and
metabolism, are involved in this process, the low bioavailability of OH49 is acceptable
and it may due to the involvement of efflux transporters and first pass metabolism. To
better understand the absorption of OH49, it is necessary to perform in vitro Caco-2 cells
permeability study and metabolic stability study in the future. The species difference of
metabolism of OH49 could also be investigated to help the extrapolation of current data
to the pharmacokinetics of OH49 in human. Since small animals have relatively high
metabolism rate, higher oral bioavailability and longer half-life of OH49 could be
expected in human. In addition, modification of the structure of OH49 could improve the
pharmacokinetics of this compound. Previous studies showed that minor structure
changes in benzoxaborole derivatives result in significant increase of oral bioavailability
and elimination half-life [30, 31]. Other published benzoxaborole derivatives with good

pharmacokinetic profiles can be used as a reference for the structure modification of
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OHA49 [31- 33]. Formulations and routes of administration could also be considered to
obtain better efficacy of OH49 in vivo.
In-vitro stability in mice plasma

OHA49 is an analog of aryl boronic acid, and contains cyclic monoester structure.
Therefore, OH49 could be a substrate of esterase. Esterases are widely distributed in
tissues, especially in the intestine, liver and plasma, which play a major role in drug
metabolism and pro-drug activation [34- 36]. To investigate the effect of plasma esterase
activity on OH49, an in vitro stability study of OH49 was performed in mouse plasma.
The concentration-time profile of OH49 incubated in plasma up to 72 hr is shown in Fig.
4.7. The concentration of OH49 declined slowly, which indicates that OH49 is stable in
plasma in vitro, and esterase is not a significant factor that contributes to the rapid
clearance of OH49 in mice. It would be necessary to further investigate the clearance
pathways of OH49, and determine the contribution of each pathway to the total clearance.

CONCLUSIONS

A rapid and sensitive HPLC method was developed to determine OH49
concentrations in mouse plasma, brain, heart, kidney, liver, lung and spleen. This method
showed high sensitivity, reliability, and specificity, with a total run time of 13.0 min per
sample. This method was successfully applied to a pharmacokinetic and tissue
distribution study of OH49 in mice. The pharmacokinetic characteristics suggested that
OHA49 has rapid oral absorption, low bioavailability, short elimination half-life, rapid
clearance from the body and wide tissue distribution. The in vitro study showed that
OH49 was stable in mouse plasma, which is mainly due to the stable oxaborole ring and

the high hydrolytic resistance of the boron-carbon bond [37].
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Table 4.1. Linear regression equations generated from validation data for each matrix; slope

(meanz s.d.), coefficient of determination (meanz s.d.).

Matrix Slope R?
Plasma 103.1+11.2 0.9981 = 0.0016
Brain 78.8 6.6 0.9991 = 0.0006
Heart 83.2+2.8 0.999 £ 0.0009
Kidney 80.5x4.1 0.9991 + 0.0007
Liver 78.3x2.1 0.9995 + 0.0002
Lung 93.6 £ 3.7 0.9985 + 0.0007
Spleen 94614 0.9985 + 0.001
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Table 4.2. Intra-day (n=5) and Inter-day (n=15) precision (RSD %) and accuracy (RE %) of

the HPLC assay used to quantitate OH49 in mouse plasma, brain, heart, kidney, liver, lung, and

spleen.
Plasma:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc. c b d c b d
ue/mL onc. observe o o onc. observe o o
(ug/mL) (ug/mL) RSD (%) RE (%) (ug/mL) RSD (%) | RE (%)
0.25 0.26 £0.01 5.5 2.7 0.26 £0.02 7.1 2.9
0.6 0.61 +£0.03 4.9 1.2 0.59+£0.03 5.1 -1.2
6 5.7+£04 7.1 -5.0 5.6+0.3 4.8 -6.1
60 56.7+1.5 2.7 -5.6 59.6+£2.7 4.6 -0.6
Brian:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc. c b d c b d
(uglg) onc. observe RSD (%) RE (%) onc. observe RSD (%) RE (%)
(ug/g) (ug/g)
0.25 0.22+£0.01 6.2 -11.0 0.25+£0.02 9.6 -0.4
0.6 0.56 £0.01 2.6 -6.3 0.59+£0.03 4.5 -7.0
6 6.3+0.2 2.5 5.6 56+0.5 9.4 -5.9
60 61.1+£1.0 1.7 1.9 58.8+4.2 7.2 -2.1
Heart:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc. C b d C b d
us/ onc. observe RSD (° RE (° onc. observe RSD (® RE (©
(ug/g) (ugle) (%) (%) (ugle) (%) (%)
0.25 0.23£0.02 8.1 -7.1 0.25+0.02 9.7 0.14
0.6 0.58 £ 0.06 9.5 -2.9 0.59 £0.05 8.9 -1.6
6 5.5+0.2 4.3 -7.9 5.7+03 5.9 -5.6
60 58.7+1.0 1.7 -2.2 60.2+2.5 4.1 0.4
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Kidney:

Intra-day (n=5)

Inter-day (n=15)

OH49 Cone. Conc. observed Conc. observed
(ug/g) (ug/e) RSD (%) | RE (%) (ugg) RSD (%) RE (%)
0.25 0.25+0.01 5.1 0.34 0.26 £0.02 8.2 3.0
0.6 0.61 +0.04 6.0 1.8 0.63 +£0.04 6.4 43
6 55+0.1 2.2 -8.2 5.6£0.3 5.2 -7.4
60 58.3+0.9 1.6 -2.8 59.8+3.3 5.6 -0.3
Liver:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc.
(ug/g) C"“c('u"gl;;;”ed RSD (%) | RE (%) C"“c('u‘;’;rved RSD (%) | RE (%)
0.25 0.25+0.01 5.0 0.21 0.26 +£0.02 7.9 4.9
0.6 0.58 £0.03 6.1 -3.2 0.58 £ 0.04 6.8 -2.6
6 5.6 £0.05 1.0 -6.8 57+0.2 2.8 -5.6
60 57.3+0.3 0.6 -4.4 593+24 4.0 -1.2
Lung:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc. Conc.
(ug/g) Concéu‘;';;;rved RSD (%) | RE (%) observed RSD (%) | RE (%)
(ug/g)
0.25 0.27+£0.01 39 6.4 0.25+0.02 9.5 0.8
0.6 0.60 £ 0.01 2.0 0.9 0.62 + 0.04 6.0 3.2
6 5.5+0.08 1.5 -8.6 58+04 7.2 -3.4
60 613+ 1.7 2.7 2.1 589+24 4.1 -1.8
Spleen:
Intra-day (n=5) Inter-day (n=15)
OH49 Conc. Conc.
(ug/g) Conc. observed | pony (04) | RE (%) observed RSD (%) | RE (%)
(ug/g) (ug/g)
0.25 0.26 £ 0.02 8.2 5.1 0.26 £ 0.02 8.3 4.3
0.6 0.61+£0.02 4.5 2.1 0.62 +0.03 4.5 2.5
6 5.9+0.04 0.7 -2.5 6.1+0.3 5.1 1.1
60 58.1+4.6 8.0 -3.1 594 +3.1 53 -1.0
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Table 4.3. Absolute recoveries of OH49 from mouse plasma, brain, liver, kidney, lung, heart,

and spleen (meanz s.d., n=15).

Conc.
(ug/ml or Plasma  Brain Heart  Kidney Liver Lung Spleen
ug/g)
0.25 920+ 915+ 93.0+ 921+ 935+ 95.0 935+
25 3.2 1.3 3.8 6.7 3.2 0.6
0.6 929 + 922+ 945+ 95.6 + 929+ 92.6 + 92.0+
1.8 1.8 1.8 25 2.6 4.6 5.0
6 93.0+% 91.1+% 955+ 932+ 93.0% 939+ 947+
0.7 2.0 2.0 3.5 1.0 34 2.9
60 96.1 + 958 + 958 + 943+ 96.1+ 923+ 939+
1.3 1.6 1.7 14 0.1 3.4 0.2
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Table 4.4. Autosampler stability (n = 5), bench-top stability (n = 5) and freeze-thaw stability (n

=5) of OH49 at 0.6 and 60.0 ug/mL or g concentrations in mouse plasma, brain, heart, kidney,

liver, lung, and spleen.

Plasma:
. Spiked conc. Conc.observe 0 0
Stability (ug/mL) (ug/mL) RSD % RE %
Three freeze-thaw 0.6 0.56 +0.02 2.9 -6.8
cycles 60 58.0+ 1.0 1.7 -3.3
0.6 0.54+0.02 3.8 -9.9
Bench-top (4h) 60 55.3+ 1.4 26 7.8
0.6 0.56+0.03 6.1 -71.2
Auto-sampler (3h) 60 59.44 0.3 0.56 1.0
Brain:
Stability Spiked conc. Conc.observe RSD % RE %
(ug/g) (ug/g)
Three freeze-thaw 0.6 0.55+0.03 6.1 -7.6
cycles 60 59.0 + 0.6 1.1 -1.7
0.6 0.56 +£0.03 5.9 -7.0
Bench-top (4h) 60 60.2 + 5.3 8.9 0.3
0.6 0.56 +£0.04 7.1 -6.7
Auto-sampler (8h) 60 3.1+ 1.0 18 32
Heart:
Stability Spiked conc. Conc.observe RSD % RE %
(ug/g) (ug/g)
Three freeze-thaw 0.6 0.56 = 0.04 7.3 -6.5
cycles 60 56.0 + 2.1 3.8 -6.7
0.6 0.56 +£0.05 9.2 -7.1
Bench-top (4h) 60 59.8+3.7 6.2 0.3
0.6 0.55+0.02 3.6 -8.1
Auto-sampler (8h) 60 60.1+ 0.6 0.9 0.1
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Kidney:

Spiked conc.

Conc.observe

o o o
Stability (ug/g) (ug/g) RSD % RE %

Three freeze-thaw 0.6 0.57+£0.01 2.3 -5.6

cycles 60 56.0 + 0.1 1.8 -6.6

0.6 0.57+0.04 7.5 5.1

Bench-top (4h) 60 50.0 + 1.4 2.3 17

0.6 0.58+0.03 5.9 -2.7

Auto-sampler (8h) 50 576413 ’3 40

Liver:
Stability Spiked conc. Conc.observe RSD % RE %
(ug/g) (ug/g)

Three freeze-thaw 0.6 0.54+0.02 4.2 -9.5

cycles 60 549+ 1.5 2.7 -85

0.6 0.56 +0.05 8.1 -6.0

Bench-top (4h) 60 58.2+3.7 6.4 -3.0
0.6 0.54+0.03 5.3 -10.5

Auto-sampler (8h) 50 612429 47 30

Lung:
Stability Spiked conc. Conc.observe RSD % RE %
(ug/g) (ug/g)

Three freeze-thaw 0.6 0.56 £ 0.03 4.7 -6.1

cycles 60 59.1+2.2 3.8 -1.4

0.6 0.62 +0.03 5.2 3.9

Bench-top (4h) 60 623+ 1.6 26 3.9

0.6 0.58 +£0.03 4.6 -3.8

Auto-sampler (8h) 50 8.9+ 13 95 19

115



Spleen:

Spiked conc.

Conc.observe

- 0 0
Stability (ug/g) (ug/g) RSD % RE %
Three freeze_‘[haw 0.6 0.56 +0.02 2.9 -6.2
cycles 60 57.9+0.7 1.2 -35
0.6 0.58 + 0.04 6.7 3.4
Bench-top (4h) 60 64.3+4.0 6.2 7.2
0.6 0.56 + 0.03 4.8 6.4
Auto-sampler (8h) 60 57.5+1.95 1.4 42

116



Table 4.5. Plasma pharmacokinetic parameter estimates for OH49 at 150 mg/kg IV bolus dosing

and 200 mg/kg oral dosing (meanz s.d.).

v Oral
Cmax (ug/mL) 116.5+10.0 33.8+5.4
Tmax (min) - 74+27

AUCO—o (min ug/mL)

Elimination Half-life (min)

Clearance (mL/min/kg)

Ka (min -1)

vd (L/kg)

Bioavailability (%)

3334.5 +225.7

19.8+0.6

45.0+3.0

1.3+£0.1

1258.8 + 188.4

199+15

443 +6.7

0.32+0.16

1.2+0.3

28.3+0.62
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Table 4.6: Tissue pharmacokinetic parameters and relative exposure (RE) of OH49 at 150 mg/kg

IV bolus dosing.

Half-life AUC Cmax Tmax RE*
(min) (mineug/g) (ug/g) (min)

Brain 22.0 5347.4 154.0 5 1.6
Heart 25.9 7262.9 194.3 5 2.2
Kidney 23.9 6499.5 167.7 5 1.9
Liver 22.9 6721.9 185.6 5 2.0
Lung 25.6 4683.6 143.8 5 14
Spleen 32.1 4280.7 96.4 5 1.3

*Relative Exposure = AUCiissue/ AUC jasma
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Table 4.7: Tissue pharmacokinetic parameters and relative exposure (RE) of OH49 at 200 mg/kg

oral dosing.
Half-life AUC Cmax Tmax

(min) (mineug/g) (ug/g) (min) RES
Brain 29.9 1774.2 75.3 7 1.4
Heart 34.7 2262.5 84.2 7 1.8
Kidney 29.0 2695.5 113.5 7 21
Liver 25.0 3916.6 159.7 7 3.1
Lung 30.0 16194 52.6 7 1.3
Spleen 31.2 2717.3 86.2 7 2.2

*Relative Exposure = AUCiissue/ AUC jasma
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Figure 4.1. Chemical structure of OH49
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Figure 4.2. Representative HPLC chromatograms of blank (top) and spiked* (bottom) plasma or

[}

tissue homogenates: (a) plasma, (b) brain, (c) heart, (d) kidney, (e) liver, (f) lung, and

(9) spleen.

*plasma or tissue homogenates were spiked with 2 ug/mL OH49 and 100 ug/mL IS
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Figure 4.3. Concentration vs. time profiles of OH49 in plasma, brain, heart, kidney, liver, and

spleen after 150 mg/mL of IV bolus
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Figure 4.4. Concentration vs. time profiles of OH49 in plasma, brain, heart, kidney, liver, and

spleen after 200 mg/mL of oral dose
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Figure 4.5. Individual plasma concentration after IV administration of OH49 was fitted to one

compartment model.
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127



100 +

!"‘!. . -

OH49 conc. (ug/mL)
=
o

0 10 20 30 40 50 60 70 80
Time (hr)

Figure 4.7. The concentration-time profile of OH49 incubated in mouse plasma at 37°C
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CHAPTER 5
HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) METHOD
DEVELOPMENT AND VALIDATION FOR SIMULTANEOUS QUANTIFICATION

OF L-BHDUAND L-BVOddU IN RAT PLASMA*

* Li, Dawei; Catherine A. White. To be submitted to Journal of Chromatography B
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ABSTRACT
A reverse phase high-performance liquid chromatography (HPLC) assay was
developed and validated for simultaneous quantification of L-f-5-Bromovinyl-(2-
hydroxymethyl)-1, 3-(dioxolanyl) uracil (L-BVOddU) and its pro-drug L-p-5-
Bromovinyl-[2-(2’-amino-3’-methtyl-butanoyloxy)methyl]-1, 3-(dioxolanyl) uracil (L-
BHDU) in rat plasma. This validated assay was applied to an in vitro stability study of L-
BHDU in human, rat and mouse plasma. The stability study suggested that rat is a better

animal model to perform further full in vivo pharmacokinetic study, compared to mouse.

Key word: L-nucleoside analog Pro-drug Simultaneous quantification HPLC assay

Stability in plasma
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INTRODUCTION

Since the first anti-viral nucleoside drug, idoxuridine, was discovered in 1959 [1],
nucleoside analogs have played an important role in the battle against various cancers and
viral infections. More than 20 anti-viral nucleosides and nucleoside analogs are currently
available. The mechanism of action of nucleoside analogs depends on their ability to
mimic natural nucleosides, which can interact with viral or cellular enzymes as a
competitive inhibitor or an alternate substrate, thus preventing further nucleic acid chain
elongation. In biological systems, DNA and RNA are composed of B-D-nucleosides as
proteins are composed of L-amino acids. For this reason, it has been widely accepted that
only natural D-nucleosides could effectively interact and inhibit metabolic enzymes and
exhibit biological activities, owing to the stereospecificity of enzymes in living systems
[2, 3]. In the beginning of the 90s, this paradigm was proven not to be true with the
discovery of lamivudine (3TC) as a therapeutic agent, which exhibited more potent anti-
viral activity compared to the D-counterparts while exhibiting less toxicity [4-7]. This
discovery sparked interest to explore the L-nucleosides as potential ant-viral agents.
Since then, a large number of L-nucleoside analogs have been synthesized and evaluated
for their anti-viral activities [8-12]. From this work, L-nucleoside analogs exhibit
favorable features as therapeutic agents, including comparable or greater anti-viral
activities than their D-counterparts, more favorable toxicological profiles and better
metabolic stability. In the past several years, L-nucleosides have drawn great attention
and significant progress has been made in battle against viral infections. Currently, some
L-nucleoside analogs, such as lamivudine, emtricitabine and telbivudine, have been

applied as treatment for HBV or HIV infections. Others, such as clevudine, elvucitabine,
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maribavir, troxacitabine, and valtorcitabine are in clinical trials [13-18]. Most of these
reported L-nucleosides focused on the treatment of HIV, HBV or HCV. Little attention
has been paid to develop L-nucleosides for treatment of other viruses.
L-B-5-Bromovinyl-(2-hydroxymethyl)-1, 3-(dioxolanyl) uracil (L-BVOddU, Fig.
5.1) is an L-nucleoside analog exhibiting anti-viral activity against HSV-1 and varicella
zoster virus (VZV) [19]. In 1994, Bednarski et al. initially synthesized L-BVOddU,
which displayed significant activity against HSV-1[20]. L-BVOddU is also the first L-
nucleoside that shows potent anti-VZV activity in cell culture with an EC50 value of
approximately 0.07 ng /ml, which is about 80-fold greater than acyclovir (ACV) [19, 21].
Some studies suggest that L-BVVOddU acts as substrate of virus-encoded thymidine
kinase (TKSs), and can be phosphorylated only by viral TKs but not by human cytosolic
TKs. The monophosphate metabolite inhibits viral DNA synthesis by incorporating into
viral DNA as an alternative substrate, which results in the termination of DNA strand
elongation and cell death. The inhibitory mechanism of L-BVOddU may be unique and
different from other anti-viral nucleoside analogs, which are converted to triphosphate
metabolites for anti-viral activities. The high selection of L-BVVOddU against VZV
depends on the virus-encoded TKs, which phosphorylate the parent compound into active
monophosphate metabolite [19]. To improve the conversion rate of L-BVVOddU into the
active monophosphate metabolite, a valine ester pro-drug L-f-5-Bromovinyl-[2-(2’-
amino-3’-methtyl-butanoyloxy)methyl]-1, 3-(dioxolanyl) uracil (L-BHDU, Fig. 5.1) was
designed and synthesized. The purpose of this study was to develop and validate an
accurate, sensitive and reproducible HPLC method for the quantification of L-BHDU and

L-BVOddU simultaneously in rat plasma. The HPLC assay was applied successfully to
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study the in vitro stability of L-BHDU in human, rat and mouse plasma, which can be
used to choose a suitable animal model for further in vivo pharmacokinetic evaluation.
EXPERIMENTAL

Chemicals and Reagents

L-BVOddU and L-BHDU were provided by College of Pharmacy, UGA. The
chemical structures of L-BVVOddU and L-BHDU were identified by nuclear magnetic
resonance and mass spectrometry. HPLC grade Acetonitrile (ACN) was purchased from
Fisher Scientific Inc. (Pittsburgh, PA, USA). Diazepam was used as the internal standard
(1S), and was purchased from Sigma Aldrich (St. Louis, MO, USA). Potassium hydroxide
(KOH), phosphoric acid (H3PO4) and monopotassium phosphate (KH2PO4) were
obtained from J.T Baker Inc. (Philipsburg, NJ, USA). Heparin was manufactured by
Baxter Healthcare Corporation (Deerfield, IL, USA). Water used throughout the study
was purified with a Milli-Q water purification system from Millipore (Millipore,
Bedford, MA, USA). Other reagents were analytical grade.
Preparation of stocks, Standard Solutions

Stock solutions of 10 mg/mL L-BVOddU, L-BHDU and the internal standard
were individually prepared in acetonitrile. Standard solutions of L-BVOddU and L-
BHDU were prepared from the stock solution by serial dilution with acetonitrile. The
final concentrations of the standard solutions were 1000, 500, 100, 50, 10, 5 and 1 pg/ml
for L-BVOddU and 1000, 500, 100, 50, 10, 5 and 2.5 pg/ml for L-BHDU. Quality control
solutions with concentrations of high (600 ug/mL), medium (60 ug/mL) and low (6
ug/mL) were prepared in duplication from 10 mg/ml stock with. The internal standard

solution was prepared by mixing and diluting the appropriate amounts from the stock
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solutions with acetonitrile. The final concentration was 1 mg /mL. All of the solutions
were stored in brown glass bottles at -80°C until use. Fresh standard solutions were
prepared each day for analysis and validation.
Preparation of standards, quality control samples

Blank Sprague-Dawley rat plasma was purchased from Innovative Research
(Novi, M1, USA). Calibration standards of plasma were prepared by spiking 10 pL of the
L-BVOddU and L-BHDU standard solutions and the internal standard working solution
to 100 uL of blank plasma. The calibration curve of plasma was in the range of 0.1-100
ug/mL of L-BVOddU and 0.25-100 ug/mL of L-BHDU, with an internal standard
concentration in each sample of 100 pg/mL. Quality-control samples (QCs) were
prepared with blank plasma at low (0.6 ug/mL), medium (6 ug/mL) and high (60 ug/mL)
concentrations. The calibration standards and QCs were extracted on each day of the
analysis with the procedure described below.
Sample Preparation

To each standard, blank and QC sample, 3 volumes of ice cooled acetonitrile were
added for protein precipitation and extraction. After mixing vigorously on a vortex shaker
for 10 min, the samples were centrifuged at 13000 rpm for 10 min at 4°C. The clear
supernatants were collected, and 40 uL of the solution was injected for HPLC analysis.
Chromatographic System

HPLC analysis was performed an Agilent 1100 series system (Santa Clara, CA,
USA) equipped with a variable wavelength UV detector, an on-line degasser, a
quaternary gradient pump, an autosampler and a column oven. A Phenomenex Luna C18

column (250 x 4.6 mm, 5u particle size), protected by a Phenomenex C18 guard column
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(Torrance, CA, USA) was used to achieve chromatographic separation. Data acquisition
was performed using the chemstation chromatography software package.
Chromatographic Conditions

The column temperature was held at room temperature. The mobile phase was
comprised of solution A (20 mM KH2PO4, pH= 7.0) and solution B (acetonitrile).
Initially, the mobile phase was kept isocratic for 3 min with the composition 59:41 (v/v)
of solutions A/B, and was changed linearly to 25:75 (v/v) from 3 min to 5 min, then kept
the composition until 7 min. From 7 to 8 min, the mobile phase was changed to the initial
composition, and kept for 3 min before the next injection. The mobile phase flow rate
was 1.0 ml/min and the UV detection wavelength was set at 260 nm. The HPLC run time
for each sample was 11 min. L-BVOddU, L-BHDU and the internal standard eluted at
4.2 min, 6.6 min, and 9.5 min, respectively.
Method validation
Linearity, Precision and accuracy

The linearity of the HPLC method for the quantification of L-BVOddU and L-
BHDU were evaluated by a calibration curve for rat plasma with the range of 0.1-100
ug/mL and 0.25-100 ug/mL. Calibration curves were constructed by the plotting peak
area ratio (y-axis) of the analyte to the internal standard versus the nominal
concentrations (x-axis) with a weighting (1/y) least-squares linear regression.

To evaluate the precision and accuracy, QC samples (n = 5) at low (0.6 ug/mL),
medium (6 ug/mL), and high (60 ug/mL) concentrations were processed and injected on a
single day (intra-day) and on three consecutive days (inter-day). Each day, a freshly

prepared calibration curve was constructed when the QC samples were extracted. The
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precision was reported as the relative standard deviation (RSD %) which was calculated
by the ratio of standard deviations of replicates to the mean concentrations. The accuracy
was expressed as the relative error (RE %) which is the % bias of theoretical versus
calculated concentrations. For a validated method, the precision of all the measurements
should be less than or equal t015%, and the accuracy should be within the limits of
+15%.
Recovery and LLOQ

The absolute recoveries of L-BVOddU and L-BHDU from rat plasma were
determined by comparing the peak area of the analyte extracted from QC samples to
those of pure compound in the mobile phase at the same concentration. Five repetitions
were carried out on QC samples spiked with LLOQ, low, medium and high concentration
of analytes. The lower limit of quantification (LLOQ) was defined as the lowest
concentration on the calibration plot with a precision of less than 20% and an accuracy
(RE %) within + 20% [22].
Stability

Autosampler stability (25°C, 8 h), bench-top stability (4°C, 4 h) and freeze-thaw
stability (3 freeze-thaw cycles, -80°C, 72 h) in plasma were tested for the analyte at both
low (0.6 ug/mL) and high (60 ug/mL) concentrations (n = 5).The bench-top stability of
spiked plasma stored at 4°C was evaluated for 4 h. The freeze-thaw stability was
investigated by comparing the stability samples following three freeze-thaw cycles,
against freshly spiked samples. The autosampler stability was evaluated by comparing the
extracted plasma or tissue samples that were injected immediately, with the samples that

were re-injected after storage in the autosampler for up to 8 h.
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Stability of the pro-drug (L-BHDU) in mouse, rat and human plasma

The stability of the pro-drug in mouse, rat and human plasma (Bioreclamation
LLC, Westbury, NY, USA) was investigated by a modified method described previously
[23, 24]. Briefly, 1.0 mL of plasma (n=3/species) were pre-incubated for 30 min at 37 °C
followed by spiking of 10 pL of a 5.0 mg/mL stock solution of L-BHDU. Aliquots (50
uL) were withdrawn at 0, 10, 30, 60, 90, 120, 180, and 360 min and immediately
quenched with 150 uL of ice cooled acetonitrile for protein precipitation. After mixing
vigorously on a vortex shaker for 10 min, the samples were centrifuged at 13000 rpm for
10 min at 4°C. The clear supernatants were collected and stored at -80°C until analyzed.
The samples were analyzed for L-BHDU concentration by using the HPLC method
described above. The concentration-time profile of L-BHDU in mouse, rat and human
plasma were plotted, which was used to evaluate the stability of the pro-drug in different
plasma.

RESULTS AND DISCUSSION

Chromatographic method development

To perform pharmacokinetic or other in vitro and in vivo studies of L-BHDU, an
accurate, sensitive and reproducible HPLC method for quantification of L-BHDU and L-
BVOddU simultaneously was necessary. When developing the HPLC assay, different
sample preparation processes, columns, mobile phase and gradient programs were
evaluated. By comparing the chromatographic factors including good peak shapes, high
sensitivities, and totally separation of analytes, the internal standard and endogenous
components, the method was ultimately optimized as the condition described above. Fig.

5.2 shows the typical chromatograms of blank and spiked rat plasma. By comparing the
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blank and spiked chromatograms, no interfering peaks from endogenous components
were observed where L-BVOddU, L-BHDU and the internal standard were eluted,
indicating good specificity and selectivity for this assay. Under these chromatographic
conditions, L-BVOddU, L-BHDU and the internal standard were well separated, and
eluted at 4.2 min, 6.6 min, and 9.5 min, respectively.

L-BHDU is a valine ester pro-drug, which is sensitive to the hydrolysis activity of
esterases in plasma. The hydrolyzation of L-BHDU would greatly affect the precision
and accuracy for quantification of the pro-drug and the parent compound. To prevent
hydrolyzation of the valine ester pro-drug, all processes were kept on ice and maintained
at 4°C, when sample preparation was performed.

Method validation
Linearity and range

The linearity of the calibration curves for L-BVOddU and L-BHDU were
calculated using a least square regression method. The linear range of L-BVOddU and L-
BHDU were 0.1-150 ug/mL and 0.25-150 ug/mL, respectively. As shown in Table 5.1,
the coefficient of determination (R?) of L-BVOddU and L-BHDU calibration curves in
rat plasma are greater than 0.999; the coefficient of variations of slopes for all calibration
curves are less than 5%. These results suggested a high precision of the present assay.
Precision and accuracy

The intra- and inter-day precision and accuracy of the assay were calculated from
3QC standard and LLOQ samples. Precision is reported as percent relative standard
deviation (RSD %) and accuracy is reported as relative error (RE %). RSD and RE values

for L-BVOddU and L-BHDU are shown in Table 5.2. The intra-assay RSD and RE for
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all QC standard and LLOQ samples are less than15%, which met the FDA requirements
and suggested the high reliability and reproducibility of the assay.
Recovery

The absolute recoveries of L-BVOddU and L-BHDU from plasma are listed in
Table 5.3. For L-BvOddU, at the concentration range of 0.1-60 ug/mL, more than 95%
of L-BVOddU is recovered after the sample preparation. For L-BHDU, at the
concentration range of 0.25-60 ug/mL in plasma, the absolute recoveries were 95.9-
98.2%. The coefficient of variations of the recoveries are less than 5% for each
concentration.
Stability

Stability of L-BVVOddU and L-BHDU in plasma was investigated under a variety
of storage and processing conditions, including bench-top stability (4°C, 4 h) freeze-thaw
stability (3 freeze-thaw cycles, -80°C, 72 h) and autosampler stability (25°C, 8 h). As
shown in Table 5.4, the RSD % and RE % of all samples are less than 15%, which
indicates L-BVVOddU and L-BHDU in mouse plasma and tissue homogenates are stable
in terms of autosampler, bench-top and freeze-thaw stability.
In-vitro stability of L-BHDU in mouse, rat and human plasma

L-BHDU is a valine ester pro-drug, which is sensitive to the hydrolysis activity of
esterases that are widely distributed in tissues, especially in the intestine, liver and
plasma. Previous studies suggested that esterases play a major role in drug metabolism
and pro-drug activation [25-28], and exhibit significant species difference [29-31]. It is
necessary to evaluate the stability of L-BHDU in plasma of different species in vitro. The

concentration-time profile of L-BHDU incubated in mouse, rat and human plasma up to
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360 min are shown in Fig. 5.3. The concentration of L-BHDU declined quickly in mouse
plasma; while the concentration-time profiles of L-BHDU in rat and human plasma
exhibited relatively similar pattern. This result suggests that mouse plasma presents the
highest esterase activity and rat plasma has higher esterase activity than human plasma,
which is consistent with published data (30-32). Other studies demonstrated that the
esterase activity in the liver and intestine from mouse, rat and human have a similar
pattern with that of plasma (29, 30). The hydrolysis of L-BHDU by esterase may affect
the pharmacokinetics of this compound. There are significant species differences of
esterase activity in different tissues. Therefore, when choosing a pre-clinical animal
model to perform pharmacokinetic study, the rat should be considered as preferred
animal model compared to mouse. The data also showed that L-BHDU is relatively stable
in human plasma in vitro, which is a desired property for anti-viral activity. L-BHDU is
designed to be more easily metabolized into the active monophosphate metabolite. Once
hydrolyzed into L-BVVOddU by esterase in vivo, it will be more difficult to be converted
into active metabolite. The stability of L-BHDU in human plasma may improve its
conversion rate, resulting in increased efficacy of the compound.
CONCLUSIONS

A rapid HPLC method was developed for quantification of the pro-drug (L-
BHDU) and the parent compound (L-BVOddU) simultaneously in rat plasma. This
method showed high sensitivity, reliability, and specificity, with a total run time of 11
min per sample. This method was successfully applied to evaluate the in vitro stability of
L-BHDU in mouse, rat and human plasma. The in vitro stability study showed that the

stability profile of L-BHDU in rat plasma is more similar to that in human plasma, which
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suggested that for this compound, rat is a better animal model to perform further in vivo

pharmacokinetic study compared to mouse.
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Table 5.1. Linear regression equations generated from validation data of L-BVOddU and L-

BHDU in rat plasma; slope (meanz s.d.), intercept (meanz s.d.), coefficient of determination

(meant s.d.).
Analyte Slope Intercept R?
L-BVOddU 111.7+0.9 -02+0.1 0.9998 + 0.0002
L-BHDU 177.8+0.3 -0.04 £ 0.008 0.9996 + 0.0002
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Table 5.2. Intra-day (n=5) and Inter-day (n=15) precision (RSD %) and accuracy (RE %) of the

HPLC assay for quantification of L-BVVOddU and L-BHDU in rat plasma.

Intra-day (n=5)

Inter-day (n=15)

L-BVOddU
Conc. Conc. observed N N Conc. observed o o
(ug/mL) (ug/mL) RSD (%) | RE (%) (ug/mL) RSD (%) | RE (%)
0.1 0.10 £ 0.009 9.10 3.13 0.10 £ 0.009 8.45 2.76
0.6 0.65+0.03 5.06 8.68 0.62+£0.04 6.13 3.62
6 6.16 £ 0.04 0.62 2.75 6.09+0.11 1.85 1.58
60 59.12+£0.92 1.56 -1.46 59.85+1.25 2.08 -0.25
Intra-day (n=5) Inter-day (n=15)
L-BHDU
Conc. Conc. observed RSD Conc. observed RSD
RE (% RE (%
(ug/mL) (ug/mL) (%) (%) (ug/g) (%) (%)
0.25 0.26 +£0.01 3.28 4.67 0.26 £ 0.01 4.59 3.22
0.6 0.61+0.03 5.25 2.19 0.64 +0.03 4.58 6.09
6 5.96 +0.05 0.86 -0.67 6.04 £0.11 1.79 0.64
60 57.64 +0.42 0.73 -3.94 58.81+1.24 2.12 -2.00
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Table 5.3. Absolute recoveries of L-BVOddU and L-BHDU from rat plasma (mean £ s.d., n=15).

L-BvOdduU Absolute L-(I:Sot:CDU Absolute
Conc. (ug/mL)  recovery (%) (ug/m L) recovery (%)

0.1 97.9+1.2 0.25 98.2+2.0

0.6 97.0+0.3 0.6 97.3+2.3

6 96.5+3.0 6 95.9+2.3

60 95.6+1.0 60 96.5+2.3
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Table 5.4. Autosampler stability (n = 5), bench-top stability (n = 5) and freeze-thaw stability (n

=5) of L-BVOddU and L-BHDU at 0.6 and 60.0 ug/mL concentrations in rat plasma.

L-BVOddU:
. Spiked conc. Conc.observe
Stability (ug/mL) (ug/mL) RSD % RE %
Three freeze-thaw 0.6 0.62 +0.04 58 3.5
cycles 60 61.9+ 1.4 2.3 3.2
0.6 0.61+0.04 6.8 2.5
Bench-top (4h)

60 63.4+2.1 3.3 5.7
0.6 0.6 £0.03 5.6 0.7

Auto-sampler (8h)
60 62.8 £4.7 7.5 4.8

L-BHDU:
. Spiked conc. Conc.observe
Stability (ug/mL) (ug/mL) RSD % RE %
Three freeze-thaw 0.6 0.58 +0.04 7.1 -2.9
cycles 60 60.4 + 2.4 4.0 0.7
0.6 0.63 £ 0.04 6.5 5.4
Bench-top (4h)

60 60.4£3.0 49 0.7
0.6 0.59 +0.05 8.0 -1.2

Auto-sampler (8h)
60 58.6 + 3.3 5.6 -2.2
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Figure 5.1. Chemical structure of L-BVOddU and L-BHDU
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L-BVOddU

Figure 5.2. Representative HPLC chromatograms of blank (top) and spiked* (bottom) rat plasma.

*plasma was spiked with 2 ug/mL L-BVOddU, L-BHDU and 100 ug/mL IS
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Figure 5.3. Concentration vs. time profiles of L-BHDU in mouse, rat and human plasma

incubated at 37°C
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CHAPTER 6

CONCLUSIONS

Pharmacokinetics is one of the most important attributes of a drug. Suboptimal
pharmacokinetics is stated to be one of main reasons for failures during drug
development. It has been estimated that about 40% of candidate compounds failed in
clinical trials due to poor pharmacokinetic behavior. Therefore, it is important to perform
pharmacokinetic evaluations at the earliest possible stages of drug discovery before
entering costly full development programs in clinical testing.

Traditionally, “preclinical pharmacokinetics” refers to pharmacokinetics in animals.
To date, the definition has expanded to all in vivo and in vitro pharmacokinetic activities
supporting drug development. These preclinical pharmacokinetic activities include in
vitro pharmacokinetic evaluations at the discovery stage that facilitates selection of lead
compounds and preclinical pharmacokinetic studies in animals. The goal of these
pharmacokinetic activities is to improve failure detection in the early stages of drug
discovery which will significantly reduce the total R&D costs of drug development.

Preclinical pharmacokinetic and tissue distribution study of (1-Decyl)
triphenylphosphonium bromide (dTPP) following oral, 1V and subcutaneous
administration was performed. A simple, rapid and sensitive HPLC assay was developed
and validated for the quantification of dTPP in mouse plasma and tissues. This assay was
successfully used to determine the pharmacokinetic characteristics of dTPP in mice. The
pharmacokinetic studies indicated that dTPP has a fairly low bioavailability and was

rapidly cleared from plasma. dTPP is extensively distributed in tissues such as, brain,
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heart, intestine, kidney, liver, lung, muscle, and spleen after IV and subcutaneous
administration. Therefore, oral administration may be used to treat intestinal infection
caused by parasites. 1V and subcutaneous injections may work as alternative routes of
administration to treat systemic infections.

A preclinical pharmacokinetic and tissue distribution study of 2-
(Hydroxymethyl)phenylboronic acid cyclic monoester (OH49), an aryl boronic acid
analog, with anti-tuberculosis activity was conducted. A simple, rapid and sensitive
HPLC assay was developed and validated for quantification of OH49 in mouse plasma
and tissues. The pharmacokinetic and tissue distribution studies were performed in mice
following oral and IV administration to evaluate the pharmacokinetic characteristics of
OH49. The results suggested that OH49 was rapidly absorbed after oral administration,
had a bioavailability of 28.3%, a short elimination half-life, rapid clearance from the
body and wide tissue distribution. The in vitro study suggested that OH49 was stable in
mouse plasma, which is mainly due to the stable oxaborole ring and boron-carbon bond
of this compound.

L-B-5-Bromovinyl-[2-(2’-amino-3’-methtyl-butanoyloxy)methyl]-1, 3-(dioxolanyl)
uracil (L-BHDU) is a pro-drug of an anti-viral agent, L-p-5-Bromovinyl-(2-
hydroxymethyl)-1, 3-(dioxolanyl) uracil (L-BVVOddU), which is a L-nucleoside analog.
This pro-drug was designed to improve the conversion rate of L-BVVOddU into the active
monophosphate metabolite by coupling a valine ester group. A simple, rapid and
sensitive HPLC assay was developed and validated for quantification of L-BHDU and L-
BVOddU simultaneously in rat plasma. An in vitro stability study of L-BHDU was

performed in human, rat and mouse plasma by using the validated HPLC assay. The
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stability study suggested that the rat was a better animal model to perform further

pharmacokinetic evaluations for this compound.
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