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SUMMARY

Cancer chemoprevention uses natural, synthetic, or biologic chemical agents
to reverse, suppress or prevent the initial, promotion and/or progression of cancer.
Most current chemoprevention agents like curcumin have low bioavailability or, like
tamoxifen, have serious side effects. The successful development of new
chemotherapeutic agents that target specific signal transduction pathways and achieve
dramatic improvements in efficacy without significant cytotoxicity will be important
for the future of cancer chemoprevention.

The control of gene expression offers a powerful strategy for the prevention
and treatment of disease. Human gene expression is regulated by 48 nuclear receptors,
approximately one-third of which require heterodimerization with one of the
ligand-activated retinoid X receptors to bind to DNA and function efficiently. This
situation has led to RXRs being dubbed the “master partner.” As a nuclear receptor,
the retinoid X receptor (RXR) is involved in the regulation of multiple anti-cancer
pathways including several of those involved in cell proliferation, differentiation and
apoptosis. Ligand-mediated activation of the RXR is a strategy for cancer
chemoprevention and therapy. In an attempt to achieve the activation of multiple
pathways, increase potency and reduce the toxicity of naturally occurring retinoids,
various rexinoids have been developed and some have shown promising antitumor
activity in preclinical and clinical studies.

Ultrafiltration mass spectrometry was invented and developed in the van

Breemen laboratory for the screening of combinatorial library mixtures and natural
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SUMMARY (continued)
product extracts in order to identify ligands to macromolecular targets, such as
adenosine deaminase, dehydrofolate reductase, cycloxygenase-2, serum albumin,
estrogen receptors (ER), and retinoid X receptor a. Following extensive screening for
novel RXR ligands, we identified 3-amino-6-(3-aminopropyl)-5,6-dihydro-5,11-
dioxo-11H-indeno[1,2-c]isoquinoline (AM6-36) as a ligand and agonist of RXR.

The indenoisoquinoline AM6-36 is an atypical rexinoid since it does not
structurally resemble a retinoic acid. In order to validate the indenoisoquinolines as
RXRa ligands and to understand the key features for RXR agonist activity, a SAR
study was undertaken. New rexinoids, the indenoisoquinolines, have been identified
and their potencies evaluated. The fact that indenoisoquinolines are structurally
unique rexinoids offers the possibility of them having unique pharmacologic
properties that could be clinically useful. Considering these factors as a whole,
indenoisoquinoline rexinoids should be selected for further evaluation.

AMG6-36 binds to RXRa and induces apoptosis in MCF-7 breast cancer cells.
Because these data suggested that AM6-36 is a promising lead compound for the
treatment or prevention of breast cancer, drug development studies were carried out in
different in vitro and in vivo models combined with high performance liquid
chromatography-mass spectrometry (LC-MS) and Liquid chromatography-tandem
mass spectrometry (LC-MS/MS). AM6-36 formed seven Phase I and Phase II
metabolites. Structures for all seven metabolites were proposed based on high

resolution accurate mass tandem mass spectrometry, and six of these metabolites were
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SUMMARY (continued)
identified by comparison with synthetic standards. These preliminary metabolism
studies suggest that AM6-36 will not form reactive, potentially toxic metabolites.
AM6-36 showed moderate serum protein binding and moderate metabolic stability,
and low first-pass liver metabolism is predicted. These properties are favorable for
further investigation and development of AM6-36 as a potential chemoprevention and
cancer therapeutic agent.

Topoisomerase I (Topl) is an essential enzyme that relaxes supercoiled DNA
so that it may be replicated, transcribed and repaired. As Topl is overexpressed and
DNA damage responses are defective in some human tumors, several Topl inhibitors
have been developed as chemotherapeutic agents. Two of these compounds,
indimitecan (LMP776) and indotecan (LMP400) were promoted into Phase I clinical
trials at the National Cancer Institute. These compounds appear to be stable and are
powerful, cytotoxic Topl poisons that induce long-lasting DNA breaks and overcome
the drug resistance issues associated with the camptothecins.

The metabolism of LMP400 and LMP776 is currently under investigation,
which has led to the synthesis of potential metabolites to be used as synthetic
standards for metabolism studies. O-dealkylation and demethylenation are two major
metabolic pathways of LMP400 and LMP776 observed to occur in human liver
microsomes. As part of this study, the proposed metabolites are also being
investigated for Topl inhibitory activity. The discoveries of the very potent

hydroxyindenoisoquinolines as metabolites of LMP400 and LMP77 have the potential
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SUMMARY (continued)
to be as potent as the parent drug and to provide new starting points for the
development of potent, cytotoxic Top 1 poisons.

In conclusion, high throughput screening, metabolism and disposition of
pharmacologically active agents are critical in drug discovery and development. The
combination of high-performance liquid chromatography and mass spectrometry
(LC-MS) has become broadly used in all sectors in drug discovery and development.
The analytical figures of high sensitivity, selectivity, reproducibility, and accessibility

provide a powerful platform for analysis.

xviii



1. INTRODUCTION

1.1 Cancer and chemoprevention

Cancer is a leading cause of death worldwide and the total number of cases
globally is increasing. Based on the GLOBOCAN 2008 estimates, about 12.7 million
cancer cases and 7.6 million cancer deaths are estimated to have occurred in 2008.
The World Health Organization estimates that 84 million people will die in the next
10 years if action is not taken. The most common new cancer diagnoses are lung,
breast and colorectal cancer, while the most common causes of cancer death are lung,
stomach and liver malignancies. More than 70% of all cancer deaths occur in low-
and middle-income countries, where resources available for prevention, diagnosis and
treatment of cancer are limited or nonexistent. The magnitude of the cancer problem,
and the failure of advanced disease chemotherapy to effect major reductions in the
mortality rates for the common types of malignancy, indicate that new approaches to

1
the control of cancer are necessary.

Cancer, a group of more than 200 different diseases, is an uncontrolled growth of
cells that disrupts body tissues and organs. The multistage process of carcinogenesis
is a gradual process with three phases: initiation, promotion and progression. The first
phase involves genetic damage of a cell called initiation. The second phase is
promotion, where carcinogens alter the cellular environment favoring the mutant cell.

The final stage is progression, which involves further cell proliferation into clinically



2 . . . . . .
detectable cancer.” The basic scientific knowledge of mechanisms of carcinogenesis

can facilitate the design of rational new approaches for its prevention.

Cancer chemoprevention, as first defined by Sporn in 1976, uses natural, synthetic,
or biologic chemical agents to reverse, suppress or prevent either the initial phase of
carcinogenesis or the progression of neoplastic cells to cancer.’ Today, cancer
chemoprevention is considered possible at any stage, including the prevention of
recurrence of clinically significant cancer in cancer survivors. During the last 30 years,
the field of cancer chemoprevention has grown to the point where chemoprevention
has been achieved in numerous animal experiments and validated in several major
clinical trails. Although encouraging progress toward chemoprevention of human
cancer has been made, this field is still in its earliest stages of development. The
principal need in the chemoprevention of cancer remains the discovery of new agents

that are safe, tolerable and clinically effective. *>

Nuclear receptors are one of the most abundant classes of transcriptional
regulators and are important in eukaryotic development, differentiation, reproduction,
and metabolic homeostasis. As nuclear receptors bind small molecules that can easily
be modified by drug design, and control functions associated with major diseases,
they are promising pharmacological targets. Nuclear receptors that are involved in
carcinogenesis and have been targeted for chemoprevention include the estrogen
receptors ERa and ER, the androgen receptor, the retinoic acid receptors (RARa, B

and v), the retinoid X receptors (RXRa, B and vy), the vitamin D receptor (VDR), and



the peroxisome proliferator activated receptor-y (PPAR vy). Table I shows the
structures of some chemopreventive agents with known molecular targets. For
example, arzoxifene and tamoxifen are available as prescription drugs for the
prevention of breast cancer, and celecoxib is approved for the prevention of familial
polyposis. The ligands for the four nuclear receptors are all synthetic analogues of
naturally occurring hormones or metabolites that bind to their cognate receptors.® "
The successful development of new chemotherapeutic agents that target specific

signal transduction pathways and achieve dramatic improvements in efficacy without

significant cytotoxicity will be important for the future of cancer chemoprevention.



TABLE I

CHEMOPREVENTIVE AGENTS WITH KNOWN MOLECULAR TARGETS.’

Molecular target

Successful use
of this class for

prevention in

Clinical trials

of this class

) of agent
animals
Ligands for nuclear receptor
Arzoxifene CN/\’ Oestrogen Breast cancer, Successful
(SERM) O@ receptors prostate cancer (breast)
HCI
O
‘ N OCH;
OH S O
LG100268 N Retinoid X Breast cancer Planned
(Rexinoid) \ P receptors
COOH
GW7845 O COOH " peroxisome Breast cancer Planned
O,
(SPARM) o O@ proliferator-
OCHs activated receptor-y
Ro024-5531 / Vitamin D receptor ~ Breast cancer, Planned
(Deltanoid) CFs colon cancer
F,C OH
prostate cancer
OH" OH
Anti-inflammatory agents
Celecoxib \Q\K\ﬁ Cyclooxygenase-2 Colon cancer Successful
=
CF
N
H2N;§j :
0]
- 0 O
Curcumin HaCOW\‘iOCHa Nuclear factor kB Breast cancer, Planned
HO O O OH colon cancer
Chromatin modifiers
SAHA o ’ Histone Breast cancer In progress
Q\NJ\/\/\/YN\OH deacetylase
H o)
5-Aza-2'- J\I\H DNA Colon cancer, Drug too toxic
deoxycytidine r\llk \l (demethylating lung cancer at present
N™ O
HO agent)
o)




1.2 Cancer chemoprevention by natural products

Natural products have been used for the treatment of cancer throughout history.
There are numerous reports of cancer chemopreventive activities of natural products.
During the period from 1981 to 2002, it was reported that >60% of the approved
drugs for cancer treatment are natural products or derived from natural products.’
These compounds not only serve as drugs or templates for drugs directly, but in many
instances lead to a better understanding of cellular pathways involved in the disease
process.'” For example, signal transduction pathways (cyclooxygenase-2, activator
protein-1 and mitogen-activated protein kinases, are now recognized as potential

molecular targets for chemoprevention by natural products.'"- '*

Although natural products have great potential in cancer prevention, to move from
a crude starting material such as a plant extract to a prescription drug which is
effective as a cancer chemopreventive agent is a time-consuming and expensive
process. In order for natural product drug discovery to continue to be successful,
sensitive and robust approaches are required. In particular, developing
high-throughput screening approaches for natural product chemoprevention drug
discovery would help re-establish natural products as a major source for drug

- 13
discovery.

1.3 Application of liquid chromatography-mass spectrometry to drug discovery

and development




Over the past decade, the combination of high-performance liquid
chromatography and mass spectrometry (LC-MS) has become broadly used in all
sectors in drug discovery and development. The analytical figures of high sensitivity,
selectivity, reproducibility, and accessibility provide a powerful platform for analysis.
Drug discovery and development consists of four distinct stages: (1) drug discovery;
(2) preclinical development; (3) clinical development; and (4) manufacturing. Table II
is a brief summary of these four stages of drug development. Significant events are

highlighted with respect to their relationship to mass spectrometry.'*

TABLE II
THE FOUR STAGES OF DRUG DEVELOPMENT, THEIR CORRESPONDING

MILESTONES AND ANALYSIS REQUIREMENTS.'*

Devel t . Analysi . .
eveopmett Milestone He ys1's LC-MS analysis activities
Stage emphasis
Protein target identification; natural
product identification; metabolic
. Lead . o .
Drug discovery . Screening  stability profiles; molecular weight
candidate . . .
determination for combinatorial/
medicinal chemistry support
Preclinical IND/CTA ) Impurity, degradant, and metabolite
) Evaluation . ) .
development filing identification
Clinical NDA/MAA . . Quantitative bioanalysis; structure
) Registration . . .
development filing identification

Manufacturing Sales Compliance  Impurity and degradant identification




1.3.1 LC-MS applications in drug discovery

Since the early 1990s, drug discovery research focused on high-throughput
screening and combinatorial chemistry has altered the traditional serial process of lead

15,1617 The determination

identification and accelerated the pace of drug discovery.
of structure and purity of compounds used for high-throughput screening, whether
discrete compounds or combinatorial library mixtures, is typically carried out using
mass spectrometry. The molecular mass, fragmentation patterns and high-resolution
mass spectra which are necessary for the determination of elemental compositions can

be provided by high performance quadrupole time-of-flight (QqTOF) and ion

trap-TOF (IT-TOF) tandem mass spectrometers.

Combinatorial chemistry has also created a need for rapid and predictive
methods for screening thousands of compounds for receptor binding to identify lead
compounds.'® '’ To address this requirement, a number of mass spectrometry-based
screening assays have been developed that are suitable for screening complex
mixtures including natural product extracts. These methods, which include
pulsed-ultrafiltration mass spectrometry, frontal affinity chromatography mass
spectrometry, and size-exclusion chromatography mass spectrometry, may ultimately
prove to be quite successful for both early discovery as well as lead development.?
Ultrafiltration mass spectrometry was invented and developed in the van Breemen
laboratory for the screening of combinatorial library mixtures and natural product

extracts in order to identify ligands to macromolecular targets, such as adenosine
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deaminase,”” ** dehydrofolate reductase,” cycloxygenase-2,** serum albumin,

estrogen receptors (ER),” and retinoid X receptor a.”’

There is no doubt that ADME/Tox drug properties are crucial to the clinical
success of a drug candidate. High-throughput assays to assess absorption, distribution,
metabolism, elimination, and toxicity of lead compounds are being developed and
implemented earlier than ever during the drug discovery process to provide an early
perspective of clinical success.”® Again, LC-MS has emerged as an advantageous

technique for drug development.

Metabolic stability studies in the drug discovery process are often aimed at
locating the metabolic soft spots in the structure that may increase the rate of intrinsic
metabolic clearance resulting in low oral bioavailability. Preliminary metabolite
characterization is usually performed when a compound is determined to be optimally
stable in in vitro systems. It is important to characterize major metabolites and to
establish whether there are significant metabolic differences between species and to
identify potential pharmacologically active, reactive, or toxic metabolites.”’ The
structures of these putative metabolites are then determined using product ion MS/MS
and MS" experiments.” Precursor ion scanning and constant neutral loss scanning are
particularly useful for revealing structural features of unknown metabolites. Product
ion scanning may then be used to obtain detailed structure information of drug
metabolites. Modern LC-MS instruments, such as linear ion trap systems, offer very

high scan speeds such that multiple MS/MS experiments may be carried out on the



TABLE III

COMMON DRUG METABOLISM BIOTRANSFORMATIONS AND THEIR

CORRESPONDING ELEMENTAL COMPOSITIONS AND MASS CHANGES. *?

Metabolic reaction Molecular formula change =~ m/z change
Debenzylation -C;Hg -90.0468
Tert—butyl dealkylation -C4Hg -56.0624
Decarboxylation -CO, -43.9898
Isopropyl dealkylation -C3Hg -42.0468
Hydroxymethylene loss -CH,O -30.0106
Deethylation -C,Hy -28.0312
Decarboxylation -CO -27.9949
Dehydration - H,O -18.0105
Demethylation - CH; -14.0157
Hydroxylation+dehydration -H, -2.0157
Alcohols to aldehyde/ketone -H, -2.0157
Desaturation -H, -2.0157
Ketone to alcohol +H, 2.0157
N, O, S methylation +CH, 14.0157
Hydroxylation +0O 15.9949
Hydration, hydrolysis +H,O 18.0106
Hydroxylation and methylation +CH,0 30.0105
2xhydroxylation +0, 31.9898
Acetylation +C,H,0O 42.0106
3xhydroxylation +05 47.9847
Glycine conjugation +C,H3NO 57.0215
Sulfation +S0O; 79.9568
Cysteine conjugation +C3;HsNOS 103.0092
Decarboxylation and glucuronidation ~ +CsHgOs 148.0372
Glucuronic acid conjugation +C¢HgOg 176.0321
GSH conjugation +C1oH17N306S 307.0839
2xglucuronic acid conjugation +Ci2H16012 352.0642
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parent drug, as well as putative metabolites, during a single analysis.’’ The
development of high-resolution MS instrumentation such as QqTOF, IT-TOF and
Orbitrap mass spectrometers and advances in data processing techniques have also
enhanced the quality and productivity of drug metabolite identification. Common

drug biotransformations and corresponding mass changes are listed in Table III*?

1.3.2 LC-MS applications in preclinical drug development

Preclinical development activities are routinely initiated during the mid-to-late
stages of drug development to provide more specific and detailed information
regarding metabolism, bioavailability and pharmacokinetics of drug leads.
LC-MS-based quantitative analysis of the drug and drug-related substances in support
of pharmacokinetics is intensely used during pre-clinical and clinical stages of
development due to its high sensitivity and selectivity. Quantitative LC-MS assays
generally involve four steps: sample preparation, assay calibration, sample analysis,
and data management. Triple quadrupole mass spectrometers used with selected
reaction monitoring (SRM) provide a high degree of selectivity and better limits of
quantitation (LOQ) than scan modes or selected ion monitoring (SIM) for the analysis

- 33
of complex mixtures.

As the drug candidate moves further into development, in vivo animal ADME
studies are performed, and safety assessment is carried out in multiple species. The
most widely used approach for metabolite profiling and identification in drug

development involves administration of radiolabeled drug. The determination of



11

metabolite structures using LC-MS and LC-MS/MS is an ideal match of the high
sensitivity and selectivity of mass spectrometry with the trace levels of drugs and drug
metabolites in complex biological samples. With the continuing technological
improvements, mass spectrometry has impacted not only the discovery phase, but also
the development phase of new drugs by facilitating both qualitative and quantitative

analysis of trace levels of drugs and their metabolites.

1.4 Hepatic drug metabolism

ADME/Tox drug properties (absorption, distribution, metabolism, elimination,
and toxicity) are crucial to the clinical success of a drug candidate. Drug metabolism
is the process by which drug molecules are chemically altered, usually to more polar
metabolites that exhibit increased water solubility, to facilitate their excretion in urine
and bile.** The major reason to evaluate the metabolism of a drug candidate is to
understand how metabolic processes terminate or limit its desired pharmacological
effects (efficacy) as well as how other processes may lead to unintended

consequences (toxicity).

Many organs in the body are involved in drug metabolism including kidneys, skin,
lungs, and intestine.”> However, the liver is the most metabolically active tissue in
which the majority of drug metabolism takes place. After oral absorption, drugs are
transported via the portal vein to the liver. Along with drug-metabolizing enzymes
and drug transporters, the liver provides an effective barrier that prevents xenobiotics

from entering the systemic circulation.
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Drug metabolism may be divided into two types of reactions, Phase I and Phase II.
Phase I reactions include oxidation, reduction and hydrolysis, while Phase II
conjugation reactions include glucuronidation, sulfation, acetylation, and methylation,
amongst others. Some drugs just undergo one or the other but the majority will

undergo both Phase I and then Phase II reactions sequentially.

1.4.1 Drug-metabolizing enzymes

Phase 1 drug-metabolizing enzymes typically convert hydrophobic endogenous
and exogenous compounds into more hydrophilic metabolites by introducing polar
functional groups (-OH, -SH, -NH;, or —COOH). These enzymes primarily include
cytochromes P450 (CYP450) and flavin-containing monooxygenase (FMO). Phase II
reactions lead to the formation of a covalent linkage between a functional group either
on the parent compound or on one introduced as a result of a Phase I metabolism.
Phase II  reactions involve conjugative enzyme families such as
UDP-glucuronosyltransferases (UGTs), glutathione-S-transferases (GSTs),
sulfotransferases (SULTSs), N-acetyltransferases (NATs), and monoamine oxidases
(MAOs).*® Among the enzymes involved in the metabolism of drugs, the dominant
players (~75%) are the P450 enzymes, followed by UGTs and esterases (shown in

Figure 1). Together, these reactions account for ~95% of drug metabolism.””**
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Figure 1 Fractions of drugs metabolized by various enzyme systems. >’

1.4.1.1 Phase I metabolic enzymes

The P450 enzyme superfamily is a broad class of heme b-containing
monooxygenase enzymes that dominate Phase I biotransformation in the liver. The
vast majority of P450s catalyze reductive scission of molecular oxygen using
electrons usually derived from coenzymes NADH and NADPH and delivered from
redox partner proteins.”’ According to amino-acid-sequence homology, the P450
superfamily is classified into families, subfamilies and specific enzymes. Among the
57 functional CYP genes in humans, three families of CYPs (CYP1, CYP2 and CYP3)
predominate in the oxidative metabolism of more than 90% of clinical drugs. Among
various P450 isoforms, CYP3A4 is responsible for the majority of xenobiotic
metabolism: almost 50% of known pharmaceuticals. CYP1A2 (4%), CYP2A6 (2%),
CYP2C9 (10%), CYP2C19 (2%), CYP2EI1 (2%), and CYP2D6 (30%) are the next

most important P450 isoforms.**'
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Genetic polymorphisms within P450s have a functional impact on the efficacy
and adverse effects of drugs that are mainly eliminated by those particular enzymes.
CYP2D6, CYP2C19 and CYP2C9 polymorphisms account for the most frequent
variations in Phase I metabolism of drugs, since almost 42% of drugs in use today are
metabolized by these enzymes. For example, CYP2D6 poor metabolizers are present
in approximately 5-14% of Caucasians, 0-5% Africans, and 0-1% of Asians.* The
genetic polymorphisms in the CYP family may have the most impact on variations of

the fate of therapeutic drugs in individuals.

Like P450 reactions, FMO-catalyzed reactions are mixed-function oxidations
and involve oxidation of heteroatoms, particularly nucleophilic atoms such as the
nitrogen of amines.” FMOs have been implicated in the metabolism of a number of
pharmaceuticals, pesticides and toxicants. Five mammalian forms of FMO are found
in humans. FMO3 is the most abundant form in human liver. Polymorphism involves
defects in FMO3 and results in deficient metabolism of trimethylamine and a resulting

“fish-odor syndrome”.**

Monoamine oxidases catalyze the oxidative deamination of monoamines.
They are found in the outer mitochondrial membrane of liver and some neurogenic

tissues. In humans, there are two types of MAO: MAO-A and MAO-B.***

Aldehyde oxidase and xanthine dehydrogenase are both molybdenum cofactor
(Moco) containing enzymes. Xanthine is a substrate for xanthine dehydrogenase but

not aldehyde oxidase; purines are substrates for both.*” Alcohol dehydrogenases
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(ADHs) are a group of dehydrogenase enzymes that occur in many organisms and
facilitate the interconversion between alcohols and aldehydes or ketones. ADHs play
the major role in the metabolism of ethanol in humans. Aldehyde dehydrogenases
(ALDHs) are responsible for the oxidation of aldehydes to carboxylic acids. A
number of polymorphisms have been identified that result in attenuation of catalytic
activity.* Aldo-keto reductases (AKRs) constitute a large family of enzymes involved
in reduction of various aldehydes and ketones. Epoxide hydrolase catalyzes the

addition of H,O to epoxides and functions in detoxication during drug metabolism.

1.4.1.2 Phase II metabolic enzymes

The UGTs are a superfamily of membrane-bound enzymes that catalyze the
conjugation of glucuronic acid to a nucleophilic substrate.* > >' Reactions can occur
on phenols and aliphatic alcohols, carboxylic acids, primary, secondary, and tertiary
amines, and even acidic carbon atoms.’” > There are a large number of endogenous
substrates for the UGTs. These include bilirubin, androgens, estrogens, progestogens,
and glycolipids.”> While the liver appears to be the major organ involved in
glucuronidation, some UGT isoforms exist at high levels in the kidney and intestine,

suggesting that extrahepatic glucuronidation can be significant.”

There are three subfamilies of UGTs in humans: UGTI1A, 2B, and 2A. Like
the P450 gene family, the UGTs can be altered by induction, inhibition and genetic
variability.” This suggests that many drugs which are substrates for glucuronidation

as part of their metabolism are significantly affected by inhibitors or inducers of their
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specific UGT types. Genetic polymorphisms have been identified in all of the UGT
enzymes that have been extensively evaluated. The most well-known polymorphism

occurs in UGT1A1.>

The cytosolic sulfotransferase (SULTs) family catalyzes the transfer of a
sulfonyl moiety from the cofactor 3'-phosphoadenosine-5'-phosphosulfate (PAPS) to
hydroxyl, amino, sulthydryl, and N-oxide groups of their substrates. The reaction is
called sulfonation or sulfation.>* Sulfonation results in inactivation of the majority of
acceptors, including neurotransmitters, steroid hormones, and drugs, and is usually a
detoxification pathway. The conjugated product has greater water solubility and is
therefore excreted more readily from the body. In humans, 13 different SULT genes
have been identified, and many SULTs have overlapping substrate specificity. Several
chemicals are known to inhibit SULTSs, and this leads to numerous drug—drug and

food—drug interactions.” >

Glutathione-S-transferases (GSTs) activate the thiol of glutathione (GSH) into
the more reactive thiolate anion within the active site, and thereby catalyze the
reaction of glutathione with electrophiles to form glutathione conjugates. The major
biological function of GSTs is believed to provide defense against electrophiles.
Reactive metabolites of drugs formed by the cytochrome P450 system can be
substrates for the GSTs, and this has been used in an analytical assay for identifying
chemical species that have potential cytotoxicity and for detecting electrophilic

.. 57,58
metabolites.”
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One of the more common acetylation reactions is N-acetylation which is
involved in the detoxification of a large number of arylamine and hydrazine drugs and
chemical carcinogens. Arylamine N-acetyltransferases (NATSs) are Phase II xenobiotic
metabolizing enzymes, catalyzing acetyl-CoA-dependent acetylation reactions.”
Human arylamine N-acetyltransferases are expressed as two polymorphic isoforms,
NATI and NAT?2, with sulfamethazine being selectively N-acetylated by NAT2 and
with p-aminobenzoic acid being a specific substrate for NAT1. NATI is expressed in
many other tissues, whereas NAT?2 is expressed only in the liver and intestine.” ®!
Individuals are classified as fast or slow acetylators depending on the variable rate of
metabolism of certain drugs including isoniazid and hydralazine. The difference in
acetylation rates in humans is one of the first genetic polymorphisms to be
discovered.®” Both NAT1 and NAT2 have been found to be polymorphic in human

populations. Slow acetylator status has been associated with increased rates of adverse

reactions to arylamine antibiotics, such as sulfamethoxazole.”

1.4.2 In vitro metabolic models

It has been estimated that nearly 50% of candidate drugs fail during
development because of unacceptable efficacy, the major contributions being
drug-drug interactions and metabolic stability.*® In order to speed up development
and limit the number of late-stage failures of new chemical entities, reliable and
relevant models with strong predictive power for human metabolism need to be

established and implemented at an early stage.®® In vitro drug metabolism studies
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including the evaluation of metabolic stability, identification of metabolic pathways,
identification of drug metabolizing enzymes, and evaluation of drug-drug interactions

could make reliable predictions for clinical practice.

A number of different tissue matrices can be employed to study drug
metabolism. These fall into four groups: organs, cells (primary cultures and cell
lines), subcellular fractions (S9, cytosol and microsomes), and isolated enzymes
(purified and recombinant systems).”” The availability of materials, expense, ethical
considerations, and in Vivo relevance are factors that were used to determine the

optimal model system for this dissertation.®®

1.4.2.1 Liver microsomes

Human liver microsomes (HLM) are the most popular in vitro model currently
in use due to their relevance, affordability and ease of use. Liver microsomes consist
of vesicles of the hepatocyte endoplasmic reticulum, predominantly expressing Phase
I enzymes, €.g., CYPs, and some Phase II enzymes, €.g., UGTs.Y Therefore, by
supplementing the microsomes with the appropriate cofactors, liver microsomes can
be used to evaluate metabolic stability and in vitro intrinsic clearance, to identify
reaction phenotyping, and to evaluate drug candidates as inhibitors of CYP and UGT
enzymes. Liver microsomes from humans and toxicologically relevant species are

also widely used for metabolic profiling.
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However, there are several limitations regarding the use of liver microsomes
as an in vitro model. First, the enriched CYPs and UGTSs in the microsomal fraction
can result in higher biotransformation rates than might be observed using intact cells
or tissues. Secondly, because of the absence of other enzymes and cofactors, not all
cellular metabolites might be formed using this in vitro model. These limitations
make microsomes useful for qualitative but not quantitative prediction of in vivo

human biotransformation.

1.4.2.2 Liver cvtosol fractions

Liver cytosol is prepared from liver homogenate by differential centrifugation.
The liver cytosolic fraction is comprised of the soluble Phase II enzymes including
N-acetyl transferase, glutathione S-transferase and sulfotransferase. The primary use
of this system is to determine what drug metabolites might be formed by the action of
each of these soluble enzymes. Specific enzymes can be activated by adding specific
exogenous cofactors, €.g., acetyl coenzyme A for NAT; adenosine-3'-phosphate-5'-
phosphosulfate (PAPS) for SULT; and glutathione for GST. Since there are only three
major drug metabolizing enzyme types present in the liver cytosol, the contribution of
soluble Phase Il enzymes to drug metabolism can be studied separately or in

combination depending on the cofactors added.

1.4.2.3 Liver S9 fractions
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The liver S9 fraction is prepared by homogenizing the liver, disrupting the
cells and then centrifuging at 90009 to obtain the supernatant. This fraction contains
both cytosol and microsomes.”” Compared with microsomes or cytosol, S9 fractions
offer a more complete metabolic profile of drugs. Addition of exogenous cofactors to
the respective incubation mixtures is necessary to ensure adequate reaction rates.
Since the S9 fraction has lower enzyme activities than microsomes, it not used as

often as microsomes for hepatic metabolism studies.

1.4.2.4 Hepatocytes

Hepatocytes are isolated from livers by a procedure called two-step
collagenase digestion.”’ Compared with subcellular fractions, hepatocytes have an
intact biological membrane and a complete set of all metabolic enzymes, receptors
and cofactors needed for metabolic reactions at physiological concentrations. For
long-term storage and convenient use of the isolated hepatocytes, cryopreservation
procedures have been developed. Cryopreserved hepatocytes retain both Phase I and
Phase II drug metabolizing enzyme activities and are stable for at least one year.”" "
Therefore, hepatocytes represent a physiologically relevant experimental model for
the evaluation of liver-related human drug properties such as hepatotoxicity,
metabolism and drug-drug interaction potential.” However, cryopreserved

hepatocytes are comparatively expensive and require more complex incubation media

than liver microsomes, S9 fraction or recombinant enzymes. Like human liver
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microsomes, the problem of inter-individual variation can be overcome by using

mixtures of hepatocytes from multiple donors.

1.4.2.5 Liver slices

The development of high-precision tissue slicers and dynamic organ culturing
have made liver slices practical for in vitro biotransformation studies.”* "> One of the
main advantages of liver slices is the maintenance of the intact tissue architecture of
the liver so that they more closely mimic the in vivo enzyme environment than cell
fractions or isolated enzymes. This makes it possible to probe the consequences of
drug-drug interactions in the cellular environment of an intact isolated tissue. Also,
subcellular fractions may be isolated from the same liver slices for direct comparative
metabolic profiling.”® Although liver slices are a relatively new addition to the in vitro
assays of drug metabolism, their use has been limited due to inadequate penetration of
the medium into the inner part of the slice, lack of optimal incubation methods and

difficulties in storage and handling.

1.4.2.6 Recombinant enzymes

The availability of specifically expressed recombinant enzymes such as human
CYPs, UGTs and NATs facilitates investigation of the contribution of individual
metabolic enzymes to the overall biotransformation pathway. The advantages of using
recombinant enzymes include the lack of interfering enzyme activities present in

microsomes or other crude enzyme preparations and the flexibility to control and
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optimize reaction components, especially for multi-enzyme systems. Easy to use and
well characterized preparations of all major isoforms are now commercially available.
The identification of the isozyme-specific drug biotransformation facilitate
identification of metabolic structure-activity relationships (SAR) and predictions of

drug-drug interactions.”’

1.5 Summary

The specific aims of this dissertation are the discovery of new chemopreventive
agents through high throughput screening and to initiate drug development studies of
lead compounds including metabolism and disposition in different in vitro and in vivo
models using LC-MS and LC-MS/MS. Ultrafiltration LC-MS will be used for
screening and drug discovery because of its speed and selectivity, especially for the
screening of natural product mixtures. Human liver microsomes, human hepatocytes
and human liver cytosol will be used instead of S9 fraction, liver slices for initial
studies of drug metabolism, because of their abilities to predict in vivo studies and

their relevance, affordability and ease of use.



2. SCREENING FOR LIGANDS OF HUMAN RETINOID X RECEPTOR-a

USING ULTRAFILTRATION MASS SPECTROMETRY

2.1 Introduction

2.1.1 Retinoid X receptor

Retinoid receptors are nuclear, ligand-regulated transcription factors of the
steroid/thyroid hormone receptor superfamily.”® There are two distinct classes of
retinoid receptor, retinoic acid receptors (RAR) and retinoid X receptors (RXR), with
three known subtypes within each class (o, B, v).” RARs and RXRs are distinguished
by their differential affinities for naturally occurring ligands. Although 9-cis-retinoic
acid (9cRA) is a ligand for both groups, only RARs bind all trans-retinoic acid (see

structures in Figure 2).%

Nuclear receptors are cellular proteins that control gene expression®' and
regulate cell functions such as growth, differentiation, apoptosis and metabolism.*
There are 48 nuclear receptors,* all of which share a similar structural organization.**
% The preferred binding partner for one-third of the nuclear receptors is retinoid X
receptor. Because of this property, this protein has been called the “master partner.”**
¥ RXR forms three different types of dimmers: RXR homodimer, permissive
heterodimers and nonpermissive heterodimers. RXR homodimers and RXR

permissive heterodimers, including dimers with peroxisome proliferator-activated

receptors, liver X receptors (LXRs), and pregnane X receptor (PXR), activate

23
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Figure 2 Structures of RXRa ligands and related test compounds used during this

investigation.

transcription in response to RXR ligand binding because this class of dimer formation
triggers a conformational change of the RXR that allows subsequent binding to the
RXR. By contrast, nonpermissive heterodimers (e.g., RAR, the vitamin D receptor
and thyroid hormone receptors) can be activated only by the partner’s ligand but not
by an RXR ligand. In this situation, RXR serves as a silent binding partner because
binding of nonpermissive heterodimers to the RXR does not permit ligand binding to
the RXR.”™ ** Typical heterodimeric receptors such as RAR, or VDR can bind to
their response elements as homodimers, but heterodimerization with RXR strongly

increases the efficiency of DNA binding and transcriptional activity. Because RXRs
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are obligate heterodimerization partners for a multitude of nuclear receptors, RXRs

have the potential to regulate the activity of entire regulatory networks.

There are three isoforms of the RXR: a, which is mainly found in the kidney,
liver and intestine, and is the major isotype found in the skin; B, which can be
detected in nearly every tissue; and y, which is found in the pituitary gland, brain and

89-93
muscles.

Literature reports suggest that there is overlap between the functions of
the three isoforms, but malfunction of RXRa has far worse consequences than those
of the other two types. For example, knockout mouse studies showed that absence
of the o isoform is fatal to fetal life, produces cardiac failure, and ocular

malformations. Inactivation of the a type has an effect similar to the one observed in

vitamin A-deficient fetuses, implying that this isoform is key for retinoid signaling.”®

Similar to other nuclear receptors, RXRs require specific ligands to be
functionally activated. The ligand-free RXR homodimers bind to DNA response
elements (RXRE) and recruit corepressor protein complexes. Upon ligand binding,
the RXRs undergo conformational changes that lead to dissociation of corepressor
proteins and binding of coactivator proteins, triggering transcription. This
up-regulates, for example, the production of cyclin-dependent kinase inhibitor
(p21WAF1/ CIP1y " Several reports have suggested that p21WAF1/CIP1 upregulation causes
apoptosis of cancer cells.”® The RXR ligand mediated responses have also

demonstrated the ability to influence metabolic processes, cellular differentiation and

proliferation. Consequently, compounds that bind to an RXR and activate the RXRE
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may function as chemopreventive agents. This effect is observed when an RXR is
activated by one of its ligands, 9cRA. Various reports have documented the
chemopreventive effects of 9cRA by itself or when combined with other

95.98
substances.

However, therapies based on 9cRA or other retinoids are
compromised by a variety of side effects caused by the requirement of large dosage,
including headaches, alopecia, hypothyroidism, skin lesions, teratogenicity, and

s e 99-105
mucocutaneous toxicity.

2.1.2 Retinoid X receptor ligcands and chemoprevention

In an attempt to achieve the activation of multiple pathways, increase potency
and reduce the toxicity of naturally occurring retinoids, RXR-selective ligands, known
as rexinoids have been developed and have shown the potential to function as
chemotherapeutic or chemopreventive agents'®'® Although thousands of synthetic
ligands are known for the retinoic acid receptors, a small number of synthetic ligands
have been discovered for the RXRs, and these rexinoids include AGN194204,
CD3254, LG100268, LGD1069, LGD100754 and SR11237 (Figure 2)."'° The
chemopreventive efficacy of combinations of tamoxifen and a retinoid analog, 4HPR
(fenretinide), have been shown in the prevention of contralateral disease in
premenopausal women.'"* The combination of the rexinoid, LG100268 (Figure 2),
and a selective estrogen receptor modulator, arzoxifene is synergistic in the
prevention and treatment of mammary tumors.'’>""7 The RXR selective retinoid,

LGD1069 (bexarotene, Targretin), has been shown to prevent the development of
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both estrogen receptor negative mammary tumors in transgenic mice without toxicity
and estrogen receptor positive tumors in the methylnitrosourea (MNU)-induced rat

111-113
mammary tumor model.

However, LGD1069 has been approved for drug use
only for limited indications, namely topical and systemic treatment of cutaneous T

cell lymphoma because of the significant adverse effects that may be due to the ability

to activate the RARs.

2.1.3 Indenoisoquinolines

Topoisomerase I (Topl) is an essential enzyme that relaxes supercoiled DNA so
that it may be replicated, transcribed and repaired.''®'*! As Topl is overexpressed and
DNA damage responses are defective in some human tumors, several Topl inhibitors
have been developed as chemotherapeutic agents.'?" '** The alkaloid camptothecin'?
is not used clinically, but its derivatives topotecan and irinotecan are FDA-approved
Topl inhibitors.'"™ '** ** Although potent, camptothecin derivatives suffer from
many shortcomings, including poor solubility, dose-limiting toxicity, pharmacokinetic
limitations resulting from the instability of the E-ring lactone under physiological pH,

and binding of the lactone hydrolysis product to plasma proteins.'** 12>’

The indenoisoquinolines were therefore developed as therapeutic alternatives.'**

12 Many optimization and SAR studies have produced indenoisoquinolines that are
potent Topl inhibitors with advantageous properties compared with camptothecins.

AMG6-36 is one of these synthetic indenoisoquinoline derivatives. Additional activities

of indenoisoquinolines are also known, such as induction of cell-cycle arrest,
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overcoming multidrug-resistance, and enhancement of the differentiation inducing

130, 131

activity of retinoids Therefore, some of the indenoisoquinolines were screened

during this dissertation for binding of RXRa.

2.1.4 Ultrafiltration mass spectrometry

During ultrafiltration mass spectrometric screening, ligands in a mixture are
allowed to bind to a receptor such as a protein therapeutic target, and then
ultrafiltration is used to separate the receptor-ligand complexes from unbound low
mass compounds.”’?’ The ligands are released by disrupting the ligand-receptor
complexes using organic solvent, a pH change or other destabilizing conditions, and
then analyzed using mass spectrometry or liquid chromatography-mass spectrometry.
Control assays are carried out using inactive receptor or no receptor to test for

non-specific binding to the macromolecule or the ultrafiltration membrane (Figure 3).
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Figure 3 Experimental design of ultrafiltration LC-MS/MS screening of solutions for

ligands to human RXRa.?’
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2.2 Materials and methods

2.2.1 Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and
antibiotics-antimycotics solution (100x) were purchased from Invitrogen (Carlsbad,
CA). The translucent reporter vector carrying firefly luciferase under the control of
RXRE (pRXRE) was purchased from Panomics (Fremont, CA). pBABE-puro
vector encoding the cDNA for human RXRa (phRXRa) was purchased from
Addgene Inc. (Cambridge, MA). Renilla reniformis luciferase vector (pRL) was

purchased from Promega (Madison, WI).

The human RXRa ligand binding domain was expressed and purified by Prof.
Michael Schimerlik at Oregon State University (Corvallis, OR). The RXRa was
confirmed to be a homodimer by size-exclusion chromatography and mass
spectrometry. Centrifugal ultrafiltration filters (Microcon YM-10) were purchased
from Millipore (Bedford, MA). The RXR agonist LG100268 (Figure 2) was
purchased from CVChem (Cary, NC). 9-Cis-RA and all trans-RA were purchased
from Sigma-Aldrich (St. Louis, MO). AM6-36 (Figure 2), its putative metabolites and
other indenoisoquinolines were chemically synthesized in the laboratory of Dr. Mark
Cushman of Purdue University (West Lafayette, IN). The purity of each synthetic
indenoisoquinoline was determined to be >98% based on analysis using LC-MS. All
organic solvents were HPLC grade or better and were purchased from Thermo Fisher

(Hanover Park, IL). A Thermo Scientific (Rockford, IL) rapid equilibrium dialysis kit
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was used according to the manufacturer’s protocol to determine the dissociation

constant for AM6-36 binding to RXRa.

2.2.2 RXRE-luciferase reporter gene assay

The RXRE-luciferase reporter gene assay was developed in the laboratory of our
collaborator Dr. Pezzuto for the pre-screening of novel cancer chemopreventive and
therapeutic agents capable of functioning as RXR agonists.'*® The ultrafiltration mass
spectrometric assay serves as a secondary assay for the conformation of binding
events. COS-1 African green monkey kidney fibroblast cells (1 x 10* cells/well) were
plated in a 96-well culture plate and incubated in DMEM supplemented with 10%
heat-inactivated FBS and antibiotics-antimycotics at 37°C in 5% CO, in a humidified
incubator for 24 h. Then, 100 ng of pRXRE, 50 ng of phRXRa and 3 ng of pRL were
transiently co-transfected into COS-1 cells in each well by using Lipofectamine
2000™ according to the manufacturer’s protocol. After 24 h of transfection, cells
were treated with compounds and further incubated for 24 h. Cells were then lysed,
and the RXRE transcriptional activities were determined by measuring the reporter

luciferase activities using a dual-luciferase reporter assay system.

2.2.3 Ultrafiltration mass spectrometric screening assay

In preparation for ultrafiltration screening, 85 pL binding buffer consisting of 50
mM Tris-HCI1 (pH 7.5), 10% glycerol, 50 mM KCIl, and 1 mM EDTA, 5 uL of a

sample solution in DMSO, and 10 pL of RXRa (10 uM in binding buffer), were
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mixed and incubated for 2 h at room temperature. The final concentration of the
natural product extract in the incubation was 200 pg/mL and the final concentration of
pure compounds in each incubation was 10 pM. LG100268 were used as a positive

control in each batch of incubations.

Since the molecular mass of RXRa receptor is 27kD and the molecular mass of
a homodimer is 54kD, 10,000 molecular mass cutoff filters were chosen for
ultrafiltration analysis. After incubation, each mixture was filtered through a
Microcon YM-10 centrifugal filter containing a regenerated cellulose ultrafiltration
membrane with a 10,000 MW cutoff by centrifugation at 13,000 g for 10 min at 4 °C.
The RXRa-ligand complexes were washed three times with 200 uL aliquots of 30
mM ammonium acetate (pH 7.5) followed by centrifugation again at 13,0009 for 15
min at 4 °C to remove the unbound compounds. The washed RXRa-ligand solution
(~10 pL) was transferred to a second filter where it was treated with 200 pL of 90%
methanol in deionized water to disrupt the receptor-ligand complexes. The released
ligands were then isolated from the denatured protein by centrifugation at 13,0009 for
15 min. The solvent in the ultrafiltrate was evaporated under vacuum, and the ligands
were reconstituted in 50 pL of methanol/water (80:20, v/v) containing 200 nM
ketoconazole as an internal standard for analysis using LC-MS/MS as described
below. For comparison, control analysis was carried out that was identical except
for the use of denatured RXRa. All experiments were carried out under subdued light.

Denatured RXRa was prepared by boiling the receptor at 90 °C for 15 min.
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2.2.4 Determination of equilibrium dissociation constant of AM6-36 from RXRa

Determination of the equilibrium dissociation constant of AM6-36 from RXRa
was carried out using a rapid equilibrium dialysis kit. RXRa ligand binding domain (1
uM), spiked with different concentrations (0-100 uM) of AM6-36, was added to the
sample chamber, and 350 mL of phosphate-buffered saline (containing 100 mM
sodium phosphate and 150 mM sodium chloride, pH 7.4) was added to the buffer
chamber. The plate was sealed and incubated at 37 °C on an orbital shaker at 100 rpm
for 4 h. Note that 4 h incubation time was used since preliminary experiments
indicated that AM6-36 binding to RXRa reached equilibrium by approximately 4 h.
Aliquots (50 pL) were removed from the sample and buffer chambers and mixed with
an equal volume of buffer or blank plasma, respectively. To each sample, 300 uL of
ice-cold acetonitrile was added, and the matrix-matched samples were vortex mixed
and incubated for 30 min on ice. After centrifugation at 13,000g for 15 min, the
supernatants were removed, evaporated to dryness and then reconstituted in
acetonitrile/water containing 0.1% formic acid (30:70, v/v) and 0.25 pM of
ketoconazole (internal standard) prior to quantitative analysis using LC-MS/MS. The
percentage of each compound bound to RXRa was calculated as follows:
% Free = (Concentration in buffer chamber/Concentration in RXRa chamber) x 100%

% Bound = 100% - % Free

The binding of AM6-36 (A) with RXRa (R) may be described by the equation,

K
RFAT=L2RA
off
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and the dissociation constant for this reaction is defined by the following equation:

_ Kat  [R][A]

K [RA]

on

The binding coefficient is given by:

[Ligand],,,.q

Binding coefficient= :
[Protein]

total

2.2.5 LC-MS/MS

Ultrafiltration screening of AM6-36 was analyzed using a Thermo Finnigan
(San Jose, CA) TSQ Quantum triple quadrupole mass spectrometer equipped with a
Waters 2695 HPLC. HPLC separations were carried out using a Waters (Milford, MA)
Xterra 2.1x100 Cg column or a YMC (Wilmington, NC) C;g column (2.1 X250 mm,
5 um, 120 A) with a mobile phase consisting of either a 12 min isocratic mobile phase
of acetonitrile/aqueous 0.1% formic acid (40:60, v/v) or a 21 min linear gradient from
10-90 (v/v) aqueous methanol containing 0.01% formic acid at a flow rate of 200
pL/min. Positive ion electrospray ionization, collision-induced dissociation and
selected reaction monitoring (SRM) were used to record the elution of each
compound. The SRM transitions of m/z 364 to 254, m/z 320 to 303, m/z 301 to 159,
and m/z 531 to 244 were monitored for LG100268, AM6-36, all trans-RA, and

internal standard ketoconazole, respectively.

Quantitative analysis for dissociation constant determination was carried out on

an Agilent (Santa Clara, CA) 6410 triple quadrupole mass spectrometer equipped with
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an Agilent 1200 HPLC system. A Thermo Fisher (Bellefonte, PA) Hypersil GOLD
2.1x100 mm, 5 pm analytical column was used for chromatographic separations with
a 6 min isocratic mobile phase consisting of acetonitrile/aqueous 0.1% formic acid
(40:60, v/v) at a flow rate of 0.2 mL/min. Analytes were detected using positive ion
electrospray, collision-induced dissociation and SRM at unit resolution. During SRM,
the collision energy was 25 eV. The SRM transition of m/z 320 to m/z 303 and m/z

531 to m/z 489 was monitored for AM6-36 and the internal standard ketoconazole.

Ultrafiltration screening of indenoisoquinolines was carried out using
UHPLC-MS-MS on a Shimadzu (Kyoto, Japan) Nexera UHPLC system interfaced
with a Shimadzu LCMS-8040 triple quadrupole mass spectrometer. Analytes were
separated on a Shimadzu Shim-pack XR-ODS II UHPLC column (2.0x50 mm,
1.6um) using a 2.5 min linear gradient from 10-100% acetonitrile in 0.1% aqueous
formic acid followed by re-equilibration at 10% methanol for 1.5 min. The flow rate
was 0.5 mL/min. The mass spectrometer source parameters were as follows: DL
temperature 300 °C, spray voltage 3500 V, nebulizing gas flow 3 L/min, and drying
gas flow 20 L/min. LG100268 was detected using negative ion electrospray,
collision-induced dissociation and SRM by recording the signal for the transition of
the deprotonated molecule of m/z 362 to the most abundant fragment ion of m/z 318.
Other analytes were detected using positive ion electrospray. The SRM transitions of
m/z 531 to m/z 489, m/z 320 to m/z 303, m/z 319 to m/z 288, m/z 333 to m/z 288, m/z
348 to m/z 303, and m/z 420 to m/z 403 were monitored for ketoconazole, AM-6-36,

MAR-VI-27, PVN-VI-36, PVN-VI-21, and PVN-VI-80, respectively.
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2.3 Results

2.3.1 Ultrafiltration screening for RXRa ligands following RXRE-luciferase

reporter gene assay pre-screening

Following screening of over 3,000 natural products and synthetic compounds
using the RXRE-luciferase reporter gene assay, only one active lead was found,
AMG6-36 (see structure in Figure 2). As illustrated in Figure 4, AM6-36 greatly
induced relative luciferase activities in a dose-dependent manner. Although the
compound was less potent than 9-cis-RA, prominent induction was observed at higher
concentrations (10 pmol/L, 4.1-fold; 15 pmol/L, 31.1-fold; and 20 pmol/L,

133.2-fold).”
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Figure 4 Effect of 9cCRA and AM6-36 on RXR transcriptional activity.”

The active lead, AM6-36, was then investigated using ultrafiltration LC-MS.
Figure 5 shows the LC-MS-MS analysis of an ultrafiltrate obtained following the

incubation of LG100268, all trans-RA, and AM6-36 (10 uM) with 1 uM recombinant
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human RXRa. The control incubations containing denatured RXRa were used to test
for non-specific binding and adsorption of sample to the ultrafiltration apparatus.
Enhancement of HPLC peak areas in the experimental incubations indicates specific
binding of ligands to RXRa. As shown in Figure 5, LG100268, and AM6-36 showed

enhanced peak areas relative to the control chromatograms.

100
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Figure 5 Ultrafiltration LC-MS testing of known ligand LG100268, negative control
all trans-RA and AM6-36 for binding to RXRa. All compounds were tested at 10 uM.
Binding of the test compound to RXRa produced peak enhancement (solid line)

relative to the incubation using denatured RXRa (dashed lines).

2.3.2 Equilibrium dissociation constant of AM6-36 from RXRa




37

The maximum binding capacity (Bmax) and dissociation constant (Kp) for the
binding between AM6-36 and RXRa were studied by equilibrium dialysis using the
RXRa ligand binding domain. The binding constant was calculated by GraphPad
Prism 6.0 (GraphPad Software, San Diego, CA) using a nonlinear regression model.
Typical binding curves are shown in Figure 6. These experimental results indicate the
existence of a single binding site. Since the saturation status cannot be reached within

the range of tested concentration, the values for Bmax and Kp cannot be estimated.

Binding Coefficient

Free AM6-36 (M)

Figure 6 Saturation plot of equilibrium binding between AM6-36 and RXRa.

2.3.3 Ultrafiltration screening of indenoisoquinolines for RXRa ligands following

RXRE-luciferase reporter gene assay pre-screening

On the basis of the unexpected yet unique ability of AM6-36 to serve as an RXR
agonist, an SAR study was undertaken in order to validate the indenoisoquinolines as
RXRa ligands and to understand their key structural features for RXR agonist activity.

More than 100 indenoisoquinolines which had been synthesized in the laboratory of
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Mark Cushman (Purdue University, West Lafayette, IN) were assayed using the
RXRE-luciferase reporter gene assay, and 19 of these compounds were found to be
active. The structures of these compounds and maximum induction ratios (IR) are

shown in Table IV.

These 19 indenoisoquinolines were then screened for binding to RXRa using
ultrafiltration LC-MS. The control incubations containing denatured RXRa were used
to test for non-specific binding and adsorption of sample to the ultrafiltration
apparatus. When specific binding to RXRa occurred, the peak area of the ligand was
greater in the chromatogram corresponding to incubation with active RXRa than in
the chromatogram of sample incubated with denatured RXRa. As shown in Figure 7,
only 5 out of the 19 indenoisoquinolines that were active in the RXRE-luciferase
assay showed binding to RXRa. These compounds, AM6-36, MAR-VI-27,
PVN-VI-36, PVN-VI-21, and PVN-VI-80, showed enhanced peak areas relative to
the control chromatograms. Examples of ultrafiltration LC-MS chromatograms of
indenoisoquinolines that did not show binding to RXRa are shown in Figure 8. The
specific binding (expressed as a binding ratio of the ligand peak area for the
experiment to that of the control) may be used to rank ligands in order of their
affinities for the receptor (Table IV). The maximum induction ratio is the highest
point on the titration curve when compounds are tested at variable concentrations. The
ranking obtained by the ultracentrifugation assay corresponds with the transcriptional

activation results (Table IV).
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Figure 7 Ultrafiltration LC-MS testing of known ligand LG100268 and the
indenoisoquinolines MAR-VI-27, PVN-VI-36, PVN-VI-21, AM-6-36, and
PVN-VI-80 for binding to RXRa. Out of 19 indenoisoquinolines that were active in
the RXRE-luciferase assay, only these 5 were confirmed to be ligands of RXRa using
ultrafiltration LC-MS. Binding of the test compound to RXRa produced peak
enhancement (solid line) relative to the incubation using denatured RXRa (dashed

lines).
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Figure 8 Examples of ultrafiltration LC-MS chromatograms of indenoisoquinolines

that did not show binding to RXRa (see structures in Table IV). Binding of the test

compound to RXRa produced peak enhancement (solid line) relative to the incubation

using denatured RXRa (dashed lines).



TABLE IV

41

BINDING AFFINITY RANKING OF ACTIVE INDENOISOQUINOLINES

BASED ON ULTRAFILTRATION LC-MS AND LUCIFERASE ASSAY.

Binding Binding
Compound Structure Max IR ratio affinity rank
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1. Max IR: the maximum induction ratio observed when compounds are tested at
variable concentrations.
2. Binding ratio: the ligand peak area for the experiment to that of the control.
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2.4 Discussion

RXRs regulate the expression of genes that affect diverse physiological responses
including proliferation, inflammation, differentiation, apoptosis, reproduction, bone

development, hematopoesis, and embryonic development.'**

Receptor-selective
rexinoids that have reduced toxicity are now being developed as potential
chemopreventive agents. Unlike other nuclear receptors, RXRs are expressed in
human carcinomas, and overexpression of RXR enhances the transcriptional response

after binding of ligands.'”

On the basis of these considerations, our chemoprevention discovery project
utilized a RXR-specific response element (RXRE) reporter gene assay for the
determination of RXR-mediated transcriptional responses in addition to
demonstrating binding affinity towards RXR.">* An RXR based ultrafiltration LC-MS
assay served as a secondary assay for the confirmation of binding events.”’ During
ultrafiltration mass spectrometric screening, the specific binding (expressed as a ratio
of the ligand peak area for the experiment to that of the control) was used to rank
ligands in order of their affinities for the receptor. The ranking obtained by the
ultracentrifugation assay corresponded with the transcriptional activation results in
this incvestigation. These results indicate that the ultrafiltration mass spectrometric
screening assay functioned well for the screening for ligands of RXRa and facilitated

the ranking of these ligands in order of affinity to RXRa.
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RXR forms three different types of dimers; RXR homodimer, permissive
heterodimers, and nonpermissive heterodimers. RXR, RAR and VDR roles in cancer
regulation have many overlapping actions, such as the upregulation of the cyclin
dependent kinase inhibitor p21.°> '*7 On the basis of DNA microarray analysis,
AMG6-36 upregulated the expression of CDKNI1A, a target gene of RXR, by 35-fold.
In accord with this response, the expression of the corresponding protein, p21VAFV/CIP!,
was increased in the presence of AM6-36."* Since both assays used for this discovery
are expected to be due to the interaction of a test substance with RXR-RXR
homodimers, further investigation was carried out to determine the potential of any
lead, including AM6-36, to interact with other nuclear receptors.13 6 Therefore, the
ultrafiltration LC-MS testing of AM6-36 for binding to RAR and VDR were also
investigated by Dr. Jerry White and Mr. Ke Huang to check for AM6-36 cross
reactivity. RXR ligand AM6-36 was found to be a dual acting ligand binding to both

RXR and VDR but not to RAR.'3®

Both RAR and VDR form nonpermissive heterodimers with RXR. In
nonpermissive heterodimer complexes, the binding of the nonpermissive partner to
the RXR receptor suppresses the RXR ligand-induced transcriptional activity of the
RXR receptor; thus, RXR can be described as a “silent partner”. However, if ligands
for both receptors bind either to permissive or nonpermissive heterodimer complexes,
these complexes are synergistically activated.''’ Therefore, AM6-36 was able to
activate both partner receptors of RXR/VDR heterdimers synergistically as a dual

acting ligand. In the case of RXR/RAR, because the RAR/RXR heterodimers bind to
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the RARE with high affinity, the RAR/RXR heterodimer prevents RXR
homodimer-mediated p21 promoter activation.''® Binding of AM6-36 to RXR but not
to RAR indicated that the upregulation of p21 by AM6-36 would not be prevented in

the presence of RAR.

AMBG6-36 is one of a series of synthetic indenoisoquinoline derivatives initially
synthesized as potential camptothecin-based topoisomerase 1 inhibitors. The
indenoisoquinoline AM6-36 is an atypical rexinoid since it does not contain a

d'* 1913 and it does not structurally resemble a retinoic acid. In order

carboxylic aci
to validate the indenoisoquinolines as RXRa ligands and to understand the key
features for RXR agonist activity, an extensive SAR study was undertaken. Various
novel precursors were functionalized and synthesized using different methodologies.
New rexinoids, the indenoisoquinolines, have been identified and their potencies
evaluated. These compounds present a novel scaffold, which can be functionalized to
tune the properties of the new ligands. A novel motif, an aminopropyl side chain, has
been identified as a key feature for RXR transcriptional activation. In comparison
with known rexinoids, most of which contain carboxylic acids, the indenoisoquinoline
rexinoids constitute a fundamentally different type of RXR ligand. The fact that
indenoisoquinolines are structurally unique rexinoids offers the possibility of them
having unique pharmacologic properties that could be clinically useful. Considering

these factors as a whole, indenoisoquinoline rexinoids should be selected for further

evaluation.



3. METABOLISM AND DISPOSITION OF AM6-36, A PROMISING LEAD

FOR CANCER CHEMOPREVENTION

3.1 Introduction

The control of gene expression offers a powerful strategy for the prevention and
treatment of disease. Human gene expression is regulated by 48 nuclear receptors,
approximately one-third of which require heterodimerization with one of the
ligand-activated retinoid X receptors to bind to DNA and function efficiently.®’ As a
nuclear receptor, the retinoid X receptor (RXR) is involved in the regulation of
multiple anti-cancer pathways including several of those involved in cell proliferation,
differentiation and apoptosis. Ligand-mediated activation of the RXR is a strategy for

cancer chemoprevention and therapy.

Following extensive screening for novel RXR ligands, we identified
3-amino-6-(3-aminopropyl)-5,6-dihydro-5,11-dioxo-11H-indeno[ 1,2-c]isoquinoline
(AM6-36; Figure 2) as a ligand and agonist of RXR."® AM6-36 is an
indenoisoquinoline, which is a class of compounds synthesized initially as potential
topoisomerase I inhibitors."* We found that AM6-36 inhibited the proliferation of
MCF7 breast cancer cells in a concentration-dependent manner accompanied by
G2/M phase arrest at lower concentrations and enhanced S phase arrest at higher
concentrations. A small collection of structural derivatives were also evaluated in the
RXRE assay. AM6-36 mediated the strongest induction of RXRE transcriptional
activity, as well as the strongest growth inhibitory effect with MCF7 cells. RXRa

46
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transcriptional activity was upregulated with subsequent expression of RXR target
gene CDKNI1A. In accord with this response, the expression of the corresponding

. WAF1/CIP1
protein, p21

, was increased in the presence of AM6-36. Strong indications of
cancer chemopreventive potential were observed with HL-60 cells,

12-O-tetradecanoylphorbol-13-acetate (TPA)-treated JB6 Cl41 cells, and rats bearing

mammary tumors. 133

Because data suggest that AM6-36 is a promising lead compound for the
treatment or prevention of breast cancer, drug development studies were carried out
that included evaluation of intestinal permeability, metabolic stability, intestinal
permeability, metabolic transformation by human liver microsomes and human
hepatocytes, enzymes indentification, human plasma proteins binding, and

preliminary disposition studies in rats.

The evaluation of the absorption, distribution, metabolism, excretion and toxicity
(ADME?Y) related properties of an investigational new drug are essential during
preclinical drug development. Human liver microsomes are the most popular in vitro
model currently in use for the investigation of xenobiotics metabolism due to their
relevance, affordability and ease of use. But due to the absence of other enzymes and
cofactors, not all cellular metabolites might be formed using this model. Human
hepatocytes are another in vitro model developed. Since human hepatocytes contain
both Phase I and Phase II enzymes as well as their co-factors such as NADPH and

UDPGA, this model is more complete than human liver microsomes for the study of
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hepatic drug-transformation reactions.'*!

Metabolite structures were then predicted
using high resolution LC-MS/MS and then identified by comparison with synthetic

standards.

The liver cytosolic fraction is comprised of the soluble Phase II enzymes
including N-acetyl transferase, glutathione S-transferase and sulfotransferase. The
primary use of this system is to determine what drug metabolites might be formed by
the action of each of these soluble enzymes. Human arylamine N-acetyl transferase
(NAT) is encoded at two different loci. The enzyme encoded at one locus has a wide
tissue distribution, is responsible for acetylation of p-aminobenzoic acid (PABA), and
is termed NATI1. The second locus encodes an enzyme, which has a more restrictive
tissue distribution with higher levels of expression in the liver and red blood cells, is
responsible for the acetylation of sulfamethazine (SMZ), and is termed NAT2."** The
NAT isoforms involvel in the generation of AM6-36 metabolite were identified using

specific NAT inhibitors in a human liver cytosol model.

The degree of plasma protein binding (PPB) determines which fraction of the
total plasma concentration of a compound is bound to plasma proteins, and therefore,
not available for interaction with its biological target (receptors, enzymes, transporters,
etc.). The effect of plasma protein binding on distribution volume and clearance
highlights the importance of evaluation this property when investigating drug

pharmacokinetics, efficacy and safety.
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The metabolism studies of lead compounds such as indenoisoquinoline AM6-36

143, 144

provide information regarding metabolic stability, the potential of forming

5

potentially toxic metabolites,'” and the possibility of metabolic transformation to

146

more active (or inactive) products.  The results of these studies might be useful for

the prediction of in vivo ADME in preparation for clinical trials.

3.2 Materials and methods

3.2.1 Materials

The Caco-2 cell line, Eagle’s minimum essential medium, and fetal bovine
serum were purchased from the American Type Culture Collection (Rockville, MD).
Trypsin/EDTA, Hank’s balanced salt solution (HBSS), HEPES buffer solution, PBS,
penicillin, and streptomycin were purchased from Life Technology (Grand Island,
NY). Transwell polycarbonate inserts (12 mm diameter, 1.1 cm? surface area, 0.4 pm
pore size) were purchased from Corning Costar (Cambridge, MA). Transepithelial
electrical resistance (TEER) was measured using a Millicell-ERS instrument from

Millipore (Bedford, MA).

AM6-36 and putative metabolites of AM6-36 were synthesized as reported

. 133, 14
previously.'*> ¥

and the purity was determined to be >98% based on analysis using
liquid chromatograph-mass spectrometry (LC-MS). Pooled human liver microsomes

and cryopreserved human hepatocytes were purchased from In Vitro Technologies
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(Baltimore, MD) and were handled according to the supplier’s instructions. Human

liver cytosol was purchase from BD Biosciences (San Jose, CA).

Human plasma (K3EDTA) was purchased from Bioreclamation (Westbury, NY).
Binding of AM6-36 to human plasma proteins was determined using a Thermo
Scientific rapid equilibrium dialysis kit, which consists of a Teflon base plate which
holds up to 48 disposable dialysis inserts. Each single-use, disposable insert is made
of two side-by-side chambers separated by a vertical cylinder of dialysis membrane

(in 8K MWCO).

All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). All
organic solvents were HPLC grade or better and were purchased from Thermo Fisher

(Hanover Park, IL).

Synthesis of 3-Amino-6-(3-aminopropyl)-11-hydroxy-6,11-dihydro-5H-indeno[1,2-c]

isoquinolin-5-one (M1)

AM6-36 (107 mg, 0.30 mmol) was dissolved in methanol (15 mL), and the
reaction mixture was cooled to 0 °C. Sodium borohydride (1.03 g, 27.2 mmol) was
added in portions, and the reaction mixture was stirred for 45 min, keeping the
temperature constant. An aqueous solution of saturated ammonium chloride (50 mL)
was added, and the solution extracted with dichloromethane (5 x 20 mL). The
organic extracts were dried with sodium sulfate and the solvent removed. The

obtained solid was washed with hexane-dichloromethane, 2:1. The desired compound
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was obtained as a dark yellow solid (73 mg, 76%): mp 194 °C (dec). IR (KBr) 3348,
3222, 3065, 2931, 2866, 1627, 1576, 1469, 1379, 1318, 1181, 1113, 833, 762 cm™; 'H
NMR (300 MHz, DMSO-dg) 6 7.81-7.75 (m, 2 H) 7.57 (d, J= 6.9 Hz, 1 H), 7.39-7.27
(m, 3 H), 7.05 (dd, J = 6.5 Hz, J = 1.9 Hz, 1 H), 5.66-5.63 (m, 3 H), 5.43 (d, J = 8.8
Hz, 1 H), 4.49 (brt, J=7.1 Hz, 2 H), 2.65 (br t, 2 H), 1.80 (br s, 2 H). (see structure

in Figure 13).'"

Synthesis of N-[6-(3-Aminopropyl)-5,11-diox0-6,11-dihydro-5H-indeno[1,2-c]

isoquinolin-3-yl]acetamide (M2)

To synthesize M2, 5 drops of acetic anhydride were added to a solution of
AMG6-36 (3 mg) in water (500 pL) at room temperature. Purification was carried out
by semi-preparative HPLC equipped with a Shimadzu SPD-20A UV detector at 290
nm. Two acetylation products were separated using a YMC-Pack ODS 10x250 mm,
5um column with a linear gradient from 20% to 60% methanol over 30 min. '"H-NMR
(6, ppm, DMSO-d6, 400 MHz): 1.90 (t, 2H, J = 8.0 Hz, 2°-H), 2.10 (s, 3H, 12°-H),
2.75 (t, 2H, J = 8.0 Hz, 1’-H), 4.53 (t, 2H, J = 8.0 Hz, 3°’-H), 7.46 (d, 1H, J = 4.0 Hz,
7-H), 7.54 (dd, 2H, J = 4.0 Hz J = 12.0 Hz, 5,6-H), 7.91 (d, 1H, J = 8.0 Hz, 9°-H),
7.95 (d, 1H, J = 8.0 Hz, 8’-H), 8.49 (d, 1H, J = 8.0 Hz, 4’-H), 8.56 (s, 1H, 10’-H),

10.32 (s, 1H, 11°’-H) (see structure in Figure 19).

3.2.2 Cell culture
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Caco-2 cells were cultured in Eagle’s minimum essential medium with 10%
fetal bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin in a
humidified atmosphere of 5% CO, and 95% air at 37 °C. When the cells had reached
approximately 70-80% confluence, thay were removed using 0.25% trypsin/EDTA,
seeded onto polycarbonate membranes fitted into Transwell 6-well plates at a density
of 2x10° cells/insert and cultured until late confluence. The cell culture medium was
changed every other day after seeding. The integrity of each monolayer of
differentiated cells was monitored by measuring the TEER. Only monolayers with

TEER values >300 Q/cm® were utilized.

3.2.3 Cellular transport experiments

Cellular transport experiments were carried out by Dr. Soyoun Ahn. In
preparation for the Caco-2 cell monolayer assays, the cell culture medium was
removed from both the apical (AP) and basolateral (BL) chambers. The cells were
washed three-times and pre-incubated with HBSS containing 25 mM HEPES, pH 7.4,
for 30 min at 37 °C on a shaker bath at 50 rpm. A 20 mM stock solution of AM6-36
in dimethylsulfoxide (DMSO) was diluted to different concentrations in
HBSS/HEPES buffer (the final concentration of DMSO was less than 1%). These test
solutions containing AM6-36 were added to either the apical chambers (for AP—BL
measurement) or the basolateral chambers (for BL—AP assay), and blank
HBSS/HEPES buffer was added to the other side. As a test of the integrity of the

monolayer and as a marker of low permeability, sucrose (50 uM final concentration)
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was added to the apical chambers. Propranolol (10 uM final concentration) was also
added as a marker for compounds that are highly permeable. The total volumes of
solution in the apical and basolateral chambers were 1.5 and 2.6 ml, respectively. The
solutions in the recipient compartments were removed and replaced with fresh
medium. The samples were stored at —20°C until analysis of AM6-36 by LC-MS-MS
as described below for the analysis of extracts of serum and tissue. At the end of each
experiment, basolateral samples were also analyzed by LC-MS for sucrose and
propranolol. The apparent permeability coefficients (Papp, x10° cm/sec + S.D.) were
then calculated. The Py, of sucrose from the apical to the basolateral side of each well

was also measured and remained acceptably low at 0.16x10°° cm/sec.'*®

Data were analyzed statistically using the Student’s t-test, and linear regression
analysis was carried out using GraphPad Prism. Difference between means of

measurements of p<0.05 were considered significant.

3.2.4 Metabolic stability

To investigate metabolic stability, AM6-36 (1 uM) or propranolol (reference

compound with medium metabolic stability'*

) was incubated with human liver
microsomes (1 mg protein/mL) as described above except that the total incubation
volume was 500 pL. Aliquots (50 puL each) were removed at 0, 5, 10, 20, 30, 40, 50,

and 60 min, and mixed with 10 pL ice-cold acetonitrile/water/formic acid (90:10:4,

v/v/v) containing ketoconazole (2.5 uM) as an internal standard. After centrifugation
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to remove the precipitated protein, the concentration of AM6-36 or propranolol was

determined in each supernatant using LC-MS/MS.

The hepatic intrinsic clearances of AM6-36 and propranolol were determined
based on the rates of substrate disappearance during incubation with human liver
microsomes. The slope of the linear regression curve (-k.) from log percentage
remaining of each compound versus incubation time was used to compute half-life
using the following equation: t;»,= 0.693/ k.. Hepatic intrinsic clearance (CLjy,

mL/min/kg) was calculated by using the following equation: '*°

CLint= 0.693/ t1» SF

When liver microsomal preparation was used as the enzyme source,

SF = (Gmicrs/ Wliver)(Wliver/ Wbody)/ Cproteina with

SF, scaling factor (mL/ kg); Guicrs, the average quantity of microsomal protein in the
liver (mg), Wiiver, liver weight (g); Wpody, body weight (kg); and Cprowein, protein
concentration in the reaction mixture (mg/mL). Guicrs/ Wiiver 1S usually considered to
be approximately 50 mg/g, while Wiiyer/ Whody 18 approximately 20 g/kg in humans'*’;

thus,

CLin= 1000 % 0.693/ (t1/2 Cprotein), In units of mL/min/kg.

3.2.5 Testing for formation of electrophilic metabolites
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AM6-36 (10 uM), human liver microsomes (1 mg protein/mL), glutathione (10
mM), and NADPH (1 mM) were incubated in 400 puL of 50 mM phosphate buffer (pH
7.4). A negative control was prepared containing no microsomes. The samples were
incubated at 37 °C for 60 min and centrifuged. Aliquots of the supernatants were

analyzed for glutathione conjugates using LC-MS/MS as described previously.'!

3.2.6 Incubation with human microsomes

AMG6-36 (1 uM) was incubated at 37 °C with pooled human liver microsomes
(10 donors, mixed gender) containing 1 mg/mL of microsomal protein and 50 mM
phosphate buffer at pH 7.4 in a total volume of 200 pL. After a 10 min preincubation,
1 mM NADPH was added to initiate reaction, and the mixture was incubated for an
additional 60 min. The reaction was stopped by chilling the mixture on ice and by
addition of 20 pL of ice-cold acetonitrile/water/formic acid (86:10:4, v/v/v) to
precipitate proteins. Samples were centrifuged, supernatants were removed,
evaporated to dryness under nitrogen, and the residues were dissolved in the mobile
phase prior to analysis using LC-MS and LC-MS/MS. Control incubations were

identical except for the elimination of microsomal protein or NADPH.

3.2.7 Incubation with human hepatocytes

Cryopreserved hepatocytes were thawed according to the supplier’s instructions,
and approximately 1x10° cells in a 1 mL suspension were incubated with 50 uM

AMG6-36 per well of a 6-well plate. Control experiments were identical except for the
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use of heat-inactivated hepatocytes. The plate was incubated for 4 h at 37 °C with 5%
CO; and 90% relative humidity. Incubations were terminated by the addition of 3 mL
of ice-cold acetonitrile. The cell suspensions were centrifuged, and aliquots of the

supernatants were analyzed using LC-MS and LC-MS/MS.

A 500 pL aliquot of the hepatocyte incubation was evaporated to dryness and
reconstituted in 500ulL sodium acetate buffer (100 mM, PH 5.0) containing B
-glucuronidase (800 units). Enzymatic deconjugation was carried out at 37 °C for 6 h
and terminated by the addition of ice-cold acetonitrile. After centrifugation, aliquots
of the supernatants were analyzed using LC-MS/MS. Aliquots of samples not treated

with B -glucuronidase were used as controls.

3.2.8 Biological evaluations of AM6-36 and its metabolites

RXRE-luciferase reporter gene assay and ultrafiltration mass spectrometric

screening assay were carried out as described previously in section 2.2.2 and 2.2.3.

3.2.9 Identification of N-acetyltransferase isoforms responsible for AM6-36

metabolism

In preparation for inhibition and kinetics assays, the linearity of the formation
of M2 was investigated by incubating AM6-36 (1 uM or 10 uM) with human liver
cytosol up to 1 mg/ml. The reactions were stopped at various time points up to 60 min,

and the major metabolites were measured using LC-MS as described below.
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To identify specific arylamine N-acetyltransferase isoforms responsible for
the formation of significant metabolites of AM6-36, incubations were carried out
using chemical inhibitors of specific enzymes. Acetyl coenzyme A concentrations
were fixed at 100 uM. Incubations contained 40 puL of human liver cytosol diluted to
the appropriate concentration with 10 pL of acetyl coenzyme A (1 mM in water), and
varying amounts of AM6-36, sulfamethazine, or para-aminobenzoic acid diluted in
phosphate buffer consisting of 100 mM K,;HPO4, 20 mM KH,PO4, 1 mM EDTA and
I mM DTT, at pH 7.5 to start reactions. Reactions were terminated by addition of 300
puL of ice-cold acetonitrile containing ketoconazole as internal standard. After
centrifugation, aliquots of the supernatants were analyzed using LC-MS/MS. Curve
fitting of the kinetic data and the K., and V,,,x were calculated using SigmaPlot 11.0

(Richmond, CA).

3.2.10 Equilibrium dialysis

Human plasma, spiked with 10 uM AM6-36, was added to the sample chamber
of a rapid equilibrium dialysis kit, and 350 mL of phosphate-buffered saline
(containing 100 mM sodium phosphate and 150 mM sodium chloride, pH 7.4) was
added to the buffer chamber. The plate was sealed and incubated at 37 °C on an
orbital shaker at 100 rpm for 5 h. Note that 5 h incubation time was used since
preliminary experiments indicated that AM6-36 binding to human plasma proteins
reached equilibrium by approximately 4.5 h. Aliquots (50 uL) were removed from the

sample and buffer chambers and mixed with an equal volume of buffer or blank
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plasma, respectively. To each sample, 300 pL of ice-cold acetonitrile was added, and
the matrix-matched samples were vortex mixed and incubated for 30 min on ice. After
centrifugation at 13,000xg for 15 min, the supernatants were removed, evaporated to
dryness and then reconstituted in acetonitrile/water containing 0.1% formic acid
(30:70, v/v) and 0.5 uM of caffeine (internal standard) prior to quantitative analysis
using LC-MS/MS. The plasma protein binding of ketoconazole and atenolol, high
and low plasma binding reference compounds, respectively, were also determined.
The percentage of each compound bound to plasma protein was calculated as follows:
% Free = (Concentration in buffer chamber/Concentration in plasma chamber) x100%

% Bound = 100% - % Free

3.2.11 Animals

Female Sprague-Dawley rats were obtained at 4-weeks-of-age from
Sprague-Dawley (Indianapolis, IN) and placed on Takland diet. At 77 days-of-age,
the rats were treated with AM6-36 by gavage (40 mg/kg; 0.5 ml; ethanol/polyethylene
glycol 400; 10: 90, v/v), and the treatment was continued daily for three days. Sample
collection and serum and tissue preprocessing were carried out by Dr. Clinton Grubbs
of the University of Alabama at Birmingham (Birmingham, AL). Blood samples were
collected (jugular vein) 3 h after the first treatment. Three hours after the final
treatment, the animals were sacrificed, and blood, mammary tissue, liver, and

perirenal fat were collected.

3.2.12 Sample preparation
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After clotting, the blood samples were centrifuged at 100 xg for 20 min. Serum
and tissue samples were stored at -80°C until analysis. Rat liver was homogenized in
0.05 M phosphate buffer (pH 7.4), and mammary gland and perirenal fat tissues were
homogenized in a mixture (50:50; v/v) of phosphate buffer and methanol to give
homogenates containing 0.2 g tissue/mL. As an internal standard for quantitative
analysis, UCN-01 (see structure in Figure 9) at 1 ng/mL was added to each
homogenate and serum sample. Proteins in the homogenized tissue and serum
samples were precipitated with four volumes of ice-cold acetonitrile. After
centrifugation at 10,000 xg for 5 min, each supernatant was removed, evaporated to
dryness, and reconstituted in 100 uL of methanol/water (50:50; v/v) for analysis using

LC-MS/MS. "2

3.2.13 LC-MS and LC-MS/MS

Quantitative analysis of AM6-36 in the Caco-2 incubation buffer was carried
out using an Agilent 1100 HPLC system interfaced with an Agilent MSD single
quadrupole mass spectrometer. A Waters Xterra 2.1x50 mm, 3.5 pm analytical
column was used for chromatographic separations with a isocratic mobile phase
containing 0.1% formic acid in water and methanol (62:38 v/v) at a flow rate of 0.25
mL/min. AM6-36 were detected using positive ion electrospray and recorded using
selected ion monitoring (SIM) at m/z 320.0 with the quadrupole mass spectrometer as
follows: capillary voltage, 3800 V; nebulizer gas pressure, 35 psi; drying gas

temperature. 315 °C; and drying gas flow rate, 10 L/min.
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For quantitative analysis of AMG6-36, internal standards and reference
standards for metabolic stability studies, LC-MS/MS analyses were carried out on a
Shimadzu Prominence HPLC system interfaced with an Applied Biosystems (Foster
City, CA) API 4000 triple quadrupole mass spectrometer. A Thermo Fisher Hypersil
GOLD 2.1x100 mm, 5 pm analytical column was used for chromatographic
separations with a 10 min linear gradient from 10% to 90% acetonitrile in water
containing 0.1% formic acid at a flow rate of 0.2 mL/min. Analytes were detected
using positive ion electrospray, collision-induced dissociation and SRM at unit
resolution. Nitrogen was used as the collision gas at 25 eV, and the dwell time was
1000 ms/ion. During SRM, AM6-36 was measured by recording the signal for the
transition of the protonated molecule of m/z 320 to the most abundant fragment ion of
m/z 303. The SRM transitions of m/z 531 to m/z 489 and m/z 260 to m/z 183 were

monitored for ketoconazole and propranolol, respectively.

Cl

NHCH3

Figure 9 Structures of UCN-01 (Left) and ketoconazole (Right).

Analyses of AM6-36 and its metabolites were carried out using a Waters 2690
HPLC system equipped with a Waters Xterra 2.1x100 C;s column. The solvent

system consisted of a linear gradient from 0.1% formic acid in water to methanol as
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follows: 10% to 45% methanol over 35 min, 45% to 90% methanol over 10 min and
isocratic 90% methanol for another 5 min. The column was equilibrated with 10%
methanol for at least 10 min between analyses. The flow rate was 0.2 mL/min, and the
column temperature was 33 °C. The HPLC was interfaced with a high resolution
Waters Q-TOF Synapt hybrid quadrupole/time-of-flight mass spectrometer, and
positive ion electrospray was used for sample ionization. For accurate mass
measurements, leucine enkephalin ([M+H]"™ of m/z 556.2771) was introduced
post-column as a lock mass. The mass accuracy obtained was < 5 ppm. Data were
acquired from m/z 50-800. Tandem mass spectra were acquired at a collision energy

of 25 eV using argon as the collision gas at a pressure of 2.0x10™ mbar.

Ultrafiltration screening of AM6-36 metabolites was carried out using a Thermo
Finnigan TSQ Quantum triple quadrupole mass spectrometer equipped with a Waters
2695 HPLC. HPLC separations were carried out using a Waters Xterra 2.1x100 Cg
column or a YMC (Wilmington, NC) C;s column (2.1 X250 mm, 5 pm, 120 A) with a
mobile phase consisting of either a 12 min isocratic mobile phase of
acetonitrile/aqueous 0.1% formic acid (40:60, v/v) or a 21 min linear gradient from
10-90 (v/v) aqueous methanol containing 0.01% formic acid at a flow rate of 200
pL/min. Positive ion electrospray ionization, collision-induced dissociation and SRM
were used to record the elution of each compound. The SRM transitions of m/z 364 to
254, m/z 320 to 303, m/z 322 to 305, m/z 362 to 345, m/z 321 to 303, m/z 323 to 305,

m/z 364 to 347, m/z 363 to 345, m/z 301 to 159, and m/z 531 to 244 were monitored



62

for LG100268, AM6-36, M1, M2, M3, M4, M5, M6, all trans-RA, and internal

standard, respectively.

Quantitative analysis for isoform identification studies were carried out using
UHPLC-MS-MS on a Shimadzu Nexera UHPLC system interfaced with a Shimadzu
LCMS-8040 triple quadrupole mass spectrometer. Analytes were separated on a
Shimadzu Shim-pack XR-ODS III UHPLC column (2.0 x 50 mm, 1.6 pm) using a 2.5
min linear gradient from 10-100% acetonitrile in 0.1% aqueous formic acid with
re-equilibration at 10% methanol for 1.5 min. The flow rate was 0.5 mL/min. Mass
spectrometer ion source parameters were as follows: DL temperature 300 °C, spray
voltage 3500 V, nebulizing gas flow 3 L/min, and drying gas flow 20 L/min.
MAR-V-80 was detected using positive ion electrospray, collision-induced
dissociation and SRM by recording the signal for the transition of the deprotonated
molecule of m/z 362 to the most abundant fragment ion of m/z 345. The SRM
transitions of m/z 531 to m/z 244 and m/z 320 to m/z 303, were monitored for
ketoconazole and AM-6-36, respectively. Calibration curves were prepared using
blank human liver cytosol that had been spiked with M2 ranging from 2 to 362 ng/mL.

The calibration curves were obtained using linear regression analysis.

For quantitative analysis of AMG6-36, internal standards and reference
standards during plasma protein binding studies, LC-MS/MS analyses were carried
out on a Shimadzu Prominence HPLC system interfaced with an Applied Biosystems

API 4000 triple quadrupole mass spectrometer. A Thermo Hypersil GOLD 2.1x100
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mm, 5 pum analytical column was used for chromatographic separations with a 10 min
linear gradient from 10% to 90% acetonitrile in water containing 0.1% formic acid
at a flow rate of 0.2 mL/min. Analytes were detected using positive ion electrospray,
collision-induced dissociation and SRM at unit resolution. Nitrogen was used as the
collision gas at 25 eV, and the dwell time was 1000 ms/ion. AM6-36 and
ketoconazole were measured using SRM as described above. The SRM transitions of
m/z 267 to m/z 145, and m/z 195 to m/z 138 were monitored for atenolol and caffeine,

respectively.

LC-MS-MS quantitative analysis of AM6-36 in extracts of serum and tissues
were carried out using a Shimadzu LC-20AD Prominence UFLC pump and
SIL-20AC HT prominence autosampler interfaced to an Applied Biosystems API
4000 triple quadruple mass spectrometer. A Waters XTerra MS C;s column (2.1 mm
x 100 mm, 3.5 um) was used for HPLC separation with a 13-min linear gradient
from10-80% acetonitrile in 0.1% aqueous formic acid at a flow rate of 0.25 ml/min.
Positive ion electrospray was used for ionization, and product ion mass spectra were
recorded using collision-induced dissociation SRM as described above for AM6-36.
For the internal standard (UCN-1), the SRM transition of m/z 483 to 130 was
monitored with a dwell time of 300 ms. Calibration curves were prepared using blank
serum or homogenized tissue from control animals that had been spiked with AM6-36
ranging from 0.5 to 500 ng/mL. The calibration curves were obtained using linear

regression analysis.
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3.3 Results

3.3.1 Intestinal permeability

Based on the Caco-2 cell permeability model, the apparent permeability
coefficient for AM6-36 in the AP > BL direction was 2.75x10° cm/sec. This rate
was 10-fold slower than that of the high permeability standard, propranolol, but was
17-fold faster than the low permeability standard, sucrose (Table V). The  apparent
permeability coefficient in the BL = AP direction was similar to that in the AP - BL
direction (Table V). These measurements indicate that the intestinal absorption of
AMG6-36 should proceed at a moderate rate following oral administration. Since the
apparent permeability coefficients in the AP - BL and in the BL > AP were not
significantly different, AM6-36 does not appear to be a substrate for efflux proteins

that might reduce its bioavailability.

TABLE V

APPARENT PERMEABILITY COEFFICIENTS OF AM6-36 THROUGH CACO-2
MONOLAYERS.!?

Papp (x10°° cm/sec £ S.D.)"
AP to BL BL to AP’
5uM 2.75+0.78 3.95+0.11
AMG6-36* 10 uM 552+0.2.9 3.25+0.71
25 uM 4.45+0.71 8.26 £ 0.93
Propranolol 10 uM 27.6
Standards
Sucrose 50 uM 0.16

1. Papp (apparent permeability coefficient) is expressed as cm/sec (x10-6).
2. AP to BL indicates apical to basolateral transport.

3. BL to AP indicates basolateral to apical transport.

4. Data are expressed as mean = SD,n=3
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3.3.2 Metabolic stability

The concentration of AM6-36 decreased during incubation for 60 min with
human liver microsomes (Figure 10). The elimination rate constant of AM6-36 was
0.0053, and the in vitro half-life was 130 min. Based on these data, the hepatic
intrinsic clearance of AM6-36 was determined to be 5.33 mL/min/kg. Under identical
conditions, the reference substrate propranolol, which has medium-low metabolic

stability,”” showed an elimination rate constant of 18.3 mL/min/kg and a half-life of

38 min.
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Figure 10 Disappearance of AM6-36 during incubation with pooled human liver

microsomes.

3.3.3 Test for electrophilic metabolites of AM6-36

During the investigation of the metabolism of AM6-36 by human liver

microsomes, a set of experiments was carried out containing the biological
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nucleophile glutathione to trap any electrophilic metabolites that might form. Analysis
of the metabolite mixture using LC-MS/MS showed no evidence of glutathione
conjugates (data not shown). Therefore, human liver microsomal metabolism of
AM6-36 does not appear to generate any electrophilic intermediates that can be

trapped as glutathione conjugates.

3.3.4 Identification of AM6-36 metabolites during incubation with human liver

microsomes
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Figure 11 Computer-reconstructed mass chromatograms of m/z 320 and m/z 322 from
the high resolution positive ion electrospray LC-MS analysis of an incubation of
AMG6-36 with pooled human liver microsomes. One Phase I metabolite, M1, was
detected as a protonated molecule of m/z 322.1554 (C19HoN30,, AM -0.2 ppm) at a

retention time of 13.6 min.
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The positive ion electrospray LC-MS analysis of the AM6-36 metabolite
mixture after incubation with human liver microsomes is shown in Figure 11. One
major metabolite M1 (retention time 13.6 min) was detected as a protonated molecule
of m/z 322.1554 which is within -0.2 ppm of the elemental composition Ci9H2oN305.
This formula indicates that M1 is a reduction product of AM6-36 (Ci9H;sN303)
formed by the addition of two hydrogen atoms. The formation of M1 required both
liver microsomes and NADPH because omission of either produced no detectable
metabolites of AM6-36 (Figure 11). Possible chemical structures that are consistent
with these data would include reduction of the ketone to an alcohol or reduction of a
carbon-carbon double bond. The positive ion product ion tandem mass spectra of
AM6-36 and M1 were obtained and are shown in Figure 12. The tandem mass
spectrum of M1 (Figure 12) contained an abundant fragment ion of m/z 287.1107
(Ci19HsNO, -2.7 ppm), corresponding to the loss of ammonia and a molecule of water.
Not observed in the tandem mass spectrum of AM6-36 (Figure 12), loss of water from
M1 suggested that it was formed by reduction of the ketone group of AM6-36 to an
alcohol. The corresponding alcohol was synthesized and found to coelute with M1
during LC-MS/MS and to produce an identical tandem mass spectrum. Therefore, M1
was identified as 3-amino-6-(3-aminopropyl)-11-hydroxy-6,11-dihydro-5H-indeno

[1,2-c]isoquinolin-5-one (Figure 13).
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Figure 12 Positive ion electrospray product ion tandem mass spectra obtained using
high resolution accurate mass measurement of A) AM6-36; and B) the abundant
Phase I metabolite M1.The mass of the protonated molecule used as the precursor for

product ion tandem mass spectrometry is indicated on each tandem mass spectrum.
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Figure 13 Proposed metabolic pathway of human liver Phase I metabolites of

AMS6-36.



3.3.5 Identification of AM6-36 metabolites during incubation with human

hepatocytes

69

1001
m/z 320 j\ AM6-36 5.74e4
1007
| miz322 Ml 4.54e3
" miz362 j\MZ 3.19¢3
T 0
1007
z miz 321 M3 3.18¢3
¢
g 10?)' I o S S
8 m/z 323 /\I\M 1.08e3
(]
N 0 POURG SN WO S -
= 1004
m/z 364 /\MS 762
0 . I — — S
1001
m/z 363 Mif\ 654
0 T T T T T T T I T T T T T I‘“'_ I T
1907 miz496 /\M? 125
0 y : ; r . A : o . ' . . " ; . r n : naal
50 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0

Retention time (min)

Figure 14 Computer-reconstructed positive ion electrospray LC-MS chromatograms

of AM6-36 and its seven Phase I and Phase II metabolites formed during incubation

with human hepatocytes.
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There were seven metabolites formed during incubation of AM6-36 with
human hepatocytes (Figure 14), and one was identical to the liver microsomal
metabolite M 1. The most abundant of the new metabolites of AM6-36, M2, eluted at
27.8 min during LC-MS analysis (Figure 14) and formed a protonated molecule of
m/z 362.1501. Accurate mass measurement of M2 indicated an elemental composition
of C31H20N30;3 (AM -1.1 ppm) which corresponded to monoacetylation of AM3-36.
The product tandem mass spectrum of protonated M2 is shown in Figure 15. The
product ion of m/z 345.1220 in the positive ion tandem mass spectrum (Figure 15)
was formed by a loss of ammonia, [MH-NH3]" (AM -5.5 ppm). Loss of ammonia and
the product ion of m/z 317 indicated that the acetyl group was not present on the
aminopropyl side chain. Therefore, the acetyl group must be located on the aniline
group (Figure 15). This proposed structure was then synthesized, and the M2 was
identified as N-(6-(3-aminopropyl)-5,11-dioxo-6,11-dihydro-5H-indeno[1,2-c]
isoquinolin-3-yl)acetamide by LC-MS/MS comparison with a synthetic standard

(Figure 19).

Another abundant metabolite of AM6-36 formed by human liver microsomes,
M3, was detected during LC-MS at a retention time of 39.6 min (Figure 14). The
protonated molecule of M3 was measured as m/z 321.1247 which corresponded to an
elemental composition of C;9H;7N,O3 (AM 2.5 ppm). Therefore, M3 was formed by
the conversion of an amino group to an alcohol. Based on the observation of fragment
ions of m/z 303 and m/z 275 in the product ion tandem mass spectrum which localized

the alcohol to the propyl side chain (Figure 15), the putative metabolite was
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synthesized for comparison using LC-MS/MS, and M3 was identified as
6-(3-hydroxypropyl)-3-amino-5H-indeno [1,2-c]isoquinoline-5,11(6H)-dione (Figure

19).

To determine if monoamine oxidases were responsible for the formation of
M3, human liver microsomes were preincubated with the monoamine oxidase A
inhibitor clorgiline or the monoamine oxidase B inhibitor pargyline (10 pM)
immediately before incubation with AM6-36. Because these inhibitors did not alter
the formation of M3 from AMG6-36 (Figure 16), monoamine oxidases were not
responsible for this metabolic transformation. These results indicate that AM6-36 will

not interfere with monoamine oxidase metabolism.

Eluting at 26.9 min during LC-MS (Figure 14), the protonated molecule of M4
was detected at m/z 323.1383 and corresponded to a theoretical formula of
C19HoN2O3 (AM -4.0 ppm). The fragment ions of m/z 305 ([MH-H,O]"), m/z 287
(IMH-2H,0]"), 277, and m/z 264 in the product ion tandem mass spectrum of M4
(Figure 17) indicated the presence of two alcohol groups with one located at the
terminus of the propyl side chain. These data are consistent with reduction of the
ketone to an alcohol and conversion of the amino propyl group to a propyl alcohol
group. After synthesis of this proposed compound and comparison with the metabolite
using LC-MS/MS, M4 was identified as 3-amino-11-hydroxy-6-(3-hydroxypropyl)

-6,11-dihydro-5H-indeno[1,2-c]isoquinolin-5-one (Figure 19).
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Metabolite M5 eluted at a retention time of 22.1 min during LC-MS (Figure
14) and was detected as a protonated molecule of m/z 364.1662. Accurate mass
measurement indicated an elemental composition of C,;H2,N303 (AM 0.3 ppm) which
likely corresponded to the addition of an acetyl group to M1. This putative structure is
also consistent with several M5 fragment ions in the product ion tandem mass
spectrum (Figure 17) that differed from M1 by 42 u (a ketene, C,H,0O, which is a
characteristic neutral loss of acetyl groups) including m/z 233, 275, 290, 319, 329, and
347. Since [MH-NH;]" was observed as the base peak of m/z 347 (Figure 17),
acetylation did not occur on the aminopropyl group. Therefore, a derivative of M1
was synthesized containing an acetyl group on the aniline group (Figure 17). Based on
identical tandem mass spectra and co-elution during LC-MS/MS, M5 was identified
as N-(6-(3-aminopropyl)-11-hydroxy-5-0x0-6,11-dihydro-5H-indeno[1,2-C]

isoquinolin-3-yl)acetamide (Figure 19).

A minor metabolite of AM6-36, M6 eluted at a retention time of 42.3 min
during LC-MS (Figure 14). Using positive ion electrospray with accurate mass
measurement, protonated M6 was measured at m/z 363.1346 which was within 0.3
ppm of the elemental composition C,1H 9N,O4. This elemental composition suggested
acetylation and conversion of an amino group to an alcohol. Since the tandem mass
spectrum of M6 (Figure 18) was similar to that of M2 (Figure 15), M6 was likely to
be acetylated like M6 but differ by conversion of the aminopropyl group to an alcohol.
The predicted metabolite was synthesized and shown to co-elute with M6 during

LC-MS/MS and to produce an identical tandem mass spectrum. Therefore, the
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structure of M6 was determined to be N-[6-(3-hydroxypropyl)-5,11-dioxo-6,11-

dihydro-5H-indeno[1,2-C] isoquinolin-3-yl] acetamide (Figure 19).

Metabolite M7 eluted at 20.2 min during LC-MS (Figure 14), and formed a
protonated molecule of m/z 496.1734. Accurate mass measurement indicated an
elemental composition of CpsHysN3Og (AM 2.8 ppm). Since the mass was 176 u
higher than AM6-36, M7 was probably a monoglucuronide. After treatment with B
-glucuronidase and reanalysis using LC-MS (data not shown), the peak of M7
disappeared and the peak corresponding to AM6-36 increased, which confirmed the
identification of M7 as a glucuronide acid conjugate of AM3-36. The ion of m/z
479.1307 in the product ion mass spectrum of M7 (Figure 18) represented loss of an
amino group from the protonated molecule, suggesting that the aminopropyl group
was not conjugated with glucuronic acid. Although no authentic standard was
synthesized for confirmation, M7 was probably an AM6-36 monoglucuronide

conjugated on the nitrogen substituent of the A-ring (Figure 19).
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Figure 15 Positive ion electrospray product ion tandem mass spectra with high

resolution accurate mass measurement of A) M2; and B) M3. The mass of the

protonated molecule used as the precursor for product ion tandem mass spectrometry

is indicated on each tandem mass spectrum.
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Figure 16 Positive ion electrospray LC-MS/MS with CID and SRM of the protonated
molecules of M3 formed during incubation of AM6-36 with pooled human liver

microsomes with or without monoamine oxidase A and B inhibitors clorgiline and

pargyline.
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protonated molecule used as the precursor for product ion tandem mass spectrometry

is indicated on each tandem mass spectrum.
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3.3.6 Biological evaluation of AM6-36 and its metabolites

As described in Chapter 2, the induction of RXRE transcriptional activity is a
valid chemopreventive strategy. Since AM6-36 is a rexinoid and agonist of RXRa,
the metabolites of AM6-36 were tested against this target. Based on the affinity
binding studies using ultrafiltation LC-MS, none of the metabolites of AM6-36 were
found to be ligands of RXRa (Figure 20). The RXRE activity of each metabolite was
tested in cell based bioassay, and the results are summarized in Table VI. One
AM6-36 metabolite, M2, showed RXRE induction activity and showed a maximum
induction ratio of 3.55 £ 0.53. This induction ratio was less than one-half that of

AMG6-36. All of the metabolites were less cytotoxic than AM6-36 (Table VI).
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Figure 20 Ultrafiltration LC-MS/MS testing of AM6-36 and M2 for binding to RXRa.
AMG6-36 bound to RXRa. M1, M2, M3, M4, M5 and M6 also did not to RXRa (data
not shown). Binding of the test compound to RXRa produced peak enhancement

(solid line) relative to the incubation using denatured RXRa (dashed lines).
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TABLE VI

BIOLOGICAL ACTIVITIES OF AM6-36 AND ITS METABOLITES.

Compound % Cell survival' Max IR Ultﬁg‘;’;ﬂgﬁ““
AM6-36 58.6+ 0.3 7.67+0.37 Binding
Mi 87.5+2.3 i ;
M2 745+ 0.6 3.55+0.53 ;
M3 85.9+ 6.3 i ]
M4 86.9 +2.9 i ]
M5 83.7+ 1.3 i ]
M6 90.6 + 0.7 i ]

1. Testing concentration: 50 pM.
2. Max IR: the maximum induction ratio observed when compounds are tested at
variable concentrations.

3.3.7 Determination of enzymes and factors involved in AM6-36 metabolism

Determining Linear Conditions and Parameters for Michaelis-Menten Kinetics

The rates of formation of M2 from AM6-36 by human liver cytosol were
investigated using LC-MS/MS. Retention times for AM6-36 and M2 were 0.9 and 1.1
min, respectively. Calibrations were linear and reproducible over the range of 2 to 362
ng/mL (r* > 0.999). Formation of M2 was linear up to 1 h with cytosolic protein
concentrations up to 1 mg/ml (Figure 21 and Figure 22). Michaelis-Menten plot of
M2 formation from AM6-36 by human liver cytosol was calculated by curve fitting

using SigmaPlot 11.0 and the values for K, and V.x were 154 uM and 885.0



81

pmol/min/mg, respectively, at an acetyl coenyzme A concentration of 100 uM (Figure

23).
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Figure 21 Formation of M2 from AM6-36 by human liver cytosol was linear with

cytosol concentrations up to 1 mg/ml
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Figure 22 Formation of M2 from AM6-36 by human liver cytosol was linear up to 1
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Figure 23 Michaelis-Menten plot of M2 formation from AM6-36 by human liver

cytosol.
Isoform-Selective Inhibition Screening of N-Acetyl AM6-36 Formation

Selective inhibition screening in human liver cytosol using SMZ as the NAT2
probe and PABA as the NATI1 probe showed a dominant NAT2 component (Figure
24). Therefore, acetylation of AM6-36 to form M2 was catalyzed primarily by NAT2.

The ICs value was calculated to be 0.9 mM by curve fitting using Sigma Plot 11.0.

Percent Activity

0.001 0.01 0.1 1 10 100

Inhibitor (mM)

Figure 24 Inhibition of M2 formation from AM6-36 by sulfamethazine.
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3.3.8 Human plasma protein binding of AM6-36

Equilibrium dialysis and LC-MS/MS were used to investigate the binding of
AM6-36 to human plasma proteins. AM6-36 was found to be 75% bound to plasma
proteins. For comparison, ketoconazole, which was used as a high protein binding
control, was 95% bound to plasma proteins under identical conditions, and only 7% of

the low protein binding control, atenolol, was found to be bound to plasma proteins.

3.3.9 Detection of AM6-36 and its metabolites in vivo

To assess absorption and metabolism, AM6-36 (40 mg/kg body weight) was
administered to rats, by gavage, over a period of 3 days. Blood was collected on days
1 and 3, and tissues were collected at the end of the study. Quantitative analysis of
AMG6-36 was carried out with Dr. Jerry White. As summarized in Table VII, the
concentration of AM6-36 in the rat serum was approximately 0.83 pg/mL. The
concentration in liver (4.28 mg/g) was approximately 5 times higher. The amount of
perirenal fat and mammary tissue obtained from each rat in this study was determined
to be in insufficient amounts for quantitative analysis of the test compound. Therefore,
perirenal fat from 3 rats was combined into a single sample for analysis, and
mammary tissue from 3 rats was combined into a single sample. Appreciable
quantities were found in the mammary gland (0.29 pg/g) and perirenal fat (0.28 pg/g).
These data are consistent with moderate oral absorption and moderate

metabolism/excretion.
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TABLE VII

CONCENTRATION OF AM6-36 IN SERUM AND TISSUES FROM RATS.

Serum Liver Mammary Fat
Rat ID (ng/mL) (ng/g) gland (ug/g) (ng/g)
1-day 3-day Pooled: N=3

AM6-36 (40 mg/kg)’

34 = 82+
Com o amew
+ .84 £
5 A O 5030 : :
+ 82 £
oom o een o
Total %%31(3; (())%313: 428+0.65 0.29+0.006 0.28=+0.001

1. Data are expressed as mean = SD, n =3

After administration of AM6-36 to rats by gavage, serum, liver and mammary
tissues were obtained for analysis using high-resolution LC-MS and LC-MS/MS. The
acetylated AM6-36 metabolite, M2, which was the most abundant Phase II metabolite
in vitro, was also the most abundant metabolite observed in vivo (data not shown) and
was detected in serum and rat liver but not in mammary tissue (Table VII). In addition
to M2, metabolites M1, M3, M4, and M6 were detected in rat liver but not in serum or
mammary tissue. The identities of these metabolites in rat serum and liver were
confirmed by comparison of the tandem mass spectra and HPLC retention times of

the metabolites with synthetic standards.
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3.4 Discussion

One of the goals of cancer chemoprevention drug discovery is to identify drug
candidates which possess appropriate ADME properties with low hepatic clearance
and high oral bioavailability. Metabolic stability in the presence of liver microsomes
is routinely obtained in vitro and used to eliminate compounds with undesirable

153

ADME properties as early as possible in the drug discovery. > The substrate

depletion method is often used to estimate the metabolic efficiency of compounds in

150

liver.”" The in vitro metabolic stability in human liver microsome should reasonably

well predict in vivo clearance in human.

The metabolic half-life of AM6-36 (130 min) was longer than propranolol (38
min), and its hepatic intrinsic clearance was considerably smaller. Due to the
instability of enzyme activity after 2h incubation, the exponential decay curve could
not be obtained after 4 h or 6 h incubation. Although AM6-36 has a long half life, the
metabolic stability study was carried out within 1 h according to the supplier’s
instructions. Note that the measured hepatic intrinsic clearance of propranolol, 18.3
mL/min/kg, was similar to the literature value of 13.0 mL/min/kg."** Therefore,
AMG6-36 is predicted to have low first-pass hepatic metabolism. During incubation
with human liver microsomes and NADPH, one metabolite was observed, M1, which
was formed by reduction of the ketone group on the C-ring to an alcohol (Figure 13).
Since M1 was not observed in control incubations in which AM6-36 was incubated

without human liver microsomes or NADPH, the formation of M1 requires enzymatic
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catalysis. Finally, the metabolic activation experiments using glutathione as a trapping
agent showed no evidence of the formation of electrophilic metabolites, which might

L 151
be a source of toxicity.

The large availability and simplicity in use make human liver microsomes the
most popular in vitro model. However, because of the absence of other enzymes (e.g.,
NAT) and cytosolic cofactors, not all cellular metabolites might be formed using this
model. In contrast, cryopreserved hepatocytes have been shown to retain both Phase I
and Phase II drug metabolizing enzyme activities. Cryopreserved human hepatocytes,
being closer to the in vivo liver system, have been widely utilized as the most
versatile in vitro system which maintains both metabolizing and transporting

activities.

In order to obtain more comprehensive information of metabolic transformation
and to detect potentially toxic AM6-36 metabolites, metabolism studies were then
carried out using human hepatocytes. Incubation with human hepatocytes produced
seven metabolites; four of these were formed in approximately equal abundance
(M1-M4) and three were minor metabolites (M5-M7) (Figure 19). Three of these
hepatocyte metabolites, M1, M4 and M5, contained an alcohol on the C-ring due to
reduction of the ketone. The abundant metabolite M2 was formed by acetylation of
the amino group on the aromatic A-ring (Figure 19) instead of the amino group on the
propyl side chain, probably due to pKa differences, which would cause the aliphatic

amine to be protonated at physiological pH and therefore be less susceptible to
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acetylation. M5 and M6, which were observed in low abundance, were probably
formed from M2 by reduction of the ketone or conversion of the aliphatic amine to an
alcohol, respectively. Alternatively, M6 could have been formed by acetylation of M3,
which was generated from AM6-36 by conversion of the aliphatic amine to an alcohol.
M4 was the only diol metabolite which might have been formed by reduction of the
ketone of M3 or oxidation of the aliphatic amine of M1 followed by reduction of the
intermediate aldehyde. Observed only as a minor metabolite, M7 was the only

glucuronide formed from AM6-36 by human hepatocytes.

With the exception of the glucuronide, all of the AM6-36 metabolites were
synthesized in order to obtain authentic reference standards that could be used to
confirm the identities of the actual metabolites. The syntheses of the metabolites also
provided enough material for investigation of their biological activities. Hepatic Phase
I and Phase II enzymes might convert xenobiotics to inactive, active or even toxic
metabolites. The biological evaluation indicated that none of the metabolites of
AMG6-36 were found to be ligands of RXRa based on ultrafiltration assay. One
metabolite, M2 showed RXRE induction activity that was less than half that of
AMG6-36, and this weak activity might be the result of week binding to RXRa that was
below the limit of detection of the ultrafiltration LC-MS assay. These data indicate
that metabolic processes terminate or limit the desired chemoprevention activity and
chemotherapeutic cytotoxicity of AM6-36. As a potential chemoprevention agent,

these data indicate that AM6-36 is worthy of additional investigation.
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NAT acetylation of AM6-36 in human liver cytosol is mediated by NAT2, as
shown by the NAT2-specific sulfamethazine inhibition. NAT2 is expressed
predominantly in the liver and gut, whereas NAT1 is expressed ubiquitously. NAT2 is
a highly polymorphic enzyme that plays a key role in the detoxication and/or
metabolic activation of certain therapeutic drugs, occupational chemicals and
carcinogens. The enzyme produced by NAT2 acts on 1% of drugs in current clinical
use including isoniazid and numerous chemicals. The enzyme activity is expressed at
highly variable levels. Three phenotypes are identified: rapid acetylators, intermediate
acetylators, or slow acetylators. Approximately 50% of people in the United States are
slow acetylators and 40% intermediate acetylators. Like the identification of CYP
isoform(s) involved in the metabolism of the drug candidate, the identification of
specific NAT(s) are very useful for the evaluation of the effects of potential drug-drug
interaction/genetic polymorphism for liver-targeted candidates. Slow acetylators
exhibit different pharmacokinetics from normal individuals and are at increased risk

of drug-induced side effects due to diminished drug elimination.

Equilibrium dialysis is one of the most frequently used approaches to determine
the nonbound drug fraction in plasma, where the major drawbacks are the time to
reach equilibrium (varying between 6 and 24 h) and a long assay preparation time. A
rapid equilibrium dialysis (RED) device has recently become commercially available
offering the potential for reduced preparation and equilibration times. The high
surface-to-volume ratio of the membrane compartment allows rapid dialysis, where

equilibrium can be reached in 4 hours with high levels of reproducibility and accuracy.
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AM6-36 binding to human plasma proteins reached equilibrium by approximately 4.5
h. The data suggested that AM6-36 showed only moderate binding to serum proteins
(75%) and should not produce drug-drug interactions due to displacement of highly

bound drugs from serum proteins.

After administration of AM6-36 to rats by gavage, AM6-36 was detected in serum,
liver and mammary tissues. Among the seven metabolites of AM6-36 observed in
vitro, all except M5 and M7 were observed in vivo using rats. Among the AM6-36
metabolites detected in vivo, M2 was the most abundant (data not shown). These
findings are consistent with the in vitro studies for the following three reasons: 1) M2
was a major metabolite of AM6-36 during incubations with human hepatocytes; and 2)
M5 and M7 were only minor metabolites formed by human hepatocytes. Low levels
of AM6-36 were found in mammary gland and fat tissues. Together with high
abundance of M2 of AM6-36 found in rat liver and plasma, we conclude that
extensive Phase II metabolism of AM6-36 is one of the main reasons leading to only

moderate oral bioavailability in rats.

In conclusion, the metabolism of the indenoisoquinoline AM6-36, which is an
agonist of RXR wunder investigation as a potential chemotherapeutic and
chemoprevention agent, was investigated using human hepatocytes, human liver
microsomes and rats. AM6-36 formed seven Phase I and Phase II metabolites.
Structures for all seven metabolites were proposed based on high resolution accurate

mass tandem mass spectrometry, and six of these metabolites were identified by
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comparison with synthetic standards. These preliminary metabolism studies suggest
that AM6-36 will not form reactive, potentially toxic metabolites. AM6-36 showed
moderate serum protein binding, moderate metabolic stability, and low first-pass liver
metabolism is predicted. These properties are favorable for further investigation and

development of AM6-36 as a potential chemoprevention and cancer therapeutic agent.



4. IN VITRO HEPATIC METABOLISM STUDIES OF THE EXPERIMENTAL

CANCER TREATMENT DRUGS INDOTECAN AND INDIMITECAN

4.1 Introduction

Topoisomerases are nature’s ubiquitous solution for managing the topology and
torsional states of DNA. Topoisomerase I (Topl) is an essential enzyme that relaxes
supercoiled DNA so that it may be replicated, transcribed and repaired.''*'*' The
enzyme acts through a nucleophilic tyrosine residue (Tyr723), which nicks the
phosphodiester backbone of double-stranded, supercoiled DNA and forms a transient
“cleavage complex” in which the 3' end of the broken DNA strand is covalently
linked to the enzyme. Within this “cleavage complex”, the scissile (broken) strand
undergoes “controlled rotation” around the unbroken strand, a process that relaxes the
DNA. The catalytic cycle ends when the 5" end of the scissile strand re-ligates the
DNA and the enzyme is released. If this cycle is inhibited, DNA damage ensues,
which in turn activates DNA damage responses, leading to cell cycle arrest or the

eventual triggering of pro-apoptotic cascades. >’

As Topl is overexpressed and DNA damage responses are defective in some

human tumors, several Topl inhibitors have been developed as chemotherapeutic

121, 122

agents. Representative examples are shown in Figure 25. The alkaloid

camptothecin'>

is not used clinically, but its semisynthetic derivatives topotecan and
irinotecan are FDA-approved.''® '** 2* Although potent, camptothecin derivatives

suffer from many shortcomings, including poor solubility, dose-limiting toxicity,

91
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pharmacokinetic limitations resulting from the instability of the E-ring lactone under

physiological pH, and binding of the lactone hydrolysis product to plasma proteins.'**

125-127

LMP400 :j LMPTT6

Figure 25 Representative Top1 Inhibitors.

To circumvent these limitations, the indenoisoquinolines were developed as
therapeutic alternatives. In 1998, a COMPARE analysis'>* '* was performed on NSC
314622 (Figure 25), which indicated that it may act in a manner similar to
camptothecin and derivatives. Indeed, this compound was found to be a Topl
inhibitor.' Since then, many optimization and SAR studies have produced potent
indenoisoquinolines. Two of these compounds, indimitecan (LMP776) and indotecan
(LMP400) were promoted into Phase I clinical trials at the National Cancer Institute.

These compounds appear to be stable and are powerful, cytotoxic Topl poisons that
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induce long-lasting DNA breaks and overcome the drug resistance issues associated

with the Camptothecins,m’ 161, 162

4.2 Materials and methods

4.2.1 Materials

Indotecan (LMP400), indimitecan (LMP776), and putative metabolites of
LMP400 and LMP776 were chemically synthesized in the laboratory of Dr. Mark
Cushman of the Department of Medicinal Chemistry and Molecular Pharmacology at
Purdue University (West Lafayette, IN). The purities were determined to be >98%
based on analysis using LC-MS. Human liver microsomes were purchased from In
Vitro Technologies (Baltimore, MD). All other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). All organic solvents were HPLC grade or better and

were purchased from Thermo Fisher (Hanover Park, IL).

4.2.2 Metabolic stability

Compounds (1 pM) were incubated separately with pooled human liver
microsomes (1 mg protein/mL) as described previously in section III, 3.3.1.2. All

experiments were carried out in duplicate.

The metabolic stability of propranolol, which has medium-low metabolic
stability,”” was used for reference in each set of experiments. The estimation of

half-life was based on the rates of substrate disappearance during the 60 min
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incubation with human liver microsomes. The results were converted to the
percentage of substrate remaining, using t = 0 as 100%. The slope of the linear
regression curve (-k.) from log percentage remaining of each compound versus
incubation time relationship was used in the conversion to in vitro value from the

following equation: t;,= 0.693/ k.

4.2.3 Incubation with human liver microsomes

Compound LMP440 or LMP776 (10 uM) was incubated at 37 °C with pooled
human liver microsomes (15 donors, mixed gender) containing 1 mg/mL of
microsomal protein and 50 mM phosphate buffer at pH 7.4 in a total volume of 200
uL. After a 5 min preincubation, | mM NADPH was added to initiate reaction, and
the mixture was incubated for an additional 60 min. The reaction was stopped by
chilling the mixture on ice and by addition of 20 pL of ice-cold
acetonitrile/water/formic acid (86:10:4, v/v/v) to precipitate proteins. Samples were
centrifuged, supernatants were removed, evaporated to dryness under nitrogen, and
the residues were dissolved in the mobile phase prior to analysis using LC-MS and
LC-MS/MS. Control incubations were identical except for the elimination of

microsomal protein or NADPH.

4.2.4 LC-MS and LC-MS/MS

Quantitative analyses of LMP400 and LMP776 were carried out using

UHPLC-MS-MS on a Shimadzu Nexera UHPLC system interfaced with a Shimadzu
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LCMS-8040 triple quadrupole mass spectrometer. Analytes were separated on a
Shimadzu Shim-pack XR-ODS III UHPLC column (2.0 x 50 mm, 1.6um) using a 2.5
min linear gradient from 10-90% acetonitrile in 0.1% aqueous formic acid with
equilibration at 10% methanol for 1 min. The flow rate was 0.5 mL/min. Mass
spectrometer source parameters were as follows: DL temperature 300 °C, spray
voltage 3500 V, nebulizing gas flow 3 L/min, and drying gas flow 20 L/min. Analytes
was detected using positive ion electrospray, collision-induced dissociation and SRM
by recording the signal for the transition of the protonated molecule to the most
abundant fragment ion. The SRM transitions of m/z 479 to m/z 392, m/z 460 to m/z
392, m/z 260 to m/z 183, and m/z 531 to m/z 244 were monitored for LMP400,

LMP776, propranolol, and internal standard, respectively.

Analyses of LMP440, LMP776 and their metabolites were carried out using a
Waters 2690 HPLC system equipped with a Waters Xterra 2.1x100 C;g column. The
solvent system consisted of a linear gradient from 0.1% formic acid in water to
methanol as follows: 20% to 45% methanol over 10 min, 45% to 90% methanol over
I min and isocratic 90% methanol for another 2 min. The column was equilibrated
with 20% methanol for at least 10 min between analyses. The flow rate was 0.2
mL/min, and the column temperature was 33 °C. The HPLC was interfaced with a
high resolution Waters Q-TOF Synapt hybrid quadrupole/time-of-flight mass
spectrometer, and positive ion electrospray was used for sample ionization. For
accurate mass measurements, leucine enkephalin ([M+H]" of m/z 556.2771) was

introduced post-column as a lock mass. The mass accuracy obtained was < 5 ppm.
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Data were acquired from m/z 100-700. Tandem mass spectra were acquired at a
collision energy of 20 eV using argon as the collision gas at a pressure of 2.0x10”

mbar.

4.3 Results

4.3.1 Metabolic Stability

The metabolic stability values defined as the half-life during incubation with
human liver microsomes and NADPH relative to propranolol (38 min) are
summarized in Table VIII. Compared with the reference substrate propranolol, which
is regarded as a drug with medium-low metabolic stability, metabolic stability studies
indicated that LMP400 and LMP776 possess high degrees of metabolic stability

during incubation with human liver microsomes.

TABLE VIII
THE METABOLIC STABILITY VALUES DEFINED AS THE HALF-LIFE

DURING INCUBATION WITH HUMAN LIVER MICROSOMES AND NADPH.

t12 (min)" SRM transition (m/z)

LMP400 52.9 479 to 392

LMP776 42.9 460 to 392
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4.3.2 Identification of LMP400 metabolites during incubation with human liver

microsomes
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Figure 26 Computer-reconstructed positive ion electrospray LC-MS chromatograms

of LMP400 and its metabolites formed during incubation with human liver

microsomes.
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The positive ion electrospray LC-MS analysis of the LMP400 metabolite
mixture after incubation with human liver microsomes is shown in Figure 26. Two
major metabolites (M1 and M2) were detected as their protonated molecules. The
formation of M1 and M2 required both liver microsomes and NADPH, since omission

of either produced no detectable metabolites (data not shown).

The most abundant LMP400 metabolite M1 eluted at 12.3 min during LC-MS
(Figure 26) and formed a protonated molecule of m/z 467.1823. Accurate mass
measurement indicated an elemental composition of CpsHy7;N,O; (1.1 ppm)
corresponding to the loss of one carbon atom. It is possible that the loss of carbon
took place on the dimethoxy group or dioxolane group baesd on this information. The
structure of MI1 was then confirmed as 8,9-dihydroxy-2,3-dimethoxy-6-
(3-morpholinopropyl)-5H-indeno[ 1,2-c]Jisoquinolin-5,11(6H)-dione by LC-MS/MS

comparison with a synthetic standard PVN-9-12 (Figure 27).

Eluting at a retention time of 12.6 min (Figure 26), metabolite M2 produced a
protonated molecule at m/z 465.1654 during positive ion electrospray, which was
within -1.7 ppm of the elemental composition C;sH,sN,O7. This formula indicated
that M2 was a demethylation product of LMP400. The putative metabolite was
synthesized for comparison using LC-MS/MS (Figure 27), and M2 was identified as
3-hydroxy-2-methoxy-6-(3-morpholinopropyl)-5H-[1,3]dioxolo[4°,5:5,6]indeno[ 1,2-
clisoquinoline-5,12(6H)-dione (PCL-3-65). The metabolism of LMP400 is

summarized in Figure 28.
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is indicated on each tandem mass spectrum.
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metabolites of LMP400 and LMP776.

4.3.3 Identification of LMP776 metabolites during incubation with human liver

microsomes

The investigational Topl inhibitor LMP776 was incubated with human liver
microsomes, and the Phase I metabolites were characterized using LC-MS. The
computer-reconstructed selected ion chromatograms for the positive ion electrospray
LC-MS analysis of an incubation of LMP776 with pooled human liver microsomes
are shown in Figure 29. Two major (M1 and M2) metabolites (based on abundances

during LC-MS) were detected as their protonated molecules.



101

During LC-MS, the most abundant metabolite M1 was detected at the retention
time of 12.8 min (Figure 29). Accurate mass measurement provided a value of m/z
448.1508, which was within -0.2 ppm of the theoretical formula of C4H2,N30¢. This
formula was consistent with the loss of a methylene group, and LC-MS/MS
comparison with the synthetic standards (Figure 30) confirmed this metabolite as
6-(3-(1H-imidazol-1-yl)propyl)-8,9-bis(benzyloxy)-2,3-dimethoxy-5H-indeno[ 1,2-c]

isoquinolin-5,11(6H)-dione.

A second abundant metabolite of LMP776, M2 eluted at a retention time of 13.2
min (Figure 29). Metabolite M2 produced a protonated molecule of m/z 446.1361,
which corresponded to a loss of a methyl group with an elemental composition of
C24HyoN3O¢ (2.0 ppm). After synthesis of one of the possible O-demethylated
derivatives of LMP776 and comparison with the metabolite using LC-MS/MS (Figure
30), M2 was identified as 6-(3-(1H-imidazol-1-yl)-3-hydroxy-2-methoxy-
5H-[1,3]dioxolo[4’,5’:5,6]indeno[ 1,2-C]isoquinoline-5,12(6H)-dione (PCL-3-70).

Figure 28 summarizes the metabolism of both LMP400 and LMP776.
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4.4 Discussion

During incubation with human liver microsomes and NADPH, two similar Phase I
metabolites were formed from each of LMP400 and LMP776 (Figure 28). Since M1
and M2 were not observed in control incubations without human liver microsomes or
NADPH, their formation depended upon enzymatic catalysis. M1 was formed by loss
of carbon from the dioxolane group, and M2 was an O-demethylation product. The

structures were identified by comparison with synthetic standards.

O-dealkylation, catalyzed chiefly by hepatic cytochrome P450 enzymes, is a
common and well-precedented metabolic process, and plays significant roles in

human metabolism of the chemotherapeutic agents etoposide and teniposide,'®

opiates and opiate antagonists,'®* ¢

and the topoisomerase inhibitors berberine and
Genz-64482.'°% 17 Methylenedioxy rings are also sites of metabolic interference
(likely via oxidation). Both demethylenation (to yield catechols) and
demethylenation/alkylation processes (to yield 0-methoxyphenols) are also observed

in rodent and human metabolism of berberine,'° safrole and piperonal derivatives,'*®

9 MDMA (“ecstasy”),'” and the designer drug MDPPA.'"!

As part of this study, the metabolites of LMP400 and LMP776 are also being
investigated for Topl inhibitory and antiproliferative activity in the National Cancer
Institute’s Developmental Therapeutics Assay (the “NCI-60”) against cell lines
172,

derived from a variety of human tumors (approximately 60 lines are being used).

173 All of the metabolites possess significant anti-Top1 activity (shown in Appendix).
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Although they were weaker Topl poisons than LMP400 and LMP776, these
metabolites might serve to prolong the antitumor effects of the parent drugs in vivo.
As there are many examples of potent hydroxylated/phenolic Topl poisons in the
literature, the the hydroxyindenoisoquinolines metabolites are also new leads for the

development of potent, cytotoxic Topl poisons.



5. CONCLUSIONS AND FUTURE DIRECTIONS

Retinoid X receptor is a combinatorial partner for one-third of the 48 human
nuclear receptor superfamily members and acts as a master coordinator of nuclear

receptor signaling pathways involved in the control of cell growth and differentiation.

Although many derivatives and analogs of retinoids have been synthesized
extensively investigated, therapies based on retinoids are compromised by a variety of
side effects and reduced RAR expression in various cancer types. RXR ligands have
shown promising chemopreventive and chemotherapeutic activities with mild toxicity
in several cancer types tested, and RXR expression is rarely lost in human tumors.
Ultrafiltration mass spectrometric screening greatly facilitated the screening for
ligands of RXRa. AM6-36 was identified as structurally unique rexinoid and a

leading chemopreventive agent based in high throughput screening.

LC-MS has provided superior sensitivity and selectivity needed for analytical
challenges, making it well suited for drug metabolism as well as other ADME related
evaluation of lead compounds from screening. The preliminary metabolism studies of
AMG6-36 suggest that AM6-36 will not form reactive, potentially toxic metabolites.
AMG6-36 showed moderate serum protein binding, moderate metabolic stability, and
low first-pass liver metabolism is predicted. These properties are favorable for further
investigation and development of AM6-36 as a potential chemoprevention and cancer

therapeutic agent.

106
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Despite many clinical trials, only two RXR agonists, LGD1069 and 9cRA have
been approved for drug use and then only for limited indications. Both drugs have
significant adverse effects that may be due to their abilities to activate the RARs. The
effects of AM6-36 on other nuclear receptors such as PPARs and LXRs should also

be examined in the future.

Continual screening of RXR ligands would be another direction of future work. A
major limitation for the RXR ultracentrifugation screening was that the receptor must
be purchased. Therefore, an in-house expression and purification of RXR should be

accomplished in order to better facilitate the high throughput screening approach.

Since a recent report has indicated that RXR agonists may be of therapeutic utility
in the treatment of Alzheimer’s disease and its antecedent phases,'’* rexinoids for the
treatment/prevention of Alzheimer’s disease will also be an interesting direction for

future investigation.
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Appendix
Antiproliferative potencies and topoisomerase I inhibitory activities of

hydroxyindenoisoquinolines.

Cytotoxicity (GIso in pM)*

Compound MGM" Top 1 Cleavage®
LMP400 4.64+1.25 +H+
LMP776 0.079+0.023 e

M1 of LMP400 0.602 et
M2 of LMP400 0.056 +HH(+)
M1 of LMP776 0.224 T+

M2 of LMP776 0.043 ot

*The cytotoxicity GI50 values are the concentrations corresponding to 50% growth
inhibition. °Mean graph midpoint for growth inhibition of all human cancer cell
lines successfully tested, ranging from 10® to 10* M. ‘Compound-induced DNA
cleavage due to Topl inhibition is graded by the following rubric relative to 1 pM
camptothecin: 0, no inhibitory activity; +, between 20 and 50% activity; ++, between
50 and 75% activity; +++, between 75% and 95% activity; ++++, equipotent, +++++
more potent. “For MGM GI50 values in which a standard error appears, the GI50
values for individual cell lines are the average of two determinations; values without

standard error are from one determination.
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