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ABSTRACT
The anthracycline quinone, doxorubicin (Adriamycin) is an antineoplastic agent
that has substantial therapeutic activity against a broad variety of human cancers.
Unfortunately, the use of this agent is limited by its cardiac toxicity, which is associated
with free radical formation leading to apoptotic cell death. The goal of this work is to
improve our understanding about doxorubicin induced cardiomyopathy and to identify
compounds to limit doxorubicin induced cardiomyopathy. The knowledge gained here
will have a generalized impact on all cardiac diseases involving oxidative stress and
apoptosis.
We show that doxorubicin induced apoptosis in primary neonatal rat
cardiomyocytes can be attenuated by progesterone (PG).

The anti-apoptotic action of

PG was blocked by a progesterone receptor antagonist, Mifepristone (MF), indicating a
progesterone receptor dependent pathway. Affymetrix gene analyses found that PG
treated cardiomyocytes increased the expression of 180 genes.

Among the genes

upregulated is NAD(P)H: Quinone Oxidoreductase-1 (NQO1) gene. NQO1 is a flavoenzyme that can catalyze a two-electron reduction of Dox to a more stable hydroquinone,
thereby acting as a defense mechanism against oxidative stress. The induction of NQO1
mRNA and NQO1 activity in cardiomyocytes was observed in a dose and time-dependent
manner with PG treatment and was blocked by MF.

Induction of NQO1 by b-

naphoflavone, an inducer of NQO1, resulted in a decrease in caspase-3 activity.
However, inhibition of NQO1 by dicoumarol did not attenuate the cytoprotective effect
of PG. This data indicates that although induction of NQO1 can decrease Dox induced
apoptosis, this is not the primary mechanism of cytoprotection induced by PG.
Microarray analyses revealed that PG induced an increase of Bcl-XL mRNA.
Inhibiting the expression of Bcl-XL using siRNA reduced the anti-apoptotic effect of PG,
suggesting that Bcl-XL is a key player in PG induced cytoprotection. Western blot
analyses indicated that PG induced the expression of Bcl-XL in a dose and time
dependent manner consistent with the protective effect of PG. Induction of Bcl-XL by
PG was blocked by cyclohexamide, but was not blocked by Actinomycin D indicating
that a transcriptional independent mechanism is responsible for the induction of Bcl-XL
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by PG. The activity of a bcl-x 3'UTR reporter was induced by PG and blocked by MF.
These data suggest that PG may induce stabilization of the Bcl-X mRNA.
We further explored the mechanism of PG induced Bcl-XL gene expression by
comparing the effect of PG to two other steroids: corticosterone (CT) and retinoic acid
(RA).

Both CT and RA attenuate Dox induced apoptosis in cardiomyocytes. CT, but

not RA or PG induced the activity of a GRE reporter plasmid. Analysis of the 5' region
of the Bcl-XL promoter indicated that RA and CT, but not PG induced the activity of the
0.9kb region of the Bcl-XL promoter. The induction of the 0.9kb reporter plasmid by CT
was glucocorticoid receptor dependent, since it was inhibited by MF.

The Bcl-XL

promoter does not contain any glucocorticoid or retinoid response elements, but does
have AP-1 and NFkB response elements. CT, but not RA or PG induced the activity of
an AP-1 reporter plasmid. RA, but not CT or PG induced the activity of an NFkB
reporter plasmid. The induction of the 0.9kb Bcl-XL reporter plasmid by CT was blocked
by expression of a dominant negative c-jun, TAM67 as well SB202190 indicating a
nongenomic effect of CT in activating the Bcl-XL promoter through a p38 MAPK
mediated AP-1 mechanism.

Therefore although all three types of nuclear receptor

ligands induce bcl-xL expression, the effect of CT is mediated by transcriptional
activation by AP-1 signaling while NF-kB transcription factor appears to be involved in
RA induced bcl-xL transcription. The lack of bcl-xL promoter activation by PG again
suggests that PG induces bcl-xL by a nontranscriptional mechanism.
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CHAPTER I: INTRODUCTION
1.1 Doxorubicin Cardiomyopathy
Doxorubicin (Dox) is an anthracycline quinone that is used as an antineoplastic
agent. Dox has substantial activity against hematological cancers such as the acute
leukemia and lymphomas as well as a wide range of solid tumors including breast, lung
and thyroid carcinoma [1]. Unfortunately, the use of this agent is limited by cardiac
toxicity [2-8].
The cardiotoxic effects of Dox occur weeks or months after treatment. The clinical
manifestations of Dox toxicity are variable, including hypotension, tachycardia, EKG
abnormalities, cardiac dilatation and heart failure [9].

The presentation of Dox

cardiotoxicity is dose-dependent. In one clinical study, cumulative doses of 430 to 600
mg/m2 were associated with ventricular contractile dysfunction in 60% of patients [10].
Dox can also result in irreversible cardiomyopathic changes leading to congestive heart
failure with poor prognosis . Ultrastructural analyses of biopsy samples obtained from
patients with cardiomyopathy after Dox treatment revealed loss of myofibrils, dilation of
sarcoplasmic reticulum, cytoplasmic vacuolization, mitochondrial swelling and increased
number of lysosomes [9, 11].
Dox cardiomyopathy has been known to occur either acutely after recent
administration of Dox, or a latent, dilated congestive heart failure.

On average, Dox

cardiomyopathy occurs 34 days after the last administration of Dox. The prognosis is
poor when cardiomyopathy is detected with four weeks after administration of Dox, most
of these patients died within 2 weeks after the onset. Among the long survivors after Dox
chemotherapy, many developed heart failure 6 to 10 years after conclusion of Dox
administration, after myocardial compensatory mechanisms had become exhausted [12].
There is a large amount of evidence suggesting that the primary molecular
mechanism of (Dox) cardiotoxicity involves increased generation of reactive oxygen
species (ROS) and induction of oxidative stress. Doxorubicin undergo one-electron
reduction to form a free radical semiquinone, a reaction species catalyzed by the
microsomes [4, 5], and mitochondria [3, 6, 8, 13]. In the presence of molecular oxygen,
semiquinone radicals are rapidly reoxidized in a process which generates superoxide (O2-
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) and other ROS [14]. The quinone is then available to participate in further redox cycles
[15].
Dox toxicity has features typical of apoptotic cell death. In human endocardial
biopsies, contraction and ring formation of nuclei suggestive of apoptosis have been
documented within 24 hours after Dox injection [16]. When exposed to different
concentrations of Dox, neonatal cardiomyocytes show a significant increase in the
number of apoptotic myocytes and nucleosomal fragmentation [17, 18][19]. Bennink et
al. used a radioactive labeled form of Annexin V, i.e. 99mTc-annexin, to demonstrate that
Dox administration was associated with a dose dependent increase in Annexin V binding
in vivo[20], suggesting that Dox indeed induces apoptosis in vivo.
Oxidative stress plays an important role in apoptosis of cardiac myocytes.
Administration of trolox, an antioxidant that is a water soluble analog of Vitamin E,
decreased several markers of Dox induced apoptosis [17]. Further evidence for the role
of ROS in anthracycline induced apoptosis comes from the studies by Sawyer and by
Kotamraju.

Sawyer showed that simultaneous administration of the iron chelator

dexrazoxane or SOD mimetic MnTMPyP with an anthracycline inhibited apoptotic cell
death in cardiomyocytes [21].

Katamraju used nitrone spin traps to sequester free

radicals and Ebselen, a glutathione peroxidase mimetic, to achieve the same result [22].
These studies suggest that agents that exhibit antioxidant properties can prevent Dox
cardiotoxicity.

1.2 Oxidants and Antioxidants
Oxidative stress in living organisms occurs when there is an imbalance between
free radical production and endogenous antioxidant defenses. Accumulated free radicals
lead to tissue damage through oxidative modification of essential cellular molecules [23].
A free radical is defined as any atom or molecule capable of independent existence that
contains one or more unpaired electrons, such as superoxide (O2-) or nitric oxide (NO).
Reactive oxygen species (ROS) is a broader term encompassing oxygen free radicals and
a number of related substances, such as hydrogen peroxide (H2O2) and peroxynitritre
(ONOO-), which do not contain unpaired electrons themselves, but are often in the source
of free radicals [24].

The endogenous sources of ROS are generated from numerous
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enzyme and non-enzyme systems located in the cytoplasm, mitochondria, extracellular
space, the plasma and blood cells [25-28]. Free radicals form with the addition of an
electron or by its removal in a reduction-oxidation reaction of a molecular species.
Oxygen is the major source of free radicals in biological systems because of its
'diradical' configuration [29].

One-electron reductions of oxygen can lead to the
Superoxide radical (O2-), once formed can

formation of activated-oxygen species.

dismutate to hydrogen peroxide (H2O2). Hydrogen peroxide in the presence of divalent
iron can interact with (O2-) to form hydroxyl radical (OH-) via the Haber-Weiss reaction.
Hydrogen peroxide undergoes the Fenton reaction to yield the hydroxyl radical (figure 1).
O2 + e-

O2-

2O2- +

H2O2 + O2

O2- + H2O2

O2+ OH- + OH

H2O2 + Fe2+

Fe3+ + OH- + OH

Superoxide anion radical
Superoxide dismutase
Haber-Weiss Reaction
Fenton Reaction

Figure 1: Oxidation reduction reactions in biological systems
Free radicals are capable of reacting with unsaturated lipids and of initiating the
self-perpetuating chain reaction of lipid peroxidation in the cell membranes [30]. Free
radicals can also cause oxidation of sulphydryl groups in proteins and strand breaks in
DNA [29, 31]. In healthy individuals, the generation of ROS is usually under check by
tissue antioxidant defense systems. However, in pathologic settings, an increase in ROS
production or a reduction in antioxidant reserves may alter the balance and therefore
contribute to disease.
Three of the most important cellular enzymes utilized in the defense of reactive
oxygen species are superoxide dismutase (SOD), glutathione peroxidase, and catalase.
SOD catalyzes the dismutation of superoxide anion to hydrogen peroxide, while catalase
and glutathione peroxide catalyze the reduction of hydrogen peroxide to water [29, 31,
32] (Figure 2). These protective cellular antioxidants have been reported to change in
response to physiological and pathological conditions including age, exercise,
hypertrophy, and menopause [31-36].
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Figure 2: Cellular antioxidant enzymes
The myocardium is a highly metabolic organ and may therefore be uniquely
sensitive to oxidative stress. Cardiac myocytes contain abundant mitochondria, about
30% of their intracellular space is occupied by mitochondria in most animal species
including the human [37], making these cells the highest in mitochondrial content among
all cell types.

Experimental evidence suggests that the mitochondria are the major

source of oxidants, since ROS can be derived as byproducts of aerobic metabolism due to
incomplete reduction of oxygen [38-41].

Strikingly, cardiac myocytes have inherently

low levels of catalase, glutathione peroxidase and superoxide dismutase compared to
other cell types [42].

Therefore cardiac myocytes are the most susceptible cell type to

oxidative stress.

1.2.1 Oxidative Stress and menopause
The degeneration of the ovaries marks the decrease of circulating estrogen and
progesterone in women after menopause. During menopause there is also a decrease in
the activity of various antioxidant enzymes that can be reversed with estrogen and
progestin supplementation [36, 43, 44].

Several studies have suggested that the

antioxidant properties of estrogens have been studied in various tissues, however, little is
known about the antioxidant role of progesterone. The antioxidant potential of estrogen
results in part from the hydroxyphenolic structure of its molecule [45] and also from its
stimulatory effect on the activity of antioxidant enzymes [44, 46-54].

It has been

reported that premenopausal women have increased levels of erythrocyte glutathione
peroxidase levels than postmenopausal women or aged matched males[55] and hormone
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replacement therapy [HRT] increases levels of glutathione peroxidase and catalase in
erythrocytes [44, 49].

Furthermore, HRT decreases the level of thiobarbituric acid

reactive substances (TBARS) [53], a measure of lipid peroxidation. Recent literature has
indicated that rodents treated with estrogen had decreased TBARS [56] and increased
levels of superoxide dismutase[36]. However, little is known about whether or not
progesterone regulates antioxidant activity.

1.2.2 Oxidative stress and heart disease
There is a large amount of evidence that suggests that oxidative stress plays a role
in cardiac and endothelial dysfunction under a wide variety of pathophysiological
conditions, such as ischemia-reperfusion, atherosclerosis, cardiac hypertrophy and heart
failure, hypertension, renal failure, catecholamine-induced cardiomyopathy, diabetic
cardiomyopathy, doxorubicin induced cardiomyopathy and atrial fibrillation [23, 57-59].
Free radicals have been shown to affect the activity of Na+-K+ -ATPase, the Na+-Ca2+
exhanger and Ca2+ binding proteins [60-63].

Free radicals reduce the ability of the

mitochondria to synthesize ATP, while the antioxidants SOD and catalase improve ATP
production [64, 65]. Experimental studies have shown that oxidative stress can result in
myocyte hypertrophy, injury, apoptosis and necrosis and impairs cardiac function [6673].

Studies of patients have shown that the increase in lipid peroxidation is directly

proportional to the severity of heart failure [74-76].

Clinical trials examining the

beneficial effects of vitamin E and other antioxidant vitamins in different settings have
shown that Vitamin E treatment of atherosclerotic patients reduced the rate of nonfatal
MI [77] and a decrease in coronary artery disease in men and women supplemented with
vitamin E [78, 79]. Combined treatment with vitamins C and E suppressed neutrophilmediated free radical production and lowered lipid peroxidation in MI patients [80] and
combined treatment with vitamins A, C, E and β-carotene resulted in a decrease in
oxidative stress as well as infarct size in patients [81].

Treatments that decrease

oxidative stress or increase the expression of antioxidant enzymes are therefore believed
to be protective against oxidative stress.
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1.2.3 Oxidative stress and CHF
Congestive heart failure is defined as the inability of the heart to eject sufficient
blood to sustain the metabolic needs of the body. The fall in cardiac output results in a
series of hemodynamic compensatory mechanisms that result eventually result in a
maladaptive response. The fall in cardiac output is detected by stretch and pressure
receptors at various sites within the arteries, great veins and cardiac chambers [82].

The

receptors activate a physiological response mediated through the sympathetic nervous
system, the renin-angiotensin-aldosterone system. The effects of this activation lead to
sodium and subsequent water retention, vasoconstriction in the renal and systemic
circulation, and cardiac stimulation with increased inotropy and chronotropy1. These
mechanisms are effective for restoring and maintaining cardiac output in healthy
individuals. However, when chronically activated these systems lead to a maladaptive
response. A reduction in renal blood flow leads to increased sodium reabsorption in an
attempt to increase circulating volume. This leads to an increase in total body fluid,
increasing cardiac filling and aggravating systemic and pulmonary congestion.

In

addition, the glomerular arteriole vasoconstricts in response to a fall in renal plasma flow
thus increasing the potential for reabsorption of sodium.
Chronic angiotensin-aldosterone activity also leads to a process of ventricular
remodeling. Neurohumoral activation of the heart leads to myocardial thickening fibrosis
and fetal gene modulation leading to an increase in the extracellular matrix within the left
ventricle resulting in a process described as "remodeling".
Oxygen free radical damage has been implicated as a precipitating event in CHF.
An increase in oxidative stress due to an increase in free radicals or a relative deficit in
the endogenous antioxidant reserve or both can cause contractile dysfunction [83-85].
The pressure and volume overload in CHF also results in local myocardial ischemia
which can generate free radicals [86-89].
As a compensatory response to CHF, the cardiac myocytes increase in size
(hypertrophy) and there is a neurohumoral response with an increase in catecholamine
production to increase cardiac contractility and cardiac output. Catecholamines have
been shown to generate ROS and the signal transduction pathways that modulate the
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hypertrophic response involve the generation of ROS [68, 72].

Ironically, the

hypertrophied hearts have been found to be more vulnerable to oxidative stress conditions
induced by free radicals, ischemia-reperfusion injury and anthracycline induced
cardiotoxicity [33, 34, 90, 91].

Mallet et. al reported that the pericardial levels of a

specific oxidant stress marker increased in patients with ischemic and valvular heart
disease and the levels were correlated with LV dilatation [92]. Humans with CHF have
an increase in production of prostaglandins which can produce ROS through the
arachidonic acid pathway [93].

Patients with CHF have increased levels of oxidative

stress as measured by plasma thiobarbituric reactive substances (TBARS) and reduced
plasma thiol concentrations [67]. An increase in lipid peroxidation products have been
found in heart failure patients and the level of this increase correlates with the severity of
heart failure [94]. Selenium deficiency, which can cause impairment of endogenous
enzymatic defenses against free radicals and other oxidants, is believed to cause a form of
human cardiomyopathy known as Keshan disease and is associated with cardiomyopathy
in patients with human immunodeficiency virus infection [95, 96]. It has been suggested
that oxidative stress is also one of the contributing factors in the transition of
compensated heart hypertrophy to decompensated heart failure [97].
The relationship between oxidative stress and heart failure has been shown by
animal studies. An increase in ROS has been detected in various animal models of heart
failure [98, 99]. Dhalla et al. reported that oxidative stress increased the transition from
compensatory hypertrophy to heart failure subsequent to chronic pressure overload in
guinea pigs [57].

Dogs with CHF produce increased amounts of free radicals from

polymorphonuclear leucocytes [100]. Animals with compensated heart failure given the
antioxidant vitamin E exhibited less oxidative stress and lipid peroxidation and did not
develop decompensated heart failure as rapidly as control animals [57].

1.2.4 Oxidative stress and MI
Oxidative stress is known to play a role in myocardial injury secondary to
myocardial infarction (MI).

Ischemia due to coronary atherosclerosis impairs

mitochondrial function and decreases the activity of superoxide dismutase and
glutathione peroxidase. [101, 102].

With experimental animals, H2O2 concentration

19
reaches 6 μM in the ischemic heart [103]. In addition, ischemic reperfusion enhances
oxidant generation through abnormal mitochondrial function as well as activated xanthine
oxidase. The level of H2O2 increases to 11 μM in the myocardium during reperfusion in
experimental animals [103]. Furthermore, cell injury in the ischemic area results in an
infiltration of neutrophils, which can produce oxidants and cytokines. Certain cytokines
such as TNF-α can trigger mitochondrial release of superoxide [104]. As a result of the
inflammatory response, there is a further increase in oxidants. Clinical evidence and
experimental work have found that antioxidants and anti-apoptotic agents are beneficial
for preventing secondary MI and improving the mortality rate associated with heart
failure subsequent to MI [77, 105]. Antioxidant enzyme infusion has been shown to
reduce infarct size in dogs that underwent 90 mins of coronary occlusion and 24 h of
reperfusion [106]. This evidence indicates that oxidative stress exacerbates myocardial
injury after myocardial infarction, and interventions that decrease oxidative stress may
also reduce myocardial injury.

1.3 PROGESTERONE
1.3.1 Synthesis and Metabolism Of Progesterone
Progesterone was isolated and discovered in 1934 by four groups. Among them
were A. Butenandt and L. Rusicka who were awarded the Nobel prize for their work on
the female sex steroids. The first clinical application of their discovery was human
contraception based on the inhibitory activity of progesterone on gonadotropins.
Progesterone has also been used to maintain pregnancy and for treating various
gynecological disorders related to progesterone insufficiency.
Progesterone is mainly secreted from the ovary during the second half of the
menstrual cycle. Since progesterone is also an intermediate steroid in the synthesis of
glucocorticoids, mineralocorticoids, androgens and estrogen it is also secreted by the
testes, adrenals and the placenta.
Progesterone is secreted from the corpus luteum, the remnant of the antral follicle
after the ovum has been released.

If the ovum is fertilized and implanted in the

endometrium, the trophoblast secretes a luteotropic hormone, chorionic gonadotropin into
the maternal circulation, thereby sustaining the functional life of the corpus luteum.
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Chorionic gonadotropin is excreted in progressively increasing quantities for the first five
weeks of pregnancy and then in reduced quantities throughout pregnancy. In the second
month of pregnancy the placenta begins to secrete estrogen and progesterone, and
thereafter the corpus luteum is not essential to continued gestation.
Measurements of the rate of secretion of progesterone indicates that a few
milligrams of progesterone are secreted per day during the follicular phase of the cycle
which increases to 10 to 20 mg per day during the luteal phase and to several hundred
milligrams during the last phase of pregnancy [107]. Male secretion rates are similar to
those of women during the follicular phase: 2-4ng/24 hours [107].
Progesterone is a steroid hormone produced principally in the corpus luteum of
the ovary but also as an intermediate in the testes and adrenals.

Progesterone is

produced via conversion of cholesterol to pregnenolone then progesterone via a ketolase
reaction. Progesterone is metabolized mainly by the liver into 5β-pregnane-3α-20α-diol
(pregnanediol).

This and other metabolites are then conjugated in the liver with

glucuronic acid and excreted by the kidneys. Liver metabolism accounts for
approximately two-thirds of all metabolic excretion.
There have been considerable efforts made since the discovery of natural
progesterone to create progestational agents with prolonged activity and enhanced oral
effectiveness. Natural progesterone is unsatisfactory to use orally because of its rapid
metabolism and degradation by the liver. The structures associated with progestational
activity were found to be diverse. Most of the progestins available for clinical use are
derivatives of 17α-acetoxyprogesterone (pregnane derivatives) and 19-nortestosterone
(estrane derivatives).

Most currently available progestins are not specific for

progesterone receptors and are capable of binding to androgen, estrogen, or
glucocorticoid receptors [107].
Pregnane derivatives have a high affinity for progesterone receptors but only a
poor affinity for plasma binding proteins. After oral ingestion of a single dose, they
rapidly disappear in the plasma. Pregnane derivatives do not manifest estrogenic or
androgenic activity and have very low antigonadotropic activity. Pregnane derivatives
include medroxyprogesterone acetate, .
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The most commonly used estrane derivatives include norethisterone and
norgestrel. Oral absorption of estrane derivatives is very rapid and complete. Their
urinary and fecal excretion is slower than that of pregnane derivatives which allows for
once daily dosing. Estrane derivatives are notable for high androgenic and antiestrogen
activity. The antigonadotropic activity of estrane derivatives is greater than that of
pregnane derivatives which makes this class of progestins preferable for contraception.

1.3.2 Physiologic Effects of Progesterone
Progesterone secreted by the corpus luteum is responsible for the development of
the secretory endometrium. This morphological effect is mediated by a specific receptor
for progesterone whose synthesis is mediated by estradiol secreted during the follicular
phase of the menstrual cycle. The abrupt drop in progesterone secretion at the end of the
menstrual cycle is the main determinant of the onset of menstruation. If the duration of
the luteal phase is artificially lengthened by progesterone treatment, decidualization of
the endometrial stroma similar to pregnancy can be seen.

1.3.3 Progesterone Receptor
The effects of PG are mediated through an intracellular progesterone receptor
(PR). The highest concentration of PR appear in the uterus, however, PR has also been
found in the thymus [108], brain [108, 109], gastrointestinal tract [110], pancreas [111],
breast [112], vasculature [113-115], and heart [116, 117].
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Figure 3: Progesterone receptors subtypes A and B. The two subtypes are transcribed
from a single gene with alternative start sites (ATGB and ATGA). AF=transcription
activating factor domains. DBD = DNA binding domains. LBD=Ligand Binding
domains.
The PR is a member of the nuclear family of steroid hormone receptors. The PR
is encoded by a single gene which produces two isoforms from alternative promoters
(Figure 3) [118, 119]. The A isoform (PRA) is composed of 765 amino acids, whereas
the B isoform (PRB) contains an additional 128-165 amino acids at the NH2 terminus,
depending upon the species [118, 120]. Both PR isoforms are able to bind to PG and
change conformation upon ligand binding.

Subsequently, the receptors undergo

dimerization (AA, AB, or BB), can become phosphorylated [121], bind to the hormone
response element (HRE) in the promoter regions of target genes [122, 123] and interact
with specific co-activators and transcription factors [118, 119] to form productive
transcription initiation complex on specific target gene promoters.
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The overall structural features of the PRs that confer activity are well defined.
The PR contains transactivation domains (AF1 and AF3) that recruit coactivator proteins
to the receptor and promote specificity of target gene activation[124-127]. The PR also
contains a DNA-binding domain that is centrally located and contains a zinc finger
structure, the hallmark of the nuclear receptor superfamily [128, 129]. A ligand-binding
domain (LBD) is located on the carboxy terminal of the receptor.

This region also

contains an additional transactivation domain (AF-1) required for hormone-dependent
coactivator recruitment, interaction with heat shock proteins and receptor dimerization
[130-133].
The A and B isoforms of the PR (PRA and PRB) differ only in that PRB contains
an additional sequence of amino acids at its amino terminus. This region contains a
transactivation function (AF3) that is specific to PRB [126, 127]. When expressed in
equimolar amounts, the A and B isoforms can dimerize and bind DNA as three species:
A:A, B:B, or A:B. The specific contribution of each of these species to gene expression
depends on the ratio of species expressed since PRB can act as a dominant negative
repressor against PRA[134].
Selective ablation of PRA and PRB in mice has elucidated the contribution of
these isoforms to the reproductive activities of progesterone. Female mice lacking both
PRs are characterized by impaired sexual behavior, neuroendocrine gonadotrophin
regulation,

anovulation,

uterine

dysfunction,

and

impaired

ductal

branching

morphogenesis and lobuloalveolar differentiation of the mammary gland [135-138].
Notable cardiovascular effects of PR ablation include impaired endothelial and vascular
smooth muscle cell proliferation and response to vascular injury [139]. Ablation of PRA
does not affect responses of the mammary gland to progesterone, but results in severe
abnormalities in ovarian and uterine functions, leading to female infertility [120]. PRB
ablation alone in mice does not affect ovarian, uterine or thymic responses to
progesterone, but rather results in reduced mammary ductal morphogenesis [140]. Thus,
PRA is both necessary and sufficient to elicit the progesterone dependent reproductive
response necessary for female fertility. PRB isoform differs from PRA by functionally
distinct mediators of progesterone action and allowing distinct tissue selective
modulation of PG effects.
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Recently, several membrane bound receptors that can mediate non-genomic
actions of progesterone has been recognized.

The membrane-initiated actions were

revealed by studies that demonstrate that BSA-conjugated PG that cannot enter the cells,
can mimic some of the actions of PG [141, 142]. The membrane receptors for PG have
been identified and include a splice variants of the intracellular PR (MPRα, MPRβ, and
MPRγ) [143-145] and a novel membrane bound PR (PGRMC1). The PR splice variant
receptors possess characteristics of seven-transmembrane G protein-coupled receptors,
increases MAPK 3/1 kinase activity, and decreases adenylate cyclase activity [143, 144].
The MPR's bind PG with high affinity (Kd=30nM), but has little or no capacity to bind
Mifepristone (MF) in contrast with PR (64). The PGRMC1 has a single membranespanning domain and contains a high-affinity binding site (Kd=11nM) and a low-affinity
binding site (Kd=286nM) [113, 146].

The PGRMC1 can interact with an extracellular

protein SERBP1 that is known to induce some of the anti-apoptotic actions of PG in the
ovary. PGRMC1 has also been bound to activate the protein kinase G [147].
While it is known that PG interacts with a number of receptors, the target genes
and signal transduction pathways that mediate the action of PG have not been completely
defined. It is likely that the effect of PG on various tissues depend on the expression of
each subtype of the receptors, the binding affinity of the receptor and the concentration of
PG [147].

1.3.4 Cardiovascular Effects of Progesterone
The cardiovascular effects of estrogens have been studied extensively, however,
little is known about the cardiovascular effects of progesterone. It has previously been
understood that progesterone is a hormone important for regulating the menstrual cycle
and maintaining pregnancy. It is not surprising that the cardiovascular system also
responds to progesterone since the levels of progesterone are highest during pregnancy at
which time the cardiovascular system must respond to accommodate the oxygen and
nutrient needs of the developing fetus. The cardiovascular system responds by increasing
plasma volume, increasing cardiac output and decreasing vascular tone [148, 149].
Studies of cardiac effects of progesterone has indicated that PG can induce
cardiac muscle protein synthesis[117] and have effects on contractility.

While

25
ovariectomy is associated with a reduction in stroke work, fractional shortening,
suppression of myosin ATPase activity, and induction of β1-adrenergic receptors,
progesterone replacement was found to prevent β1 upregulation, and increase SR Ca2+
uptake and SERCA activity [150, 151].

Studies of the hemodynamic effects of

progesterone on isolated atria revealed that progesterone shortened the action potential of
atrial tissue[152] as well as slowed the conduction rate and increased the action potential
latent period [153].
Progesterone receptors have also been discovered in vascular smooth muscle cells
[114, 115] and progesterone administration has been found to have effects on blood
pressure.

Administration of progesterone has been shown to lower blood pressure in

humans [154, 155], blunt the pressor response to angiotensin II in human
pregnancy[156], and inhibit angiotensin II action in some reports [157, 158], but not
others [159-161].

Progesterone has also been shown to have an effect on vascular tone

through modulation of L-type calcium channel current activity [162, 163].
Progesterone

has

also

been

shown

to

have

cardioprotective

effects.

Administration of progesterone during a trauma-hemorrhage model was shown to
increase cardiac output, heart performance and circulating blood volume [164].
Progesterone has also been shown to induce the expression of heat shock proteins which
are protective against cardiac injury [165].
While progesterone has been shown to have beneficial effects on cardiac
contractility and vascular tone, progesterone has also been found to have detrimental
effects on HDL levels, and carbohydrate tolerance[166, 167].

However, the current data

indicates that the magnitude of these effects differ according to the type of progestogen
used. Progestogens with androgenic properties reverse partially the HDL-raising effect
of estrogen [168, 169], while natural progesterone does not affect HDL levels [168, 170].
In the postmenopausal estrogen/progestin intervention trial, 875 postmenopausal women
were followed for 3 years in a randomized double blind, placebo control trial. Five
groups were evaluated including two groups with medroxyprogesterone acetate or oral
micronized progesterone. While all of the groups observed an increase in HDL-C, the
group with MPA had the lowest level of HCL-C [168]. Further studies need to be
conducted to elucidate the nature of the role of progesterone in hyperlipidemia.
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1.4 Apoptosis
Apoptosis is a mechanism used by multicellular organisms to get rid of cells that
are in excess, in the way or potentially dangerous.

The term was coined by Kerr and

colleagues in 1972 and means "falling away" as in leaves falling from a tree. Kerr et al
noted that cells dying in the mechanism of apoptotic cell death shared many features that
were distinct from cells undergoing pathologic or necrotic cells death and suggested that
these features were the result of an underlying common, conserved, endogenous cell
death program [171].

Apoptosis is a well-regulated process that occurs during 1)

development and homeostasis 2) as a defense mechanism and 3) in the process of aging
[172].
Apoptosis is coordinated by controlled destruction of the cell and is characterized
by a discrete set of morphologic changes including chromatin condensation, cytoplasmic
shrinkage,

and

nuclear

fragmentation[173].

Molecular

changes

including

internucleosomal DNA cleavage and redistribution of phosphatidylserine (PS) from the
inner to outer leaflets of the plasma membrane have also been described [174].
Internucleosomal DNA cleavage occurs at multiples of 180bp, and is commonly referred
to as "DNA laddering" [172].

1.4.1 Intrinsic vs. Extrinsic Induction of Apoptosis
The initial signaling event that starts the apoptosis program may be triggered
through an intrinsic process through perturbation of the mitochondria or through an
extrinsic process involving activation of plasma membrane receptors [175].

The

intrinsic pathway is typically triggered with damage to the mitochondria, causing release
of cytochrome c, which then forms the apoptosome, a complex including APAF-1, dATP
and caspase-9 [176-179].

The apoptosome catalyzes the cleavage of procaspase-9 to

active caspase-9. Active Caspase-9 can then activate other effector caspases which
initiates the caspase cascade [180] .
The extrinsic pathway of apoptosis induction occurs via activation of membrane
bound death receptors by specific "death ligands" [181].

The death receptors belong to

the tumor necrosis factor (TNF) receptor superfamily and are characterized by cysteine-
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rich repeated subdomains, a transmembrane domaine and a cytoplasmic domain essential
for recruiting adaptor proteins and procaspase 8 [181-183]. Death domains are activated
by binding of the death ligand to the death receptor. Upon ligand binding, the Fas
receptor (also known as CD95 or APO-1) trimerizes and recruits the Fas-associated death
domain (FADD) an intracellular protein. The FADD contains a death effector domain
that is found in the zymogen form of caspase-8. FADD acts to recruit caspase-8 which
then autocatalyzes itself to form active caspase-8.

Active caspase-8 subsequently

initiates the caspase cascade of effector caspases, resulting in cleavage of apoptotic
substrates such as poly-ADP ribose polymerase (PARP).

1.4.2 Caspase Activation
Apoptosis occurs as a result of activation of caspases. Caspases are a set of
cysteine proteases that cleave substrates after aspartic acid residues. Caspases are
subdivided into subfamilies based on their substrate preference, extent of sequence
identity and structural similarities. Because they bring about most of the visible changes
that characterize apoptotic cell death, caspases act as the central executioners of the
apoptotic pathway. Eliminating caspase activity, either through mutation, inhibitory
proteins or small pharmacological inhibitors, can slow down and even prevent apoptosis
[184]. Caspases selectively cleave target proteins with consensus sequence , resulting in
inactivation of the target proteins. Caspases can also cleave other proteins involved in
apoptosis, such as activating them by removing an inactivating regulatory subunit [185].
One enzyme activated by this method is known as caspase-activated DNase (CAD) which
cuts genomic DNA between nucleosomes to generate DNA fragments with lengths
corresponding to multiple integers of 180bp [186-188]. The inhibitory subunit of CAD,
i.e. ICAD, is cleaved caspase.

The presence of this DNA ladder has been used

extensively as a marker for apoptotic cell death.
Activation of caspases within a cell has serious consequences thus their activation
is highly regulated through several methods. Caspases are synthesized as enzymatically
inert zymogens and are activated by cleavage, extracellular binding and binding to
regulatory subunits. The cleavage site of the zymogen to convert it to an active enzyme
occurs at an aspartic acid residue which suggests the possibility of autocatalytic
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activation [189, 190]. The activation of caspases by other caspases results in a 'caspase
cascade' and is used extensively by cells for the activation of several effector caspases
including caspase-3, -6, and -7. The caspase cascade is a mechanism that also amplifies
and integrates pro-apoptotic signals.

Caspase-8 one of the key initiators in the death-

receptor pathway and activated by extracellular ligand binding. Upon ligand binding to
death receptors such as CD95, the receptors aggregate and recruit several molecules of
procaspase-8 which results in a high concentration of zymogen which then autoactivate
each other by proximity. Caspase-9 is a holoenzyme which requires binding to several
other regulatory subunits to become active. Activation requires activation by binding to a
dedicated protein cofactor Apaf-1 and cytochrome c. The combined protein is referred
to as the apoptosome, where capasas-9 is recruited and first cleaved. Once the effector
caspase which is known to activate many other enzymes in the apoptosis cascade[185].
While the process of apoptosis is carried out due to the activity of caspases,
regulation of apoptosis occurs through members of the Bcl-2 family. The family has
been divided into three groups based on structural similarities and functional criteria
[185]. Members of the first group including Bcl-2 and Bcl-xL are anti-apoptotic and are
characterized by four short, conserved Bcl-2 homology (BH) domains (BH1-BH4). They
also possess a C-terminal hydrophobic tail which localizes the proteins to the outer
surface of the mitochondria. In contrast, group II and II Bcl-2 members including Bax
and Bak are missing the most N-terminal BH4 domain and are

pro-apoptotic.

Regulation of cell death occurs by interaction of bcl-2 members with another member of
the same facility . If a cell produces more pro-apoptotic members, it is more sensitive to
death, while cells with an excess of anti-apoptotic members are more resistant to cell
death.
Release of cytochrome c is one mechanism that is controlled by members of the
bcl-2 family. Cytochrome c is normally sequestered at the intermembrane space of the
mitochondria and is involved in oxidative phosphorylation.

Once cytochrome c is

released from the cell it can combine with Apaf-1 and caspase-9 to form the apoptosome.
The regulation of the release of cytochrome c is controlled by bcl-2 family members.
Pro- and anti-apoptotic members of the bcl-2 family members meet at the surface of the
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mitochondria where they compete to regulate cytochrome c release from the
mitochondria [185].

1.4.3 Apoptosis in CHF and MI
Myocyte cell loss is a critical variable in many cardiovascular diseases including
MI and CHF. When myocyte death occurs, the functional capacity of the myocardium
decreases resulting in an increased work load on the remaining cells [191].

The

remaining cells adapt through a process of compensatory hypertrophy characterized by an
increase in the size of myocytes, with an increase in contractile and other proteins [192,
193]. This adaptive response to maintain cardiac output eventually becomes maladaptive
[194, 195]. It has been hypothesized that an ongoing process of cell death may lead to a
progressive deterioration in myocardial function resulting in chronic cardiomyopathy and
CHF [196].

Analysis of explants from individuals after transplantation for congestive

heart failure has revealed many cells with morphological and nuclear features of
apoptosis [197, 198]. There is also evidence for a role of apoptosis in myocardial
infarction. It has been reported that apoptosis is a significant contributor to myocardial
cell death in rats as a result of reperfusion injury [199].

Analysis of myocytes in the

border zones of myocardial infarction displayed evidence of apoptosis in humans [200]
and dogs [201].
The recognition that apoptosis may be involved in MI and CHF has led to many
strategies to inhibit apoptosis in the heart. Various agents have been shown to be
effective in experimental models. For example, caspase inhibitors have been shown to
significantly decrease apoptosis in the area at risk with subsequent reduction in infarct
size in rat hearts during ischemia and reperfusion [202, 203]. Other agents shown to
decrease apoptosis in experimental models of heart failure include angiotensin-converting
enzyme inhibitors and carvedilol

[204-206].

It has not yet been shown whether

inhibition of apoptosis could delay or prevent the development of heart failure in humans.
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1.4.4 Regulation of apoptosis by Progesterone
Progesterone has been previously shown to have anti-apoptotic effects in the
ovary, uterus, breast, anterior pituitary and brain.

Normal physiology of the ovary,

uterus and breast and pituitary involve cyclicity of cell proliferation and cell death.
Apoptosis plays a role in each of these organs. Progesterone receptor knockout animals
are infertile and only PR containing cells are prevented from undergoing apoptosis by PG
[207], suggesting PR plays a critical role in antiapoptotic effect of PG.
In the uterus, apoptosis is essential for the regulation of the menstrual cycle,. The
endometrial cycle in regularly menstruating women consists of three distinct phases:
proliferative, secretory and menstrual.

The proliferation of endometrial cells in the

proliferative phase has been related to the actions of estrogens, while progesterone is
thought to direct the cells into the differentiation pathway, resulting in growth arrest and
inhibition of apoptosis [208, 209].
drops,

and

uterine

epithelial

If pregnancy is not established, the levels of PG
tissue

regresses

via

apoptosis

[210].

The

proliferative/apoptotic cycle in uterine epithelium can be mimicked in ovariectomized
mice by a hormone treatment protocol with PG and estrogen E2 [208, 209].
Progesterone is also involved in regulating cell death in normal ovarian function.
In the ovaries, apoptosis is essential to ensure that in every menstrual cycle only one or a
very few follicle-enclosed oocyte will reach the stage of a Graafian follicle and will
ovulate. This is essential to prevent multiple embryos during pregnancy. Proper timing
of progesterone production and the duration of its secretion seems to be critical for
maintaining functional granulosa-lutein cells, subsequent to the LH surge and
maintenance of the corpus luteum during early pregnancy [211, 212]. PG treatment of
bovine luteal cells was associated with an increase in the expression of the anti-apoptotic
protein bcl-2, a decrease in the pro-apoptotic protein bax and a decrease in caspase-3
activity [213] that could be reversed with PR antagonists [214].

With the newly

identified plasma membrane associated progesterone receptor (PGRMC1), Peluso and
colleagues found its association with plasminogen activator inhibitor RNA binding
protein-1 (PAIRBP1), mediating the anti-apoptotic actions of PG in granulocytes.
Treatment with an antibody to PGRMC1 or PAIRB1 can blocks PG's anti-apoptotic
action in granulocytes [147, 215, 216].

Although the newly discovered receptors do not
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bind MF, MF treatment has been found to induce apoptosis in granulosa cells [211],
suggesting a compound effect of PGRMC1 and PR in regulating the antiapoptotic effect
of PG.
Anti-apoptotic effects of progesterone have also been found to mediate the cyclic
release of prolactin from anterior pituitary cells. Prolactin is a peptide hormone secreted
from lactotropes in the anterior pituitary gland and stimulates the mammary glands to
produce milk. Proliferation and apoptosis of lactotropes was shown to occur in a cyclical
fashion with estrus.

Apoptotic effects were mediated by TNF-a release stimulated by

estrogen [217, 218].

Candolfi et al. showed that TNF-a failed to induce apoptosis in

anterior pituitary cells cultured in the presence of progesterone (10-6 M). Progesterone
antagonized the pro-apoptotic of 17-β estradiol on TNF-α induced apoptosis in
somatotrophs and lactotrophs [219]. Apoptosis is also an important event in mammary
gland involution after weaning. Studies have shown that apoptosis in the post-weaning
mammary gland is reduced by treatment with glucocorticoids or progesterone[112, 220].
Progesterone pretreatment has been found to also have protective affects against
brain injury. In an acute global cerebral ischemia model of stroke, PG pretreatment for 7
days and 7 days after cardiorespiratory arrest was found to completely prevent neuronal
loss. Analysis of post infarcted regions of the cortex revealed decreased cerebral edema,
and increased cell survival.

Progesterone had been shown to protect against lipid

peroxidation in this model [221, 222]. This data may indicate a global cytoprotective of
progesterone through upregulation of anti-oxidant or anti-apoptotic enzymes that may
also be significant in cardiac models of cell injury.

1.4.5 Control of Apoptosis
One of the most important advances in the understanding of apoptosis came from
studies of the oncogene bcl-2.

Bcl-2 was originally cloned from a human B cell

lymphoma which had achieved immortalization as a result of a translocation mutation.
The translocation t(14:18) resulted in the expression of bcl-2 under the control of the
immunoglobulin heavy chain gene locus [223].

The Bcl-2 family of proteins share

sequence homology in four distinct regions referred to as Bcl-2 homology (BH) domains
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which mediate protein-protein interactions [224-226].

Bcl-2 and Bcl-xL interact with

Bax through BH1 and BH2 domains to inhibit apoptosis [224].
The Bcl-2 family members exert their effects on apoptosis at the level of the
mitochondria. The pro-apoptotic members (Bid, Bax, Bak, Bok, Bik, Bnip3, Bad, Bim,
Bmf, Noxa, Puma) heterodimerize with anti-apoptotic family members (Bcl-2, Bcl-xL,
Bcl-w, Mcl-1, Boo, Bcl-B) through BH regions [227-229]. Some pro-apoptotic members
can form a channel on the mitochondrial membrane for cytochrome c release or regulate
cytochrome c release by mitochondrial membrane permeability transition.

1.4.6 Bcl-X
Bcl-X is one of the members of the Bcl-2 family proteins and was first described
by Boise in 1993 as a regulator of T cell development. During T cell development in the
thymus, each individual T cell precursor generates a unique T cell antigen receptor by
combinatorial rearrangement of T cell antigen receptor gene segments.

T cells

expressing autoreactive T cell antigen receptors are deleted by apoptosis as a result of
negative selection [230].
The bcl-x gene encodes at least five different isoforms produced by alternative
splicing. The large isoform, Bcl-XL as well as another isoform Bcl-Xγ, protect cells
against apoptosis [231, 232]. The short isoform, Bcl-XS interacts with Bcl-XL to inhibit
it, thereby leading the cell closer towards apoptosis [231]. It is believed that the level of
Bcl-XL as well as the ratio of Bcl-XL to Bcl-XS is important in determining whether the
cell continues towards apoptosis or is inhibited from undergoing apoptosis.

Figure 4: Structure of the 5' promoter region of the bcl-x gene. P1 to P5 indicate
alternative promoter transcription initiation sites. ORF=bcl-x open reading frame.
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The promoter region of the bcl-X gene exhibits a complex structure. It contains at
least five different promoters (P1-P5) which are used in a hormone and tissue specific
manner (Figure 4). Several mRNA's differing in their 5'-leading exon can be generated
upon alternative promoter usage. In COS-1 cells transfected with expression vectors for
PR-B or GR, Viegas et. al. demonstrated an induction of the P4 region of the bcl-X
promoter within a putative horomone response element [233]. It has been postulated that
the activation of a particular promoter might generate specific splice isoforms.

1.5. Statement of the Problem and Specific Aims
Doxorubicin is a widely used antineoplastic agent that has substantial therapeutic
activity against a broad variety of human cancers. Unfortunately, the use of these agents
is limited by a unique cardiac toxicity which may be the result of free radical formation
leading to apoptosis and cell death. The goal of this work was to contribute to the
growing knowledge of doxorubicin induced cardiomyopathy in hopes of identifying
compounds and molecular targets to limit doxorubicin induced cardiomyopathy and all
cardiac diseases involving oxidative stress and apoptosis.

Specific Aim 1: Characterize the anti-apoptotic effect of PG in cardiac cell culture.
Identify candidate genes involved in anti-apoptotic effect.
Previous investigations in our laboratory have identified several steroids which
can attenuate Dox induced apoptosis. The mechanism of the anti-apoptotic effect has not
yet been explored. Since apoptosis plays an important role in Dox induced cardiac
toxicity [18, 20], the studies here sought to determine which genes are important in
mediating the anti-apoptotic effect of PG in cardiomyocytes.
Specific Aim 2: Identify the molecular mechanism involved in gene regulation by PG.
Our laboratory observed that PG induced the apoptotic gene Bcl-xL. Inhibition of
Bcl-xL gene expression using siRNA largely negated the protective effect of PG.
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Identification of the molecular mechanism of Bcl-xL gene induction may lead to new
therapeutic strategies to protect cardiomyocytes against Dox induced apoptosis while still
maintaining the therapeutic effect of Dox against malignancies.
Specific Aim 3: Determine if induction of genes which detoxify Dox may also lead to a
reduction in Dox induced apoptosis. Determine if antioxidant gene induction by PG is
important for the cytoprotective effect of PG.
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CHAPTER II: MATERIALS AND METHODS
Cell Culture and Treatment of Drugs: Cardiomyocytes were prepared from 1 to 2 day old
neonatal Sprague-Dawley rats (Harland, Indianapolis, IN) as previously described [234].
The myocytes were seeded at a density of 2 X 106 cells per 100mm dish, 0.3 X 106 cells
per well of 6-well plates or 7.5 X 104 cells per well of 24-well plates. Cells were cultured
in DMEM with 1 mM pyruvate, 10% fetal bovine serum, 100 units/ml penicillin and 100
units/ml streptomyocin for 3-4 days before experiments. Using this protocol, over 90%
of the cells are myocytes as judged by sarcomeric myosin content determined by
immunocytochemical staining.
At 3-4 days after plating, cardiomyocytes were cultured in DMEM containing
0.5% FBS and 10μM progesterone or indicated doses. At 1-3 days after culture with
progesterone, media were changed to fresh DMEM containing 0.5% FBS and Dox was
added to a final concentration of 1μM. Cells were harvested 18 hours later for caspase
activity or Western blot analysis.
Caspase activity assay: Detached cells were collected by centrifugation and were
combined with attached cells from the same well in 6-well plates. The cells were
dissolved in 250μl of lysis buffer (0.5% Nonidet P-40, 0.5 mM EDTA, 150 mM NaCl,
and 50 mM Tris pH 7.5). An equal volume (50μl) of cell lysates were incubated for 1
hour at 37oC with 40 μM of N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (AcDEVD-AMC, Alexis Biochemicals, San Diego, CA) in 100 μl reaction buffer (10mM
HEPES, pH 7.5, 0.05 M NaCl and 2.5 mM DTT). The released AMC was measured
using a 96-well fluorescence plate reader (Cambridge Bioresearch Model 7620) with an
excitation wavelength of 365 nm and an emission wavelength of 450 nm.
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Annexin V binding assay:

Cells were seeded onto coverglasses in 24-well plates.

Detached cells in the supernatant were collected by 5 min centrifugation at 1000 rpm.
After washing the detached cells and adherent cells with PBS, detached cells were
combined with its corresponding group of cells remained adherent to the coverglass.
Annexin V-FLUOS (Roche Applied Science, Indianapolis, IN) 20μl was added to 1ml of
incubation buffer (10 mM HEPES/NaOH, pH 7.4, 140mM NaCl, 5mM CaCl2). The
labeling solution (25μl per well) was added to the sample. The cells were examined
under a Nikon E800M fluorescent microscope and the images were acquired using a
Hamamatsu C5180 digital camera with the Adobe Photoshop software.
Western blot: Cells in 100mm dishes were lysed by scraping in EB buffer (for kinases or
progesterone receptors, 1% Triton X-100, 10mM Tris pH 7.4, 5mM EDTA pH 8.0,
50mM NaCl, 50mM NaF, 2 mM Na3VO3) or Laemini buffer (for bcl-2 or Bcl-xL, 0.5 M
Tris, pH 6.8, 2.4% (w/v) SDS, 50% (v/v) glycerol) with freshly added protease inhibitors:
10μg/ml aprotinin and 1mM phenylmethanesulfonyl fluoride. Protein concentration was
measured by the Bradford method according to the manufacturer's instruction (Bio-Rad,
Richmond, CA), the bicichoninic acid (BCA) method according to the manufacturer's
instruction (Pierce, Rockford, IL) or the Warburg-Christian method [235]. Proteins were
separated by SDS polyacrylamide gel electrophoresis using a mini-Protean II
electrophoresis apparatus (Bio-Rad, Richmond, CA) run at 60 volts. The separated
proteins were transferred to immobilon-P membranes (Millipore, Bedford, MA) by
electrophoresis.

The membrane was incubated with primary antibodies and then

secondary antibodies conjugated with horseradish peroxidase. The bound antibodies
were detected using an enhanced chemiluminescent reaction.
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Microarray: Cardiomyocytes were harvested by Trizol reagent (Sigma, St. Louis, MO)
for extraction of total RNA. RNA was cleaned with an RNeasy mini kit (Qiagen). The
quality of RNA was examined by agarose gel electrophoresis and the Agilent 2100
bioanalyzer (Agilent Technologies) to ensure the purity and integrity of RNA suitable for
microarray.

The RNA was converted to cDNA by reverse transcription using the

SuperScript Choice kit from Invitrogen with a T7-(dT)24 primer incorporating a T7 RNA
polymerase promoter. The cRNA was prepared and labeled with biotin via in vitro
transcription using the Enzo BioArray High Yield RNA Transcript labeling kit (Enzo
Biochemical). Labeled cRNA was fragmented by incubation at 94oC for 35 min. For
hybridization, 15 μg of fragmented cRNA was incubated for 16 hrs at 45oC with a Rat
Expression 230A Gene chip. After hybridization, the gene chips were automatically
washed and stained with streptavidin-phycoerythrin using a fluidics station (Affymetrix).
The probed arrays were scanned at 3 μm resolution using the Genechip System confocal
scanner made for Affymetrix by Agilent. Affymetrix Microarray Suite 5.0 was used to
scan and analyze the relative abundance of each gene from the average difference of
intensities. Analysis parameters used by the software was set to values corresponding to
1.5 fold increase or decrease. Output from the microarray analysis was merged with the
Unigene descriptor and stored as an Excel data spreadsheet. The genes reported here
appeared in two independent experiments (two pairs) and at least one time during interpair comparisons.

The final data were presented as average +/- standard deviation

obtained by intra-pair as well as inter-pair comparisons.
RT-PCR: Total RNA extracted using Trizol was used as a template for RT-PCR.
Superscript II was used for reverse transcription at 37-50oC for 1 hr. The denaturation
and primer extension temperature were 94oC and 72oC. The annealing temperature
varied depending on the GC content of the primers as suggested by the oligonucleotide
synthesis company (Biosynthesis, Lewisville, TX).

The products were detected by

agarose gel electrophoresis and ethidium bromide staining.
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Real-time PCR:Total RNA was isolated using the RNeasy Mini kit from Qiagen
(Valencia, CA). 1μg of total RNA was used to generate random primed hexamer cDNA
using Omniscript Reverse Transcription Kit (Qiagen, Carlsbad, CA).

Primers and

Taqman ® probes for Bcl-XL and rat β-glucosidase were purchased from Assay-onDemand (Applied Biosystems, Foster City, CA). The real-time PCR was performed
using the Taqman® Universal PCR Master Mix and the ABI PRISM® 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA). The relative CT Method was
used to calculate mRNA levels of Bcl-XL normalized to β-glucosidase in each sample as
described in User Bulletin #2: ABI PRISM® 7700 Sequence Detection System. The
sequence for forward NQO1 primer was "5'CTCGCCTCATGCGTTTTTG" and reverse
NQO1 primer "5'CCCCTAATCTGACCTCGTTCAT" . Real-time PCR was performed
using SYBR green according to the "standard curve" method. Results were normalized
to B-glucuronidase to control for RNA abundance in various samples.

Bcl-XL Promoter Luciferase Constructs, Transient Transfection and Luciferase:
Cardiomyocytes were seeded at 0.5 x106 per well in 6-well plates (~960 mm2 culture area
per well). At 24h after plating, cells were incubated 5h with 0.8μg of luciferase reporter
construct per well using 3μL of Fugene-6 liposomes (Roche, Mannheim, Germany). The
transfection efficiency is generally low (3-10%) in cardiomyocytes and can vary due to
the nature of primary culture. The low transfection efficiency and variation of different
batches of primary cultures contributes to the variation in the data of promoter reporter
gene assay. To control for transfection efficiency, we cotransfected cardiomyocytes with
the pRL-TK plasmid (0.04μg/well), which encodes a Renilla luciferase gene under the
control of a thymidine kinase promoter. After 5-hours incubation under tissue culture
condition, cells were replenished with fresh DMEM containing 10% FBS for overnight
recovery. After 24 hours serum starvation and experimental treatments, cells were rinsed
with cold PBS and lysed in a passive lysis buffer provided in a luciferase assay kit for
measurements of luciferase activity according to the manufacturer’s protocol (Promega,
Madison, WI).

The luciferase activity was normalized to the renilla activity and

expressed as fold induction over control unless indicated otherwise. All treatments were
done in triplicate for each experiment.
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Plasmid Constructs: The -3.2kb Bcl-XL reporter constructed used to measure Bcl-XL
activity was generously provided by the laboratory of Dr. Gabriel Nunez (University of
Michigan, Ann Arbor, MI). The construct encodes a 3.2kb fragment of the Bcl-XL
promoter fused to the promoterless pGL2 firefly luciferase promoter. The 0.9kb Bcl-XL
reporter constructed was generously provided by the laboratory of Dr. GT Bowden
(University of Arizona, Tucson, AZ). The construct encodes a 905bp region of the BclXL promoter fused to the promoterless pGL3 firefly luciferase promoter. The NFkB and
AP-1 luciferase reporter constructs were a generous gift of Dr. Zigang Dong (University
of Minnesota, The Hormel Institute, Austin, MN).

The construct encodes a 196bp

fragment of the HIV promoter containing 2x NFkB binding elements driving a luciferase
reporter gene. The AP-1 reporter construct has four consensus AP-1 binding sites driving
a luciferase reporter gene.

The 3'UTR Bcl-XL reporter construct used to measure the

activity of the 3' region of the Bcl-XL promoter was generously provided by the
laboratory of Dr. GT Bowden (University of Arizona, Tucson, AZ). The construct
encodes a region of the Bcl-XL untranslated region corresponding to base pairs 11302396 of the Bcl-XL gene fused to expression vector pRL-TK Renilla luciferase.

The

dominant negative c-Jun mutant TAM67 was composed of amino acids 123-331 of c-Jun
TAM67 cloned into the EcoRI site of the expression vector pcDNA 3 and was generously
provided by the laboratory of Dr. GT Bowden (University of Arizona, Tucson, AZ).
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NQO1 activity assay: Assay was performed by modification of the procedures of Ernster
according to previously described protocols [236-238] . Briefly, cells were washed with
PBS and harvested in cell lysate solution (25mM Tris pH 7.4 and 125mM sucrose) and
sonicated for 30s then centrifuged at 9000xg for 20 minutes. The supernatant was
transferred to a fresh tube and mixed with 0.2 v/v 0.1M CaCl2 in 0.25M sucrose. The
mixture was centrifuged at 27,000g for 20 minutes. The supernatant was transferred to a
fresh tube. Protein concentration of the samples was determined by the Bradford method.
NQO1 activity was determined using 2,6-dichloroindophenol (2,6-DCIP) as the substrate.
NQO1 activity was measured as the decrease in absorbance at 600 nm using the portion
of the reaction rate which is inhibited by 10-5M dicoumarol. The assay buffer consisted
of 25mM Tris pH 7.4, 6 mg/100ml BSA, 10 μl/100ml Tween-20, 5μM FAD, 0.2mM
NADH, and 100μM 2,6-DCIP. 5ug of total protein for each sample was added to the
cuvette containing 1ml of assay buffer with and without 10-5M dicoumarol. NQO1
activity was calculated as the decrease in absorbance per minute per mg total protein of
the sample.

Statistics:
Student's t-test was used to compare the means of CT treated samples to that of control
samples. Significant differences (p<0.05) were indicated with asterisks (*).
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CHAPTER III: PROGESTERONE ATTENUATES DOXORUBICIN
INDUCED APOPTOSIS IN CARDIOMYOCYTES: INDUCTION OF
ANTI-APOPTOSIS, ANTI-OXIDANT, AND DETOXIFICATION
GENES.
Abstract
Gender-based differences in heart disease have raised the possibility that estrogen
or progesterone may have cardioprotective effects. We report here that progesterone
(PG), but not estrogen (ES) protects cardiomyocytes from apoptotic cell death induced by
doxorubicin (Dox). Western blot analysis has revealed the expression of the progesterone
receptor (PR) in cardiac tissues from rat or mice and male or female. Progesterone
inhibited apoptosis by 12% + 4.0% (p<0.05) at 1μM and 60% +1.0 % (p<0.005) at 10μM
in a dose response manner.

The anti-apoptotic effect of PG was also observable in a

time dependent manner with pretreatment. With 10μM PG, cardiomyocytes had an 18 %
+ 5% (p<0.05) decrease in caspase-3 activity with 1 hr of pretreatment and 62% + 2%
(p<0.005) decrease in caspase-3 activity with 72 hours of pretreatment. The protective
effect of progesterone was blocked by mifepristone (MF), a progesterone receptor
antagonist. Analysis of 20,000 gene expression sequences using Affymetrix high-density
oligonucleotide array found that PG induced the transcription of 180 genes and reduced
the transcription of 74 genes over 1.5-fold. Among the up-regulated genes are Bcl-xL,
metallothionine, NADPH quinone oxidoreductase 1, glutathione peroxidase-3,

and

glutathione S-transferases. Western blot analyses revealed that PG induced an elevation
of Bcl-xL in a dose and time dependent manner. Inhibiting the expression of Bcl-xL
reduced the cytoprotective effect of PG.

Our data suggests that PG induces a

cytoprotective effect on cardiomyocytes in association with reprogramming gene
expression and induction of Bcl-xL gene.
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Introduction
Gender-based differences in heart disease have raised the possibility that estrogen
or progesterone may have cardioprotective effects. Women tend to develop heart disease
later than men and are more likely than men to have hypertension, diabetes, and heart
failure at the time of presentation of a myocardial infarction[239]. Also, the duration
between the onset of symptoms and heart failure is longer for women than men. Many
studies including the Framingham Heart Study have shown an increased risk of heart
disease in postmenopausal women relative to their age matched cycling counterparts
[240, 241]. The recent controversy regarding the use of hormone replacement therapy in
postmenopausal women has raised questions about whether estrogen or progesterone is
cardiac protective. While the effects of estrogens on the heart and cardiovascular system
has been studied extensively, little is known about the cardiovascular effects of
progesterone (PG).
The steroid hormone progesterone is a key component in the complex regulation
of normal female reproductive function. In the ovary, progesterone stimulates the release
of mature oocytes. In the uterus, progesterone facilitates embryo implantation, and
maintenance of pregnancy. Progesterone stimulates lobular-alveolar development of the
breast in preparation for milk secretion. In the brain, progesterone mediates signals
required for sexually responsive behavior.
The progesterone receptor (PR) is encoded by a single gene which produces two
isoforms A and B from alternative promoters[118, 119]. The A isoform is essentially a
truncated version of the B isoform and lacks the amino-terminal 128 amino acids of PR-B
[121]. Both isoforms can bind to PG and change conformation upon ligand binding. The
receptors then dimerize (A-A, B-B, or A-B) and may become phosphorylated and bind to
hormone response elements (HRE) in the promoter regions of target genes and/or interact
with co-activators and transcription factors[118, 119, 121].

The ratio of PR-A versus

PR-B differs by tissues and contributes to the difference in the genes regulated by PG
[242, 243].
The progesterone receptor has been shown to be active in blood vessels and
cardiac muscle cells in a variety of mammals [114, 116, 117, 244] including male rats
[116, 165]. Exogenous progesterone administration has been shown to induce a variety
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of different physiologic effects including increasing cardiac output [164], decreasing
arterial pressure [245, 246], dilating coronary arteries [247], and induction of angiotensin
I [161], and cardiac muscle synthesis [117]. During pregnancy, the physiological levels
of progesterone and estrogen increase significantly along with a concomitant increase in
cardiac output in addition to increases in blood plasma volume and venous tone.
Although the progesterone receptor is expressed in cardiac myocytes [111, 116, 119,
248], little is known about the function of the PR in the heart.
Doxorubicin (Dox) is an anthracycline chemotherapeutic agent currently used for
the treatment of many neoplastic conditions such as leukemia, breast, ovarian, gastric,
thyroid and bronchogenic carcinomas. The effectiveness of this drug is limited however
due to its dose dependent cardiac toxicity [249-251]. The administration protocol has
been revised to reduce acute cardiac toxicity. However, chronic cardiac toxicity usually
develops 2-10 years after drug administration as patients start to show signs of dilated
cardiomyopathy. This toxicity is associated with Dox induced oxidative radicals [249251]. Dox can accept electrons from oxoreductive enzymes in the mitochondria to form
semiquinone free radicals, which can initiate a chain of redox reactions. Dox has been
shown to produce superoxide and H2O2 when incubated with the mitochondrial fraction
of cardiac tissue extracts [3].

In addition to inducing oxidative stress, Dox at high

concentrations can interact with DNA topoisomerase and cause DNA strand breaks [252].
At the cellular level, Dox has often been used as a model compound for inducing
apoptosis in a number of experimental systems including cardiomyocytes [17, 18, 253256].
Apoptosis is known to be an important pathological event in heart failure Recent
studies have shown the presence of apoptosis in biopsy samples of failing human hearts
and in the myocardium of experimental animals [191, 197, 257-259]. There is evidence
that inhibiting apoptosis may alleviate certain clinical manifestation of heart failure in
experimental animals [22, 260, 261].

It is hypothesized that progesterone induces its

cytoprotective effect by inhibiting apoptosis induced by doxorubicin.
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Results
The Progesterone receptor is expressed in cardiac myocytes
To verify that the progesterone receptor is indeed expressed in cardiac myocytes,
hearts from a neonatal rat, adult male or female rat and adult male or female mouse were
used for western blot using antibodies against the progesterone receptor (Santa Cruz
antibody #SC538).

Rat uterus tissue was included as a positive control. Neonatal rat

cardiomyocytes express both A and B receptor isoforms, while adult mouse and rat hearts
contain only the A isoform. The H9C2 cardiomyocyte cell lines contain only the B
isoform of PR (Figure 5A).
To determine if the PR is active in neonatal rat cardiomyocytes, cardiomyocytes
were incubated with progesterone for various times from 15 mins to 72 hours to
determine ligand induced nuclear translocation of PR. The cells were harvested and
separated into cytoplasmic and nuclear fractions. The results show that PG induces PR
translocation starting at 0.25hrs (figure 5B).
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Ctr 0.25 0.5
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72 (hours 10 μM PG)

Figure 5: PR western blot. Western blot probed with anti-progesterone receptor antibody
(Santa Cruz SC-539). A: PRA present in male and female mice and rat hearts. PRA and
B present in neonatal rat hearts while only PRB present in H9C2. B: PR is functional.
Neonatal rat cardiomyocytes dosed with 10μM PG then harvested from 0.25 hours to 72
hours. Cell fractions separated into cytoplasmic and nuclear fractions. PRB decreases in
intensity in cytoplasmic fraction and increases in nuclear fraction.
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Progesterone Inhibits Apoptosis Induced by Dox
Cardiomyocytes are adherent in cell culture but round up and detach when
undergo apoptosis. Such morphology was observed with the treatment of Dox at 1 μM or
higher doses. Measurement of caspase activity indicates that Dox induced apoptosis at
1.0μM or above.
To test the effect of PG, cardiomyocytes were cultured in the medium containing
10 μM PG in 0.5% FBS for 24 hours and were then placed in fresh medium without PG
for Dox treatment. Following 24 hours of Dox treatment the cells were observed for
beating frequency, photographed and then harvested and assayed for caspase-3 activity.
Without PG treatment, significant Dox induced apoptosis was evident by rounded up and
detached cells. The inhibitory effect of PG was observable morphologically (figure 6A).
With PG treatment, however, rounded up or detached cells were less evident and the cells
had an appearance close to that of control (vehicle treated). Under normal cell culture
conditions, the cardiomyocytes form clusters and beat at a frequency of 27.2+/- 1.72
beats per minute. After 24 hours of Dox treatment the cells were mostly apoptotic and
did not beat. With PG treatment, however, beating cells were still evident and beat at a
frequency of 17.6 +/- 2.94 beats per minute (Table 1).
Ctr

PG

Dox

PG+Dox

Avg bpm

27.20

38.4

1.5

17.60

SD

1.72

1.96

0.49

2.94

Table I: Primary Cardiomyocyte beating frequency with
10μM PG and 0.8μM Dox treatment.
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Figure 6: Photomicrographs of neonatal cardiomyocytes with or without 10μM PG and
0.8μM Dox. A: Apoptotic cells were seen to round up and detach from the culture plate.
B: Same experiment, stained with Annexin V fluos (Roche). Apoptotic cells labeled
with Annexin V.

The inhibition of apoptosis was also evident with Annexin V binding assay.
When cells undergo apoptosis, phosphatidylserine is flipped from the inside cell
membrane to the outside. Annexin V conjugated to a FITC fluorescent group binds to the
phosphatidylserine and provides a visible measure of apoptotic cells. Dox treated cells
bound more Annexin V than Dox cells pretreated with PG (figure 6B).

Additional

evidence supporting an inhibitory effect of PG was seen with loss of mitochondrial
cytochrome c (Fig. 7A) and caspase-3 cleavage due to Dox treatment (Fig. 7B).

A

B

Figure 7 Cytoprotective effect of PG; western blots. Western blots from primary neonatal
rat cardiomyocytes treated with vehicle (lane 1), 10μM PG (lane 2,5), 1μM MF (lane 3
and 6), 0.8μM Dox (lane 4,5,6). A: Cell lysate fractionated into mitochondrial and
cytoplasmic fractions and probed against cytochrome C (Cell signaling #4272). Increased
cytochrome C was noted in the cytoplasmic fraction of cells treated with Dox (lane 4)
and MF+PG+Dox (Lane 6) B. Cell lysate probed against caspase-3 (Santa Cruz #7148).
Increased cleaved caspase-3 in Dox (lane 4) and MF+PG+Dox treated groups (lane 6).
Vinculin used as loading control.
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Doxorubicin Induces Apoptosis in Primary Neonatal Rat Cardiomyocytes
Previous studies have shown that Dox can induce apoptosis in cardiomyocytes in
vitro [262] and in vivo [262]. In order to quantify the amount of apoptotic activity, we
have used a caspase-3 assay system. Primary

neonatal

rat

cardiomyocytes

incubated with increasing doses of Dox from 0.6 μM to 1.0 μM.

were

There was a dose-

response relationship with Dox administration and caspase-3 activity with a 1.71 fold
increase at 0.6μM Dox (p<0.05) and 3.65 fold increase at 1μM (p<0.05) (Figure 8A).

Progesterone Inhibits Apoptosis Induced by other Toxicants
In order to determine if the cytoprotective effect of PG was specific to Dox
toxicity, we tested the effect of PG on other toxicants including 100μM hydrogen
peroxide, 1μM rotenone, 0.5μM palmitate, 5μM 2-deoxyglucose and 25μM glutamate.
PG pretreatment significantly decreased caspase-3 activity with doxorubicin, hydrogen
peroxide, rotenone and 2-deoxyglucose (figure 8B).
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Figure 8: Induction of caspase-3 activity with toxicants Dox, H2O2, Rot, Palm, 2-DG and
Glu. A: Dox induces caspase-3 activity in dose dependent manner from 0.6μM to 1μM.
B: Cells were pretreated with 10μM PG for 24 hours prior to toxicants 0.8μM Dox,
100μM hydrogen peroxide (H2O2), 1μM rotenone, 0.5μM palmitate, 5μM 2deoxyglucose and 25μM glutamate. Data mean of 3 experiments +/-SEM* p<0.05.
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Dependence on Receptor and Protein Synthesis of PG Induced Cytoprotection
Caspase activity provides a quantitative assay for apoptosis.

Primary

cardiomyocytes were pretreated with varying doses of PG before 1μM Dox treatment.
Cells were harvested after 18 hours of Dox treatment for caspase-3 activity measurements
using AC-DEVD-AMC as a substrate. When cells were pretreated with varying doses
of PG for 24 hours before 1 μM doxorubicin treatment, caspase-3 activity was decreased
by 12 + 4% (p<0.05) with 1μM PG and 60 + 1% with 10 μM PG (p<0.005) (Figure 9A).
The inhibitory effect was dependent on how long cells being pretreated with
progesterone. A decrease in caspase-3 activity was evident with 1hr (18+5% inhibition,
p<0.05) pretreatment with 10μM PG pretreatment and was maximal with 72 hours of PG
pretreatment (62+ 2% inhibition, p<0.005) (Figure 9B). Regardless, the inhibitory effect
of PG was eliminated by Mifepristone, a progesterone receptor antagonist. When cells
were pretreated with 10μM PG plus 1μM Mifepristone, there was no significant decrease
in caspase-3 activity versus Dox treatment alone (figure 9C), suggesting that PR
dependency of PG induced cytoprotection

Figure 9: Cytoprotective effect of PG, dose response and time course assay. Caspase-3
assays. A: Dose-response assay with 0.8μM Dox with PG 0.1μM to 10μM. B:Timecourse assay with 0.8μM Dox with PG pretreatment 1 hour to 72 hours prior to 0.8μM
Dox administration. C: 24 hour 10μM PG pretreatment with or without 1μM MF prior to
0.8μM Dox. *p<0.05. Mean of 3 experiments +/- SEM.
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Estrogen does not Inhibit Apoptosis Induced by Dox
To determine if estrogen would also inhibit apoptosis induced by Dox, cells were
pretreated for 24 hours with doses of 17β−Εstradiol varying from 1 to 50μM then
switched to fresh media for 24 hours with 1μM Dox treatment. There was no significant
decrease in caspase 3 activity at any dose tested (figure 10).

Figure 10: ES not protective. Caspase-3 assay: Cells were pretreated with varying doses
of 17b-estradiol (ES) for 24 hours prior to 1μM Dox administration. There was no
significant decrease in caspase-3 activity with increasing doses of ES. Mean of 3
experiments +/-SD.
It is known that 17β−Εstradiol may increase the expression of the PG receptor.
To determine if there was a synergistic effect of estrogen and progesterone,, we
pretreated cells with 17β-Estradiol with or without 10μM PG. The results show that
there was no significant difference between the PG + Dox and PG + ES + Dox treatment
groups.

Progesterone Induces anti-oxidant and anti-apoptosis genes
To understand the mechanism of cytoprotection induced by PG, we utilized an
affymetrix gene array to examine the expression of 20,000 genes. Rat Expression 230A
Gene Chips were used to examine the expression levels of 20,000 genes in control or PG
treated cardiomyocytes. RNAs were harvested at 24 hrs after incubating cardiomyocytes
with 10 μM PG or vehicle.

The RNAs were submitted to our Microarray core facility
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for labeling, hybridization and signal scanning. We then performed the data analyses
using Microarray Suite 5.0. A cutoff of 1.5 fold induction or inhibition over control was
used for upregulated or downregulated genes. The results show that PG caused 180
genes and 207 ESTs (current transcribed sequences without a name of gene) to be
upregulated 1.5 fold or higher (p<0.05).

Among the long list of genes are the

antiapoptosis gene Bcl-xL and 12 antioxidant/detoxification genes (Table 2). In contrast
to these upregulated genes, 73 genes and 123 ESTs showed downregulation at 1.5 fold or
lower. The downregulated genes include 8 DNA replication factors and enzymes, 5 cell
cycle

regulators,

12

cytoskeletal

binding

or

morphogenesis

proteins,

7

cytokines/chemokines or their regulators, and 3 clock genes.
TABLE 2:
Gene expression profile of cardiomyocytes treated with progesterone.
Cardiomyocytes were treated with 10μM PG for 24h and were harvested for microarray
analyses as described under Materials and Methods. The data represent fold induction
from control as measured in the Microarray Suite 5.0. Down-regulated genes are
indicated in italics within the same category of up-regulated genes.
Gene
Product
Antioxidant/Detoxification enzymes/metal binding protein
NADPH dehydrogenase, quinone 1
Nqo1
Glutathione S-transferase, theta 2
Gstt2
Glutathione S-transferase, mitochondrial
GST 13
Glutathione peroxidase 3
Gpx3
Glutathione S-transferase, alpha1
Gsta1
Microsomal glutathione S-transferase 1
Mgst1
Flavin-containing monooxygenase 3
Fmo3
Cytochrome P450, subfamily 1B, polypeptide 1
Cyp1b1
Metallothionine
Mt1a
Aldehyde dehydrogenase family 1, subfamily A4
Aldh1a4
Aldehyde oxidase-1
Aox1
Methylmalonate semialdehyde dehydrogenase gene Mmsdh
Selenium binding protein 2
Selenbp2
Ceruloplasmin
Cp
Ceruloplasmin
Cp
Ceruloplasmin
Cp
Selenoprotein P, plasma 1
Sepp1
Antiapoptosis
Bcl-xl
Bcl2l1
Apoptosis inhibitor 2
Api2
Castration induced prostatic apoptosis-related protein 1 CIPAR-1
Muscle or contractile proteins
Ryanodine receptor type II
Phospholamban
Myosin heavy chain, polypeptide 7
Myosin heavy chain, polypeptide 7
Myosin heavy chain, polypeptide 7
Myosin heavy chain, polypeptide 6
Myosin heavy chain, polypeptide 6
Myosin heavy chain 11
Fast myosin alkali light chain
Troponin 1, type 3
Tropomodulin 1

Ryr2
Plm
Myh7
Myh7
Myh7
Myh6
Myh6
Myh11
Mlc3
Tnni3
Tmod1

SLR

fold change

Unigene

1
1
0.8
0.8
1
0.7
5.1
0.8
2.8
0.7
0.7
0.7
0.6
1
0.9
1.1
1.4

2
2
1.74
1.74
2
1.62
34.30
1.74
6.96
1.62
1.62
1.62
1.52
2
1.87
2.14
2.64

Rn.11234
Rn.87212
Rn.96076
Rn.1491
Rn.10460
Rn.2580
Rn.11676
Rn.10125
Rn.54397
Rn.74044
Rn.15681
Rn.2098
Rn.16617
Rn.32777
Rn.32777
Rn.32777
Rn.1451

0.6
0.7
0.8

1.52
1.62
1.74

Rn.10323
Rn.43867
Rn.21667

1.8
0.6
1.3
0.9
1
0.8
0.8
0.8
0.6
1
0.9

3.48
1.52
2.46
1.87
2
1.74
1.74
1.74
1.52
2
1.87

Rn.64412
Rn.9740
Rn.48663
Rn.48663
Rn.48663
Rn.54399
Rn.54399
Rn.94969
Rn.40120
Rn.64141
Rn.1646
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Tropomodulin 1
Tmod1
0.7
Myomegalin
LOC6418
0.7
myosin, heavy polypeptide 3
Myh3
-1.40
Channel protein
P-glycoprotein/multidrug resistance 1
Pgy1
1
Aquaporin 1
Aqp1
0.9
Aquaporin 1
Aqp1
1.2
ATP binding cassette, sub-family G (white) member1 Abcg1
0.9
ATP-binding cassette, sub-family C (CFTR/MRP)
Abcc9
0.9
Gap junction membrane channel protein alpha 5
Gja5
1.6
Gap junction membrane channel protein alpha 5
Gja5
1.3
Gap junction membrane channel protein alpha 1
Gja1
1.6
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 Atp2a2
0.6
Calcium channel, voltage dependent, alpha 1C subunit Cacna1c
0.7
Calcium channel, voltage-dependent, T type, alpha 1G Cacna1g
0.8
ATPase, Na+K+ transporting alpha 1
Atp1a1
0.7
Potassium voltage-gated channel, Isk-related subfamily Kcne1
1
Potassium channel, subfamily K, member 3
Kcnk3
1.1
Sodium channel, voltage-gated, type 1, beta
Scn1b
0.7
Glucose transporter 4
Slc2a4
1.9
Solute carrier family 2, member 4
Slc2a4
1.4
Solute carrier family 16, member 1
Slc16a1
0.9
Solute carrier family 38, member 1
Slc38a1
0.8
Glucose transporter 1
Slc2a1
1
Solute carrier 5, member 7
Slc5a7
0.8
Solute carrier family 25 (mitochondrial adenine nucleotide translocator) Slc25a4 0.6
Fatty acid binding protein 3
Fabp3
0.7
FXYD domain-containing ion transport regulator 5 Fxyd5
-1.00
solute carrier family 7, member 3
Slc7a3
-0.70
FXYD domain-containing ion transport regulator 6 Fxyd6
-0.70
mitochondrial Ca2+-dependent solute carrier
Mcsc
-0.60
tricarboxylate carrier-like protein
Loc65042
-0.60
nucleoporin 153kD
Nup153
-0.60
Prostaglandin synthesis
Prostaglandin-endoperoxide synthase 1(Cox1)
Ptgs1
1.6
Prostaglandin D synthase
Ptgds
1.1
Endocrine factors or their binding proteins
Insulin-like growth factor 1
Igf1
0.8
Insulin-like growth factor binding protein 3
Igfbp3
0.6
C-fos induced growth factor (vascular endothelial growth factor D) Figf
1.1
Growth hormone receptor
Ghr
0.6
Transforming growth factor, beta receptor 3
Tgfbr3
0.8
Growth differentiation factor 15
Gdf15
1.1
Bone morphogenetic protein 6
Bmp6
0.6
Bone morphogenetic protein 7
Bmp7
0.6
TGFB inducible early growth response
Tieg
-0.90
early growth response 1
Egr1
-0.60
Receptors
Transferrin receptor
Tfrc
1
Transferrin receptor
Tfrc
0.8
Interleukin 1 receptor, type 1
Il1r1
0.7
Adrenergic receptor, beta2
Adrb2
0.9
5-hydroxytryptamine (serotonin) receptor 2A
Htr2a
0.7
Protein tyrosine phosphatase, receptor type R
Ptprr
0.8
Nuclear receptor subfamily 1, group D, member 1
Nr1d1
0.6
Kinase insert domain protein receptor
Kdr
0.8
Signalling molecules
Serum/glucocorticoid regulated kinase
G-protein, alpha o
HRAS like suppressor
Serine threonine kinase pim3
Natriuretic peptide precursor type A (ANF)
Natriuretic peptide precursor type B
Insulin receptor substrate 3
Adenylate cyclase 5
Adenylyl cyclase-associated protein 2
Adenylyl cyclase-associated protein 2
Adenylate kinase 1
A kinase (PRKA) anchor protein 1

Sgk
Gnao
Hrasls3
Pim3
Nppa
Nppb
Irs3
Adcy5
Cap2
Cap2
Ak1
Akap1

0.9
0.8
0.6
0.9
0.7
0.8
0.9
0.8
0.7
0.7
0.7
0.8

1.62
1.62
0.38

Rn.1646
Rn.48693
Rn.9692

2
1.87
2.30
1.87
1.87
3.03
2.46
3.03
1.52
1.62
1.74
1.62
2
2.14
1.62
3.73
2.64
1.87
1.74
2
1.74
1.52
1.62
0.50
0.62
0.62
0.66
0.66
0.66

Rn.82691
Rn.1618
Rn.1618
Rn.8398
Rn.10528
Rn.88300
Rn.88300
Rn.10346
Rn.2305
Rn.9827
Rn.86960
Rn.2992
Rn.9734
Rn.80679
Rn.4958
Rn.1314
Rn.1314
Rn.6085
Rn.20034
Rn.3205
Rn.44872
Rn.4092
Rn.32566
Rn.24997
Rn.9804
Rn.839
Rn.17644
Rn.37545
Rn.1347

3.03
2.14

Rn.44404
Rn.11400

1.74
1.52
2.14
1.52
1.74
2.14
1.52
1.52
0.54
0.66

Rn.6282
Rn.26369
Rn.10796
Rn.2178
Rn.9953
Rn.44228
Rn.40476
Rn.18030
Rn.2398
Rn.9096

2
1.74
1.62
1.87
1.62
1.74
1.52
1.74

Rn.13151
Rn.13151
Rn.9758
Rn.10206
Rn.10294
Rn.6277
Rn.29848
Rn.88869

1.87
1.74
1.52
1.87
1.62
1.74
1.87
1.74
1.62
1.62
1.62
1.74

Rn.4636
Rn.90161
Rn.11377
Rn.6343
Rn.2004
Rn.3835
Rn.9791
Rn.6278
Rn.10229
Rn.10229
Rn.79537
Rn.91372
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A kinase (PRKA) anchor protein 1
Akap1
Protein kinase A anchor protein 5
Akap5
AMP-activated protein kinase
Prkaa2
Phospholipase A2, group 5
Pla2g5
SH3-domain kinase binding protein 1
Sh3kbp1
SH3-domain kinase binding protein 1
Sh3kbp1
Integrin alpha 8
Itga8
TYRO3 protein tyrosine kinase 3
Tyro3
guanylate cyclase 1, soluble, alpha 3
Gucy1a3
endothelin 1
Edn1
regulator of G-protein signaling 5
Rgs5
transient receptor protein 6
Trrp6
myristoylated alanine rich protein kinase C substrate Marcks
glycoprotein Ib (platelet), beta polypeptide
Gp1bb
Protein tyrosine kinase
Ptk2
orphan seven transmembrane receptor
Ieda
thymopoietin
Tmpo
thrombomodulin
Thbd
serum-inducible kinase
Snk
serine/threonine kinase 12
Stk12
Transcription factors
Glucocorticoid-induced leucine zipper
Gilz
Transcription elongation factor B (SIII), polypeptide 3 Tceb3
Transcription factor MTSG1
Mtsg1
Kruppel-like factor 15
Klf15
Kruppel-like factor 9
Klf9
CCAAT/enhancer binding protein (C/EBP) delta
Cebpd
CCAAT/enhancer binding protein (C/EBP), beta
Cebpb
basic helix-loop-helix domain containing, class B3 Bhlhb3
Chromatin or DNA binding proteins
Ventral Small zinc finger-like protein
Timm10
anterior homeobox 2
Vax2
Triple homeobox 1
Tix1
Aristaless (Drosophila) homeobox
Arix
heterogeneous nuclear ribonucleoprotein H1
Hnrnph1
high mobility group box 2
Hmgb2
heterogeneous nuclear ribonucleoprotein A/B
Hnrpab
mini chromosome maintenance deficient 6 (S. cerevisiae) Mcmd6
H2A histone family, member Z
H2afz
Cytoskeletal proteins
Actin alpha1
Acta1
Desmin
Des
Microtubule-associated protein 1b
Map1b
Microtubule-associated protein 1b
Map1b
Fibrillin-2
Fbn2
Nexilin
LOC2461
tubulin, beta 3
Tubb3
chondroitin sulfate proteoglycan 2 (versican)
Cspg2
stathmin 1
Stmn1
profilin II
Pfn2
Cell surface and extracellular matrix protein
Osteomodulin (osteoadherin)
Omd
Podocalyxin-like
Podxl
Crystallin, alpha C
Cryac
Crystallin, alpha B
Cryab
syndecan 1
Sdc1
syndecan 2
Sdc2
Energy metabolism enzymes
Cytochrome c oxidase subunit VIII-H (heart/muscle) Cox8h
Cytochrome c oxidase, subunit VIa, polypeptide 2
Cox6a2
Creatine kinase, muscle
Ckm
Acetyl-coenzyme A dehydrogenase, long chain
Acadl
Pyruvate dehydrogenase kinase 2
Pdk2
Lactate dehydrogenase B
Ldhb
Phosphorylase, glycogen, muscle (McArdle Syndrome) Pygm
Phosphorylase, glycogen, muscle (McArdle Syndrome) Pygm
Phosphorylase, glycogen, muscle (McArdle Syndrome) Pygm
Phosphofructokinase, muscle
Pfkm
Glycogenin
Gyg
Lipid/steroid metabolism

0.8
1
0.6
0.6
0.9
1
0.6
-0.70
-0.60
-0.60
-0.90
-0.60
-0.60
-0.60
-0.70
-0.60
-0.60
-1.90
-0.90
-1.00

1.74
2
1.52
1.52
1.87
2
1.52
0.62
0.66
0.66
0.54
0.66
0.66
0.66
0.62
0.66
0.66
0.27
0.54
0.50

Rn.91372
Rn.9983
Rn.64583
Rn.20244
Rn.24200
Rn.24200
Rn.69726
Rn.8883
Rn.1974
Rn.10918
Rn.1150
Rn.35095
Rn.9560
Rn.48837
Rn.2809
Rn.94896
Rn.3364
Rn.88295
Rn.12100
Rn.10865

0.6
0.6
0.6
2
0.9
0.7
0.8
-0.60

1.52
1.52
1.52
4
1.87
1.62
1.74
0.66

Rn.6211
Rn.37427
Rn.24919
Rn.24978
Rn.19481
Rn.6975
Rn.6479
Rn.10784

0.6
0.6
0.6
0.9
-0.60
-0.90
-0.60
-1.30
-0.70

1.52
1.52
1.52
1.87
0.66
0.54
0.66
0.41
0.62

Rn.8106
Rn.48765
Rn.8221
Rn.2858
Rn.23677
Rn.2874
Rn.1427
Rn.33226
Rn.3636

1.4
1
0.9
0.6
0.6
0.6
-1.00
-1.20
-1.00
-0.80

2.64
2
1.87
1.52
1.52
1.52
0.50
0.44
0.50
0.57

Rn.82732
Rn.1657
Rn.19032
Rn.19032
Rn.40120
Rn.12358
Rn.8216
Rn.35666
Rn.555
Rn.3515

0.6
1.6
0.8
0.6
-0.60
-0.70

1.52
3.03
1.74
1.52
0.66
0.62

Rn.30124
Rn.13805
Rn.12650
Rn.54554
Rn.11176
Rn.11127

0.7
0.6
1.1
0.7
0.7
0.6
1
1
1
0.7
0.6

1.62
1.52
2.14
1.62
1.63
1.52
2
2
2
1.62
1.52

Rn.10325
Rn.5119
Rn.10756
Rn.174
Rn.88597
Rn.1785
Rn.11238
Rn.11238
Rn.11238
Rn.11004
Rn.3661
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Hydroxysteroid 11-beta dehydrogenase 1
Hsd11b1
1
Sterol regulatory element binding factor 1
Srebf1
1.1
Carnitine palmitoyltransferase 1b
Cpt1b
1.5
Fatty acid Coenzyme A ligase, long chain 2
Facl2
1.2
Fatty acid Coenzyme A ligase, long chain 2
Facl2
1.7
Propionyl Coenzyme A carboxylase, alpha polypeptide Pcca
0.6
Lipoprotein lipase
Lpl
0.6
3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 Hmgcs2
1.8
oxidised low density lipoprotein (lectin-like) receptor 1 Olr1
-1.10
ubiquitin carboxy-terminal hydrolase L1
Uchl1
-0.60
Amino acid and protein synthesis or modification
Glutamine synthetase 1
Glns
0.8
Glutamine synthetase 1
Glns
0.8
Glutamine synthetase 1
Glns
1.1
Glutamate oxaloacetate transaminase 1
Got 1
0.8
Tissue-type transglutaminase
Tgm2
1.2
Tissue-type transglutaminase
Tgm2
1.4
Cytosolic cysteine dioxygenase 1
Cdo1
0.9
Enzymatic glycosylation-regulating gene
Gcnt1
0.6
Sulfotransferase family 1A, phenol-preferring, member1 Sult1a1
1.1
Peptidylprolyl isomerase F
Ppif
0.9
ADP-ribosyltransferase 3
Art 3
0.6
5-oxoprolinase (ATP hydrolysing)
Oplah
0.6
glycine amidinotransferase
Gatm
-1.4
Protease or protease inhibitor
Tissue inhibitor of metalloproteinase 3
Timp3
0.6
Serine protease inhibitor
Spin2c
1.6
Dipeptidase 1
Dpep1
1.7
Dipeptidase 1
Dpep1
1.8
Dipeptidylpeptidase 6
Dpp6
1.8
Carboxypeptidase Z
Cpz
0.8
serine (or cysteine) proteinase inhibitor, clade E, member 2 Serpine2 -0.60
Stress genes
Heat shock 27kDa protein 1
Hspb1
0.6
Heat-shock 20-kDa protein
Loc19224
1
Growth arrest and DNA-damage inducible 45 alpha Gadd45a
0.8
Global ischemia induced protein GIIG15B
GIIg15b
0.9
Clusterin
Clu
0.8
Dithiolethione-inducible gene-1
Dig1
0.8
Cell cycle regulators
Cyclin G1
Ccng1
0.6
Cyclin-dependent kinase inhibitor p57
p57
1.9
Growth arrest specific 6
Gas6
1.1
Quiescin Q6
Qscn6
0.7
cell division cycle 2 homolog A (S. pombe)
Cdc2a
-1.20
cell cycle protein p55CDC
Cdc20
-0.60
Cyclin B1
Ccnb1
-0.90
checkpoint kinase 1 homolog (S. pombe)
Chek1
-1.00
Proliferating cell nuclear antigen
Pcna
-0.60
DNA polymerase delta, catalytic subunit
Pold1
-0.70
DNA ligase I
Lig1
-0.60
topoisomerase (DNA) 2 alpha
Top2a
-0.80
topoisomerase (DNA) 2 alpha
Top2a
-1.50
nuclear RNA helicase, DECD variant of DEAD box family Ddxl
-0.70
thymidine kinase 1
Tk1
-0.70
p32-subunit of replication protein A
Rpa2
-0.70
Cytokine, chemokines and their regulators
cd36 antigen
cd36 antigen
Chemokine (C-X-C motif) ligand 12
Chemokine (C-X-C motif) ligand 12
small inducible cytokine A2
Chemokine receptor (LCR1)
chemokine-like receptor 1
interleukin 1 receptor-like 1
CD44 antigen
CD44 antigen
Nuclease
5 nucleotidase

2
2.14
2.83
2.30
3.25
1.52
1.52
3.48
0.47
0.66

Rn.888
Rn.22074
Rn.6028
Rn.6215
Rn.6215
Rn.6033
Rn.3834
Rn.29594
Rn.87449
Rn.21315

1.74
1.74
2.14
1.74
2.30
2.64
1.87
1.52
2.14
1.87
1.52
1.52
0.38

Rn.2204
Rn.2204
Rn.2204
Rn.5819
Rn.10
Rn.10
Rn.2589
Rn.54473
Rn.1507
Rn.2923
Rn.4077
Rn.3066
Rn.17661

1.52
3.03
3.25
3.48
3.48
1.74
0.66

Rn.3467
Rn.128
Rn.6051
Rn.6051
Rn.10076
Rn.11056
Rn.2271

1.52
2
1.74
1.87
1.74
1.74

Rn.3841
Rn.3201
Rn.10250
Rn.2989
Rn.1780
Rn.10656

1.52
3.73
2.14
1.62
0.44
0.66
0.54
0.50
0.66
0.62
0.66
0.57
0.35
0.62
0.62
0.62

Rn.5834
Rn.96088
Rn.52228
Rn.44920
Rn.6934
Rn.9262
Rn.9232
Rn.33267
Rn.223
Rn.88690
Rn.20467
Rn.90996
Rn.90996
Rn.14550
Rn.4191
Rn.40389

Cd36
Cd36
Cxcl12
Cxcl12
Scya2
Cxcr4
Cmklr1
Il1rl1
Cd44
Cd44

0.8
0.8
0.7
0.9
-0.80
-0.60
-0.80
-0.90
-0.70
-0.80

1.74
1.74
1.62
1.87
0.57
0.66
0.57
0.54
0.62
0.57

Rn.3790
Rn.3790
Rn.54439
Rn.54439
Rn.4772
Rn.44431
Rn.44465
Rn.10072
Rn.1120
Rn.1120

Nt5

0.8

1.74

Rn.40132
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Miscellaneous
Tensin
Tns
0.8
Late gestation lung protein 1
Lgl1
1
N-myc downstream-regulated gene 2
Ndrg2
0.9
B-cell translocation gene 2
Btg2
0.6
D-dopachrome tautomerase
Ddt
1.1
Enoyl Coenzyme A hydratase, short chain 1
Echs1
0.7
Diacetyl/L-xylulose reductase
glb
0.9
Aminolevulinic acid synthase 1
Alas1
0.6
10-formyltetrahydrofolate dehydrogenase
Fthfd
0.7
Neuraminidase 3
Neu3
0.7
Sorbitol dehydrogenase
Sord
0.6
Xanthine dehydrogenase
Xdh
2.3
Sarcosine dehydrogenase
Sardh
0.6
Isovaleryl Coenzyme A dehydrogenase
Ivd
0.7
Enoyl coenzyme A hydratase 1
Ech1
0.6
Guanine deaminase
Gda
1.4
3-hydroxyisobutyrate dehydrogenase
HIBADH
0.6
Phytanoyl-CoA hydroxylase (Refsum disease)
Phyh
1.1
Aortic preferentially expressed gene 1
Apeg 1
0.6
EGL nine homolog 3 (C. elegans)
Egln3
1
MAD homolog 7 (Drosophila)
Madh7
0.6
Coagulation factor 3
F3
1.3
Esau
Esu
0.6
Cysteine rich protein 2
Csrp2
0.7
Cysteine-rich protein 3
Csrp3
0.6
Coronin relative protein
LOC2459
1.1
Hypothetical protein RMT-7
Rmt7
0.6
Synaptic vesicle glycoprotein 2b
Sv2b
1.3
Brain-specific angiogenesis inhibitor 1 assoc protein Baiap2
1.3
Brain protein 44-like
Brp44l
0.6
Glypican 1
Gpc1
0.7
Calsyntenin 2
Cstn2
1
Ring finger protein 28
Rnf28
0.7
Sushi-repeat-containing protein
Srpx
0.7
Endothelial differentiation
Edg2
0.8
Development related protein
AF045564
0.7
pituitary tumor-transforming 1
Pttg1
-0.70
profilin II
Pfn2
-0.60
pancreatitis-associated protein
Pap
-1.70
period homolog 2
Per2
-0.80
drebrin 1
Dbn1
-0.90
timeless (Drosophila) homolog
Timeless
-1.00
trophoblast glycoprotein
Tpbg
-0.70
cysteine knot superfamily 1, BMP antagonist 1 Cktsf1b1
-0.60
antigen identified by monoclonal antibody MRC OX-2 Mox2
-1.20
splicing factor, arginine/serine-rich (transformer 2 Drosophila homolog) 10 Sfrs10 -0.70
ruvB-like protein 1
Ruvbl1
-0.60
thymosin beta-like protein
LOC286978
-0.80
sperm associated antigen 5
Spag5
-0.80
upregulated by 1,25-dihydroxyvitamin D-3
Vdup1
-0.80
RNA binding motif protein 14
Rbm14
-0.60
Nestin
Nes
-0.70
complement component factor h
Cfh
-0.60
D site albumin promoter binding protein
Dbp
-0.60
NonO/p54nrb homolog
LOC252855
-0.60
transmembrane protein AMIGO3
Amigo3
-0.60

1.74
2
1.87
1.52
2.14
1.62
1.87
1.52
1.62
1.62
1.52
4.92
1.52
1.62
1.52
2.64
1.52
2.14
1.52
2
1.52
2.46
1.52
1.62
1.52
2.14
1.52
2.46
2.46
1.52
1.62
2
1.62
1.62
1.74
1.62
0.62
0.66
0.31
0.57
0.54
0.50
0.62
0.66
0.44
0.62
0.66
0.57
0.57
0.57
0.66
0.62
0.66
0.66
0.66
0.66

Rn.4086
Rn.4346
Rn.3407
Rn.27923
Rn.3464
Rn.6847
Rn.19540
Rn.6274
Rn.2328
Rn.67067
Rn.11334
Rn.7324
Rn.89832
Rn.147
Rn.6148
Rn.24783
Rn.73
Rn.80832
Rn.11313
Rn.10994
Rn.29980
Rn.9980
Rn.13633
Rn.94754
Rn.11345
Rn.28432
Rn.55275
Rn.9940
Rn.13017
Rn.3718
Rn.7044
Rn.81212
Rn.40636
Rn.1489
Rn.11200
Rn.81250
Rn.271
Rn.3515
Rn.9727
Rn.25935
Rn.11247
Rn.31755
Rn.43122
Rn.42929
Rn.7085
Rn.8538
Rn.86410
Rn.10627
Rn.46014
Rn.2758
Rn.15446
Rn.9701
Rn.13111
Rn.11274
Rn.54645
Rn.13801

Anti-oxidant genes upregulated were verified by RT-PCR analysis
For the initial screen, we have chosen 15 genes for verification using RT-PCR.
Nine of the gene chosen belong to the group of antioxidant, detoxification and
antiapoptosis genes.

With every gene we picked, RT-PCR was able to verify the

upregulation in PG treated cells (Fig. 11).
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Figure 11:RT-PCR verification of selected genes induced by
PG as revealed by Affymetrix gene analysis. GAPDH was used
as control.

Bcl-xL expressed in dose and time dependent manner with PG pretreatment
We have characterized the expression at the protein level of one gene identified
by microarray analyses: Bcl-xL. Cells were pretreated with doses of PG from 0.1μM to
10μM for 24 hours, Bcl-xL expression was increased in dose-response manner with PG
administration (Fig. 12A). Bcl-xL expression was also increased in time dependent
manner with PG pretreatment, starting at 4 hrs. These data indicate Bcl-xL expression
was increased in time dependent manner with PG administration (Fig. 12B).
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Mifepristone Pretreatment Abolishes PG Induced Bcl-xL.
Cells were pretreated for 24 hours with 1 μM Mifepristone (MF) and 10μM PG
before harvesting for Western blot analyses.

Previous data from our laboratory

indicated that Corticosterone (CT) could also induce Bcl-xL expression. In order to
determine the degree of induction by PG relative to CT, cells were also treated with
1μM CT for 24 hours with or without 1μM MF.

Bcl-xL expression was increased

PG and CT treatment but MF prevented such increase (Fig. 12C).

Figure 12: PG induced bcl-xL protein is dose and time dependent. Western blots
probed with anti-Bcl-xL SC#8392 (Santa Cruz). Primary neonatal rat cardiomyocytes
were treated with varying doses of PG from 0.1μM to 10μM for 24 hours (A) or
10μM for varying times from 4 hours to 72 hours (B). In (C) cardiomyocytes were
pretreated with 10μM PG (lane 2, 4), 1μM CT (lane 5,6) or 1μM MF (lane 3, 4, 6) for
24 hours. Lane 1 = control. Data shown is representative of 3 experiments.
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Anti-apoptotic effect of PG blocked with Bcl-xL siRNA treatment
To determine whether Bcl-xL induction was necessary and sufficient for the antiapoptotic effect of PG, we used siRNA to inhibit the expression of Bcl-xL mRNA.
Cells were transfected with a combination of two siRNAs directed against Bcl-xL.
After 48 hours, fresh media was added and cells were pretreated with 10μM PG for
24 hours.

Cells were then incubated with Dox for 18 hours to induce apoptosis.

Caspase-3 activity assay indicated that Bcl-xL siRNA abolished PG-mediated
cytoprotection (Fig. 13).
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Figure 13: Cardioprotective effect of PG is dependent on Bcl-xL. A: Caspase-3
Assay. Cardiomyocytes were transfected with bcl-xL siRNA or negative control
siRNA as described in methods. 48 hours after siRNA transfection cells were
pretreated with 10μM PG or control for 24hours prior to 1μM Dox. Data is mean of 3
experiments +/- SEM. B: Western blot probed with anti-Bcl-xL SC#8392 Lanes: (1)
Control, (2) Bcl-xL siRNA (3), siRNA + PG, (4) Dox, (5) PG+Dox, (6)
siRNA+PG+Dox
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Discussion
This study found that PG pretreatment decreased apoptotic-like cell death induced
by Dox and several toxicants in primary cultured rat cardiomyocytes. Affymetrix gene
array analysis indicated that PG upregulated many antioxidant genes and antiapoptosis
related genes including Bcl-xL.
The time-course of Bcl-xL elevation appears to be consistent with the long lag
time required for cells to gain anti-apoptotic ability and correlates with the dependence of
new protein synthesis for PG-induced cytoprotection.

Down regulation of Bcl-xL was

associated with a reduction in the protective effect of progesterone, indicating that this
gene in particular mediated some of the antiapoptotic effect.
PG has been shown to inhibit apoptosis in other tissue types including
lymphoma[263] ovarian[211, 214] uterus[207] [264], breast[112, 220] [265], anterior
pituitary[219] and brain[266].

The doses of PG necessary to inhibit Dox induced

apoptosis in rat cardiomyocytes in this study 0.1-10μM was similar to that required to
inhibit TNF-α induced apoptosis in rat lactotropes and somamotropes in

anterior

pituitary cells[219].
The anti-apoptosis gene Bcl-xL has also previously been shown to be upregulated
by progesterone treatment in non-cardiac tissues. Cyclical release of progesterone is
important for normal cyclical ovulatory function which also has been shown to involve
apoptosis during periods of the endometrial cycle with low progesterone concentrations
[208-210, 267].

Progesterone has been shown to induce Bcl-xL in ovarian and

endometrial cells [264, 268, 269].

In endometrial cells, progesterone was shown to

increase the ratio of Bcl-xL to Bcl-xS and prevent apoptosis [264, 268].
Inhibition of Dox induced apoptosis in cardiomyocytes was previously observed
by induction of Bcl-xL [270] .

We have previously observed that corticosterone (CT)

can induce the expression of Bcl-xL and decrease Dox induced apoptosis [19]. It is not
known whether PG and CT share the same mechanism of bcl-xL gene regulation.
Affymetrix gene array analysis indicated that PG induced the activity of 180
genes and 207 ESTs (current transcribed sequences without a name of gene) to be
upregulated 1.5 fold or higher (p<0.05).

While bcl-xL appeared to be significantly

involved in the observed anti-apoptotic effect of PG, other genes shown to be induced on
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the affymetrix data may also be involved. Metallothionein I, a metal binding protein, is
one gene in particular that has previously been shown to function as an anti-oxidant and
protect cardiomyocytes from Dox induced toxicity [271] .

NADPH Quinone-

Oxidoreductase I (NQO1) has also been shown to be able to reduce quinones similar to
Dox [272, 273]. It is unlikely that the observed cytoprotective effect of PG is therefore
only a result of the induction of Bcl-xL.
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CHAPTER IV. REGULATION OF Bcl-XL BY CORTICOSTERONE,
PROGESTERONE, AND RETINOIC ACID IN PRIMARY
NEONATAL RAT CARDIOMYOCYTES.

Abstract
The antiapoptotic protein Bcl-XL plays an important role in inhibiting
mitochondria-dependent extrinsic and intrinsic cell death pathways. Here we describe
regulation of Bcl-XL gene expression by progesterone (PG) , retinoic acid (RA) and
corticosterone (CT) in neonatal rat cardiomyocytes.

Doxorubicin (Dox) induced

caspase-3 activity in a dose dependent manner which was inhibited by 1μM PG by 29.70
+/- 1.19%, 1μM CT by 45.57 +/- 2.01% and 1μM RA by 51.63 +/- 2.59%.
Corresponding to the inhibition of apoptosis, Bcl-XL mRNA and protein were
increased by CT, PG and RA. CT and RA, but not PG activated 0.9kb bcl-x reporter
plasmid. Induction of 0.9kb bcl-x reporter by CT was inhibited with 1μM mifepristone
(MF).

Sequence search indicate the 0.9kb promoter region contains AP-1 and NF-kB

binding sites. RA, but not CT or PG induced NFkB reporter plasmid. CT, but not PG or
RA induced AP-1 reporter plasmid.

Induction of 0.9kb bcl-x reporter by CT was

inhibited by dominant negative c-jun expression plasmid TAM-67 and p38MAPK
inhibitor SB202190.
PG did not significantly induce the activity of a 5' bcl-x reporter plasmid, but did
induce the activity of a 3'bcl-x reporter plasmid. Actinomycin D, did not block the
induction of Bcl-xL protein expression by PG suggesting a post-transcriptional
stabilization mechanism.
Our data suggests that PG, CT and RA induce the antiapoptotic gene Bcl-XL.
Induction of Bcl-XL by RA was associated with an induction of transcription factor NFkB
while induction of Bcl-XL by CT was associated with p38MAPK and AP-1 transcription
factor.
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Introduction
Apoptosis, or programmed cell death, is an important cause of myocardial cell
death. Loss of cardiac myocytes via apoptosis is believed to contribute to the decline in
ventricular function leading to heart failure [274][197, 275]. Apoptotic cell death has
been implicated in the death of cardiac myocytes associated cardiomyopathy in general
[276, 277] and cardiac injury resulting from myocardial ischemia-reperfusion [200, 278280] .

Preventing apoptosis may provide a therapeutic benefit for these types of heart

disease.
Apoptotic-like cell death is known to play a critical role in cardiomyopathy
induced by the antineoplastic drug Dox [250, 251]. Dox is an anthracycline quinone used
in the treatment of a variety of leukemia, lymphomas and solid tumors. Although Dox is
an effective antineoplastic agent, its side effect of cardiac toxicity limits its use [250,
251].

While the administration protocol has been improved to minimize acute cardiac

toxicity, a dilated cardiomyopathy may develop two to ten years after drug
administration. Apoptotic-like cell death has been described in a significant proportion
of cardiomyocytes during pathological analysis of the failing hearts [250, 251]. At the
cellular level, Dox has often been used as a model compound for inducing apoptosis in a
number of cell types, including cardiomyocytes.
The pathway of apoptosis is regulated by members of the bcl-2 family. Members
of the bcl-2 family share some structural homology and act either to promote (proapoptotic) or inhibit (anti-apoptotic) cell death. The relative levels of pro and antiapoptotic proteins are believed to be the key determinants in the regulation of cell death
and survival [281, 282].

Bcl-x is a highly related to bcl-2 in consensus sequence and

exists in several isoforms generated by alternative splicing [231]. The large isoform, BclXL protects cells against apoptosis.
We have recently reported that induction of Bcl-XL by CT[19] is associated with a
reduction in Dox induced apoptosis.

In the current study, we demonstrate that a

structurally distinct steroid hormone, retinoic acid is also capable of inducing Bcl-XL.
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CT, PG and RA each binds to corresponding nuclear receptor to induce the expression of
genes.
The nuclear receptors are a family of proteins which accept incoming signals from
various molecules, and then alter gene expression or affect cell behavior directly [283,
284]. The progesterone receptor (PR) and glucocorticoid receptors are both encoded by a
single gene which then produces two isoforms from alternative promoters [118, 119,
285]. The receptors undergo dimerization, can become phosphorylated [121], and bind to
the hormone response element (HRE) in the promoter regions of target genes [122, 123].
The PR has previously been shown to be active in a cardiomyocytes[116] and
administration of PG has been shown to induce cardiac muscle synthesis through a
receptor dependent process [117]. Glucocorticoids have been shown to increase L-type
Ca2+ currents [286], inhibit nitric oxide synthase activity [287], and prevent apoptosis
[19].
There are two classes of retinoid receptors, retinoic acid receptors (RAR) and
retinoid X receptors (RXR). The retinoid nuclear receptors can form homodimers or
heterodimers. The RARs can heterodimerize with RXRs. The retinoid receptors contain
DNA binding domains that direct retinoid target genes that contain retinoid response
elements in their promoter regions[288].

Retinoid receptors have been shown to be

important in cardiomyocyte differentiation [289], and cellular hypertrophy [290].
While PG and CT have been previously shown to be able to induce the expression
of Bcl-xL and prevent Dox induced apoptosis of cardiomyocytes, the precise mechanism
of the induction of Bcl-xL is not known. We are therefore comparing the induction of
Bcl-xL to determine if these steroids induce Bcl-xL through distinct mechanisms.

Results
PG, CT and RA inhibit Dox induced caspase-3 activity

in Primary Neonatal Rat

Cardiomyocytes
We have previously shown that PG and CT can decrease Dox induced apoptosis
in cardiomyocytes as measured by Annexin V, DNA ladder, cytochrome C release, and
caspase-3 activity .

When screening a number of nuclear receptor agonists for

cytoprotective effect, we found that retinoic acid also inhibits Dox from inducing
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apoptosis.. Figure 14 shows that PG, CT and RA at 1 μM concentration all decreased
Dox activation of caspase-3 in neonatal cardiomyocytes. The amount of protection was
30 + 1.0 % for 1μM PG, 46 +2.0 % for 1μM CT and 52 + 0.03 % for 1μM RA.
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Fig 14: PG, CT, RA decrease Dox induced caspase-3 activity. Cardiomyocytes were
pretreated for 24 hours with 1μM PG, CT or RA before 24 hours of 0.8μM Dox. Mean of
3 experiments *p<0.05.
PG, CT and RA transcriptional induction of Bcl-XL
We have previously shown that PG and CT can induce the anti-apoptotic gene
Bcl-XL. To determine whether RA induces Bcl-xL, we incubated primary neonatal rat
cardiomyocytes with varying doses of RA for 24 hours and then harvested the cells for
real-time PCR and western blot analysis.

PG and CT were included as comparisons.

The expression of Bcl-XL mRNA was increased by all three steroids (2.14 fold induction
by CT, 2.23 fold induction by PG and 4.24 fold induction by RA ) in a dose dependent
manner. Based on the dose response studies, CT and RA appear to be potent inducers of
Bcl-XL gene expression (figure 15).
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Figure 15: PG, CT and RA induce the expression of Bcl-xL mRNA and protein. A: realtime RT-PCR. Cells were pretreated with 1μM PG, CT or RA +/- 1μM MF for 24 hours
B: Western blot. Cells were treated with varying doses of PG, CT or RA for 24 hours.
30mg loaded/lane. anti-Bcl-xL sc#8392 (Santa Cruz)
CT induces GRE
Mifepristone is a glucocorticoid and progesterone receptor antagonist. Since both
CT and PG induced the activity of Bcl-xL and induction of both steroids was blocked by
MF, we used a reporter plasmid containing a glucocorticoid response element driving the
luciferase gene. Cardiomyocytes transfected with the reporter plasmid were treated with
1mM CT or 10mM PG for 24 hours. Only CT induced the GRE (figure 16).
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Figure 16: CT induces GRE Cells were transfected with GRE reporter plasmid for 24
hours before 1μM CT, RA or 10μM PG +/- 1μM MF. Data reported as firefly
luciferase/TK renilla. *p<0.05.
5' Regulation of Bcl-XL by PG, CT and RA
In order to determine whether induction of bcl-x relies on transcriptional
activation of bcl-x gene, we used 3.2kb mBcl-XL and 0.9kb hBcl-XL reporter constructs
to determine the effect of CT, PG and RA.

Primary neonatal rat cardiomyocytes were

transfected with the plasmids along with a thymidine kinase driven vector (TK-Renilla)
as a control. The cells were incubated with 10μM PG, 1 μM CT, and 1 μM RA with and
without 1 μM MF for 24 hours. The activity of the 3.2kb mBcl-XL reporter plasmid was
increased by RA (1.63 +/- 0.18 fold induction p<0.05) and RA+MF (1.84 +/- 0.11 fold
induction p<0.05) (Figure 17).

The 0.9kb hBcl-XL reporter was increased by CT (1.39

+/- 0.05 fold induction p<0.05), RA (1.52 +/- 0.10 fold induction p<0.05) and RA+MF
(1.48 +/- 0.08 fold induction p<0.05).

MF inhibited the induction of CT, but not RA

(figure 18). PG did not induce luciferase under the control of 0.9 kb Bcl-xL promoter.
Analysis of the promoter region in the 905bp promoter in the 0.9kb construct
indicated an AP-1 promoter between -508 and -528, and an NFkB promoter between -522
and -536.

To determine the relative induction these promoter elements by CT, PG or

RA, we transfected the primary cardiomyocytes with constructs containing AP-1 or
NFkB promoters.

Only CT induced the AP-1 promoter (2.26 +/- 0.12 fold induction

p<0.05) (Figure 19A). The induction of CT was inhibited by MF. Both RA (1.96 +/-

67
0.17 p<0.05) RA+MF (2.10 +/- 0.31 p<0.05) induced the NFkB promoter (Figure 19B).
PG did not induce either promoter (Figure 19A&B).

Figure 17: 5'induction of 3.2kb bcl-x reporter plasmid by PG, CT, RA +/- MF. Cells
were transfected with 3.2kb bcl-x reporter plasmid for 24 hours before 1μM CT, RA or
10μM PG +/- 1μM MF. Data reported as fold induction of luciferase/control. *p<0.05.
To verify the induction of AP-1 by CT, we used a dominant negative mutant of
c-Jun, TAM67. TAM67 lacks the transactivation domain of c-Jun, but is able to dimerize
with c-Jun or c-Fos family members to inhibit AP-1 activity (Tu 2,43). This construct
has been shown to inhibit AP-1 in various cellular responses (Tu, 9, 10).

We

cotransfected cardiomyocytes with a TAM67 expression vector and the 0.9 Kb Bcl-xL
promoter-luciferase construct. The data shows that CT induction of 0.9 Kb hbcl-x was
blocked by 0.8 μg of TAM67 plasmid (figure 20).
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Figure 18: 5' induction of 0.9kb bcl-x reporter plasmid by PG, CT, RA +/- MF. Cells
were transfected with 0.9kb bcl-x reporter plasmid for 24 hours before 1μM CT, RA or
10μM PG +/- 1μM MF. Data reported as fold induction of luciferase/control. *p<0.05.

To further clarify the upstream mechanism of AP-1 induction, we used 0.5μM
p38MAPK inhibitor SB20210 with or without 1μM CT and RA.

Induction of the 0.9kb

hbcl-x luciferase by CT was inhibited with the SB202190 compound (1.49 +/- 0.06 vs
0.89 +/- 0.07 fold induction p<0.05).
induction of the construct by RA.

The SB202190 did not significantly affect the
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Figure 19: CT induces AP-1 reporter, RA induces NFkB reporter. Cells were dosed with
10μM PG, 1μM CT, 1μM RA +/- 1μM MF for 24 hours. A: AP-1 Luciferase B: NFkB
Luciferase. Data expressed as fold induction luciferase/control.

Bcl-xL mRNA stabilized by PG pretreatment
To determine whether the induction of Bcl-xL was mediated by a transcriptional
or post-transcriptional stabilization of mRNA, cells were incubated with 10uM PG with
0.5μM Actinomycin D to inhibit transcription or 1μg/ml of cyclohexamide to inhibit
translation. The results indicate that PG was able to induce expression of Bcl-xL with
Actinomycin D, but not with cyclohexamide present which indicates that blocking
transcription does block the induction of Bcl-xL, however, protein expression is
necessary (Figure 21).
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Figure 20: Induction of bcl-x by CT occurs via p38 MAPK and AP-1 mechanism. (A)
TAM67 inhibits induction of bcl-x by CT. Cells were transfected with 0.8μM 0.9hbcl-x
luciferase and 0.8μM TAM67 for 24 hours then 1 μM CT or control. (B) SB202190
inhibits induction of bcl-x by CT. Cells transfected with 0.9kb hbcl-x for 24 hours before
1μM CT or 1μM RA +/- 1μM RA +/- 0.5μM SB202190. Data expressed as fold
induction luciferase/control.
In order to further clarify the mechanism of mRNA induction by PG, mRNA half-life
was determined by incubating cardiomyocytes with 10μM PG or vehicle for 24 hours
followed by 0.5μM Actinomycin D treatment. Cells were harvested at different timepoints to determine the half-life of Bcl-xL mRNA using RT-PCR. The results indicate
that PG stabilized the Bcl-xL mRNA (Fig 22). The bcl-x mRNA half-life was 4.7 hours
versus 4 hours for vehicle treated cells.
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A luciferase expression vector containing the 3'UTR of bcl-x immediately
downstream of the renilla coding sequence was used to examine the effects of bcl-x
expression mediated through the 3'UTR. Figure 23 shows a significant increase in
luciferase activity in PG treated cells compared with vehicle. The PG antagonist MF
significantly decreased the induction of the vector compared with PG.

Figure 21: Actinomycin D does not prevent induction of Bcl-xL by PG. Cells were
treated with PG +/- AD, CX or vehicle for 24 hours. Western blot probed with anti-BclxL sc# 8392 (Santa Cruz). Densitometric analysis of western blot shown below.

Discussion
We found that that the 0.9kb region of promoter is induced by CT and RA. The
induction of this promoter region by CT can be blocked by a pharmacological inhibitor of
p38MAPK (SB202190) and a dominant-negative c-jun, TAM-67. The induction of AP1 was unique to CT and could be inhibited with MF.
possibly through an NFkB mechanism.

RA can also induce Bcl-XL,

The 5' promoter region of Bcl-XL contains a

putative NFkB binding site gggactgccc in the P1 region between -347 and -337.
Induction of NFkB was unique to RA.
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A

B

Figure 22: PG increases half-life of Bcl-xL mRNA. Cells were dosed with 24 hours of
PG or vehicle followed by 0.5mM Actinomycin D. Cells were harvested at varying time
points from 0.5 hrs to 8 hours. RT-PCR performed and DNA loaded onto acrylamide gel.
1μg DNA loaded/lane. A: RT-PCR B: Bands quantified using imagej and plotted
regression lines using Excel. Ctr R=0.9336, PG R=0.9026
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*

Figure 23: PG induces activity of 3'Bcl-xL UTR. Cardiomyocytes transfected with bcl-x
3'UTR reporter plasmid for 24 hours before 10μM PG +/- 1μM MF.

In Figure 24, we propose a signaling pathway induced by CT and RA leading to
induction of Bcl-XL expression.

Our data indicates that RA selectively induces the P1

Bcl-XL promoter through an NFkB mechanism while CT selectively induces the P1 BclXL promoter through an AP-1 mechanism.

PG did not activate the P1 promoter.

Previous studies, however, have shown that PG and CT can induce the Bcl-XL promoter
through a hormone response element located upstream of the P4 promoter[233]. This
region is upstream of the 3.2kb Bcl-XL promoter and would therefore not be expected to
induce the activity of our 3.2Kb or 0.9 Kb Bcl-xL promoter.
While retinoic acid is well known to induce apoptosis in various myeloid cell
types, it has also been previously shown to have anti-apoptotic effects as well. In
thymocytes, RA has been shown to increase bcl2a1 expression and decrease
apoptosis[291] . Retinoic acid has also previously shown to increase monocyte longevity
in association with an increase in Bcl-XL.
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The half-life of Bcl-xL was longer with PG treatment, indicating a posttranscriptional stabilization of the mRNA. Bcl-xL protein expression was blocked with
cyclohexamide, but was not blocked with actinomycin D treatment, indicating a possible
role of Bcl-xL mRNA stabilization by PG . These results were verified by induction of
the 3'UTR by PG.
The transcription factor NFkB has previously been shown to have antiapoptotic
effects in other cell types through induction of anti-apoptotic genes including cIAP1,
cIAP2 [292-294], xIAP[295], Bcl-2 homolog Bfl-1/A1 [296, 297] and bcl-x [298].
Glasgow et. al identified two NFkB binding sites in the Bcl-XL promoter which are
responsive to p65 [299] and Grutkoski et al have previously described an NFkB
mechanism of induction of Bcl-XL by IL-1β.[300]. Chen et al. observed an increase in
Bcl-XL protein expression in p50-/- macrophages in which the NFkB p65 containing
complex was predominantly induced.

Figure 24: Mechanism of induction of bcl-x by PG, CT and RA.
PG shown to promote stabilization of mRNA, CT induces bcl-x through activation
of p38 MAPK and AP-1. RA induces bcl-x through NFkB mechanism.
Previous studies have also shown an interaction between the retinoic acid receptor
(RAR) and NFkB in HaCaT cells [301]
Glucocorticoids have also been shown to induce or repress apoptosis in various
tissue types including heart[19] and kidney[302]. In cardiomyocytes, we have previously
shown that corticosterone can inhibit apoptosis in a Bcl-XL dependent mechanism[19].
The existence of a glucocorticoid and progesterone hormone response element in the P4
region of the Bcl-XL promoter has been previously described[303], however, the
discovery that corticosterone can induce the P1 region through AP-1 response element is
a new discovery. The existence of AP-1 responsive elements within the Bcl-XL promoter

75
has been previously described [304, 305].
transcription[306]

Induction of AP-1 can stimulate Bcl-XL

Jacobs-Helber et. al. discovered that erythroid cells undergoing

apoptosis had increased AP-1 activity and decreased Bcl-XL expression[305].
Expression of TAM67 was associated with an increased level of Bcl-XL [305]. This is in
contrast to our data where we found that an increased level of AP-1 was associated with
increased expression of Bcl-XL. In the 0.9kb region of the Bcl-XL promoter it appears
that expression of TAM67 prevents induction of Bcl-XL by CT.

This may reflect

differential regulation of Bcl-XL in different tissues. In myeloid cells, corticosterone
induces apoptosis, while in cardiomyocytes, glucocorticoids have been shown to inhibit
apoptosis through a Bcl-XL dependent mechanism [19]. Why some cells CT induces
apoptosis while other cells CT prevents? Check literature, postulate that bcl-xL induction
differentiates inducing or preventing apoptosis.
Post-transcriptional stabilization of Bcl-xL has been previously described in
several cell types including HaCaT cells [307] and cardiomyocytes[308] Overexpression
of heat shock proteins hsp60 and hsp10 was shown to decrease Dox induced apoptosis in
cardiomyocytes through a mechanism involving protein stabilization and inhibition of
Bcl-xL ubiquitination[308]. UVA induced stabilization of Bcl-xL in HaCaT cells[307],
on the other hand, was shown to involve stabilization of mRNA similar to the mechanism
that we describe with PG stabilization. The existence of AU rich elements in the 3' UTR
of bcl-x has been previously reported
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CHAPTER V. NAD(P)H: QUINONE OXIDOREDUCTASE 1 (NQO1)
IS INDUCED BY PROGESTERONE IN NEONATAL RAT
CARDIOMYOCYTES

Abstract
NAD(P)H: Quinone Oxidoreductase 1 (NQO1) is a ubiquitous flavo-enzyme that
catalyzes two-electron reduction of various quinones by utilizing NAD(P)H as an
electron donor.

We report here that progesterone (PG) induces the expression and

activity of NQO1. Real-time PCR indicated induction of NQO1 mRNA by PG in a dose
response manner from 1.1 fold induction at 0.01μM to 9.31 fold at 10μM.

The

induction was prevented with co-administration of mifepristone, indicating a receptor
dependent mechanism of induction.

PG induced NQO1 activity as measured by

enzymatic activity from 1.024 +/- 0.004 at 0.5μM to 1.10 +/- 0.003 at 10μM. The
induction was inhibited with the NQO1 antagonist dicoumarol.
Induction of NQO1 by β-naphoflavone (b-nf) was shown to decrease Dox
induced toxicity as measured by caspase-3 activity. Inhibition of NQO1 by dicoumarol
was shown to increase Dox induced toxicity. Addition of b-nf was shown to increase the
protective effect of PG. Addition of dicoumarol did not prevent the cardioprotective of
PG indicating that NQO1 was sufficient but not neccessary for cardioprotection.
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Introduction
There is a substantial amount of evidence suggesting that reactive oxygen species
(ROS) are intimately involved in the pathogenesis of various forms of cardiac diseases,
including myocardial ischemia-reperfusion injury, congestive heart failure, and diabetic
cardiomyopathy [309-313]. The heart possesses antioxidant enzymes to detoxify ROS
including superoxide dismutase, catalase, glutathione peroxidase and NADPH quinone
oxidoreductase 1 (NQO1) [1, 273] .

Previous studies have indicated that there is a

decrease in antioxidant function with menopause [35, 314]. While many studies have
investigated the cardiovascular effects of estrogen on antioxidant enzyme function very
little is known about the cardiovascular effects of progesterone.
NQO1, also known as DT-diaphorase, is a ubiquitous flavo-enzyme that catalyzes
two-electron reduction of various quinones by utilizing NAD(P)H as an electron donor.
NQO1-mediated reduction of quinones into hydroquinones is an important cellular
defense mechanism against oxidative stress[315] .

NQO1 activity can be inhibited by

dicoumarol (3-methylene-bis [4-hydroxycoumarin]) (DC), a potent and specific
competitive inhibitor that competes with NAD(P)H for binding to NQO1[316]. NQO1 is
widely distributed in animals and ubiquitously expressed in all tissues [317]. Expression
of the NQO1 gene is induced in response to various agents including B-naphthoflavone
(βNF) and has been shown to protect cells against reactive oxygen species [318].
Doxorubicin (Dox), is an anthracycline antineoplastic agent that is used for the
treatment of malignant lymphomas, acute leukemia and sarcomas and solid tumors of the
breast, lung and ovary [319]. However, the clinical use of Dox is limited by its acute and
chronic cardiotoxicity [320].

In the heart, quinones such as Dox may be subjected to

two electron reductions catalyzed by NQO1 resulting in a hydroquinone [321]. This
reaction constitutes a detoxification pathway since it prevents the reduction of Dox by
one-electron reductases that would result in the formation of reactive oxygen species
(ROS), generated by redox cycling in the presence of molecular oxygen [322]. The
chapter II has presented the evidence that progesterone induces several antioxidant genes
including NQO1. The aim of the current study was to characterize the induction of
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NQO1 by PG and determine if induction of NQO1 by PG participated in the antiapoptotic effect of PG.

Results
PG induces NQO1 mRNA and protein expression:
In order to characterize the induction of NQO1 by PG, real-time PCR was
performed with mRNA isolated from primary cardiomyocytes incubated with 10μM PG,
5uM bNF or control for 24 or 48 hours. PG induced NQO1 mRNA expression by 3.53
fold at 48 hours. b-naphthoflavone (bNF), a known NQO1 agonist, induced mRNA
expression by 6.12 fold at 48 hours (Figure 25).

Figure 25: NQO1 RT-PCR of 10μM PG, 1μM CT
and 1μM BNF treated cardiomyocytes.
The induction of NQO1 mRNA was also observed in a dose-dependent fashion.
NQO1 was induced by 1.25 fold with 0.1μM PG and 9.31 fold with 10μM PG.
Mifepristone, a progesterone receptor antagonist, inhibited the induction of NQO1 by PG
indicating a progesterone receptor dependent process (figure 26).
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Figure 26:PG induces expression of NQO1 protein. WB probed with anti-NQO1 antibody
and analyzed by densitometry.
In order to determine if the induction of NQO1 protein expression correlated with
the induction of mRNA by PG, cells were incubated with doses of PG from 0.01 to 10
μM for 24 hours. Western blot analysis indicated that 1μM PG induced NQO1 protein
expression by 1.18 fold and 10μM PG induced protein expression by 1.88 fold (figure
27).
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Figure 27:PG induces expression of NQO1 mRNA. Real-time RT-PCR of PG treated
cardiomyocytes from 0.1-10μM.
PG induces NQO1 activity:
To determine if NQO1 enzyme activity was increased with PG treatment, cells
were incubated with doses of PG from 0.5μM to 10μM or control for 24 hours. Cells
were harvested and NQO1 activity assay performed with and without 10μM Dicoumarol.
PG induced NQO1 activity at 5 to 10 μM. Dicoumarol inhibited the activity of 10 μM
PG (figure 28).
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Figure 28: PG induces activity of NQO1. Assay was performed by modification of the
procedures of Ernster according to previously described protocols [236-238] using
increasing doses of PG from 0.5μM to 10μM with and without 1μM Dic.
Induction of NQO1 protects cardiomyocytes from Dox induced apoptosis:
Cardiomyocytes are adherent in cell culture, but undergo cell death when exposed
to 1 μM Doxorubicin. We have previously shown that this cell death involves an
apoptosis-like mechanism as observed with Annexin V staining, DNA ladder
fragmentation, cytochrome C release, and increased caspase-3 activity[19]. Chapter II
has revealed that PG can attenuate Dox induced apoptosis . We have used a caspase-3
activity assay in order to quantify the cytoprotective effect of PG

in a primary

cardiomyocyte system. Previous data has indicated that PG can attenuate Dox induced
caspase-3 activity in a dose dependent manner starting at 1μM.
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Figure 29:Induction of NQO1 by bNF decreases caspase-3 activity. Inhibition of NQO1
by Dicoumarol increases caspase-3 activity. A:Cardiomyocytes treated with increasing
doses of bNF from 0.01μM to 10μM with or without 0.8μM Dox. B:Cardiomyocytes
treated with increasing doses of Dic from 0.01 to 10μM with or without 0.8μM Dox. *p<
0.05.
NQO1 has been previously shown to prevent Dox toxicity by reducing Dox to a
more stable hydroquinone [321].. Detoxification of NQO1 could therefore lead to a
decrease in Dox induced caspase-3 activity and apoptosis.

To test whether NQO1
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induction mediates cytoprotection, we pretreated primary cardiomyocytes with various
doses of BNF from 0.01μM to 20μM followed by 0.8μM Dox treatment to induce
apoptosis. BNF attenuated Dox induced Caspase-3 activity in a dose dependent fashion
from 0.1 to 10μM (figure 29a). In contrast, incubation of cardiomyocytes with an NQO1
antagonist, dicoumarol, resulted in a modest increase of Dox induced caspase-3 activity
(figure 29b).

Induction of NQO1 is necessary but not sufficient for cytoprotection:
It is not known whether NQO1 induced by PG plays a role in observed
cytoprotective effect of PG . In order to determine the importance of NQO1 induction by
PG, we incubated primary cardiomyocytes with PG along with bNF or Dicoumarol.
Addition of bNF with PG decreased Dox induced caspase-3 activity relative to PG alone
(figure 30a). PG was still able to attenuate Dox induced caspase-3 activity when NQO1
was antagonized with Dicoumarol (figure 30b).

These data suggest that although

inducing NQO1 enhances the cytoprotective effect of PG, inhibiting NQO1 does not
block Dox induced apoptosis.
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Figure 30: Dicoumarol does inhibit protective effect of PG. BNF increases protective
effect of PG. A: caspase-3 assay; Cardiomyocytes treated with 10μM PG with or without
0.8μM Dox and/or 1μM Dicoumarol. B: Cardiomyocytes treated with 10μM PG with or
without 0.8μM Dox and/or 1μM bNF. *p<0.05
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Discussion
We have previously shown that PG can attenuate Dox induced apoptosis in
cardiomyocytes. The present study indicates that PG can increase the expression of
NQO1 which results in an increase in NQO1 function. The increase in NQO1 function
translated to a direct protective effect on Dox induced apoptosis. However, PG was still
able to decrease Dox induced apoptosis despite inhibiting NQO1 activity with
dicoumarol. This indicates that while induction of NQO1 may play part of the role of the
observed cytoprotective effect of PG, there must be other mechanisms involved as well.
The traditional view of Dox toxicity is that Dox induces a state of oxidative stress
through a free radical mechanism. Dox has been shown to be able to produce O2superoxide anion through a mechanism that involves redox cycling[3, 15].
Recent evidence indicates that Dox may induce cardiotoxicity through direct
induction of cardiomyocyte apoptosis. Cardiomyocytes incubated with Dox undergo
apoptotic-like cell death as verified by Annexin V staining, cytochrome C release, DNA
fragmentation, and caspase-3 activation [19].

Analysis of

metabolic activation of

quinone-based anticancer agents using the COMPARE algorithm revealed a significant
correlation between pro-apoptotic protein BAD, NQO1 enzymatic activity and the
cytotoxicity of antitumor quinones, but not always between cytotoxicity and intracellular
reactive oxygen species levels [323]. Floreani et al. noted that induction of NQO1 by
reservatrol in isolated atria resulted in a decrease in toxicity of menadione, a quinone
containing substance similar to Dox [324].

In this study induction of NQO1 by bNF

resulted in a dose dependent decrease in Dox induced apoptosis as measured with a
caspase-3 assay system indicating an anti-apoptotic role of NQO1.
NQO1 has previously been found to be involved in apoptosis through an
interaction with p53. Cells normally express low levels of p53, but in response to various
types of stress including DNA damage, hypoxia and oxidative stress, p53 accumulates
and induces either growth arrest or apoptosis [325]

Anwar et al, using co-

immunoprecipitatin studies, demonstrated a direct interaction between p53 and NQO1
[326]. Studies of the interaction of p53 with NQO1 in irradiated thymocytes indicated
that agents that disrupted the interaction resulted in an increase in p53 turnover and a
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reduction in apoptosis [326]. Nithipongvanitch, et. al determined that doxorubicin
upregulated p53 and loss of p53 exacerbates doxorubicin toxicity [327, 328].
Incubation of cardiomyocytes with dicoumarol and doxorubicin resulted in an
increase in apoptosis. Several other studies have also noted an increase in Dox toxicity
with dicoumarol. The chronic cardiac toxicity of Dox has been an issue without a
solution clinically. The results of the present study suggest that the optimum method to
decrease cardiomyocyte toxicity might include an inducer of NQO1 such as bNF in
addition to an agent which decreases Dox induced cardiomyocyte apoptosis such as
corticosterone or PG. Incubation of cardiomyocytes with bNF in addition to PG yielded
a greater reduction in Dox induced apoptosis than either agent used alone.
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CHAPTER VI: SUPPLEMENT
Introduction
Several types of Dox-induced cardiotoxicity have been described including acute
myocardial injury, most often in the form of arrhythmia [329] and chronic cardiotoxicity
resulting in a dilated cardiomyopathy [330, 331]. The chronic dilated cardiomyopathy is
dose-related and produces significant morbidity and mortality [332], and the incidence
dramatically increases at cumulative doses in excess of 550mg/m2 of body surface [249].
A mouse model of Dox-induced cardiomyopathy has been well-characterized
using echocardiography [333, 334], tissue Doppler imaging [335], and pressure-volume
systems [336-338]. In this model, a direct correlation between the degree of myocardial
apoptosis and the severity of Dox-induced heart failure has been established [335].
Using hemodynamic measurement systems, Dox has been shown to significantly
decrease heart rate, left ventricular systolic pressure, maximum first derivative of
ventricular pressure with respect to time (+dP/dt), -dP/dt, stroke work, ejection fraction,
cardiac output and load independent indexes of contractility [336]. Dox has also been
shown to increase left ventricular end-diastolic pressure and prolong relaxation time
constants (τ Weiss and Glantz) [336].
We utilized a Millar hemodynamic measurement system in order to determine if
chronic PG treatment could decrease or delay Dox induced cardiomyopathy in vivo.

Materials and Methods
Drug Treatment:
Progesterone Treatment

1 month old ovariectomized mice (Jackson Labs) were implanted with 90 day
10mg Progesterone time release pellets (Innovative Research of America #NP131
Sarasota, FL) or placebo pellets (Innovative Research of America #NC111 Sarasota, FL)
and were treated with Dox as described in methods.
Doxorubicin Treatment
5 to 7 weeks old male (18 – 22 g) C57 blk/6J ovariectomized mice (Jackson Labs)
were treated with Doxorubicin (Dox, Sigma St Louis, MO). A dilated cardiomyopathy was
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induced by Dox treatment using the protocol previously described by Bartazzoli [339] and
Sun [340], using i.p. injection. After dilution of Dox in saline, the animal were dosed at 4
mg/kg (10 ml/kg of body weight) twice a week for a total of 10 injections. Control animals
were dosed with the same volume of saline. The animals were not treated for 2 weeks
between the first four injections and the last six injections to allow the recovery of the bone
marrow depression. The animals were used 2 weeks after the last injection.
In Vivo Conductance catheter method:
A Millar 1.4 Fr catheter (SPR-719) was used to determine the hemodynamic
parameters of the mice heart In Vivo. The Millar catheter is a composition of four
conductance electrodes and a micro manometer. The distance between the conductance
sensor electrodes is approximately equal to the distance between the apex and the aortic valve
of the mouse heart (4.5 mm). The conductance was expressed in Volts –1 by the Millar system
(Millar MCS-100) which quantifies the voltage difference between two sensor electrodes by
converting the resistance values to voltage. The calibration of the system was performed as
described previously by Yang [341].
The surgical procedure was described in detail by Nemoto [342]. Briefly, the mice
were anesthetized with urethane (1000 mg/Kg, ip, Calbiochem EMD Biosciences, CA) and αchloralose (50mg/kg, ip, Calbiochem EMD Bioscience, CA.) and placed in a supine position
on a temperature-controlled surgical table. Animals were ventilated though a tracheotomy
cannula connected to a pressure-control respirator (Harvard small Animal Ventilator).
Electrical cautery was used to ensure minimum blood loss. The right common carotid artery
was exposed and isolated from the internal jugular vein and the vagus nerve. The carotid was
clamped with a microvessel clip (FST, Foster city, California) to the caudal end and suture to
the cranial end. The artery was incised with a 27 Gauge needle and the incision enlarged with
a microscissors. The Millar conductance catheter was introduced in the left ventricle of the
heart by the incised carotid and through the aortic valve. The external jugular vein was
cannulated for volume administration, which was limited to 300 μl of saline/albumin (50:50).
In order to acquire the pressure-volume loop data, the ventilation was paused for 5-6 sec.
The data were acquired with an ADinstruments Powerlab DAQ system software
(Castle Hill, Australia). The pressure-volume loop data were analyzed with PVAN software
(Conductance Technologies, San Antonio, TX, and Millar, Houston, TX). Regression
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analyses of multiple isochronal pressure-volume loop data were produced by the compression
of the Inferior Vena Cava in order to decrease the preload volume and permit the calculation
of the End Systolic Pressure-Volume Relationship index (slope) and the End Diastolic
pressure-volume Relationship index (slope).
After the functional data was obtained, the hearts were removed, weighed, snapfrozen in liquid nitrogen. The hearts were then used for histological analysis or crushed
using a mortar and pestle and divided into equal fractions for protein and mRNA analysis.

Results
Mortality rate and body weight:
The mortality rate amount mice treated with Dox was similar to that amoung saline treated
controls 67% vs 60%. There was a greater mortality amoung PG treated mice (71%) versus
placebo treated mice (58%). The PG treated mice gained more weight than placebo treated
mice during the course of the study (figure 31).
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Figure 31: Animal Weights: PG treated animals gained significantly
more weight than controls. Mice were implanted with 90 day time
release PG pellets or placebo and were dosed with Dox as described in methods.
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Histology:
Figure 32 depicts the macroscopic and microscopic structure of the heart from the control
mice of both the Dox and PG+Dox dosed mice. In mice subjected to Dox treatment, the left
and right ventricle were dilated. In contrast, the PG+Dox mice had less visible dilatation.
(Figure 32, A). In figure 32 B, an Hematoxylin and Eosin stained tissue revealed the
morphologic differences between Dox and PG+Dox treated groups. The cardiomyocytes
treated with Dox had characteristically longer and "squared" nuclei typical of Dox
cardiomyopathy. The PG+Dox treated group also had some evidence of myocardial injury,
but was not as severe as the Dox only treated group (fig 32 B).
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A

B

Figure 32: Histology from Dox and PG+Dox treated animals. PG treated animals hearts were
not as dilated as Dox treated hearts. On high power view (B), there was less myocardial
injury with PG group.

Functional parameters:
In table 3, means of the homodynamic parameters recorded in Placebo, Dox, PG and
PG+Dox treatment are presented. All ovariectomized mice (include placebo) had
significantly impaired ejection fraction and cardiac output. The ejection fraction was lowest
in the placebo group (36.58 +/- 10.24) and greatest in the Dox group (43.36 +/- 8.75)
(p=0.14).

The stroke volume was significantly greater in the PG+Dox (7.41 +/- 1.19) vs

placebo group (4.72+/- 1.46) (p<0.05). The cardiac output was also greater in the PG+Dox
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(3083.76 +/- 733.33) vs placebo group (1528.76 +/- 471.00) (p<0.05) , and also vs Dox group
(2675.96 +/- 1244.65) (P<0.05). No significant differences were found between any of the
other variables listed.
There were significant differences in hemodynamic parameters in the nonovariectomized control mice versus the ovariectomized mice. The ejection fraction in the
non-ovariectomized mice (53.57 +/- 8.103) vs significantly greater than in the
ovariectomized mice (36.58 +/- 10.24) (p<0.05). The cardiac output was also greater in the
non-ovariectomized (2640 +/- 773.47) vs ovariectomized mice (1528.76 +/- 471.00)
(p<0.05). The end-diastolic pressure was greater in the ovariectomized (6.40 +/- 2.96 uL) vs
non-ovariectomized mice (2.67+/- 1.29 uL) (p<0.05) indicating volume overload in the
ovariectomized mice. This indicates a confounding factor in the study design, the
ovariectomized mice had depressed cardiac function even before Dox was administered.
The differences between ovariectomized and non-ovariectomized mice can clearly be
appreciated by looking at the pressure-volume loops (figure 33). In comparison to nonovariectomized mice, the pressure volume curves were shifted towards the right (higher
preload) with decreased pressures.
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Table 3: Millar functional data Placebo, PG, Dox, PG+Dox treatment
groups. Placebo n=5, PG n=3, Dox n=5, PG+Dox n=4. Data from 3 independent
experiments.
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Table 4: Millar functional data control vs ovariectomy. Bold indicates significant
p<0.05 difference. Control (non-ovariectomized) n=5, ovariectomized n=17. Data
from 3 independent experiments.

Figure 33: Pressure-Volume plots from control (non-ovariectomized) vs Ovariectomized
mice. Ovariectomized mice had depressed cardiac function vs control.
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Bcl-xL in vivo
The hearts were crushed in liquid nitrogen and were separated into fractions for
protein analysis. Equal amounts of protein were loaded per lane. The PG treated groups
had increased amounts of Bcl-xL expression compared with placebo or Dox (figure 34).

Figure 34: Bcl-xL expression in ovariectomized mice from 2 independent experiments.
PG treated groups had increased expression vs placebo or Dox groups. Membranes
probed with anti-Bcl-xL sc# 8392 (Santa Cruz)

Discussion
The results of the in-vivo experiments of ovariectomized mice treated were
unexpected. It was not possible to see improvement in the PG treated groups vs Dox
because there was a confounding influence of the ovariectomy. The ovariectomized mice
had significantly depressed cardiac function compared with non-ovariectomized mice.
Despite this, the PG treated mice did have an increase in expression of Bcl-xL vs
placebo. It is not clear why the ovariectomized mice had depressed cardiac function.
Either the ovarian hormones are important in maintaining cardiac function in this species
of mouse, or there was a confounding effect of the surgery.
There is data in women to suggest that ovariectomy increases the risk of
cardiovascular disease.

Menopause occurs on average at the age of 50 and is

characterized by the cessation in ovulatory function with a concomitant decrease in
estrogen and progesterone and an increase in CVD risk. Many studies including the
Framingham Heart Study have shown an increased risk of coronary artery disease in
postmenopausal women relative to their age matched cycling counterparts [240, 241,
343]. The annual number of Americans having a diagnosed heart attack is less for
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women than men at all age groups but increases dramatically in women in the 65+ age
group (fig 1.5). The CHD mortality rate is also higher among postmenopausal women.
The CHD mortality rate in women aged 30-34 years is 2.0 per 100,000 while the
mortality rate in women 50-59 is 105.7 per 100,000 [344]. Women who have menopause
early have an increased CHD risk compared to their age-matched cycling counterparts
[344].
Menopause is associated with a number of physiological changes that alter CVD
risk. Vascular changes including reduced arterial compliance, and impaired endothelial
dependent vasodilatation have been noted in post-menopausal women [345, 346]. There
is an increase in total and low-density lipoprotein (LDL) cholesterol and triglycerides and
a decrease in high-density lipoprotein (HDL) [347]. Glucose and insulin metabolism are
also adversely affected by menopause creating a state of insulin resistance [347].
Menopause results in a redistribution of body fat towards an android distribution and
contributes to development of metabolic syndrome [347].

The metabolic syndrome

includes insulin resistance, abdominal obesity, dyslipidemia, and elevated blood pressure
and is linked to an increased CVD risk [348].
The ovariectomies in this study were performed by retroperitoneal approach by
the supplier. It is possible that in the process of creating the ovariectomies there was also
injury to the adrenal glands. It is known that adrenal deficiency (specifically cortisol) can
lead to cardiac shock. Further studies are necessary to determine whether this is clearly
an effect of the ovariectomy and not a confounding effect of the surgery itself.
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CHAPTER VII: SUMMARY STATEMENT
The anthracycline quinone, doxorubicin (Adriamycin) is a widely used
antineoplastic agent that has substantial therapeutic activity against a broad variety of
human cancers. Unfortunately, the use of these agents is limited by a unique cardiac
toxicity which may be the result of free radical formation leading to apoptosis and cell
death. The goal of this work was to contribute to the growing knowledge of doxorubicin
induced cardiomyopathy in hopes of identifying compounds and molecular targets to
limit doxorubicin induced cardiomyopathy and all cardiac diseases involving oxidative
stress and apoptosis.
PG has been previously been shown to be present in cardiac myocytes, however,
the function of this receptor has not been previously known. We have presented data here
that shows that progesterone can induce a wide variety of genes including anti-apoptotic
and antioxidant genes that have a measured effect.
The results of this work builds on previous work in our laboratory that revealed
that corticosterone attenuated Dox induced cardiotoxicity through a Bcl-xL mechanism.
PG also attenuated Dox induced cardiotoxicity, however, PG was not as potent as CT
figure (14). PG required a ten-fold excess (10μM) relative to CT (1μM) to achieve
similar inhibition of Dox cardiotoxicity. It was at first thought that perhaps PG induces
Bcl-xL through activation of the glucocorticoid receptor (GR) since both CT and PG
induce Bcl-xL and are both inhibited by MF. Previous studies have shown that PG can
induce the GR [349, 350]. MF can inhibit both the GR and PR through a noncompetitive
mechanism [349]. The ultimate DNA target of the GR and PR, the glucocorticoid and
progesterone response elements (GRE and PRE) are very similar and are often referred to
as hormone response elements [351].
In order to determine if the observed effect of PG is mediated through the PR or
GR we performed several experiments. We first performed a PR translocation assay to
show that the PR is functional in neonatal cardiomyocytes.

We incubated primary

neonatal cardiomyocytes with PG and harvested the cells at varying time points. The cell
fractions were then divided into cytoplasmic and nuclear fractions and western blotted.
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The results reveal that the top band diminishes in the cytoplasmic fraction and appears in
the nuclear fraction (Figure 5B).
In order to determine if PG induced the GRE, we transfected cardiomyocytes with
a reporter plasmid driven by a glucocorticoid response element. The results indicated
that only CT and not PG or RA induced the GRE (Figure 16 ).
Further support for the theory that PG induces Bcl-XL through a mechanism that
does not involve the GR is illustrated by the differential regulation of the 0.9kb region of
the bcl-xL promoter. As was shown in figures 18-20, CT and RA induced this region,
but PG does not. Previous reports have indicated that PG can induce a region of the BclxL promoter upstream of P4 between -3001 and -3040 [233].

In this paper, the authors

cotransfected their reporter plasmid with an expression vector for the GR or PR. In our
system, we did not use a GR or PR expression vector. We noticed a small increase in
induction of the 3.2kb bcl-xl promoter with PG and CT, however, this was not
statistically significant. It is known that increasing the expression of a receptor in a
reporter system can also significantly enhance the amount of reporter activity for that
receptor.

Also, larger plasmids are less efficiently transfected, so their signal will

naturally be reduced when compared to smaller plasmids. While it may be possible that
both the GR and PR activate this upstream region of the bcl-xL promoter, the data
presented here indicate that the 0.9kb region is not induced by PG, but is induced by CT
and RA through independent mechanisms.
In the research presented here, we found evidence that PG increased bcl-xL
expression through a transcriptional independent mechanism.

Inhibition of protein

expression with cyclohexamide decreased the expression of bcl-xL, however, inhibition
of DNA transcription with Actinomycin D did not prevent expression of bcl-xL.
Analysis of the half-life of bcl-xL indicated that bcl-xL had a significantly longer halflife with PG treatment than without. Previous studies have indicated that bcl-xL mRNA
can be stabilized through protein binding to the 3'UTR [307]. Using an expression
plasmid driven by the 3'UTR of the bcl-xL promoter we were able to show an increase in
expression of the reporter plasmid with PG that was reversible with MF. Further studies
would need to be performed to determine the precise mechanism of this 3'UTR induction
by PG.
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Previous authors have described anti-apoptotic effects of progesterone in vivo in
other tissues including uterus [220], ovary [211, 213, 214, 352] and breast [112]. In the
breast, for example, Berg et al. used a TUNEL assay system to show that PG and GR can
prevent apoptosis of the lactating rat mammary gland [112]. This assay system could be
adapted for use in the heart to demonstrate whether PG can attenuate Dox induced
apoptosis in vivo.
The affymetrix gene array data presented in this paper can lead to further
investigations into the physiology of progesterone in the heart. In this research, we have
only illustrated the role of progesterone on the induction of 2 genes bcl-xL and NQO1.
As was shown with affymetrix gene analysis, PG induced the expression of 180 genes
more than 1.5 fold. While there is little data published on the cardiovascular effects of
progesterone, our data is in agreement with a recent study that indicated that PG can
induce cardiac muscle synthesis in cardiomyocytes [117]. According to our analysis, PG
induced the expression of many cardiac muscle proteins and associated receptors (table
I). In addition to providing a mechanism for the prevention of Dox induced apoptosis
and further data on the mechanism of induction of bcl-xL by CT, PG and RA, our
affymetrix data can be used for further investigations of the role of progesterone in
cardiac physiology by analysis of any of the 180 genes induced by PG.
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