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ABSTRACT
Anthracyclines are potent anticancer agents, but cardiotoxicity mediated by free radical
generation limits their clinical use. These studies evaluated the anticancer activity of
phenyl-2-aminoethyl selenide (PAESe) and its potential to reduce doxorubicin (DOX)-
induced cardiotoxicity. Growth inhibitory effects of PAESe with DOX, and vincristine,
clinically used anticancer agents, and tert-butylhydroperoxide (TBHP), a known oxidant,
was determined on the growth of human prostate carcinoma (PC-3) and breast cancer
(BT-474) cells. PAESe did not alter the growth of PC-3 and BT-474 cells, however,
concomitant use of PAESe decreased the oxidative-mediated cytotoxicity of TBHP, but
had limited effect on vincristine or DOX activity. Further, PAESe decreased the
formation of intracellular reactive oxygen species from TBHP and DOX. In tumor
xenograft mouse model, PAESe did not alter DOX antitumor activity and showed
evidence of direct antitumor activity relative to controls. DOX treatment decreased mice
body weight significantly, whereas concomitant administration of PAESe and DOX was

similar to controls. Most importantly, PAESe decreased DOX-mediated infiltration of



neutrophil and macrophages into the myocardium. These data suggest PAESe had in vivo
antitumor activity and in combination with DOX decreased early signs of cardiotoxicity
while preserving its antitumor activity. Furthermore, sterically stabilized PAESe
liposome (SSL-PAESe) was formulated and the pharmacokinetic properties of SSL-
PAESe were evaluated and compared with those of free PAESe to determine the effect of
encapsulation using newly developed high-performance liquid chromatography - tandem
mass spectrometry (HPLC-MS/MS) analytical method with electrospray ionization.
Significant alterations in pharmacokinetic properties were observed; Circulation half-life
of SSL-PAESe was increased significantly compared to free PAESe. A significant
decrease in the rate of elimination and total systemic clearance and an increase in AUC
were observed in animals receiving SSL-PAESe compared to free PAESe. The antitumor
effect of SSL-PAESe was established by determining tumor growth inhibition, body
weight, and survival using a tumor xenograft mice model. These results might be
associated with increased exposure of drug in the body to improve efficacy (antitumor
activity) with encapsulation in long-circulating liposomes. We demonstrated that PAESe
encapsulation in SSL provides a potential to be developed as a clinical therapeutic
product for improving cancer treatment.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Cancer

Cancer is the 2" leading cause of death accounting for 23% of all deaths, and the
probability of developing cancer is 1 in 2 men and 1 in 3 women in their lifetimes in the
United States [1]. Prostate and breast cancer are the most prevalent cancers expected to
occur among men and women, respectively in 2012. These cancers will account for 29%
of all newly diagnosed cancers in men and women [1].

Standard treatment of prostate and breast cancers includes surgery, radiation
therapy, hormonal therapy and chemotherapy. Although these options have been
efficacious in treatment of cancer for decades, severe side effects have been reported and
limit overall clinical activity. Common side effects of surgery include incontinence,
impotence, and bowel complication for prostate cancer and lymphedema of the arm and
physical discomfort for breast cancer [1, 2]. Hormonal therapy is known to increase the
potential of osteoporosis, diabetes, cardiovascular disease and obesity [3]. Radiation
therapy has been reported to increase the risk of other cancers such as bladder cancer and
rectal cancer by damaging adjacent epithelial cells [4]. Moreover, radiation therapy may
not be effective on tumor tissue that has a low oxygen level, which decreases radiation-
generated radicals that destroy tumor cells [5]. There is limited utility of localized

therapies, such as surgery or radiation, in patients with metastatic disease. The



effectiveness of cancer treatment by chemotherapy may be limited by the development of

drug resistance and undesired systemic effect on normal/non-targeted tissues [6].

Anthracyclines

Anthracyclines antibiotics such as doxorubicin (DOX, Fig 1-1A), daunorubicin
(DNR, Fig 1-1B) and epirubicin (EPI, Fig 1-1C) are widely used anticancer agents in the
treatment of hemopoietic neoplasms, such as acute lymphocytic leukemia and acute
myelogenous leukemia, Hodgkin's and non-Hodgkin's lymphoma, multiple myeloma,
breast, prostate, ovary and lung cancers [7, 8].

DOX and DNR, developed over 45 years ago, are still used widely in current
cancer treatment [9, 10]. DOX has a broad spectrum of antitumor activity in the treatment
of solid tumors including breast and prostate cancer [8, 11]. DOX is one of standard
chemotherapeutics used in women with early-stage invasive breast cancer. A number of
clinical trials have demonstrated that chemotherapy containing anthracyclines, e.g., DOX,
prolongs survival time over non-anthracycline chemotherapy protocols [12], and the
survival advantage was reported especially for women with HER-2 positive not negative
breast cancer [13]. Androgen-independent PC-3 prostate cancer cell has also been widely
utilized to determine the therapeutic effect of DOX due to its high sensitivity to DOX
[14-17].

Unlike DOX, DNR has a hydroxyl group at position C14. DNR has significantly
greater activity against hematopoietic malignancies, but is less efficacious in the
treatment of solid tumors. Thus, DNR is most commonly used for treatment of acute

lymphocytic leukemia and acute myelogenous leukemia [11]. EPI, an epimer of DOX,



has the C4' hydroxyl group on the amino sugar in the equatorial not the axial position.
EPI was discovered to expect having a similar antineoplastic spectrum of action to DOX
with its structural similarity. However, it was shown that EPI does not provide any
significant advantage over DOX. EPI has significantly less antitumor activity compared
to DOX. EPI was also found to have slightly less cardiotoxicity compared to DOX, but
this affect was observed at equimolar concentrations not at equitherapeutic doses [18].
Moreover, the cost of an equitherapeutic dose of EPI is substantially higher (22 times)
than DOX in the U.S. [19].

Although the mechanisms of action of anthracyclines have not been elucidated
fully, they are known to include: i) Inhibition of the activity of topoisomerase Il that
cleaves double-stranded DNA and unwinds supercoiled DNA, preventing DNA
transcription and replication [20]; ii) Intercalation between base pairs of nucleic acid
(DNA and RNA) strand, preventing nucleic acid synthesis, thus inhibiting the replication
of cancer cells [21]; and iii) Formation of iron-mediated free oxygen radicals, damaging

DNA and cellular membranes [22, 23].

Cardiotoxicity of Anthracycline

The clinical use of anthracyclines has been limited by cumulative dose-dependent
cardiotoxicity [7]. Anthracycline cardiotoxicity is known to cause electrocardiographic
changes such as blood pressure dysregulation and impaired heart contractility [24].
Anthracycline treatment also causes numerous morphological changes in cardiomyocytes
including microtubular injury, mitochondrial damage, mitochondrial cristae lesion,

disruption and dilatation of the sarcoplasmic reticulum, degeneration of Z band as well as



loss of myofibrils and tight junctions [25-27]. These alterations are known to associate
with myocardial dysfunction, which over time lead to cardiomyopathy, congestive heart
failure and mortality [26].

Anthracycline-induced cardiotoxicity can occur immediately (acute toxicity) after
the first dose of treatment, resulting in transient arrhythmias or acute failure of the left
ventricle [28, 29]. This acute cardiotoxicity, however, is rare form under current
treatment protocols. More importantly, anthracycline-induced cardiotoxicity has been
more commonly recognized months to even years after treatment has terminated [30].
This chronic or late onset cardiotoxicity is clinically the most important form because
dose-related cardiac dysfunction can be progressed asymptomatically, and eventually
leads to more serious clinical problems such as late-onset ventricular dysfunction, heart
failure and fatal arrhythmias [30-32].

Cardiotoxicity is known to occur based on the cumulative dose of the drug. In
case of DOX, the risk of developing DOX-induced cardiotoxicity increases evidently
above a cumulative dose of 550 mg/m? body surface area [7]. Therefore, it is
recommended that total cumulative dose should not exceed 550 mg/m? to reduce the
potential for cardiotoxicity. However, cardiotoxicity has been observed after cumulative
doses under 550 mg/m? even though patients were carefully monitored to keep the
cumulative dose under the safe upper limit [33]. In a retrospective analysis of three phase
[11 clinical trials, congestive heart failure occurred with total cumulative DOX doses of
300 mg/m? or less [33]. It has been reported that cardiotoxicity occurred after treatment

with even a single dose of DOX at 240 mg/m? [34].



Cause of cardiotoxicity

Several hypotheses have been proposed to explain DOX (one of anthracycline)-
induced cardiotoxicity. Free radicals generated by metabolism of DOX can induce
oxidative damage to lipid membranes and cellular components of cardiomyocytes. DOX
can stimulate the release of intracellular calcium (Ca®") from cardiac sarcoplasmic
reticulum, which dysregulate excitation-contraction coupling in cardiomyocytes [35]. The
enhanced level of vasoactive substances such as catecholamine and histamine by DOX
can induce myocardial damages [36]. DOX can also reduce the density of f-adrenergic
receptors that control cardiac function as well as can inhibit the activity of glutathione
peroxidase in cardiomyocytes [37, 38]. DOX can decrease selectively the expression of
cardiac muscle gene such as a-actin, troponin I, and myosin light chain 2, as well as the
muscle-specific isoform of creatine kinase [39].

Among these several mechanisms proposed, the primary cause of DOX
cardiotoxicity is believed to be reactive free radicals produced during intracellular
metabolism of DOX [26, 40, 41]. DOX is chemically composed of a tetracyclic aglycone
and reducing daunosamine sugar with an O-glycosidic bond at carbon 7 (Fig 1-1) [42].
The quinone moiety on the tetracycline ring of DOX is responsible for the oxidation—
reduction processes. In a microsomal NADPH-oxidase system, the quinone group in the
tetracyclic aglycone molecule accepts an electron from NADPH and forms semiquinone
catalyzed by either NADPH-cytochrome c-reductase or bs-reductase. The electron of the
semiquinone is transferred to molecular O, generating superoxide anion (O;) by

oxidization [7, 43, 44], followed by initiating lipid peroxidation or producing numerous



reactive free radicals such as hydrogen peroxide (H20,), hydroxyl radical (OH") and
peroxynitrite (ONOO") [36, 38].

These reactive free radicals induce oxidative injury in macromolecules such as
cellular components and membranes non-specifically, leading to cellular damage and
death [45]. Free radicals are also known to damage cells by disrupting oxidative balance
of nucleic acids, proteins, and lipids [46]. Normally, reactive intermediates are detoxified
by antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and
selenium-dependent glutathione peroxidase (GSHPx) to repair the resulting damage.
However, this homoeostatic balance can be altered by excessive free radical formation
and oxidative stress or inhibition of antioxidant enzyme like GSHPx during DOX
metabolism, which induces lipid peroxidation and altered cellular homeostasis [47-49].

Among reactive free radicals derived from DOX, superoxide anion is
hypothesized to be primarily responsible for cardiac dysfunction [50]. The superoxide
anions induce the peroxidation of polyunsaturated fatty acids within membranes [51, 52].
This superoxide anion is subsequently converted into hydrogen peroxide and oxygen by
superoxide dismutase, a catalyzing enzyme. Hydroxyl radical, the most damaging and
highly reactive radical, is then produced from hydrogen peroxide in the presence of
ferrous iron (Fe?*), followed by initiating free radical-mediated chain reactions, leading
to oxidative damage to cardiomyocytes as well as lipid peroxidation by removing
hydrogen atoms from unsaturated fatty acids [53]. Peroxynitrite is also one of important
species that account for myocardial damage [54]. Peroxynitrite interacts readily with
DNA to induce double- and single-strand breakage and base modifications [47, 55], and

also target primarily cardiac myofibril, which is a major contributor to dysregulate



contractility in cardiac failure [56]. Nitric oxide (NO) also plays an important role in
cardiac dysfunction. Although nitric oxide is involved in controlling cardiac contractility
and blood flow, excessive nitric oxide is known to associate with oxidative damage in
cardiomyocytes, leading to cardiomyopathy and congestive heart failure [54]. Moreover,
nitric oxide can react with superoxide anion to form peroxynitrite [57].

Further, the heart is more susceptible to oxidative damage by free radicals
generated by DOX for several reasons. The amount of antioxidants is limited in the heart
and there is a specific myocardial phospholipid, cardiolipin, that has a high affinity to
DOX [41]. Moreover, oxidative metabolism is highly activated so that the reaction with
free radicals is increased due to the greater amount of mitochondria in heart than other
organs [41]. In addition, DOX is known to be involved in structural and functional
impairment of mitochondria that can decrease energy production, resulting in contractile
failure of the heart [58, 59]. Due to the potent antitumor activity of DOX and other
anthracyclines, cardiac protective approaches are needed to prevent DOX cardiotoxicity,

thus increasing the therapeutic potential of DOX.

Antioxidants to reduce cardiotoxicity

The ability of antioxidants and scavenging agents to protect the heart from DOX-
induced oxidative damage has been studied to reduce DOX cardiotoxicity [41, 60]. The
concomitant administration of antioxidants, e.g., vitamin C, a-tocopherol (vitamin E),
flavonoids (7-monohydroxyethylrutoside; monoHER) and lipid lowering drugs (statins)
with DOX have been studied preclinically and/or clinically to evaluate their effects as a

chemoprotectant [61-63]. However, the therapeutic potential of these antioxidants are



limited by several drawbacks such as an excessive synergism of DOX activity by
induction of apoptosis mediated by induction of cell cycle inhibitor (vitamin E) and by
arrest cells in the G; phase of the cell cycle (statins) [61, 64], bone marrow toxicity
(vitamin E) [65] and insufficient cardioprotection and high dose (500 mg/kg) requirement
(monoHER) [66]. Also, antioxidants such as vitamin E and N-acetylcysteine prevent the
acute cardiotoxicity but not the chronic form of cardiotoxicity of DOX [67-69].

Further, there are several FDA approved drugs that are in clinical use as
chemoprotectants. Dexrazoxane is a drug approved by the U.S. Food and Drug
Administration (FDA) to reduce anthracycline-mediated cardiotoxicity as well as damage
induced by extravasation (unintentional exposure) of anthracyclines. Dexrazoxane is a
derivative of ethylenediaminetetraacetic acid (EDTA) and potent iron chelator; thus
interrupting free radical formation induced by anthracycline-iron complex [70]. However,
dexrazoxane was shown to cause myelosuppression and lead to acute myeloid leukemia
and myelodysplastic syndrome [70, 71]. Although the mechanism responsible for the
observed toxicity is not fully elucidated, it is believed that its ability to reversibly inhibit
topoisomerase 11, leading to direct cytotoxic effects or schedule-dependent synergistic or
interfering effects on antitumor activity of DOX [70]. Currently, dexrazoxane is not
allowed for use in pediatric cancer patients, and the limited usage is recommended to
adult patients with advanced or metastatic breast cancer who have received 300 mg/m?
dose of DOX due to concerns over toxicity [71]. Amifostine, another antioxidant
approved by the FDA, has been shown to attenuate the toxicity associated with platinum-
based anticancer agent on the kidney and salivary glands [72, 73]. Amifostine is

dephosphorylated by alkaline phosphatase to a pharmacologically active sulfhydryl-



containing metabolite, which exerts a potent scavenging activity against free radicals
generated by cisplatin [74]. However, amifostine showed less cardioprotective activity
than dexrazoxane and did not prevent weight loss or alter mortality by DOX treatment in
a spontaneously hypertensive rat model [74]. It was also reported that amifostine showed
off-target toxicities, such as hypocalcemia, in animal models and human subjects by

affecting parathyroid hormone secretion and tubular reabsorption of calcium [75, 76].

Phenyl-2-aminoethyl selenide (PAESe)

Phenyl-2-aminoethyl selenide (PAESe) is a novel selenium-containing therapeutic
agent that shows antihypertensive activity through scavenging of dopamine-p-
monooxygenase, a key enzyme of norepinephrine biosynthesis, and ascorbate depletion
[77, 78]. PAESe also exhibits potent antioxidant activity through reacting with many
metabolic oxidants such as peroxide, peroxynitrite anion, and hydroperoxides in redox
cycling process (Fig 1-2). Oxidized PAESe, phenyl-2-aminoethyl selenoxide (PAESeO),
is generated when PAESe reduces cellular oxidants. PAESeO is then recycled readily
back to the reduced form, PAESe, by cellular reductants such as ascorbate and
glutathione, with no complex side reactions [47, 77, 78]. Thus, PAESe provides a
protective effect against oxidant-induced DNA damage through this reductant-mediated

redox cycling [47].

Selenium and Antioxidant in Chemotherapy
Selenium is an essential component of selenocysteine, the active site of

glutathione peroxidase (GSHPx) [79, 80]. GSHPx is well-established major antioxidant



enzyme that scavenges hydroperoxides to prevent cellular damage and maintain
membrane integrity in the presence of glutathione [79]. Selenium also has been shown to
be a chemopreventive to a variety of malignancies [81]. In epidemiologic studies, it was
suggested that selenium level was inversely associate with an incidence of prostate cancer,
and selenium might slow tumor progression in prostate cancer patients [82, 83]. Also,
selenium levels in plasma, serum, and erythrocyte of breast cancer patients were
significantly lower compared to healthy controls [84]. Indeed, it was shown that selenium
has antiangiogenic activity in vitro and in vivo through inducing apoptosis and regulating
matrix metalloproteinase activity and vascular endothelial growth factor levels [85].

As described earlier, antioxidants are able to slow or inhibit the oxidation of
cellular components, which prevents DNA mutation and lipid peroxidation that is highly
correlated to the initiation and progression of malignancy [86]. Antioxidants are also
found to decrease the expression of oncogenes and the activity of protein kinase C that is
involved in cancer progression [87]. Antioxidants have been shown to impede tumor
development by enhancing immune system activity i.e., increasing the levels of
interleukin-2, lymphocytes, T and B cell, natural killer cells, and lymphokine-activated
killer cells as well as enhancing the responsiveness of antibody to antigen stimulation [88,

89].

Nanoparticulate drug carrier and sterically stabilized liposomes
Nanoparticulate drug carriers, which have the ability to encapsulate drugs and
macromolecules, are known to alter drug disposition such as circulation half-life,

tissue/tumor distribution, and rate/extent of drug release [90-93]. This disposition is
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linked closely to the pharmacological efficacy and reduced toxicity of a number of
clinical agents such as anticancer and anti-infective agents [92, 94].

Liposomes, one of the most commonly used drug-carriers, are spherical nano-
sized structures with an aqueous interior surrounded by one or more concentric bilayers
of phospholipids [95]. Depending on their hydrophobic properties, drugs can be
encapsulated inside the aqueous core (hydrophilic drugs) or associated with the lipidic
bilayer or interfacial region (hydrophobic drugs) [96].

Effective usage of liposomes is limited by their rapid clearance by reticular
endothelial system (RES) and destabilization by serum protein opsonization. It has been
shown that this opsonization and rapid clearance by the RES can be reduced through
several modifications of lipid composition such as inclusion of cholesterol in the bilayer
membrane and surface coating with hydrophilic polymers such as polyethylene glycol
(PEG) and gangliosides [96]. Cholesterol incorporated in the bilayer membrane reduces
liposome interaction with plasma proteins by decreasing membrane fluidity and
permeability to aqueous solutes, which provide steric stability [96, 97]. Hydrophilic
stealth coatings limit the ability of serum protein interaction with the carrier surface by
steric hindrance effect, which reduces recognition by serum proteins [90, 98]. Sterically
stabilized liposome (SSL), which incorporates PEG as surface coating, therefore has a
long-circulating property with an increased retention of encapsulated compounds [99].
Pegylated liposomal DOX has been approved in the U.S. (Doxil®) and Canada (Caelyx®)
and currently used as clinical products by the enhanced anticancer activity and

diminished cardiotoxicity [91].
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Furthermore, SSL can accumulated in tumor tissues passively through diffusion
by the enhanced permeability and retention (EPR) effect [100]. EPR effect results from
the unique physiological properties of tumor tissue such as leaky and disorganized
vascular architecture and nonfunctional lymphatic drainage due to abnormal and
uncontrolled formation of new blood vessels [101]. In normal tissue, vascular endothelial
cells are generally continuous and non-fenestrated with small paracellular spaces of 6.7-
8.0 nm and tight cell junctions [102]. On the contrary, tumor vessels have incomplete and
discontinuous intercellular junctions with pores between 200-780 nm, which leads to an
enhanced vessel permeability and provides an opportunity for drugs to extravasate and
accumulate in tumor interstitium [91, 96]. Therefore, encapsulated drugs are able to reach
and remain at the tumor site with sufficient concentration passing through the tumor
microvasculature to achieve desirable pharmacological efficacy [103]. EPR effect is
known to be relevant to over 40 kDa nanoparticles or macromolecules, not to low-

molecular weight compounds which covers most of drugs in use today [104].

Dissertation Rationale and Hypotheses

DOX is widely used potent anticancer agent that inhibits topoisomerase Il activity.
However, its clinical use is hampered by severe cumulative dose-limiting cardiotoxicity
that is believed to result from generation of reactive free radicals. Although there are two
clinically approved drugs to lessen anthracycline cardiotoxicity, they have been shown to
limit DOX antitumor activity and their use has been associated with significant toxicities.
Phenyl-2-aminoethyl selenide (PAESe) is a potent antioxidant, reacting rapidly with

many metabolic oxidants such as peroxide, peroxynitrite anion, and hydroperoxides. It
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has been also demonstrated that GSH-mediated redox cycling of PAESe results in
protection of DNA against oxidant-induced damage. Therefore, we hypothesized that
PAESe can reduce DOX-mediated cardiotoxicity. This hypothesis was tested by
determining the effect of PAESe, alone and in combination with DOX, on in vitro human
prostate and breast cancer cells growth and generation of reactive oxygen species.
Utilizing a murine xenograft model of human prostate cancer the effect of PAESe on
acute and chronic cardiotoxicity, overall toxicity (body weight change) and antitumor
activity were determined. PAESe was encapsulated into a long-circulating liposome and a
sensitive liquid chromatography tandem mass spectrometry assay was developed to
determine the systemic pharmacokinetics (PK) of PAESe and assist in understanding the
effect of drug exposure on PAESe activity.

In Chapter 2, we tested the hypotheses that i) PAESe does not inhibit the growth
of human prostate and breast cancer cells, ii) PAESe does not alter the cytotoxicity of
DOX when used in combination and iii) PAESe decreases free radicals generated from
DOX. This was accomplished by evaluated the potential of PAESe antioxidant activity to
mitigate DOX-induced cardiotoxicity using in vitro and in vivo human cancer models.
Growth inhibitory effects of PAESe were determined alone and in combination with
DOX, vincristine, and tert-butylhydroperoxide (TBHP) on the human prostate carcinoma
(PC-3) and breast cancer (BT-474) cells. The effect of PAESe to decrease free radicals
generated from DOX was also determined by cell-permeant indicator.

In Chapter 2, we also determined the pharmacological activity of PAESe in an
animal model of human prostate cancer. This tested the hypotheses that i) PAESe does

not alter the antitumor activity of DOX in a tumor (PC-3) xenograft mouse model, ii)
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PAESe does not decrease animal body weight and iii) PAESe reduces the evidence of
DOX’s cardiotoxicity in mice. We observed an unexpected finding that PAESe appeared
to have antitumor activity in vivo.

In Chapter 3, we developed a sensitive and selective high-performance liquid
chromatography — tandem mass spectrometry (HPLC-MS/MS) assay with electrospray
ionization (ESI) to quantify PAESe in plasma to support further development with
respect to in vivo exposure of PAESe. Further, we developed sterically stabilized
liposome to encapsulate PAESe (SSL-PAESe) and determined the pharmacokinetic (PK)
properties of PAESe and SSL-PAESe in rat plasma to evaluate the effect of altering
exposure of PAESe by encapsulation. Nanoparticulate drug carriers are known to alter
drug disposition such as circulation half-life, tissue/tumor distribution, and rate/extent of
drug release. Sterically stabilized liposome (SSL), one type of nanoparticulate drug
carriers, has long-circulating property through a surface coating with hydrophilic polymer
like polyethylene glycol (PEG). It is well known that encapsulation in SSL changes
markedly the PK properties of drugs by pegylation. In Chapter 3, we hypothesized that
encapsulation PAESe in sterically stabilized liposomes (SSL) would increase the
systemic exposure of PAESe, and that differences in exposure may provide insights into
PAESe cardioprotective effects and the unexpected in vivo antitumor activity.
Nanoparticulate drug carriers are known to modulate drug disposition, which is
responsible for the increased therapeutic efficacy and reduced toxicity of a variety of
chemotherapeutic agents in animal models and clinically. Further, SSL-formulations
containing anthracyclines, including DOX, are clinically approved and their exposure is

different compared to free DOX. It would not be unexpected that to fully maximize
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PAESe activity, a long-circulating formulation was needed. In Chapter 3, we observed
that long circulating PAESe-liposomes altered PK properties (i.e. enhanced circulation
time and exposure) of PAESe.

In Chapter 4, we determined the effect of PAESe encapsulated in long
circulating liposomes in an established human prostate (PC-3) tumor xenograft model in
athymic mice. This tested the hypotheses that i) long-circulating PAESe-liposomes
improved antitumor efficacy compared to free PAESe and retained its cardioprotectant
properties and ii) PAESe provides cardioprotection against chronic cardiotoxicities
associated with long-term cumulative DOX treatments that are more representative of
clinical practice and result in increased morbidity and mortality.

In Chapter 5, we summarize our findings. Specifically this research has
demonstrated that PAESe is able to prevent acute and chronic DOX-mediated
cardiotoxicities without altering DOX antitumor activity. Most excitingly, we also
demonstrated a previously unreported finding that PAESe was able to inhibit tumor
growth in a murine xenograft model of human prostate cancer. Although the mechanism
for this observation is not known, PAESe appears to be a promising investigational agent
that may be used with DOX to improve treatment of cancer and reduce long-term

clinically significant cardiotoxicity.
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Figure 1-1. The structures of anthracyclines: (a) Doxorubicin (b) Daunorubicin (c)

Epirubicin
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Abstract

Anthracyclines are potent anticancer agents, but their clinical use is limited by dose-
limiting cardiotoxicity mediated by free radical generation. The objectives of this study
were to evaluate the activity of phenylaminoethyl selenides (PAESe), novel antioxidants,
to reduce doxorubicin (DOX)-induced cardiotoxicity. The effect of PAESe on the growth
of human prostate carcinoma (PC-3) and breast carcinoma (BT-474) cells in vitro alone
and in combination with clinically used anticancer agents DOX, vincristine and a known
oxidant, tert-butylhydroperoxide (TBHP) was determined by 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium-bromide (MTT) and sulforhodamine B (SRB) staining.
Results showed that up to 1 uM and 10 uM PAESe did not alter the growth of PC-3 and
BT-474 cells, respectively. Concomitant use of PAESe decreased the oxidative mediated
cytotoxicity of TBHP in a dose-dependent manner, whereas PAESe had limited to no
effect on vincristine or DOX activity. Also, intracellular reactive oxygen species (ROS)
were determined by quantifying the oxidation of cell-permeant indicator. Further PAESe
reduced the formation of intracellular ROS from TBHP and DOX in a dose-dependent
manner. In addition, the effect of PAESe on antitumor activity of DOX was determined
in a xenograft tumor model of human prostate cancer implanted in nude mice. PAESe did
not significantly alter the antitumor activity of DOX. Interestingly, PAESe alone
appeared to decrease tumor volume relative to saline treated controls. There were no
significant differences in tumor volume of PAESe alone or in combination relative to

DOX alone. DOX treatment significantly decreased mice body weight, whereas
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concomitant administration of PAESe with DOX was similar to control. Histological
changes of myocardium were also examined to evaluate the effect of PAESe on the
cardiotoxicity mediated by DOX. Results showed that PAESe decreased the neutrophil
and macrophage infiltration observed following DOX treatment. This suggests that
PAESe can be used in combination with DOX to preserve its antitumor activity, but

decreases its non-target toxicity.

1. Introduction

Cancer is the second leading cause of death in the United States in 2012. Among
several cancers, prostate and breast cancers are most commonly diagnosed types of
cancer among men and women in 2012 [1]. Anthracyclines such as doxorubicin (DOX)
and daunorubicin are widely used anticancer agents that are highly effective in the
treatment of several solid tumors, acute leukemia, and non-Hodgkin’s lymphomas [2-4].
However, their clinical use is limited by severe dose-limiting cardiotoxicity such as
cardiomyopathy and congestive heart failure [2]. DOX treatment has been known to
dysregulate blood pressure and flow rate as well as decrease contractility of heart [5, 6].
In addition, DOX toxicity has been shown to cause myofibrillar loss, sarcoplasmic
reticulum disruption, mitochondria swelling and lesions [6, 7]. These characteristics
eventually lead to myocardial dysfunction and can progress to heart failure.

The risk of developing anthracycline-mediated cardiomyopathy rises rapidly
above a cumulative dose of 550 mg/m? body surface area [2]. However, cardiotoxicity
has been observed after a single dose of DOX at 240 mg/m? [8]. A retrospective analysis

of three phase Il clinical trials showed that congestive heart failure occurred with total
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cumulative DOX doses of 300 mg/m? or less [9]. Also, myocardial dysfunction has been
recognized years after treatment [10]. To reduce the potential for cardiotoxicity and
resultant heart failure, current recommendations suggest that the total cumulative dose of
anthracycline is not exceeded 550 mg/m?.

Although there are several hypotheses to explain DOX toxicity [11-16], the
cardiotoxicity is believed to result primarily from reactive free radicals produced during
the intracellular metabolism of DOX [17-19]. Reactive free radicals such as superoxide
anion (O2”), hydroxyl radical (OH"), and peroxynitrite (ONOO") are capable of non-
specific oxidation of macromolecules including cellular components and membranes,
ultimately leading to cellular damage and death [20].

The metabolism of quinone-containing compounds like DOX could lead to free
radical generation in a microsomal NADPH-oxidase system [21]. Due to the presence of
quinone moiety in the tetracyclic aglycone molecule, DOX can form many free radicals
by cycling from a quinone to semiquinone then back to quinone, leading the production
of Oy, from oxygen molecule [2]. Also, DOX has been reported to increase the
peroxidation of polyunsaturated fatty acids within membranes as well as free oxygen
radical activity through generation of O, [16, 17].

Antioxidants have been shown to be effective against the cardiac toxicity of DOX
[22]. Many of the studies have been carried out to apply antioxidant to protect the heart
from DOX-induced oxidative damage [22-25]. The concomitant administration of
antioxidants, e.g., vitamine C, a-tocopherol (vitamine E), has been studied using in vivo

model systems and accessed clinically [26-29].
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Phenylaminoethyl selenide (PAESe) is a novel antioxidant that was developed to
treat cardiovascular disease [30-33]. PAESe has been shown to exhibit potent antioxidant
activity, reacting rapidly with many metabolic oxidants such as peroxide, ONOQO", and
hydroperoxides. The selenoxide product generated from this antioxidant activity PAESe
is then readily recycled back to the selenide form by cellular reductants such as ascorbate
and glutathione, with no complex side reactions [30, 34-39]. Metabolic oxidants are
known to react readily with DNA, resulting in base modification and induction of double-
and single-strand breaks [34, 40]. It has been demonstrated that GSH-mediated redox
cycling of PAESe results in protection of DNA against oxidant-induced damage [34].

The present study was performed to determine the cardioprotective effect of
PAESe on anthracycline-induced cardiotoxicity through antioxidant effects while

preserving the anticancer activity of DOX in in vitro and in vivo models of human cancer.

2. Materials and Methods

2.1. Chemicals and Reagents

Vincristine was obtained from Calbiochem (La Jolla, CA). RPMI 1640 media and
F-12K Nutrient Mixture (Kaighn’s Mod.) were purchased from Mediatech (Manassas,
VA). CM-H,;DCFDA (5-(and-6)-chloromethyl-2",7’-dichlorodihydrofluorescein diacetate
acetyl ester) was purchased from Invitrogen (Carlsbad, CA). Doxorubicin hydrochloride,
tert-butylhydroperoxide (TBHP) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich Inc (St. Louis,

MO). Acetic acid, dimethyl sulfoxide (DMSO), sulforhodamine B (SRB), trichloroacetic
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acid (TCA), tris(hydroxymethyl)aminomethane (TRIS), Fetal bovine serum (FBS) and

trypsin (0.25% wi/v) were purchased from Thermo Fisher Scientific Inc. (Rockford, IL).

2.2. Cell lines

Androgen-independent human prostate epithelial cells (PC-3) were obtained from
American Type Culture Collection (ATCC) (Rockville, MD) and were cultured in F-12K
media supplemented with 10% (v/v) FBS in a humidified cell culture chamber (NuAire
Inc. Plymouth, MN) at 37°C, 5% CO,. Cells were passaged when they reached
approximately 80-90% confluency.

Human breast cancer cell line (BT-474) was obtained from American Type
Culture Collection (ATCC) (Rockville, MD) and maintained in RPMI 1640 media
supplemented with 10% (v/v) FBS and penicillin (100 U/mL)/streptomycin (100 pg/ml)
in a humidified cell culture chamber (NuAire Inc. Plymouth, MN) at 37°C, 5% COa,.

Cells were passaged when they reached approximately 70-80% confluency.

2.3. Growth inhibition effect of PAESe alone and in combination with known cytotoxic

agents

2.3.1. Cytotoxicity of PAESe

The cytotoxicity of PAESe on PC-3 and BT-474 growth inhibition was
determined at 24, 48 and 72 hr. PC-3 cells were seeded at 2x10° cells/well in 96 well
plates with F-12K media supplemented with 10% (v/v) FBS and penicillin (100

U/mL)/streptomycin (100 pg/ml). BT-474 cells (5x10° cells/well) were plated in 96 wells
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with RPMI 1640 media supplemented with 10% (v/v) FBS and penicillin (100
U/mL)/streptomycin (100 ug/ml). Plates were incubated for 24 hr prior to media change
and replacement with serum supplemented media containing PAESe (0.04 to 10,000 nM).
Plates were then incubated at 37°C, 5% CO, for an additional 24, 48 or 72 hr. Three
studies (n=3) were performed with 5 replicates at each concentration of PAESe. The
growth inhibition effect was assessed at each time point by mitochondrial enzymatic

assay (MTT) and a protein binding assay (SRB), described below.

2.3.2. Growth inhibition effect of PAESe in combination with DOX/Vincristine/TBHP
The effect of PAESe on the cytotoxic effects of conventional anticancer agents,
such as DOX (topoisomerase Il antagonist and known to cause free radical mediated
cardiotoxicity) and vincristine (tubulin binding drug), and a known oxidant TBHP were
determined. Cells were seeded as described above in cytotoxicity of PAESe. After 24 hr
seeding, the media was withdrawn and replaced with serial dilutions of PAESe (100 to
10,000 nM) and DOX (100, 500 nM) or vincristine (5 to 25 nM) or TBHP (3 to 3,000
uM) for PC-3 cells to a final volume of 200 pL. For BT-474 cells, the media was
replaced with serial concentrations of PAESe (100 to 1,000 nM) in combination with
DOX (100 to 1,000 nM) or vincristine (1 to 50 nM) or TBHP (0.3 to 300 uM) to a final
volume of 200 pL. Three studies (n=3) were performed with 5 replicates for each
concentration of PAESe. MTT and SRB assays were performed after 72 hr incubation

time to determine cytotoxic effects.
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2.3.3. Assessment of cell growth and viability

The cytotoxic effects of PAESe and/or DOX, vincristine, TBHP were tested using
conventional MTT and SRB staining. MTT and SRB staining were performed as
described previously [41, 42]. Briefly, 10 uL of MTT reagent were added to each well
and plates were placed at 37°C, 5% CO, for 2 hr. The resultant insoluble formazans were
dissolved in 200 pL. DMSO and absorbance was measured at 550 nm using Synergy H/T
multi-mode microplate reader (BioTek Instruments, Inc., Winooski, VT). SRB staining
was performed by fixing viable cells with 10% (w/v) TCA for 1 hr at 4°C. Fixed cells
were stained with SRB dye for 5 min, and excess SRB was removed by washing plates
with 1% (v/v) acetic acid. The absorbance of cellular protein-bound dye extracted by 10
mM TRIS buffer (pH 7.5) was determined at 490 nm using a Synergy H/T multi-mode
microplate reader. Mean + standard error of the mean (SEM) were calculated and

described as percent (%) of control.

2.4. ROS generation

Intracellular ROS formation was determined by quantifying the oxidation of a
non-fluorescent marker to its fluorescent product (DCF, 2°,7’-dichlorofluorescein). Cell-
permeant indicator CM-H,DCFDA is known to detect several ROS such as H,O,, OH",
ONOO" and ROO". Briefly, cells (2 x 10°) were plated in 96 wells and incubated for 24 hr
in 37°C at 5% CO; condition. CM-H,DCFDA was dissolved in DMSO to make a
concentrated stock solution and added to each well to a final working concentration of 5
uM. After incubating cells at 37°C for 30 min, the loading media was replaced with

prewarmed serum free media, and incubated at 37°C for 10 min to allow the
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deacetylation and oxidation of the dye. Cells were treated with different concentration of
PAESe (0 to 1000 nM) and DOX (0 to 500 nM) or TBHP (0 to 300 uM), and were
incubated at 37°C in darkness. Cells in the absence of drugs were used as controls. After
2 hr, media was aspirated and 0.5% Triton X-100 (pH 7.4) in 0.01 M Tris-HCI (200 pL)
was added to each wells for 5 min to detach the cells. Fluorescence intensity of the cell
lysates (100 pulL) was measured with a FLUOstar OPTIMA plate reader (BMG Labtech,
Offenburg, Germany) at an excitation wavelength of 485 nm and an emission wavelength

of 520 nm.

2.5. Tumor growth inhibition effect of PAESe

2.5.1. Animal model

Nude (NCr) mice (body weight, approx. 25 g) at 6-8 weeks of age were obtained
from Taconic Farms, Inc., (Germantown, NY). Mice were maintained according to an
approved Institutional Animal Care and Use Committee (IACUC) protocol at the
University of Georgia and the U.S. Public Health Service (PHS) Policy on Humane Care
and Use of Laboratory Animals, updated 1996. Mice were kept in pathogen-free cages in
a light and temperature-controlled isolated room and provided with standard rodent chow
and sterile water ad libitum during the experimental periods. PC-3 cell suspension in
serum free media (1x10 cells/mL) was mixed with ice-cold Matrigel (BD Biosciences,
Franklin Lakes, NJ) in 1:1 (v/v), and 100 pL of the mixture was injected subcutaneously
into the flank to establish tumor xenograft. Tumor growth and body weight were

monitored every other day. When tumor volume reached approximately 200 mm?®, DOX
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and PAESe treatments were initiated. Tumor volume was assessed using digital calipers
as described previously where the volume was the product of largest dimension and
(smallest dimension)? [43]. Mice were observed every other day until 1 week after the last
injection for their general appearance as well as the treatment-mediated toxicities such as

weight change, blood stool, and reduced activity.

2.5.2. Effect of PAESe on antitumor activity of DOX

Mice were divided into four groups, control, DOX (DOX treated), PAESe
(PAESe treated), and DOX+PAESe (DOX + PAESe treated), n = 5-8 animals/group. A
100 to 150 uL of DOX and PAESe were administered weekly by tail vein injections
(each containing 5 mg/kg DOX, and 10 mg/kg PAESe) in five injections to animals for a
total cumulative dose of 25 mg/kg body weight for DOX, and 50 mg/kg body weight for
PAESe. Control animals were injected with the vehicle alone (saline-control) following
the same dosing schedule. Two weeks after the last injection, mice were sacrificed by
cervical dislocation under isoflurane anesthesia. The heart and tumor were excised
rapidly, and stored in formalin solution at 4°C until paraffin embedding. The heart tissues
were used for histological evidence of cardiotoxicity. Tumor volume and body weight
(Mean + SEM) for each group was plotted by time versus normalized tumor volume and

body weight to day 0 treatment.

2.6. Histological examination
For histological evaluation, mice hearts were fixed in formalin solution (10%,

viv) for 24 hr, bisected longitudinally and embedded in paraffin. Serial sections were
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collected and stained with hematoxylin and eosin (H&E). Stained hearts were examined
under a Nikon AZ100 stereo-fluorescent microscope mounted with a Nikon DS-QilMc
color camera. NIS-Elements image analysis software was used for processing.

Micrographs were analyzed and captured by pathologist who was blinded.

2.7. Statistical analysis
Data from in vitro and in vivo studies were analyzed using one-way ANOVA
followed by a post-hoc analysis (Bonferroni corrected t-test). A p-value < 0.05 was

regarded as statistically significant.

3. Results

3.1. Growth inhibition effect of PAESe and in combination with known cytotoxic

agents

3.1.1. Cytotoxicity of PAESe

The cytotoxic effects of PAESe on prostate (PC-3) and breast (BT-474) cancer
cells were assessed by measurement of MTT and SRB absorbance after 24, 48 and 72 hr.
PAESe did not significantly inhibit in vitro growth of PC-3 cells at 0.1 to 1,000 nM (Fig
2-1) and BT-474 cells at 0.04 to 10,000 nM (Fig 2-2), although some growth inhibition

was observed at drug concentrations above 10 uM at 72 hr (Fig 2-1A).
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3.1.2. Growth inhibition effect of PAESe in combination with DOX/Vincristine/TBHP

The growth inhibition activity of PAESe in combination with DOX, vincristine
and TBHP was determined in PC-3 and BT-474 cells. TBHP or vincristine was co-treated
with PAESe instead of DOX to compare the effect of PAESe on the cytotoxicity of DOX
by their discerned mechanism of actions. After 24 hr seeding, PAESe and DOX or
vincristine or TBHP were added into the each well, and then MTT and SRB assay were
performed after 72 hr exposure.

The cytotoxic activity of vincristine on PC-3 (Fig 2-3) and BT-474 (Fig 2-4) cells
was not altered by the presence of PAESe, as expected. TBHP, which is well-known
potent oxidizing agent, was used to determine the antioxidant activity of PAESe. TBHP
exerted oxidative-mediated cytotoxicity on PC-3 (Fig 2-5) and BT-474 (Fig 2-6) cells
when used alone. However, PAESe decreased significantly (p < 0.05) this cytotoxic
effect of TBHP on both cells in dose-dependent manner, as expected (Fig 2-5, 2-6).
Interestingly, PAESe had limited effect on DOX to decrease MTT and SRB staining of

PC-3 (Fig 2-7) and BT-474 (Fig 2-8) cells when used in combination.

3.2. ROS generation

We next detected the effect of PAESe on DOX-mediated generation of
intracellular oxidants using cell-permeant indicator, CM-H,DCFDA to quantify
production of free radicals. Preliminary studies suggested that ROS generation was
maximal at 1 to 2 hr, but not detectable at 24 hr when cells were exposed to TBHP and/or
PAESe, relative to control. In PC-3 cells, an increase in ROS was observed with

increasing concentration of both DOX and TBHP, as expected (Table 2-1). However, free
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radical generation after exposure to TBHP and DOX were decreased significantly (p <
0.05) in the presence of PAESe in a dose-dependent manner. PAESe reduced free
radicals generated from TBHP and DOX in a dose-dependent manner up to 300 uM and
500 nM, respectively. As seen in Table 2-2, the production of free radicals on BT-474
cells was increased with increasing concentrations of DOX and TBHP. However, PAESe
decreased significantly (p < 0.05) free radicals generated by DOX and TBHP in a

concentration-dependent manner.

3.3. Effect of PAESe on antitumor activity of DOX

The effect of PAESe on antitumor activity of DOX was determined in an in vivo
xenograft tumor model of human prostate cancer in NCr (nu/nu) nude mice. After 32
days treatment, the DOX group (5 mg/kg/week) had smaller tumor volumes (223% + 55)
compared to controls (473% + 188) (Figure 2-9A). As seen in DOX+PAESe group,
PAESe did not alter significantly the antitumor activity of DOX (256% = 65), which
corresponded with in vitro results (section 3.1). Interestingly, PAESe alone decreased
tumor volume (196% = 77) relative to saline treated controls. Significant (p < 0.05)
differences in tumor volumes, compared to control animals, were first observed 24 days
after initiating. However, there were no significant differences in the tumor volume of
animals treated with PAESe alone or in combination relative to free DOX. Mice body
weight was decreased significantly (p < 0.05) in DOX group (-8.62% = 4.06) (Figure 2-
9B). However, no significant differences in animal weights were observed between

DOX+PAESe (0.22% + 3.13) and control (7.12% + 1.25) groups.
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3.4. Histological examination

Histopathological examination showed treatment-mediated differences between
control and treatment groups. Micrograph of the myocardium of the left ventricular wall
of control (Figure 2-10A) and PAESe group (Figure 2-10B) mice showed a histologically
normal appearance. The myocardium was intact and faint outlines of cross striation. On
the other hand, cardiotoxicity was observed in the DOX group (Figure 2-10C), i.e., four
minute inflammatory foci in 8 longitudinal sections. There was also a disruption and
fragmentation of the myofibers accompanied by a small focus of inflammatory infiltrate
composed of small numbers of neutrophils (Neu) and macrophages (Mac). In
DOX+PAESe group (Figure 2-10D), one minute inflammatory foci in 8 longitudinal
sections was observed, indicating that there was a reduction of myocardial damage
compared to the DOX treatment group. There was also disruption and fragmentation of
the myofibers accompanied by a small focus of inflammatory infiltrate composed of

macrophages (Mac).

4. Discussion

DOX is one of the most effective anthracyclines to treat a variety of cancers
including leukemia, lymphomas, as well as a number of solid tumors. However, DOX
treatment is limited by cumulative dose-dependent myocardial damage that can be fatal.
There are several proposed mechanisms for anthracycline-mediated cardiotoxicity
including free radical formation, oxidative damage to membrane lipids and cellular
components, inhibition of DNA synthesis, release of vasoactive substances such as

histamine and catecholamine, increased intracellular Ca** concentration, changes in
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cardiac [-adrenergic receptors, and lower glutathione peroxidase activities in the heart
[11, 14, 17, 44-46]. Among them, the primary cause of myocardial damage has been
correlated to the formation of free oxygen radicals [23, 47].

The heart is a particularly vulnerable organ to free radical damage induced by
DOX due to several reasons; 1) there are limited antioxidants in the heart, 2) cardiolipin,
which is a phospholipid in the cardiomyocyte, has a high affinity to the DOX, and 3)
oxidative metabolism is highly activated so that the reaction with free radical is enhanced
[23]. Cardiac mitochondria are known as the primary target of free radical damage [48,
49]. Altered mitochondrial function can affect energetic production, leading to contractile
failure of the heart [50, 51].

Free radicals are also known to damage cells by breaking DNA strands as well as
changing the oxidative state of nucleic acids, proteins, and lipids [52]. These oxygen-
derived toxic species can be detoxified by antioxidant enzymes such as superoxide
dismutase, catalase, and selenium-dependent glutathione peroxidase under normal
physiological conditions. However, DOX metabolism could interrupt this balance with
high free radical formation and oxidative stress so that lipid peroxidation is induced and
cellular homeostasis is changed [34, 53-55]. Evidence suggests that DOX treatment
reduces selenium-dependent glutathione peroxidase in myocardial cells [50], resulting in
an increase in the formation of free radicals and a decrease in the ability to detoxify them.
The quinone group on the tetracycline ring of DOX is responsible for the oxidation—
reduction processes. An electron is transferred from the quinone moiety yielding a

semiquinone form catalyzed by either NADPH-cytochrome c-reductase or bs-reductase.
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The semiquinone moiety can be recycled back to the quinone form by oxidization with
molecular oxygen to O, [56-59].

Among several reactive free radicals derived from DOX, O, is believed
primarily responsible for inducing cardiac dysfunction mediated by lipid peroxidation [17,
56, 60, 61]. It has been shown that malondialdehyde, which is a product of lipid
peroxidation, was increased in the hearts and cardiac microsomes of mice treated with
DOX [17, 62]. This Oy is then converted into H,0, and O, by superoxide dismutase.
Another important species that leads to the oxidative damage to cardiomyocytes is
ONOO" [63, 64]; it is known to target cardiomyocytes mitochondria primarily [65].
ONOQO' reacts readily with DNA to induce double- and single-strand damage and base
modifications [34, 40]. Also, evidence suggests that nitric oxide (NO®) may also play an
important role in cardiac dysfunction. Nitric oxide regulates contractility and blood flow
in the heart [66], however, excessive nitric oxides can induce cardiomyocyte oxidative
damage, leading to cardiomyopathy and congestive heart failure [64, 67, 68]. Synthesis of
nitric oxide in the presence of O, is known to induce the formation of ONOO™ [69]. In
addition, H,0,, which is reduced to OH" in the presence of Fe**, and OH" is known to
initiate free radical-mediated chain reactions that result in myocardial damage and lipid
peroxidation by removing hydrogen atoms from unsaturated fatty acids [70]. The use of
antioxidants may be a favorable approach to reduce the cardiotoxicity of anthracyclines,
thereby improving clinical utility of these promising chemotherapeutic agents. Many
studies have explored the use of antioxidants in diminishing DOX-induced cardiotoxicity

[22, 23].
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PAESe was developed as a potent antioxidant to treat cardiovascular disease. It
has been shown that selenium redox cycling increases the free radical scavenging effects
of PAESe against oxidant-induced DNA damage [34]. In this redox cycling process, the
selenoxide-form of PAESe is produced when this selenide reduces cellular oxidants such
as peroxide or ONOQO’, and the selenoxide is then recycled back to PAESe by cellular
reductants such as ascorbate and glutathione.

DOX is one of the standard adjuvant chemotherapeutics used to treat women with
early-stage invasive breast cancer. A number of clinical trials showed that chemotherapy
containing anthracyclines, like DOX, prolongs survival time over non-anthracycline
chemotherapy regimens [71], and this advantage on survival was significant for women
with HER-2 positive, not negative breast cancer [72]. Based on these results, we
determined the effect of PAESe on antitumor activity of DOX using in vitro BT-474
breast cancer cell that overexpress HER-2.

PC-3 cells were also broadly utilized to determine the therapeutic effect of DOX
due to its high sensitivity to DOX [73, 74]. Moreover, PC-3 cell was chosen for in vivo
evaluation to induce cardiotoxicity. PC-3 cell allows for long-term treatment of DOX
since it is slower growing primary tumor [75].

Up to 1 uM PAESe was found to have little to no cytotoxic effects to PC-3 cells
after 72 hr exposure. Similarly, the growth of BT-474 cells was not altered by PAESe up
to 10 uM. We then examined whether there would be an effect of PAESe on the
antitumor activity of DOX. In this combination study, 100 to 1000 nM for DOX were
chosen based on the clinically relevant cytostatic concentration (i.e., 1-100 % peak

plasma concentration) that was represented by 10-1000 nM [76]. We found that PAESe
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did not affect the antitumor activity with DOX in PC-3 as well as BT-474 cells both at
non-toxic and at cytotoxic concentrations. The cytotoxicity of DOX has been correlated
with antagonism of topoisomerase-2 rather than free radical generation, whereas
cardiotoxicity has known to be more related with free radical formation as mentioned
above [18]. PAESe did not alter the antitumor activity of vincristine, known to inhibit
growth via tubulin polymerization [77]. However, the oxidant-mediated cytotoxicity of
TBHP was decreased significantly (p < 0.05) in the presence of PAESe in a dose-
dependent manner. These data suggest that PAESe may be useful in combination with
DOX to preserve DOX’s antitumor activity, but decrease the toxicity of its ROS on
cardiomyocytes.

These results were further supported by the extent of ROS generation study which
was estimated by CM-H,DCFDA, a membrane permeable non-fluorescent reduced
derivative of DCF. The acetate groups of CM-H,DCFDA are removed by esterase
cleavage intracellularly, followed by oxidation that can be determined using a
fluorescence microplate reader or visualized by fluorescence microscopy. CM-
H,DCFDA can detect several ROS including ONOO’", H,0,, OH" and peroxy radical.
The results showed clearly that ROS generation after DOX exposure was suppressed
significantly in the presence of PAESe on PC-3 and BT-474 cells, although DOX at 500
nM on BT-474 cells appeared to require more PAESe over 1000 nM to decrease
significantly free radicals. These results suggest that PAESe might be used in
combination with DOX to decrease the cytotoxicity related to the ROS generation

without altering its antitumor activity.
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We then examined whether in vitro results in which PAESe decreased ROS
generation without altering the antitumor effects of DOX could be related to in vivo
treatment. In a human prostate xerograph (PC-3) mouse model, concomitant
administration of PAESe did not alter the antitumor activity of DOX as compared to
DOX alone. These results are in agreement with our in vitro data showing PAESe did not
alter the cytotoxic effect of DOX.

However, it is noteworthy that PAESe alone appears to have some antitumor
effects. The unexpected anticancer activity of PAESe might be associated with altering in
vivo immune function. Antioxidants have been shown to enhance not only the activity of
several immune cells such as lymphocytes, macrophage and mononuclear cells but also
the cytotoxicity of natural Killer cells, which are known to destroy tumors in a non-
specific fashion [78]. Also, immune function has known to be increased by up-regulation
of the interleukin-2 receptors expression as well as the responsiveness of T cell to
interleukin-2 through antioxidant activity. Unlike in vitro studies, tumor cells could be
more vulnerable to the activity of chemotherapeutic agents in an in vivo system because
of the immune-enhancing effect of PAESe to increase the cytotoxic activity of a variety
of immune cells as demonstrated in animal and human studies [78]. This is a possible
explanation for the increase in antitumor activity of PAESe alone, but further studies are
needed to elucidate this activity.

Histological examinations supported the hypothesis that PAESe can reduce DOX-
mediated cardiotoxicity. Myocardium of mice treated with PAESe alone was intact and

normal similar to the control. Cardiac damages such as disrupted myocardial fibers,

52



immune cell infiltration, and inflammation [64] were decreased in the group treated DOX
with PAESe relative to the one treated with DOX alone.

In conclusion, we demonstrated that PAESe did not alter DOX antitumor activity
and limited DOX-mediated cardiotoxicity and weight loss. These effects are believed to
be related to its potent antioxidant activity, as assessed by in vitro growth inhibition
assays, alteration in ROS generation, in vivo tumor growth inhibition, and
histopathological examination. Future studies are needed to determine optimal exposure-
response profile of PAESe and to examine its effect on the immune system in vivo. Also,
further examination is required to elucidate whether PAESe itself has antitumor activity.
Nevertheless, the benefit of this study is worthy because this is the first to demonstrate
the ability of PAESe to reduce DOX-induced cardiotoxicity and weight loss, without
altering its antitumor activity, suggesting that concomitant administration of PAESe

could improve the clinical utility of DOX.
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Table 2-1. Free radical scavenging effects of PAESe on TBHP and DOX in PC-3 cells

TBHP
PAESe 0uM 30 uM 300 uM
0nM 100 121 +7 193 + 13
100 nM 103 +5 111 +5 150 £ 10*
1000 nM 101+3 102 +4 142 £ 7*
DOX

PAESe 0nM 100 nM 500 nM
0nM 100 142 +9 184 + 11
50 nM 105+5 118 £ 5* 156 + 8*
500 nM 91+2 113 + 5* 142 + 9*

Mean + SEM, *p < 0.05 vs. controls, n=5 x 3 studies.
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Table 2-2. Free radical scavenging effects of PAESe on TBHP and DOX in BT-474

cells
TBHP
PAESe 0uM 30 uM 300 uM
0nM 100 110+ 7 193+ 13
100 nM 9% +3 111 %5 150 + 10*
1000 nM 9% +4 102+ 4 142 + 7*
DOX

PAESe 0nM 100 nM 500 nM
0nM 100 151+4 177+ 6
50 nM 116 £ 4 142 £5 177+9
500 nM 114+ 3 127 + 5* 160+ 6

Mean + SEM, *p < 0.05 vs. controls, n=5 x 3 studies.
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Figure 2-1. Effect of PAESe on the growth of PC-3 cells in vitro. PC-3 cells were
treated with PAESe (0.1-10,000 nM) for 24, 48 and 72 hr prior to analysis cytotoxicity

using MTT (A) and SRB (B) staining. Data are presented as means + SEM of three

independent studies (n = 5).
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Figure 2-2. Growth inhibition of PAESe on the growth of BT-474 cells in vitro.
PAESe (0.04 to 10,000 nM) were treated to BT-474 cells for 24, 48, and 72 hr followed
by analysis using MTT (A) and SRB (B) staining. Data are presented as the Mean = SEM

of three independent studies (n=5)
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Figure 2-3. Effect of PAESe on the growth inhibition of vincristine in PC-3 cells. The
effect of PAESe (100 nM) on the cytotoxic activity of vincristine (5-25 nM) was
determined by MTT (A) and SRB (B) staining after 72 hr incubation. Data are presented

as means = SEM of three independent studies (n = 5).
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Figure 2-4. Growth inhibitory effect of PAESe in combination with Vincristine on
BT-474 cells by (A) MTT and (B) SRB The effect of PAESe (100 and 1000 nM) on
growth inhibition of vincristine (1 to 50 nM) was determined by MTT (A) and SRB (B)

assay after 72 hr incubation. Data are presented as means = SEM of three independent

studies (n =5)
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Figure 2-5. Effect of PAESe on the growth inhibition of TBHP in PC-3 cells. The
effect of PAESe (100-10,000 nM) on the cytotoxic activity of TBHB (3—3000 uM) was
determined by MTT (A) and SRB (B) staining after 72 hr incubation. Data are presented
as means = SEM of three independent studies (n = 5). An asterisk indicates a significant

(p-value <0.05) difference compared to control, 0 nM (Se).
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Figure 2-6. Growth inhibitory effect of PAESe in combination with TBHP on BT-
474 cells by (A) MTT and (B) SRB TBHP (0.3 to 300 uM), as positive control, was co-
treated with PAESe (100 and 1000 nM) to BT-474 cells to determine the effect of PAESe
on the cytotoxicity of TBHP by MTT (A) and SRB (B) assay after 72 hr incubation. Data
are presented as means £ SEM of three independent studies (n = 5). An asterisk indicates

a significant (p < 0.05) difference compared to control, 0 nM (Se).
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Figure 2-7. Effect of PAESe on the growth inhibition of DOX in PC-3 cells. The
effect of PAESe (100 and 1000 nM) on the cytotoxic activity of DOX (100 and 500 nM)

was determined by MTT (A) and SRB (B) staining after 72 hr incubation. Data are

presented as means + SEM of three independent studies (n = 5).
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Figure 2-8. Growth inhibitory effect of PAESe in combination with DOX on BT-474
cells by (A) MTT and (B) SRB The effect of PAESe (100 and 1000 nM) on growth
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staining after 72 hr incubation. Data are presented as means + SEM of three independent
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Figure 2-9. Effect of PAESe on antitumor activity of DOX in a PC-3 xenograft
model. The effect DOX, PAESe, DOX + PAESe, and vehicle-control on tumor growth
(A) and body weight (B) in a tumor xenograft model of human (PC-3) prostate cancer

was determined. Treatment, 5 mg/kg/week for DOX and 10 mg/kg/week for PAESe was

64



administered by tail vein injection weekly (black bars) after tumors reached 200 mm?®.
Tumor volume and body weight were monitored every other day, data are presented as
means = SEM (n = 5-8) and were normalized to average tumor volume or body weight

on day 0. An asterisk indicates a significant (p < 0.05) difference compared to control.
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Figure 2-10. Histological examination of heart. Two weeks after the last treatment,

hearts of (A) control, (B) DOX, (C) PAESe and (D) DOX+PAESe group were excised,
fixed, and processed for histological examination. Micrographs of the myocardium
sections stained with H&E at high magnification (400 x, scale bars = 20 pum) were

captured.
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CHAPTER 3
QUANTIFICATION OF LIPOSOMAL PHENYLAMINOETHYL SELENIDES BY
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY-TANDEM MASS

SPECTROMETRY AND PHARMACOKINETIC IN RATS

Jeong Yeon Kang, Ibrahim Aljuffali, Charlie D. Oldham, Sheldon W. May, Robert D.
Arnold. To be submitted to Journal of Chromatography B
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Abstract

Novel selenium-based therapeutic agent, phenyl-2-aminoethyl selenide (PAESe), has a
protective effect against anthracycline-induced cardiotoxicity as well as antihypertensive
activity mediated by its scavenging effect of reactive oxygen species. A simple and
selective analytical method was developed and validated using high-performance liquid
chromatography - tandem mass spectrometry (HPLC-MS/MS) with electrospray
ionization in multiple reaction monitoring mode for the quantification of PAESe in rat
plasma. A lower limit of quantification was 50 nM. The accuracy and precision of the
response were within the acceptable range (x15%) of the theoretical concentration for
intra-day and inter-day assay. This assay was used to determine the pharmacokinetics of
free PAESe and a newly developed PAESe liposome (SSL-PAESe) formulation. The
circulation half-life and exposure (area under the drug concentration time profile, AUC)
of PAESe were increased significantly (p < 0.05) in animals dosed with SSL-PAESe (101
hr) compared to free PAESe (8.78 min). This correlated with decreases in the rate of
elimination and total systemic clearance after administration of SSL-PAESe relative to
free PAESe (p < 0.05). These results suggest that PAESe can be encapsulated stably in
SSL and used to control the PAESe exposure compared to free drug administration. In
conclusion, we developed a sensitive and selective HPLC-MS/MS assay and used this
assay to determine the pharmacokinetics of free- and SSL-PAESe. These data suggest
that encapsulation of PAESe in SSL provides a broaden potential of PAESe as a clinical

therapeutic agent. Furthermore, this assay will serve as basis for examining tissue/tumor
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distribution to optimizing dosing schedules and gain mechanistic insights into PAESe

cardioprotective and antitumor activity.

1. Introduction

Doxorubicin (DOX) is a potent anticancer agent used to treat a variety of cancers
including acute leukemia, non-Hodgkin’s lymphomas, breast, ovarian and lung cancer [1].
However, the clinical usage of DOX is limited by myocardial damage induced by
generation of reactive free radicals such as superoxide anion, hydroxyl radical, and
peroxynitrite [2]. A variety of antioxidants and scavenging agents have been evaluated
with the goal to reduce DOX-induced oxidative damage in order to alleviate DOX-
mediated cardiotoxicity. Currently two agents, i.e., Dexrazoxane (Zinecard®) and
Amifostine (Ethyol®) have been approved by FDA as chemoprotectants. However, they
have been shown to reduce the activity of the primary chemotherapeutic agent or have
off-target toxicities that have generally limited their usefulness [3, 4].

Phenyl-2-aminoethyl selenide (PAESe, Fig 3-1B) was shown to exert a potent
antioxidant activity by reacting with metabolic oxidants such as peroxide, peroxynitrite
anion, and hydroperoxides using redox recycling [5-8]. Previously, we demonstrated that
PAESe decreased doxorubicin-induced free radical generation and cardiotoxicity using in
vitro cell culture and in vivo mouse models (Chapter 2) [9]. PAESe had limited to little
to no effect on growth inhibitory or cytotoxic in vitro antitumor activity of DOX on
prostate cancer cells, in vitro. PAESe also decreased the formation of intracellular
reactive oxygen species from DOX. However, we observed PAESe has the antitumor

activity in a mouse xenograft model of human prostate cancer (PC-3) [9]. We suggested
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that PAESe reduced cardiotoxicity when used in combination with DOX and
unexpectedly exhibited in vivo antitumor activity, however the mechanism is not clear.

Here, a sensitive and selective high-performance liquid chromatography — tandem
mass spectrometry (HPLC-MS/MS) method was developed and applied to determine the
pharmacokinetic (PK) properties of PAESe in rat plasma. High-performance liquid
chromatography (HPLC) has been commonly used with ultraviolet (UV) and
fluorescence detector (FLD) methods for quantifying drugs and metabolites in biological
samples. However, it has been reported that analytical method based on HPLC-UV or
FLD were not sensitive enough to detect low level of analytes in the matrix [10]. Mass
spectrometry (MS) is currently regarded as a rapid and effective method for the analysis
of drugs in complex biological matrix. It has excellent sensitivity and specificity,
especially tandem mass spectrometry (MS/MS), since the analyte is ionized by their
inherent mass and charge [11, 12]. In addition, it is known that MS/MS detection can
reduce interferences effectively from endogenous components as well as can simplify
sample extraction [13, 14]. This sensitive analytical assay is also preferred for in vivo PK
studies in animal models because the limited amount of plasma sample is required.

In this study, we developed long circulating PAESe liposome (SSL-PAESe) and
investigated the effect of encapsulation of PAESe to alter its disposition (i.e. increase
circulation half-life and increase systemic drug exposure, AUC) based on our previous
study that showed in vivo antitumor activity of PAESe. Encapsulation in SSL is well
known to change the PK properties of compounds radically by pegylation; pegylated
liposomal doxorubicin has been approved as clinical products in the U.S. (Doxil®) and

Canada (Caelyx®) in virtue of the enhanced anticancer activity and diminished
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cardiotoxicity [15-17].

The objective of the study was to develop a nanoparticulate drug carrier and
evaluate PK properties of free and encapsulated PAESe. In order to achieve this objective,
we developed and validated a highly selective and robust HPLC-MS/MS assay with

electrospray ionization (ESI) in multiple reaction monitoring (MRM) mode.

2. Experiments

2.1. Materials and reagents

Analytical grade methanol (MeOH), acetonitrile (ACN), formic acid, chloroform
and sucrose were purchased from Thermo Fisher Scientific Inc. (Rockford, IL). Water
was obtained from a Milli-Q system (Millipore Corp., Billerica, MA). 1,2-distearoyl-sn-
glycero-3-phosphatidylcholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[poly(ethyleneglycol) 2000) (DSPE-PEG) were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL). Cholesterol was obtained from Sigma-Aldrich (St. Louis,
MO) and recrystallized from MeOH before use. Heparin sodium for injection USP (5,000
units/mL) was obtained from Elkin-Sinn, Inc. (Cherry Hill, NJ). All other chemicals and

solvents were analytical grade and purchased from Sigma-Aldrich (St. Louis, MO).

2.2. HPLC-MS/MS
The mobile phase was MeOH:0.2 % formic acid (50:50, v/v), and was vacuum
filtered using a 0.45 um nylon filter (Millipore Corp., Billerica, MA) prior to use.

FPAESe (4-fluoro-phenyl-2-aminoethyl selenide) was used as internal standard (1.S.).
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HPLC-MS/MS separation was performed on an HPLC Agilent 1100 Series, which
consists of a degasser, a binary pump, an auto-sampler, and a thermostated column
compartment, coupled with Agilent XCT Ultra Plus ion-trap mass spectrometer with an
ESI interface (Agilent Technologies, Inc., Santa Clara, CA). The separation was
performed on a Zorbax Eclipse Plus C18 column (100 X 4.6 mm, 3.5 um, Agilent
Technologies) equipped with a Phenomenex Security Guard C18 guard column (4.0 x 3.0
mm) and the column temperature was maintained at 20 °C. An additional in-line filter
(Mac-Mod Analytical, Inc., Chadds Ford, PA) was connected before the guard column.
The temperature of auto-sampler was set at 20 °C and the injection volume was 20 pL.
The flow rate of mobile phase was 0.25 mL/min and the mobile phase was isocratic.
Total analysis time was 5 minutes. The analytes were introduced from column to the MS
through an ESI source. Nitrogen was used as a desolvation gas, and helium was
introduced into the trap as the collision gas. Desolvation gas was set at 350 °C with a
flow rate of 9.0 L/min and nebulizer pressure of 40.0 psi. Capillary, exit and skimmer
voltages for MS were optimized to acquire highest sensitivity of compounds. The HPLC-
MS/MS system was controlled, and data analysis was performed using software provided

by manufacture (Agilent, ChemStation, Santa Clara, CA).

2.3. Preparation of Calibration Standard Solutions and Quality Control Samples
PAESe and the FPAESe (I.S.) were weighted using a Cahn C-33 microbalance

(Orion research, Inc., Beverly, MA). Individually weighed compounds were transferred

to volumetric flasks and dissolved in a mobile phase to prepare stock solutions of 100 puM.

The stock solution of PAESe was then diluted with a mobile phase to give final
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concentrations of 10, 8, 5, 2, 1, 0.8, 0.5, 0.25, and 0.1 uM in pooled blank rat plasma for
calibration standards. The FPAESe stock solution was used to prepare the I.S. in mobile
phase at a final concentration of 400 nM. Quality control (QC) samples were prepared by
dilution of a PAESe stock solution into MeOH at 0.3 uM (low), 1.5 uM (medium) and 3

uM (high). All standard and QC samples were prepared freshly for each analysis.

2.4. Sample Preparation

A 50 pL plasma sample thawed to equilibrate in room temperature was
transferred into a 1.5 mL polypropylene centrifuge tube. A 200 uLL ACN was added to the
plasma to achieve a final plasma/organic solvent (v/v) ratio of 20%, and vortexed to
precipitate sample plasma proteins. A 10 uL volume of freshly prepared 1.S. solution was
spiked into the plasma to achieve a final concentration of 400 nM FPAESe. The mixture
was cooled in an ice water bath for 1 hr, then centrifuged at 10,000 x g for 10 min at 4°C.
The deproteinized supernatant was transferred to a new 1.5 mL polypropylene centrifuge
tube and dried with a stream of filtered nitrogen. Dried residues were reconstituted with
100 puL of mobile phase and vortex-mixed. Reconstituted samples were transferred into

low volume glass vial inserts for HPLC-MS/MS analysis.

2.5. Method Validation

2.5.1. Specificity and selectivity
The specificity and selectivity of method was determined based on the retention

time of each chromatogram and MRM response of drug-free plasma and plasma spiked
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with PAESe and 1.S. The response of blank plasma was also monitored in the selected
MRM mode for PAESe and I.S. to test the presence of endogenous substance that might
interfere with the signal for PAESe or I.S. Carryover contamination caused by “cross-talk”
was monitored between the scans for mass transition of PAESe and the I.S. The response
for the plasma sample spiked with PAESe was monitored while operating MRM

condition for the I.S. and vice versa.

2.5.2. Lower limit of quantification (LLOQ) and linearity

Lower limit of quantification (LLOQ) for PAESe was determined by analyzing
blank rat plasma spiked with PAESe standard solution. LLOQ was determined based on
the following criteria: i) an accuracy and a coefficient of variation (CV) of the response
were within +20% of the theoretical concentration and ii) the response was at least 5
times higher than the baseline noise (S/N > 5). Calibration standard curves for PAESe
were generated over the range from 0.1 to 10 uM by plotting the ratio of the peak area of

analytes to the I.S. versus the theoretical concentration.

2.5.3. Accuracy and precision

The accuracy and precision of method were determined using triplicates of three
different QC concentrations. Accuracy is defined as the average percent error of actual
concentration to the theoretical concentration of each QC sample, and precision is
expressed by the percent CV within a single concentration. Intra-day accuracy and
precision were evaluated by analyzing triplicate QC samples prepared at three different

concentrations independently within 24 hr. Inter-day accuracy and precision were
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determined by analyzing triplicate QC samples prepared at three different concentrations

each day over 3 or more separate days within a 7 day period.

2.5.4. Stability

To investigate stability, PAESe solution at two different concentrations (0.5, 1.0
uM) were selected and stored under various time- and temperature-dependent conditions.
The samples in triplicates were kept at room temperature or -20°C/-80°C for room
temperature stability or freezer stability, respectively for 4 weeks. For freeze-thaw
stability, the samples stored at -20°C were thawed at room temperature for 24 hr, and
were then refrozen at -20°C in triplicate for 3 cycles. Samples were then analyzed as
described above. Stability was determined by comparing the calculated value of each
sample with theoretical concentration of freshly prepared samples; a percent change and

CV greater than £10 % was considered as a significant degradation.

2.6. Preparation of PAESe liposomes

Sterically stabilized PAESe liposomes (SSL-PAESe) were formulated by thin-
film hydration method and remote loading procedure that is based on the induction of the
uptake of charged drugs into preformed liposomes using combined pH and
electrochemical gradients [15, 16, 18]. Briefly, SSL-PAESe was prepared with
DSPC:Cholesterol:DSPE-PEG (9:5:1 mole %) in 250 mM ammonium sulfate (pH 5.0),
followed by passing through double stacked 0.08 um polycarbonate filters (GE water &
Process Tech., Boulder, CO) in a thermobarrel high-pressure extruder (Northern Lipids,

Vancouver, British Columbia, Canada) six to eight times at 60 °C. Extraliposomal
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ammonium sulfate was eliminated by dialysis overnight in isotonic, 10% (w/v) sucrose
solution at 4 °C. PAESe solution in 10% (w/v) sucrose was warmed at 65°C, and was
then mixed with the preformed liposomes for 1 hr at 65 °C with occasional vortexing.
Extraliposomal drugs were separated by membrane dialysis and the SSL-PAESe was
filtered through 0.2 pum syringe filters (VWR International LLC, Radnor, PA) for
sterilization. SSL-PAESe formulations were stored at 4 °C protected from light until use.

Encapsulation efficiency was determined by comparing the drug:lipid ratio after
drug loading to the ratio before drug loading based on the concentration of PAESe and
phospholipid. The concentration of PAESe was determined by absorbance at 260 nm
using a spectrophotometer (Synergy HT Multi-Mode Microplate Reader, BioTek
Instruments Inc., Winooski, VT). The phospholipid concentration was measured by an
inorganic phosphate assay following acid hydrolysis [19]. Mean particle diameter of
SSL-PAESe was determined using a submicron particle sizer (Nicomp model 380
dynamic light scattering, Santa Barbara, CA). Data were evaluated by volume-weighed
analysis. A mean diameter of 80-110 nM was measured from final formulation. The final
concentration of PAESe was typically 1.5 mg/mL with > 80 % encapsulation efficiency

at a drug:lipid ratio of 0.2:1.0 (mol:mol).

2.7. Plasma pharmacokinetics

Male Fischer 344 rats (160 — 200 g, Harlan Sprague-Dawley, Indianapolis, IN)
were anesthetized with 90 mg/kg ketamine and 9 mg/kg xylazine by intramuscular
injection. The jugular vein was cannulated with polyurethane tubing (Micro-Renathane,

Braintree Scientific, INC., Braintree, MA), and was positioned subcutaneously and the
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tubing exteriorized through a scapular incision. The cannula was flushed with 50-100 mL
heparinized (50 units/mL) saline to prevent the clotting of blood. Three days after surgery,
free PAESe was prepared by dissolving in normal saline (0.90% w/v) and sterilized by
passing through 0.2 pm syringe filter, and SSL-PAESe was prepared as described above.
Free PAESe or SSL-PAESe was quantified immediately prior to administration, as
describe above. Drug was administered intravenously (i.v.) to the rats via a tail vein
injection at a dose of 10 or 5 mg/kg, PAESe or SSL-PAESe. Blood samples (100-200 uL)
were collected by jugular cannula at -10, 2, 5, 10, 15, 20, 30, 45 min, 1, 2, 4 hr for free
PAESe group and -10, 2, 5, 15, 30, 45, 1, 2, 4, 6, 8, 12, 24, 48, 120 hr for SSL-PAESe
group after the injection by a staggered sampling to minimize excessive blood loss. The
cannula was flushed with 100 mL heparinized (5 units/mL) saline after sampling. Blood
samples were transferred into heparinized 1.5 mL polypropylene centrifuge tubes and
cooled on ice immediately. Plasma was separated from blood by centrifugation at 10,000
x g for 10 min at 4 °C followed by snap-frozen in liquid nitrogen, and stored at -80 °C
until analysis. Animals were maintained in a light- and temperature-controlled room and
were provided a standard rat chow diet and water ad libitum. All procedures regarding
animal handling, care, and surgery followed a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Georgia according to the
US Public Health Service (PHS) Policy on Human Care and Use of Laboratory Animals,

updated 2002.
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2.8. Pharmacokinetic analysis

2.8.1. Noncompartmental analysis

A noncompartmental analysis was performed to generate initial estimates of PK
parameters including terminal elimination rate (k), half-life (ti,), apparent volume of
distribution (V), total systemic clearance (CL), area under the plasma concentration-time
curve (AUC), and maximum plasma concentration (Cmax) Using the nonlinear regression
analysis program (WinNonlin version 4.1, Pharsight Corp., Mountain View, CA).
Parameter estimates from data for animals treated with each formulation were compared

using student t-test. Results were considered significantly different at p < 0.05.

2.8.2. Pharmacokinetic modeling

PK model was developed to predict the parameters and their precision after SSL-
PAESe administration. Both naive pooled data and naive averaged data approaches were
used to plot data. The goodness-of-fit was assessed by analyzing residuals, accuracy,
precision, confidence intervals, correlation between parameters, condition number, and
objective criteria (Akaike information criteria, Schwarz criteria, sum of squares, and
estimator criterion value) to estimate the parameters as well as select the best-fit model

using WinNonlin [20].
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3. Results

3.1. HPLC-MS/MS Conditions

The composition of the mobile phase was optimized with an isocratic mixture of
MeOH:0.2 % formic acid (50:50, v/v) to maximize sensitivity and minimize analytical
time. The signal for PAESe and I.S. was monitored in positive mode and ESI mode due
to its strong intensity and high mass response. FPAESe (Fig 3-1A) was selected as the I.S.
due to its structural similarity to PAESe. Parameters for fragmentation were optimized by
direct infusion of a standard solution in mobile phase into the ionization source coupled
with MS to obtain the maximum signal intensity of the product ions. For both PAESe and
I.S., the optimal capillary voltage and capillary exit voltage were 4000 V and 100 V,

respectively, with a skimmer voltage of 40 V.

3.2. Validation of HPLC-MS/MS Method

3.2.1. Specificity and selectivity

Quantification was performed in MRM mode to monitor specific ion transitions
for selective detection of the analytes of interest. Fig 3-2 and 3-3 showed the
representative total ion chromatogram and product ion chromatogram of plasma sample
spiked with PAESe (300 ng/mL) and FPAESe (300 ng/mL) to demonstrate the specificity
and selectivity of the proposed method. Unique precursor/product ion-pairs were
identified by strong intensity at m/z 184.0 — 154.7 for PAESe and m/z 204.0 — 174.7

for 1.S. Since [M+H]" of PAESe and I.S. had the most intense signal at m/z 184.0 and
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m/z 204.0 respectively, they were selected as the precursor ion. The product ion peaks for
PAESe and I.S. were observed at m/z 154.7 and 174.7, respectively, as shown in Fig. 3-3.
The retention time was 3.6 min for both PAESe and FPAESe; total chromatographic run
time was 5.0 min. Neither endogenous interference nor cross-talk between the responses
were found around the retention times of PAESe and I.S. in the blank plasma. Table 3-1

summarizes the fragmentation parameters for PAESe and FPAESe.

3.2.2. Lower limit of quantitation (LLOQ) and linearity

LLOQ is defined as the lowest concentration analyzed with acceptable signal to
noise ratio (>5), accuracy (£20% nominal value) and precision (<£20%). LLOQ of 50
nM was determined experimentally for PAESe with 80.8% of inter-day accuracy, and
18.2% of precision respectively, which was sufficient for the purpose of the PK study.
Linearity was determined over the concentration range of 50 nM to 10 uM. Calibration
curves were generated by plotting the corresponding peak area to the nine standard
concentrations at 0.05, 0.1, 0.25, 0.5, 0.8, 1, 2, 5, 8, 10 uM using a weighing scheme of
the inverse of the variance (1/x%). The response showed a good linearity over the

concentration range with correlation coefficient (r?) of 0.995 or better.

3.2.3. Accuracy and precision

Accuracy and precision of the method were determined at three QC standard
concentrations at 0.3, 1.5, and 3.0 uM in triplicates for validation. Concentrations of QC
were calculated from each calibration standard curve. The accuracy is calculated by

comparing the average of calculated concentrations to their theoretical concentrations (%
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of nominal) and the precision by the percent CV. Intra- and inter-day accuracy and
precision of the method were acceptable with £15% of their theoretical concentration
with weighing scheme of the inverse of the variance (1/x?) (Table 3-2). The accuracy for
intra-day and inter-day was determined to be within the range of 1.0—6.7% and 2.0—4.1%
of their theoretical concentrations, respectively. The precision was found to be less than

14% CV for all QC samples in both intra-day and inter-day assay.

3.2.4. Stability

Stability of PAESe was tested under various time- and temperature-dependent
storage conditions. No significant degradation was found in all samples in given
conditions with deviation within + 10% of the theoretical concentrations in 4 weeks
storage (Table 3-3). These results demonstrated that PAESe were considered stable at
room temperature as well as -20°C/-80°C with three cycles of freeze—thaw process during

at least 4 weeks.

3.3. Plasma pharmacokinetics
The validated analytical HPLC-MS/MS method was applied to determine the PK
properties of PAESe in free and encapsulated form after i.v. administration to the rat.
PAESe was administered to rats at a dose of 10 mg/kg for free PAESe and 5 mg/kg for
SSL-PAESe, and blood was collected from the jugular cannula over the next 4 hr for free
PAESe and 120 hr for SSL-PAESe due to PK differences between the two formulations.
The plasma drug concentration—time profile after a single dose of free PAESe and

SSL-PAESe was shown in Fig 3-4. Data were presented as means * standard deviation of
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two independent studies (n = 4 for free PAESe; n=6 for SSL-PAESe). The LLOQ of the
method (50 nM) was low enough to determine PAESe up to 120 hr after SSL-PAESe
administration. A two-compartment PK model was chosen to provide the best-fit of the
data in Fig 3-4 using WinNonlin. The representative PK parameters estimated by two-
compartment model are listed in Table 3-4.

Results showed that free PAESe was eliminated rapidly after i.v. administration
with alpha distribution half-life (ot1/2) of 1.96 min and beta elimination half-life (Btu/2) of
8.78 min. A large apparent volume of distribution for free PAESe group (3.16 L/Kg)
indicates that PAESe is extensively distributed to tissues, and may be released over a
prolonged time [15, 21, 22]. However, the PK properties of PAESe were dramatically
changed when encapsulating PAESe in SSL compared with free PAESe. The circulation
half-life was significantly increased in the animals dosed with SSL-PAESe (101 hr)
compared to free drugs (8.78 min) (p < 0.05). There were also significant decrease in
total systemic CL (-99.3 %), and increase in AUC (6,787 %) in animals receiving SSL-
PAESe compared to free PAESe (p < 0.05). The peak concentration (Cmax) Was also

increased after SSL-PAESe administration.

4. Discussion

PAESe exhibits antihypertensive activity mediated by a scavenging effect in
regard to dopamine-f-monooxygenase dependent ascorbate depletion [7, 8, 23]. Recently,
we have demonstrated that PAESe exhibits a protective effect against anthracycline-
induced cardiotoxicity in vitro cell culture as well as in vivo antitumor activity (Chapter

2) [9]. Here, we developed and validated a HPLC-MS/MS method for the quantification
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of PAESe in rat plasma for the purpose of conducting PK studies and to aid in developing
a greater understanding of its antitumor and chemoprotective effects. A tandem mass
spectrometer with MRM condition was used to improve sensitivity and specificity in
assay by selecting compound-specific ion-pairs based on their inherent mass and charge.

The ESI-MS parameters were optimized based on the signal response of analytes
after direct infusion of PAESe solution in mobile phase or blank plasma into the
ionization source. Parameters include capillary voltage, skimmer voltage, capillary exit
voltage, octopole radio frequency, octopole direct current, trap drive and lens voltages.
These parameters have an important role in sensitivity by affecting ion formation and
migration [24]. Optimization of the parameters was performed in a certain sequence in
accordance with the recommendation of manufacturer. The optimal value was fixed
before the following parameter was optimized.

The interference caused by co-eluting compounds also had a significant impact on
the sensitivity by affecting ionization efficiency. Interference peaks by co-eluting
compounds or endogenous substances in plasma were not examined in this method.
Contamination by carryover of analytes (cross-talk) was also monitored since it causes a
fallacious quantification of analyte of interest that is analyzed by HPLC-ESI-MS [25].
Cross-talk is usually generated by incomplete removal of ions with similar or identical
mass in the other precursor-product ion channel in which the product ions of the first
mass transition scan are not cleared completely before the second mass transition begins,
which remains the artifacts in the whole mass transition. No cross-talk was identified

with this method.
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The ratio of organic solvent is one of the important factors for protein
precipitation for improving sensitivity in sample preparation [16]. Protein precipitation
with 100% ACN shortened the processing time and increased the method sensitivity.
However, this may be associated with PAESe poor solubility in polar aprotic solvents
like ACN vs. polar protic solvents like MeOH. In addition, ACN was applied to samples
over 30 seconds while vortex mixing because some of the analyte can be trapped in the
precipitates from rapid precipitation process by producing a lump of the precipitate,
resulting in the decreased sensitivity and increased variability in the sample preparation.

This HPLC-MS/MS analytical method was used to quantify PAESe in small
volume plasma samples (30-100 plL) of animals administered free- or PAESe
encapsulated in long-circulating type liposomes. Previous research demonstrated that o-
methylated derivative of PAESe (MePAESe) administered by i.v. to rats was cleared
rapidly from the blood with ax1, of 20 sec and By, of 63 min [8], which can limit the
exposure and therapeutic efficacy of compounds. Thus, we developed a long-circulating
type liposome and encapsulated PAESe with the goal of increasing its systemic exposure.

Nanoparticulate drug carriers are known to alter drug disposition such as
circulation half-life, tissue/tumor distribution, and rate/extent of drug release, which are
responsible for the increased therapeutic efficacy and reduced toxicity in animal models
[15, 18, 26, 27]. Sterically stabilized liposome (SSL) is one type of nanoparticulate drug
carrier that has long-circulating properties through a surface coating with hydrophilic
polymer like polyethylene glycol (PEG) that reduces interaction with plasma components
by steric hindrance effect [28]. SSL formulation prevents not only opsonization and rapid

clearance of compound by reticular-endothelial system but also decreases the rate of
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drug-carrier distribution to primary organs of clearance (i.e., liver, lung, spleen), leading
to their reduced elimination [15, 29]. Encapsulation of drug into SSL can promote the
accumulation of drug in tissues by increasing circulation time as well as by reducing drug
elimination rate and clearance of drug [30, 31]. The more drugs can reach the desirable
tissue in SSL because the most of the drug can be remained inside the SSL in the body
and released slowly from the liposomes during an extended duration of circulation [15].
Moreover, biodistribution pattern can be controlled to prevent drug accumulation in
tissue that are sensitive and undesirable to be delivered by encapsulating in SSL [29].
Even though some pharmacological effects such as cardioprotective effect against
anthracycline or antihypertensive effect have been already identified in free form of
PAESe, it will be necessary to determine the effect of encapsulated form that can be
manifested by increasing availability through the enhanced exposure of compound.

The effect of drug:lipid ratio on the encapsulation efficiency was evaluated by
determining the encapsulation efficiency of various formulations with using serial
concentrations of PAESe. Encapsulation efficiency of SSL-PAESe was decreased with
increasing drug:lipid ratio (Fig. 3-5) since the excess of drug solution might cause the
instability of liposome formulation and pH gradient in mixture of liposome and drug
solution. In order to administer the corresponding amount of PAESe in encapsulated form
with free form to animal, the drug:lipid ratio of 2:1 was used even though the ratio of
0.2:1 has maximal encapsulation efficiency (>80%).

The PK properties of free PAESe and SSL-PAESe were determined to evaluate
the effect of liposomal formulation on disposition of PAESe. The analytical method

developed in this study was linear over the concentration range for this in vivo PK study.
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There were significant differences in the observed plasma PK profile and parameters
between free- and SSL-PAESe administration groups (Fig. 3-4, Table 3-4). Whereas free
PAESe was cleared rapidly, PAESe was observed in the plasma for a prolonged period
when administered with SSL-PAESe in animal. The rate of elimination and clearance of
PAESe were also decreased significantly in SSL-PAESe group. PAESe was detected in
rat plasma with 42 ng/mL at 120 hr after administration of SSL-PAESe, while PAESe
was not be able to be detected at 1 hr after administration of free PAESe. Although the
free fraction of PAESe was not determined explicitly, based on rapid clearance of free
PAESe, it is supportive that PAESe was stably entrapped within the SSL. This is similar
to other drugs that are rapidly cleared when compared to those remote loaded into SSL
formulations [15, 26]. This result is even more striking because the noticeable PK
differences were observed between two formulations although the dose of SSL-PAESe (5
mg/kg) was the half of dose of free PAESe (10 mg/kg). SSL-PAESe was formulated for
the dose of 5 mg/kg since it corresponds to the maximal allowed amount for injection to
rat. These results demonstrate that PAESe encapsulation in SSL increases the exposure of
PAESe with the decreased amount of PAESe.

These characteristics of SSL are associated with not only the increased efficacy
but also the reduced toxicity of encapsulated compound [32]. It was shown that
cardiotoxicity of doxorubicin could be reduced when administered in SSL formulation
because doxorubicin was less converted to doxorubicinol, which is a metabolite known as
one of the major causes of cardiomyopathy [33, 34]. Indeed, a previous study has
reported that selenium-containing metabolites were identified in brain tissue after

administration of MePAESe [8]. Encapsulation of PAESe into SSL may control
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penetration of PAESe into the central nervous system by decrease in production of its
metabolites, which prevent brain accumulation and undesirable side effects like
neurotoxicity. Nevertheless, it is necessary to identify the efficacy of encapsulated
PAESe in SSL to further evaluate its potential as a chemoprotectant and antitumor agent.
In conclusion, an HPLC-MS/MS analytical method with ESI was developed and
validated for the quantification of PAESe in rat plasma. Small volume plasma samples
(50 uL) and simple preparation and extraction were used to quantify, LLOQ of 50 nM,
PAESe over desired concentration and time frame. Encapsulated PAESe into SSL
increased the exposure of PAESe — thus circulation half-life and alter in vivo
biodisposition. The reliable and effective method developed in this study was
successfully applied to determine PK properties of PAESe in plasma after administration
of free or long-circulating liposomal formulation to rats. Clearly, PK results showed the
circulation half-life of PAESe was significantly increased in encapsulated PAESe relative
to free PAESe, which suggest encapsulation in SSL can extend a potential of PAESe as a
pharmacological agent by its enhanced exposure and availability by long-circulating
property of SSL. This analytical method could be used to advance development of

formulation and establish the mechanism behind the antitumor effect of PAESe.
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Table 3-1. MRM parameters for PAESe and FPAESe (1.S.)

PAESe FPAESe*
Precursor ion (m/z) 184.0 204.0
Product ion (m/z) 154.7 174.7
Width (m/z) 2.0 2.0
Cutoff mass 50 55
Retention Time (min) 3.6 3.6

*Internal standard
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Table 3-2. Intra-day and Inter-day accuracy and precision for PAESe

Intra-day assay Inter-day assay
QC(S;T; rol Accuracy Precision Accuracy Precision
(%) (CV%) (%) (CV%)
0.3 101 14.0 102 14.9
15 103 8.5 95.9 14.4
3.0 93.3 10.4 95.9 9.8
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Table 3-3. Stability of PAESe for 4 weeks

Measured conc. (uM) (CV%)

Theoretical 0 0

conc. (uM) Room temp. Freeze-thaw Freezer (-20°C)  Freezer (-80°C)
0.5 0.492 (13.4)  0.498 (10.7) 0.510 (4.64) 0.552 (N/A)
1.0 1.02 (6.83) 1.07 (3.43) 1.07 (6.08) 1.109 (N/A)
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Table 3-4. Model-predicted pharmacokinetic parameters for free PAESe and SSL-

PAESe

Variables Free PAESe Mean (CV %) SSL-PAESe Mean (CV %)
Dose (mg/kg) 10 5

Crnax (ng/mL) 3.16 (38.2) 9.97 (40.8)

a2 (hr) 0.0326 (31.0) 0.0201 (19.5)

B2 (hr) 0.146 (13.3) 101 (30.2)

AUC (ug ® hr/mL) 0.196 (17.8) 13.5 (26.3)

V (L/kg) 3.16 (38.2) 0.502 (40.8)

CL (L/hr/kg) 51.2 (17.8) 0.371 (26.3)

104



Se Se
/@/ \/\\+NH3 O/ \-/\‘\\+NH3
- CI CI

(a) (b)

Figure 3-1. Chemical structures of phenylaminoalkyl selenide (a) 4-fluoro-phenyl-2-
aminoethyl selenide (FPAESe), the internal standard (I.S.) and (b) phenyl-2-aminoethyl

selenide (PAESe).
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Figure 3-2. Total ion chromatogram (a) PAESe; (b) FPAESe (1.S.) Blank rat plasma
spiked with PAESe or FPAESe of 300 ng/mL was deproteinated with ACN to remove
plasma protein. The mixture was cooled on ice for 1 hr, and then was centrifuged at
10,000 = g for 10 min at 4°C. The supernatant transferred into new tubes was evaporated
with a stream of dry nitrogen, followed by reconstitution with mobile phase to inject into
the HPLC-MS/MS system for analysis. The retention time was 3.6 min for both PAESe

and FPAESe.
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Figure 3-3. Product ion chromatogram (a) PAESe; (b) FPAESe (l1.S.) Blank rat
plasma spiked with PAESe or FPAESe of 300 ng/mL was prepared as described in Fig.
3-2. MRM mode was applied to monitor specific ion transitions of PAESe and I.S. The
maximum signal was detected as the precursor ions at m/z 184.0 and m/z 204.0 for
[M+H]" of PAESe and 1.S., respectively. The most intense signal was determined at m/z

184.0 — 154.7 for PAESe and m/z 204.0 — 174.7 for 1.S. as precursor/product ion-pairs.
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Figure 3-4. Mean plasma concentration-time profile after i.v. administration of free
PAESe (10 mg/kg) and SSL-PAESe (5 mg/kg) Free PAESe (10 mg/kg) or SSL-PAESe
(5 mg/kg) was intravenously administered by tail vein to the cannulated rats. Blood

samples (100-200 pL) were collected by jugular cannula. Plasma separated from blood by
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centrifugation at 10,000 x g for 10 min at 4 °C was analyzed by HPLC-MS/MS. Data
were presented as means + standard deviation of two independent studies (n = 4 for free

PAESe; n=6 for SSL-PAESe).
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Figure 3-5. Encapsulation efficiency according to the drug:lipid ratio The effect of

drug:lipid ratio on the encapsulation efficiency of SSL-PAESe.
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ACN acetonitrile

AUC area under the plasma drug concentration-time curve
/2 alpha distribution half-life

Bris beta elimination half-life

CL total systemic clearance

Crax maximum plasma concentration

Ccv coefficient of variation

DSPC 1,2-distearoyl-sn-glycero-3-phosphatidylcholine

DSPE-PEG  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol) 2000)
ESI electrospray ionization

FPAESe 4-fluoro-phenyl-2-aminoethyl selenide

HPLC high performance liquid chromatography
I.S. internal standard

k terminal elimination rate

LLOQ lower limit of quantification

MeOH methanol

MRM multiple reaction monitoring

MS mass spectrometry

MS/MS tandem mass spectrometry
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CHAPTER 4

CARDIOPROTECTION AND ANTITUMOR ACTIVITY OF

PHENYLAMINOETHYL SELENIDES ENCAPSULATED IN LIPOSOMES

Jeong Yeon Kang, Leah J. Costyn, Tamas Nagy, Charlie D. Oldham, Sheldon W. May,
Robert D. Arnold. To be submitted to Journal of Clinical Cancer Research
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Abstract

Anthracyclines are highly effective anticancer agents, but their clinical use is limited by
dose-limiting cardiotoxicity mediated by free radical generation. This study evaluated the
antitumor and cardioprotective effect of encapsulated PAESe (SSL-PAESe) using a
tumor (PC-3) xenograft mouse model of human prostate cancer in nude mice. Differences
in tumor volume and histological changes in the heart following H&E staining were
examined. Surprisingly, PAESe encapsulated in long circulating liposome and
administered at %2 the dose of free drug had greater in vivo antitumor activity compared to
free PAESe. Tumor volume of DOX+PAESe, SSL-PAESe and DOX+SSL-PAESe
groups was decreased significantly (p < 0.05) compared to controls. Body weight of
PAESe and SSL-PAESe groups were greater than other groups. Survival time of SSL-
PAESe and DOX+SSL-PAESe groups were significantly (p < 0.05) longer than control
and free DOX treatment groups. No evidence of cardiotoxicity was observed in groups
treated with PAESe, DOX+PAESe, SSL-PAESe, and DOX+SSL-PAESe. This effect is
believed to be associated with the increased circulation time following encapsulation,
however the molecular mechanism underlying the antitumor activity is still not known.
Further, the protective effect of PAESe on cardiomyocytes following long-term DOX
treatment was determined in nude mice by histological examination following H&E
staining of the heart and quantification of the necrotic index. Results showed PAESe
decreased evidence of DOX-induced cardiomyopathy, such as disruption and

fragmentation of myofibers after long-term exposure of DOX. These data suggest that
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PAESe can be used in combination with DOX to decrease cardiotoxicity associated with

free radical generation, even after long-term exposure of DOX.

1. Introduction

Doxorubicin (DOX) is one of the most widely used anthracyclines and is
efficacious against several cancers, i.e., breast, ovarian, acute leukemia and non-
Hodgkin’s lymphomas [1]. However, its clinical usage has been hampered by dose-
limiting cardiotoxicities, such as cardiomyopathy and congestive heart failure (CHF) [1].
Clinically, cardiomyopathy can be observed after single treatment at 240 mg/m? body
surface area, and cardiotoxicity, leading to CHF and death, is known to increase at
cumulative doses above 550 mg/m? [2].

The primary cause of DOX-mediated cardiotoxicity is believed to be associated
with generation of reactive free radicals from DOX and its metabolites during its
intracellular metabolism [3]. Reactive free radicals including superoxide anion (O;7),
hydroxyl radical (OH") and peroxynitrite (ONOQ") are produced from the metabolic
cycling between a quinone and semiquinone form of DOX in a microsomal NADPH-
oxidase system [4, 5]. Cardiomyocyte is prone to oxidative damage by free radicals from
DOX due to unique features of the hearts such as a limited number of antioxidants and
the high affinity of myocardial phospholipid to DOX [3].

The concomitant administration of antioxidants to prevent cardiotoxicity by
inhibiting the production or facilitating the removal of free radicals has been explored.
For example, vitamins (vitamin C, E), flavonoids (7-monohydroxyethylrutoside;

monoHER) and lipid lowering drugs (statins) have been explored as chemoprotectants in
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preclinical and clinical studies [6-8]. Some antioxidants, such as dexrazoxane (Zinecard®)
and amifostine (Ethyol®), were approved by the U.S. Food and Drug Administration
(FDA) to decrease free radicals mediated toxicity of chemotherapeutics such as DOX and
cisplatin. However, concerns related to insufficient cardioprotection or undesirable side
effects, such as acute myeloid leukemia and myelosuppression induced by synergic effect
with primary antitumor agents, have been reported [9, 10].

Phenyl-2-aminoethyl selenide (PAESe) is a selenium-based antioxidant that has
showed promise for treating cardiovascular disease, such as hypertension [11-14]. PAESe
is known to provide a protective effect against oxidant-induced DNA damage through its
redox cycling process [15]. Throughout this redox cycling, PAESe is converted to the
oxidized PAESe (PAESeO) by rapid reactions with many metabolic oxidants such as
peroxide, peroxynitrite anion, and hydroperoxides, which are known to cause base
modifications and induction of double- and single-strand breaks, (Fig 1-2) [15, 16]. The
resultant oxidized form is then recycled back easily to the reduced form (PAESe) by
ascorbate and glutathione without complex side reactions [13, 15, 17-19].

Previously, we demonstrated PAESe had a protective effect against DOX-induced
cardiotoxicity by its antioxidant effect as well as an antitumor activity using in vitro cell
culture and an in vivo mouse model of human prostate (PC-3) cancer (Chapter 2) [20].
The in vitro antitumor, i.e., growth inhibitory effects, of DOX was not altered by PAESe
(up to 10 uM) on PC-3 prostate cancer cells whereas the generation of intracellular
reactive free radicals from DOX was decreased in the presence of PAESe in a dose-
dependent manner. Most interestingly, PAESe appeared to exert antitumor activity in the

in vivo prostate tumor xenograft mouse model in the absence of DOX [20].
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Recently we encapsulated PAESe in sterically stabilized liposomes (SSL) and
evaluated their effect on the pharmacokinetics of PAESe (Chapter 3). Animals
administered SSL-PAESe had significantly (p < 0.05) greater circulation times and
exposures than free PAESe treatment groups. This corresponded to a significant (p <
0.05) decrease in the elimination rate and clearance of SSL-PAESe compared to free drug.
We hypothesized that this long-circulating PAESe liposome would have improved
antitumor efficacy and cardioprotectant properties, as well as reduce undesirable toxicity
[21-24].

In this study, the effect of SSL-PAESe on antitumor activity and survival was
determined in vivo using an established human prostate (PC-3) tumor xenograft model in
athymic NCr (nu/nu) nude mice. We also determined the cardioprotective effect of
PAESe against chronic cardiotoxicity, which is more commonly recognized and

clinically the most important form.

2. Materials and Methods

2.1. Chemicals and Reagents

PAESe was synthesized, purified and fully characterized as described previously
[17]. F-12K Nutrient Mixture (Kaighn’s Mod.) was obtained from Mediatech (Manassas,
VA). Doxorubicin hydrochloride was purchased from Sigma-Aldrich Inc (St. Louis, MO).
Chloroform and sucrose were obtained from Thermo Fisher Scientific Inc. (Rockford, IL).
Lipids, 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC) and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[poly(ethylene glycol) 2000) (DSPE-PEG) were
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purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Cholesterol was purchased

from Sigma-Aldrich (St. Louis, MO) and recrystallized from methanol (x3) before use.

2.2. Tumor growth inhibition effect of PAESe and SSL-PAESe

2.2.1. Cell culture and tumor xenograft animals

Human prostate adenocarcinoma (PC-3) obtained from American Type Culture
Collection (ATCC) (Rockville, MD) was maintained in F-12K media supplemented with
10% (v/v) FBS and 100 U/mL penicillin in a humidified cell culture chamber at 37°C, 5%
CO,. Cells were subcultured when reached approximately 80-90% confluency.

Athymic, NCr (nu/nu), mice at 6-8 weeks with body weight of ~ 25 g were used
for the study. A PC-3 cell-Matrigel mixture was prepared by mixing ice-cold Matrigel
(BD Biosciences, Franklin Lakes, NJ) and PC-3 cell suspension in serum free media
(1x10" cells/mL) at a 1:1 (v/v) ratio, as described previously [20]. A 100 pL volume of
the mixture was then injected subcutaneously into the flank to develop tumor xenograft.

Mice were maintained and handled as described above.

2.2.2. Preparation of SSL-PAESe

Sterically stabilized PAESe liposomes (SSL-PAESe) were formulated with
DSPC:Cholesterol:DSPE-PEG (9:5:1 mole %) by thin-film hydration method and remote
loading procedure that is based on the combined pH and electrochemical gradients so as
to induce encapsulating charged drugs into preformed liposomes, as previously described

[21, 25]. Briefly, lipid components hydrated with 250 mM ammonium sulfate (pH 5.0)
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were passed through stacked 0.08 um polycarbonate filters (GE water & Process Tech.,
Boulder, CO) in a thermobarrel high-pressure extruder (Northern Lipids, Vancouver,
British Columbia, Canada) six to eight times at 60 °C. Excessive ammonium sulfate was
removed by dialysis in 10% (w/v) sucrose solution at 4 °C overnight. PAESe solution in
10% (w/v) sucrose was then mixed with the preformed liposomes for 1 hr at 65 °C with
occasional vortexing. Uncapsulated PAESe was removed by dialysis and the SSL-PAESe
was passed through 0.2 um syringe filters (VWR International LLC, Radnor, PA) for
sterilization. The final SSL-PAESe formulations were stored at 4 °C protected from light
until use. Concentration of PAESe was determined using a spectrophotometer (Synergy
HT Multi-Mode Microplate Reader, BioTek Instruments Inc., Winooski, VT) at 260 nm
absorbance. Mean particle diameter of final SSL-PAESe formulation was 80-110 nm
when measuring using a submicron particle sizer (Nicomp model 380 dynamic light
scattering, Santa Barbara, CA). Particle size data was analyzed using volume-weighed
function. Encapsulation efficiencies was over 80% with drug/lipid ratio of 0.2:1.0

(mol:mol). The final concentration of PAESe was typically 1.5 mg/mL.

2.2.3. Effect of SSL-PAESe on a xenograft model of human prostate cancer

Treatment was initiated at 2 weeks after inoculation of tumor cells when tumor
volume reached approximately 200 mm®. PAESe solution in a normal saline (0.90%,
w/v) was sterilized using 0.2 um syringe filter to make free PAESe formulation. SSL-
PAESe was prepared as described above. Mice were randomized to divide into 6 groups:
DOX, PAESe, DOX+PAESe, SSL-PAESe, DOX+SSL-PAESe, and control, n = 7-10

animals/cohort. Drugs (100 to 150 uL) were administered to the animals weekly for 4
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weeks (a total of 5 treatments) by tail vein injection a dose of 5 mg/kg for DOX, 10
mg/kg for PAESe, 5+10 mg/kg DOX+PAESe, 5 mg/kg SSL-PAESe, 5+5 mg/kg
DOX+SSL-PAESe. Control groups were treated with normal saline following the same
dosing schedule. Tumor growth and body weight were measured every 3 days. Tumor
volume was assessed by the following formula: (largest dimension) x (smallest
dimension)? x 0.5 using digital calipers [26]. Mice were monitored every day for survival
and signs of treatment-mediated toxicity such as blood stool and reduced activity. Mice
were sacrificed if weight loss exceeded 20% relative to control, ulceration of sc-tumor or
if obvious signs of toxicity such as infection and lethargy were observed, as described
above. For any animal that was euthanized, death was considered to have happened on
the following day. After sacrificing mice by CO,, the hearts were excised and stored in

formalin solution for histological evaluation.

2.3. Protective effect of PAESe on cardiotoxicity induced by long-term exposure of
DOX

Athymic, NCr (nu/nu), mice obtained from Taconic Farms, Inc., (Germantown,
NY) and were used at 6-8 weeks with body weight of ~ 25 g. Randomized animals were
treated with individually with DOX (5 mg/kg) or DOX (5 mg/kg) + PAESe (10 mg/kg) or
normal saline as control via intravenous (i.v.) tail vein injections weekly for 4 weeks
(total of 5 treatments). After a 4 week drug holiday, the same treatments were repeated
for an additional 3 weeks. Total experiment period was 12 weeks. Body weight was
measured every 3 days. Animals were sacrificed if weight loss exceeded 20% of their

initial body weight normalized to control or if sc-tumor ulceration or obvious signs of
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toxicity such as infection or lethargy were observed [27]. Two weeks after the last
treatment, mice were sacrificed by CO, euthanasia followed by exsanguination. Hearts
were collected and stored in a formalin solution for preparation for histological
evaluation by H&E staining, as described below. Necrotic index was assessed by the
number of necrotic foci to the total number of section examined of the heart stained by
H&E [28]. All sections were analyzed by a pathologist blinded to sample identity.

Mice were maintained in pathogen-free cages in a light and temperature-
controlled isolated room and provided with standard rodent chow and sterile water ad
libitum during the experimental periods. All procedures regarding animal handling, care,
and surgery followed a protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Georgia and the U.S. Public Health Service

(PHS) Policy on Humane Care and Use of Laboratory Animals, updated 2002.

2.4. Histological examination

Histological changes in heart tissues were examined, following staining with
hematoxylin and eosin (H&E), for evidence of anthracycline-mediated cardiotoxicity, as
reported previously [20]. Briefly, hearts fixed in formalin solutions (10%, v/v) were
bisected longitudinally followed by paraffin embedding. Serial sections were collected
and stained with H&E. A total of four sections from each heart were examined using a
Nikon AZ100 stereo-fluorescent microscope mounted with a Nikon DS-QilMc color
camera, and then analyzed by NIS-Elements image analysis software. The necrotic index

was calculated by the number of necrotic foci of the total number of sections examined of
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the heart stained by H&E. Micrographs were examined microscopically and evaluated by

a pathologist who was initially blinded to their identity.

2.5. Statistical analysis

Data were analyzed using one-way ANOVA followed by a post-hoc analysis
(Bonferroni corrected t-test), Sigma Stat (v3.1, Systat Software Inc., San Jose, CA).
Survival data were analyzed by plotting percent survival using Kaplan—Meier survival

curve. A p value < 0.05 was regarded as statistically significant.

3. Results

3.1. Effect of PAESe and SSL-PAESe on a xenograft model of human prostate
cancer

Tumor volume and body weight were measured during 8 weeks after the
treatment was initiated. Tumor growth inhibitory effect was observed in the entire
treatment group relative to control by day 33 after initiating treatment (Fig 4-1A). Indeed,
tumor volumes were significantly decreased in DOX+PAESe, SSL-PAESe, and
DOX+SSL-PAESe groups compared to control around 1 week after the last treatment.
The antitumor activity of DOX was not significantly altered when coadministered with
PAESe (DOX+PAESe; 229% + 20) or SSL-PAESe (DOX+SSL-PAESe; 199% + 41)
relative to free DOX (337% + 46). Further, tumor volume in DOX+PAESe, DOX+SSL-

PAESe as well as SSL-PAESe group (309% + 63) was significantly decreased compared
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to saline treated control (786% + 234) at day 33. It was remarkable because the half dose
(5 mg/kg) was used in SSL-PAESe group compared to PAESe (10 mg/kg).

Body weight among all of the treatment groups was not significantly different
initially, as shown in Fig 4-1B. However, body weight of PAESe (25% + 2) and SSL-
PAESe (25% + 2) groups was significantly higher than DOX (5% % 5) and DOX+PAESe
(3% = 6) groups from day 51 even though DOX and DOX+PAESe appeared not to affect
body weight at this time. No significant loss in body weight was observed between
control (12% + 4) and DOX+SSL-PAESe (11% + 5) group.

The survival time of SSL-PAESe and DOX+SSL-PAESe group was significantly
increased compared to animals receiving saline and DOX, as shown in Fig 4-2. The
median survival for saline treated control (day 55) and DOX group (day 58) was not
significantly different (Table 4-1). This result suggests that DOX might shorten the
lifespan of animals by its toxicity as control groups were deceased by their tumor burden
even though the tumor volume of DOX group was decreased significantly compared to
control group. However, coadministration of DOX with PAESe (day 75) or SSL-PAESe
(day 72) did extend survival relative to DOX group (day 58) while tumor volume of these
2 groups was not significantly different relative to that of DOX group (Fig 4-1A). No
significant difference was observed in the median survival among the groups receiving
DOX+PAESe (day 75), DOX+SSL-PAESe (day 72), and PAESe (day 71). Notably, a
significant increase was observed in survival time for the animals receiving SSL-PAESe
compared to control and DOX group. The median survival for SSL-PAESe group was 62%

and 53% higher than controls and DOX groups, respectively (Table 4-1).
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3.2. Protective effect of PAESe on cardiotoxicity induced by long-term exposure of
DOX

Athymic, NCr (nu/nu), mice (~ 25 g) were treated with 5 mg/kg of DOX or 5+10
mg/kg of DOX + PAESe or normal saline as control via intravenous (i.v.) tail vein
injections weekly for 4 weeks. After a 4 week drug holiday, the same treatments were
repeated for an additional 3 weeks. Two weeks after the last treatment, mice were
sacrificed, and hearts were collected and stored for histological evaluation by H&E
staining. Body weight was measured every 3 days. No significant differences were
observed in body weight in all of the experimental groups (Fig 4-3). Histological
alteration was examined to determine the cardioprotective effect of PAESe at 12th week
after the treatment was initiated. Significant difference was observed in the degree of
cardiac tissue destruction between control (Fig 4-4A) and DOX alone (Fig 4-4C) groups.
In all of the DOX (4/4) treated group, the evidence of anthracycline mediated
cardiomyopathy was observed in the myocardium of the left ventricle wall with Grade 1
using a modification of the Jaenke method [29]. Disruption and fragmentation of the
myocardial fibers were observed accompanied with inflammatory infiltrate foci
composed of neutrophils and macrophages in each longitudinal section. In contrast, intact
myocardium with faint outlines of cross striation was observed in all of the DOX+PAESe
(0/3) treated group (Fig 4-4B), which was not significantly different from the control
group (Fig 4-4A). The cardioprotective effects of PAESe were also supported by
differences in necrotic index, as shown in Table 4-2. Necrotic index values of all of the

DOX treatment groups were increased compared to the control and DOX+PAESe treated
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groups, which were zero. There results demonstrate that PAESe has a protective effect

against cardiomyopathy induced by long-term DOX treatment.

4. Discussion

Anthracyclines such as DOX (Adriamycin®) and Daunorubicin (Cerubidine®) are
well-established antitumor agents that are highly effective in the treatment of various
types of cancers including breast, ovarian, lung cancer, acute leukemia, and non-
Hodgkin’s lymphomas [1]. However, their therapeutic potential is limited by severe dose-
dependent cardiotoxicity that frequently leads to cardiomyopathy and congestive heart
failure [1].

There are several hypotheses to explain the observed anthracycline-induced
myocardial damage. DOX is believed to inhibit selectively the expression of cardiac
muscle genes such as alpha-actin, troponin I, and myosin light chain 2, as well as the
muscle-specific M isoform of creatine kinase [30]. DOX is also believed to stimulate the
release of intracellular calcium as well as vasoactive substances such as catecholamine
and histamine that induce myocardial damages [31, 32]. The activity of p-adrenergic
receptors or antioxidant enzymes in cardiac myocyte has also been found altered
following treatment with DOX [33, 34]. Among them, reactive free radicals generated
from DOX are generally accepted as the primary cause of its cardiotoxicity [3-5, 35-37].

The quinone moiety on the tetracycline ring of DOX is responsible for free
radicals formation. Electron transfer from quinone to semiquinone group of DOX is
catalyzed by NADPH-cytochrome c-reductase or bs-reductase. Superoxide anion is then

generated by oxidation of molecular oxygen when semiquinone form converts to the
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quinone form [37, 38]. Due to this intracellular metabolism, DOX continues to generate
various reactive free radicals such as hydrogen peroxide (H,0,), hydroxyl radical (OH"),
and peroxynitrite (ONOQ") [4, 39] These free radicals induce oxidative injury in cellular
components such as myofibrillar loss and sarcoplasmic reticulum disruption as well as
lipid membrane peroxidation by disrupting oxidative balance and cellular homeostasis
[15, 40-42]. Cumulative damage is hypothesized to cause myocardial dysfunction, such
as blood pressure dysregulation and impaired heart contractility, which progress to heart
failure [43]. Moreover, the heart is susceptible to direct damage by free radicals from
DOX because the concentration of antioxidants is limited in the heart, whereas the
myocardial phospholipid, cardiolipin, has a high affinity to DOX [3].

In this regard, antioxidants or scavenging agents have been explored to offer a
cardioprotective effect against DOX. The protective effects of well-known antioxidants,
such as vitamin C or a-tocopherol, to mitigate DOX induced cardiotoxicity have been
investigated using in vivo mouse and guinea pig models [6, 7]. Two antioxidants
approved by the U.S. FDA, i.e., dexrazoxane and amifostine, are used to reduce free
radicals generated from antineoplastic agents such as DOX and cisplatin. However, their
usage is restricted due to the risk of interfering or synergizing the antitumor activity of
primary chemotherapeutic agents. Dexrazoxane caused myelosuppression and can lead to
acute myeloid leukemia and myelodysplastic syndrome [9, 44]. Amifostine has been
reported to have insufficient activity to not only protect cardiotoxicity but also alter
mortality of DOX in vivo rat model [10].

Phenyl-2-aminoethyl selenide (PAESe) is a novel selenium-based antioxidant that

was developed to treat cardiovascular disease [11-14]. PAESe exhibits potent antioxidant
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activity by selenium redox cycling. PAESe can be converted to phenyl-2-aminoethyl
selenoxide (PAESeO) by reacting rapidly with many metabolic oxidants, and PAESeO is
then recycled back readily to PAESe in the presence of ascorbate and glutathione without
complex side reactions [13, 15, 17-19]. This redox cycling of PAESe confers a protective
effect against oxidant-induced DNA damage because metabolic oxidants such as
peroxide, peroxynitrite anion, and hydroperoxides are known to react readily with DNA,
resulting in base modifications and induction of double- and single-strand breaks [15, 16].

In our previous study using a tumor xenograft mouse model, PAESe did not alter
the antitumor activity of DOX. We believe this is due to the fact the antitumor activity of
DOX has been associated with antagonism of topoisomerase Il of DOX rather than
formation of reactive free radicals, as mentioned above. Interestingly, PAESe showed
evidence of direct antitumor effect relative to controls. This is in agreement with an
earlier study (Chapter 2), where PAESe reduced PC-3 tumor growth relative to controls
and was not significantly different than DOX treatment. This observation was unexpected
as PAESe has not shown any in vitro growth inhibitory or cytotoxicity up to 10 pM.
Although the mechanism is not known, we hypothesize the in vivo antitumor activity of
PAESe may be associated with altering free radicals in tumor leading to differences in
tumorigenic phenotype and/or enhancing in vivo immune function. Antioxidants are
known to enhance immune function by increasing the number of immune cells such as
macrophage, mononuclear cells, and lymphocytes like natural killer cells as well as the
expression of interleukin-2 receptors [45]. Thus, the activity of chemotherapeutic agents
could be more effective to tumor cells by immune-enhancing effect of PAESe unlike in

vitro studies [45]. It should be noted that NCr mice are deficient in T cell so that a
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complete inhibition of immune function is not provided. Another possible explanation for
the antitumor effect of PAESe might be related to the effect of selenium that is a
component of PAESe. Selenium is an essential cofactor of glutathione peroxidase, a well-
known antioxidant enzyme that decreases oxidant-induced DNA damages. Selenium is
also known to have antiangiogenic properties in vitro and in vivo through apoptosis and
controlling matrix metalloproteinase activity and vascular endothelial growth factor
levels [46]. However, the selenium is bound in PAESe, and we have no evidence to
suggest that this compound is being degraded and free selenium is released. In addition,
antioxidant can prevent DNA mutation and lipid peroxidation caused by oxidation that is
highly related with the initiation and progression of malignancy [47]. Antioxidant can
also reduce the expression of oncogenes as well as the activity of protein kinase C that
promotes cancer progression [48].

The time-course of DOX-mediated cardio damage by free radicals and the
mechanism underlying the in vivo antitumor activity are not known. We developed a long
circulating PAESe liposome with saturated, high phase-transition lipids (DSPC),
cholesterol, and surface coating with hydrophilic polymer (PEG-DSPE) (Chapter 3) and
evaluated its antitumor activity using a tumor xenograft mouse model.

Nanoparticulate drug carriers are known to modulate drug disposition, which is
responsible for the increased therapeutic efficacy and reduced toxicity of a variety of
chemotherapeutic agents in animal models and clinically [21-24]. Sterically stabilized
liposome (SSL), one such nanoparticulate drug carrier, has a prolonged circulating
property. Stealth coating with hydrophilic polymer like polyethylene glycol (PEG) limits

the ability of serum proteins to interact with carrier surface, resulting in the reduced
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opsonization and rapid clearance [21, 49]. Cholesterol, one of major components for SSL,
reduces the membrane fluidity above the lipid phase transition temperature as well as the
permeability to aqueous solutes, which provide steric stability. Further, lipidic particles
like SSL can extravasate and accumulate passively in tumor vasculature through
diffusion by the enhanced permeability and retention (EPR) effect [50]. Tumor tissue has
unique physiological features such as leaky vascular architecture and nonfunctional
lymphatic drainage due to abnormal and uncontrolled growth of tumor formation [51].
Long circulating liposomes can remain in the body, eventually tumor interstitium for a
prolonged time, resulting in accumulation of drug in tumor tissue. EPR effect is known to
relevant to over 40 kDa nanoparticles or macromolecules, not to low-molecular weight
compounds which covers most of drugs in use today [52].

Results showed that tumor volume of PAESe, DOX+PAESe, SSL-PAESe, and
DOX+SSL-PAESe groups was not different significantly compared to DOX group. It
was noteworthy that tumor volume appeared to be decreased significantly (p < 0.05) in
DOX+PAESe, SSL-PAESe, and DOX+SSL-PAESe groups relative to saline control at
day 33 even though the dose of SSL-PAESe (5 mg/kg) was the half dose of free PAESe
(10 mg/kg). After day 33, variability in tumor volume increased. This was mediated in
part by difficulty in assessing tumor volume, but also because significant weight loss or
tumor burden required some animals to be sacrificed, particularly among the control
group. Body weight of PAESe and SSL-PAESe treated mice was not altered significantly
compared to control; however, PAESe alone appeared to decrease tumor volume. No
significant differences were observed in tumor volume between animal groups treated

with PAESe and DOX. Survival data also showed the groups treated with SSL-PAESe
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(with or without DOX) lived longer than other groups while tumor volume of these
groups (SSL-PAESe and DOX+SSL-PAESe) were significantly smaller than control and
DOX group. Moreover, histological examination by H&E staining showed that there was
no evidence of cardiotoxicity in groups treated with PAESe, DOX+PAESe, SSL-PAESe,
and DOX+SSL-PAESe. It is important that the dose of SSL-PAESe was half of free
formulation as is frequently pointed out. These results showed that the exposure of drug
might be increased in tumor tissue, resulting in the improved antitumor or antioxidant
activity of PAESe by encapsulation in long-circulating liposomes.

There results were further supported by our previous data (Chapter 3) that
determined pharmacokinetic properties in plasma of animals administered with free (10
mg/kg) and SSL-PAESe (5 mg/kg). Marked differences in pharmacokinetic properties
were observed between free and SSL-PAESe animal groups; Circulation half-life (101
hr) was significantly increased in animals administered with SSL-PAESe while PAESe
was rapidly cleared with Py, of 8.78 min in free PAESe group. There were also
significant decreases in elimination rate and clearance in SSL-PAESe group compared to
free PAESe group.

We also determined the cardioprotective effect of PAESe following long-term
exposure of DOX. Previously, we have shown that PAESe decreased early myocardial
damage after DOX treatment [20]. Anthracycline-induced cardiotoxicity has been more
commonly recognized even years to decades after treatment has ceased with an
asymptomatic period [53]. This chronic cardiotoxicity is clinically the most important
because it causes more serious clinical problems such as late-onset ventricular

dysfunction, heart failure and arrhythmias that lead to increased mortality [54, 55]. Acute
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cardiotoxicity, on the other hand, occur immediately after treatment, and is not as usual
type under current treatment protocols. Acute toxicities mediated by DOX are related to
transient arrhythmias or acute failure of the left ventricle [56, 57]. The cumulative dose of
the drug is the major factor to incur the congestive heart failure secondary to
cardiomyopathy. The potential of developing this cardiomyopathy is known to increase
rapidly at total cumulative dose of over 550 mg/m? body surface area [1]. Several studies
showed that there was a time-dependent histological change on cardiomyocytes, and
congestive heart failure was established after long-term exposure of DOX in vivo animal
model [58, 59]. Based on these results, the cardioprotection of PAESe was determined
after long-term exposure of DOX along with 4 weeks interval to recover from bone
marrow depression, which mimic the clinical setting for anthracycline therapy.

Results from histological staining and necrotic index demonstrated that PAESe
has the protective effect against cardiotoxicity after long-term exposure of DOX. Intact
myocardium was observed in all DOX+PAESe groups like as control group whereas
evidence of cardiotoxicity was found in myocardium of DOX group with inflammatory
foci composed of neutrophils and macrophages. Also, necrotic index of DOX group was
higher than that of DOX+PAESe and control group. No significant differences were
observed in body weight in all of the experimental groups because tumor was not
involved in this study; thus there was no tumor-mediated weight loss. These data suggests
that PAESe has a protective effect against chronic cardiotoxicity following cumulative
exposure to DOX. This is an interesting result that may have clinical relevance because
other antioxidants, such as vitamin E and N-acetylcysteine, prevent acute cardiotoxicity

but not the chronic form of cardiotoxicity following treatment with DOX [60-62].
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In conclusion, we demonstrated that PAESe, a novel selenium-based antioxidant,
and its encapsulated form in sterically stabilized liposome (SSL-PAESe) had
cardioprotective effect on free radical mediated DOX-induced cardiotoxicity and exerted
in vivo antitumor activity. PAESe decreased evidence of cardiomyopathy after long-term
DOX treatment, which is clinically the most important form of cardiotoxicity unlike other
antioxidants. Encapsulated PAESe in long circulating liposome exerted the improved in
vivo antitumor activity relative to free PAESe with extended survival even though the
half dose was applied, which suggests that the enhanced circulation and exposure of
PAESe following liposome encapsulation improves PAESe antitumor activity. Even
though further studies are necessary to determine the relationship between in vivo
antitumor effect and immune function of PAESe, it is clear that PAESe and SSL-PAESe
have potential as a chemoprotectants, and may be used to improve the clinical utility of

DOX, as well as direct chemotherapeutic agent.
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Table 4-1. Mean days survival

Median days survival % Increase in median
. p value
(Range) survival vs. control

Control 55 (35-81) - -
DOX 58 (41 - 89) 5 0.1765
PAESe 71 (26 — N/A) 29 0.0144
DOX+PAESe 75 (45 - N/A) 36 0.0021
SSL-PAESe 89 (55 — N/A) 62 0.0005
DOX+SSL-PAESe 72 (52 — N/A) 31 0.0006

p value: From statistical analysis of each group vs. control using Kaplan-Meier analysis
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Table 4-2. Necrotic index

# of section # of necrotic foci necrotic
examined with sections index

Control (n=3) 2 0 0

2 0 0

2 0 0
DOX+PAESe (n=3) 2 0 0

2 0 0

2 0 0
DOX (n=4) 2 3 1.5

2 3 1.5

2 1 0.5

2 1 0.5
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Figure 4-1. Effect of SSL-PAESe on tumor growth (A) and body weight (B) in a PC-
3 xenograft model The effect of encapsulated PAESe in long circulating liposome (SSL-

PAESe) on tumor growth (A) and body weight (B) was determined in a tumor (PC-3)
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xenograft mouse model. After tumors reached 200 mm?, treatment was initiated with 5
mg/kg/week for DOX and 10 mg/kg/week for PAESe, and 5 mg/kg/week for SSL-PAESe
by tail vein injection weekly. Tumor volume and body weight were monitored every
three days, data are presented as means + SEM (n = 7-10) and were normalized to
average tumor volume or body weight on day 0. An asterisk indicates a significant (p <

0.05) difference compared to control.
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Figure 4-2. Survival (%) time profile The effect of encapsulated PAESe in long
circulating liposome (SSL-PAESe) on survival was determined in a tumor (PC-3)
xenograft mouse model. After tumors reached 200 mm?, treatment was initiated with 5
mg/kg/week for DOX and 10 mg/kg/week for PAESe, and 5 mg/kg/week for SSL-PAESe
by tail vein injection weekly. Mice were monitored every day, and solid bars represent

treatment day.
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Figure 4-3. Body weight change of mice after long-term exposure of DOX Animals
were treated with DOX (5 mg/kg) or DOX+PAESe (5+10 mg/kg) or normal saline
(control) via tail vein injections weekly for 4 weeks (black rectangular boxes), following
by a 4 week drug holiday. The same treatments were then repeated for an additional 3

weeks. Body weight was measure every 3 days for 12 weeks of total experiment period.
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Figure 4-4. Histological micrographic images of the myocardium Athymic, NCr
(nu/nu) mice (~ 25 g) were treated with 5 mg/kg of DOX or 5+10 mg/kg DOX + PAESe
or normal saline via intravenous tail vein injections weekly for 4 weeks. The same
treatments were repeated for an additional 3 weeks after a 4 week drug holiday. Mice
were scarified 2 weeks after the last treatment, and hearts were collected and stained with
H&E. Micrographs of the myocardium of the left ventricular free wall from a mouse
treated with saline (A), DOX with PAESe (B), and DOX (C) were captured. In all DOX
(C) treated group, inflammatory foci (white block arrow) were observed in the
myocardium composed of neutrophils and macrophages. The slight vacuolization in the

myocardiocytes (arrows) is an artifact of formalin fixation. (40 x, scale bars = 100 um).
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CHAPTER 5

SUMMARY AND FUTURE STUDY

The overall goals of this dissertation were to determine the ability of phenyl-2-
aminoethyl selenide (PAESe), a potent antioxidant, to mitigate doxorubicin (DOX)
induced cardiotoxicity, without altering DOX antitumor activity.

In Chapter 2, we determined the protective effect of PAESe on DOX-mediated
cardiotoxicity and its potential alter antitumor activity of DOX using in vitro and in vivo
models of human cancer. We demonstrated that PAESe did not inhibit the growth of PC-
3 and BT-474 cells at drug concentrations up to 10 uM for 72 hr, however, concomitant
use of PAESe decreased the oxidative-mediated cytotoxicity of a known oxidant, TBHP,
but had limited effect on vincristine or DOX activity. PAESe decreased the concentration
of intracellular reactive oxygen species (ROS) generated from TBHP and DOX. In an in
vivo model, PAESe decreased early signs of DOX-induced cardiotoxicity, such as
infiltration of neutrophil and macrophages into the myocardium. These data supported
our hypothesis that PAESe reduces DOX-mediated cardiotoxicity while preserving
antitumor effect of DOX. Unexpectedly we observed evidence that PAESe elicited direct
antitumor activity in a tumor (PC-3) xenograft mouse model. This finding was not
expected, as in vitro studies suggested that PAESe non-significantly reduced MTT and
SRB staining at concentrations of 10 uM following 72 hr exposure. It is possible the in

vivo activity is due to differences in exposure, although this is not likely as the
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pharmacokinetics (half-life and clearance) of a structurally similar compound was rapidly
eliminated with short half-life (~10 min) and PAESe’s half-life was determined to be less
than 15 min (Chapter 3). Concomitant administration of PAESe also decreased body
weight loss, a common toxicity associated with the use of DOX. This unexpected in vivo
antitumor activity is believed related to its potent antioxidant activity. However, the
mechanism(s) of action is unclear.

In Chapter 3, we developed a novel liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) method to determine the pharmacokinetic (PK) of PAESe.
The HPLC-MS/MS analytical method was validated, and it had a lower limit of
quantification of 50 nM and the acceptable range (£15%) of the accuracy and precision
for intra-day and inter-day assay. We also encapsulated PAESe in sterically stabilized
liposomes (SSL-PAESe) as a tool to understand the effect of altering systemic exposure
and to evaluate their activity in tumor model (Chapter 4). The SSL-PAESe were
developed with >80% encapsulation efficiency at drug:lipid ratio of 0.2:1.0 (mol:mol).

We demonstrated that encapsulation of PAESe in SSL altered the PK properties
of PAESe, resulting in a significantly (p < 0.05) enhanced circulation half-life (690%),
exposure (AUC, 6,787%) and decreased clearance (-99.3%). These results supported our
hypothesis that encapsulation PAESe in sterically stabilized liposomes (SSL) increases
the exposure of PAESe by long circulating property of SSL. The SSL-PAESe and new
HPLC-MS/MS assay provided tools to examine the effect of different exposure profiles
on cardiotoxicity and antitumor activity (Chapter 4). These tools will serve as basis for
examining tissue/tumor distribution to optimize dosing schedules and gain mechanistic

insights into PAESe cardioprotective and antitumor activity and can be used to optimize
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formulations with optimal chemoprotective and/or antitumor activity.

In Chapter 4, we determined the effect of encapsulated PAESe in SSL on
antitumor activity and survival in vivo using an established human prostate (PC-3) tumor
xenograft model in athymic mice. We found that encapsulated PAESe in SSL exerted the
improved in vivo antitumor activity relative to free PAESe with extended survival even
though SSL-PAESe was administered at %2 the dose of free PAESe. In addition, no
evidence of cardiotoxicity was observed in groups treated with PAESe and SSL-PAESe
alone and in combination with DOX. These findings support our hypothesis that the long-
circulating PAESe-liposomes improve antitumor efficacy and cardioprotectant properties.
This effect is believed to be associated with the increased circulation time following
encapsulation. Further, we also examined that PAESe decreased evidence of DOX-
induced cardiomyopathy, such as disruption and fragmentation of myofibers after long-
term DOX treatment, which is more commonly recognized and clinically the most
important form of cardiotoxicity. These data support the hypothesis that PAESe would
have a protective effect after long-term exposure of DOX.

Here, we showed that PAESe reduced cardiotoxicity of anthracyclines and
unexpectedly had antitumor activity. These data support future studies for translation into
clinical application.

Cardiotoxicity associated with anthracyclines is a major clinical challenge in
cancer chemotherapy. The cardioprotective effect of PAESe should be determined for
other anthracyclines (e.g., Daunorubicin and Epirubicin) and other chemotherapeutics
that lead to free radical induced cardiovascular damages. The activity should also be

determined using other dosing schedules that are used in the clinical setting for prolonged
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period in mice and other animal models that are more representative of human
cardiotoxicity, such as the pig.

Cardiotoxicity is characterized by the occurrence of abnormalities in left
ventricular ejection fraction (LVEF) and electrocardiographic interval changes,
ventricular arrhythmias, coronary syndromes, pericarditis and myocarditis-like
syndromes [1]. As future work, monitoring techniques such as electrocardiography and
radionuclide angiocardiography can be applied to measure heart rate, left ventricular
performance, slope of systolic and diastolic pressure to assess abnormalities in cardiac
function. Electrocardiography is one of the standard approaches used for monitoring
cardiac function, and radionuclide angiocardiography is widely used to evaluate early
anthracycline-induced cardiotoxicity [2, 3]. The levels of serum enzyme can also be
measured in order to enunciate the cardioprotective effect of PAESe. Serum enzymes
such as creatine kinase (CK) and asparatate aminotransferase (AST) are major indicators
to detect muscle damages [4]. Serum levels of ¢cTnT (cardiac troponin T) can also be
detected to diagnose cardiotoxicity such as myocardial infarction, acute myocarditis, and
angina [5].

In addition, dose-response relationship can be evaluated to determine dose ratios
of DOX and PAESe capable of providing maximal activity of PAESe. The time-course of
DOX-mediated cardio damage by free radicals may also be examined to optimize the
dose schedule.

The possible toxicity of PAESe should also be determined although the growth of
PC-3 and BT-474 cells was not significantly inhibited (Chapter 2) and animal body

weight of free- and SSL-PAESe group was not significantly different relative to control
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(Chapter 2, 4). To this end, the HPLC-MS/MS assay we developed can be utilized to
quantify PAESe in tumor, heart, and other organs so that the exposure response profile
can be generated.

Further studies are necessary to clarify the mechanism of action for antitumor
effect of PAESe. We suggested this unexpected antitumor effect might be associated with
its potent antioxidant activity, which could alter in vivo immune function. This hypothesis
is based on the observation that in vitro studies, in the absence of immunological cells,
suggested there was limited effect on tumor growth. Although the in vivo studies were
performed in immunocompromised animals, they are partially deficient in T cells, i.e., do
not have a complete absence of functional T cells, so that immune function might not be
inhibited completely [6, 7]. Antioxidants are known to alter a magnitude of immune
function by increasing the activity of immune cells and the expression immune-related
cytokine signaling molecules [8-10]. In addition, antioxidant can also reduce the
expression of oncogenes as well as the activity of protein kinase C that promotes cancer
progression [11]. To this end, the effect of PAESe on in vivo immune function should be
determined by examining the relations with cytokine signaling molecules like
interleukins or cytotoxic T lymphocytes and natural killer cells that are essential effectors
of anti-tumor immune responses in vivo.

Alternatively, PAESe may alter tumorigenicity by regulating oncogenic
expression [12, 13]. Although in vitro studies (Chapter 2) suggested PAESe did not have
direct antitumor activity, at 10 uM and 72 hr exposure there was some cytotoxicity, albeit
non-significant. Based on PK studies (Chapter 3) PAESe is rapidly eliminated from the

systemic circulation, therefore if there are differences in exposure it is likely these are
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mediated by indirect effects or time dependent (transduction) effects that occur after
initial exposure. The antitumor activity of selenium may be related to its antioxidant
activity. Glutathione peroxidase, another important antioxidant, is known to decreases
oxidant-induced DNA damages, which are known to associate with malignancy [14-16].

The in vivo antitumor effect of PAESe was not significantly different between
free- and SSL-PAESe group although circulation time and exposure (AUC) of SSL-
PAESe group were markedly increased compared to free PAESe group (Chapter 3 and
4). Further, it is unlikely to have prolonged exposure in vitro since free drug is rapidly
eliminated (Bu,, = 8.78 min) in vivo. These data further suggest that PAESe exposure
(direct action) might not be responsible for the antitumor effect.

In conclusion, we demonstrated that PAESe, a novel selenium-based antioxidant,
and its encapsulated form in sterically stabilized liposome (SSL-PAESe) were effective
in providing cardioprotective effect on free radical mediated DOX-induced cardiotoxicity
and unexpectedly showed potent in vivo antitumor activity. Although further studies are
necessary to determine the mechanism underlying the antitumor activity of PAESe, this
research is significant as clearly demonstrates that PAESe and SSL-PAESe have potential
as chemoprotectants to improve the clinical usage of DOX, as well as direct

chemotherapeutic agents.
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