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MWe have previously reported that 178-Estradiol (17B-E;) can protect human lens
epithelial cells against oxidative stress by preserving mitochondrial function, acting as a
positive regulator of the MAPK signal transduction pathway. While pERK plays a
significant role in stabilizing the inner mitochondrial membrane to maintain the
mitechondrial membrane potential during oxidative stress, the protective mechanisms
activated by 17B-E; are probably multifactorial acting via both genomic and non genomic
pathways. This study examined the effects of 17B-E; on the expression and activity of
MnSOD, which is present exclusively in the mitochondria, as a possible mechanism by
which it affords protection against oxidative stress. Our results demonstrate that 17B-E;
rapidly increases the activity of MnSOD in a time dependent manner. This augmentation
of activity of MnSOD by17-E; is seen in the absence of a corresponding increase in the
mRNA and protein expression, thereby indicating that it is a non genomic response. A
better understanding of the mechanisms by which estrogens protect the cells against
oxidative stress will help us in developing estrogens to be useful therapies for the
prevention of cataract in postmenopausal women and non feminizing estrogens may

provide similar protection in men.
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CHAPTER 1: INTRODUCTION

Modulation of manganese superoxide dismutase activity by 17- estradiol




CHAPTER 1

Background

Cataract, a leading cause of blindness worldwide, is a multifactorial eye disease [1].
Cataract formation represents a serious problem in the elderly, with approximately 25%
of the population aged >65 years and about 50% aged 80 years experiencing a serious
loss of vision as a result of this condition [2]. In the United States, approximately 1.35
million cataract surgeries are performed annually at a cost of more than $3 billion [3] and
this accounts for 12% of all medicare expenses in U.S [4] thus representing a large
financial burden on the health care systems. Surgical removal of cataract may not
represent the optimal solution. Although generally recognized as one of the safest
operations, there is a significant complication rate associated with this surgical procedure.
Some complications include opacification of the posterior lens capsule (30-50%), retinal
detachments (0.8%), corneal problems (1%) and endopthalmitis (0.1%). Although the
risks are very small, the large number of procedures performed means that approximately
30,000 individuals develop serious complications as a result of cataract surgery in US
alone. Thus, there is a need for pharmaceutical agents which prevent or delay the onset of
cataract [2].

A. Oxidative Stress and Cataract

Oxidative stress, which refers to cellular damage caused by reactive oxygen species



(ROS), has been implicated in many disease processes, especially age related disorders
including cardiovascular diseases, arthritis, brain dysfunction, emphysema and cataract
[5]. ROS are constantly produced intracellularly as a result of normal metabolic activity.
Cells of the body may also be exposed to exogenous pollutants, chemicals and
environmental radiations, which generate high levels of intracellular ROS and produce a
state of intracellular oxidative stress [6]. ROS are oxygen containing molecules that have
higher chemical reactivity than ground state oxygen. Though the primary ROS made by
mitochondria is superoxide radical [O% ; 7] other ROS include hydroxyl radical (HO),
and molecules such as singlet oxygen and hydrogen peroxide.

Lens cells are particularly subject to oxidative stress due to photo-oxidative processes and
are consequently prone to cellular oxidative damage [8]. Furthermore the fiber cells of
the lens are not renewed and therefore have to last a lifetime. A number of publications
suggest that oxidative stress leads to modification of a number of cellular

constituents such as proteins, cytoskeletal elements, glutathione levels and cause
alterations in transport systems in the epithelium resulting in lens opacification and
cataracts [9]. Different agents are thought to cause oxidative damage in the lens, leading
to cataractogenesis. The oxidative agent hydrogen peroxide (H>O,) is present at
concentrations of 20-30uM in normal aqueous humor and is reported to be raised (up to
660uUM) in patients with cataract [10]. In vitro lens culture experiments have
demonstrated that H,O, at these high concentrations caused lens opacification and
produced a pattern of oxidative damage similar to that found in human cataract. Lipid

peroxidation (LPO) due to oxidative stress has been implicated in human cataract and



lens opacity because the toxic peroxidation products induce fragmentation of soluble lens
proteins and damage vital membrane structures leading to changes in the refractive
properties of the lens. [11,12]. It is known that lipid peroxides undergo degradation to
form toxic reactive aldehydes, such as 4-Hydroxynonenal (HNE). It has been reported
that HNE can mediate oxidative stress-induced cell death in many cell types including
lens epithelial cells [13]. Accumulation of sugar metabolites within the lens and glycation
of proteins can also lead to the development of cataracts. Autoxidation of sugars is
regarded as a source of ROS, which along with glycation products cause an alteration in
the refractive properties of the lens ultimately leading to cataract formation [14,15].

B. Oxidative stress and Mitochondria

Mitochondrial membrane potential is the central parameter that controls respiratory rate,
ATP synthesis and the generation of reactive oxygen species. The fundamental functions
of ATP generation, Ca®* uptake and storage, and the generation and detoxification of
ROS, are driven by the mitochondrial membrane potential, Ay, Many apoptotic signals
initiate apoptosis by disturbing mitochondrial function. Mitochondria are a major source
of ROS which formed as a toxic by product of ATP synthesis. Oxygen radicals, in turn,
damage the mitochondria and the surrounding cell. When sufficient oxidative damage
accumulates in the mitochondria and the cell, the cell dies. Hence, the chronic level of
mitochondrial oxidative stress is believed to help determine an individuals aging rate and
susceptibility to a variety of age related diseases such as cardiovascular disease, stroke,
diabetes, memory loss, forms of deafness and cataract formation. Mitochondria have been

found to be especially susceptible to oxidative damage. Oxidant damage to the



mitochondria can cause release of calcium, protein oxidation, depletion of ATP, lipid
peroxidation,DNA damage and cytochrome c release leading to apoptosis. A vicious
circle of oxidative stress and damage to cellular structures can lead to either cell death by
apoptosis or to a cellular energetic decline and ageing [16,17].

C. ROS and Antioxidative Enzymes

The primary antioxidant enzymes that protect cells from oxidative damage include the
Superoxide dismutase (SOD) family, catalase (CAT) and Glutathione (GSH) family
which includes Glutathione peroxidase (GPX) and Glutathione reductase (GR). Among
these groups of antioxidant enzymes that provide a defense system to protect cells against
oxidative stress, SOD is one of the key enzymes that detoxifies the O radical and
generates H>O, which is further broken down into water by Glutathione peroxidase
(GPX)

and catalase (9, Figure 1-1).

Superoxide Dismutases:

At least three isoforms of SOD have been found in eukaryotes. Mitochondrial manganese
SOD (MnSOD) is a tetrameric protein that is localized primarily in the mitochondrial
matrix [18] and its purpose in this location is to remove O%, which is generated by
leakage of single electrons from the electron transport chain. It is encoded by nuclear

a gene and is made as a precursor protein which is transported to the mitochondria

after post translational modification. This protein is further clipped to a 24 Kd

protein in the mitochondria.

Copper/Zinc SOD (Cu/ZnSOD) is a dimeric protein that is localized primarily in the



cytoplasm (19) and nucleus and is thought to remove o* generated by ER and cytosolic
as well as membrane oxidases. Recent literature suggeststhat it is also present in the
mitochondrial intermembrane space and is thought to remove O® which is generated by
complex III of the mitochondrial electron transport chain.
The third isoform of SOD, Extracellular SOD (ecSOD) is a tetrameric protein that is
found in the extracellular space and may be important in removing O generated by
membrane related oxidases [20].
Reaction:

SOD
0”+0"+2H" o H,0,+ 0,
Glutathione Peroxidase and Glutathione Reductase:
Glutathione peroxidase catalyzes the reduction of intracellular hydroperoxides including
hydrogen peroxide and protects the cell from oxidative damage. Glutathione peroxidase
reduces H,O, to H,O by oxidizing glutathione (GSH) (Equation A). Reduction of the

oxidized form of glutathione (GSSG) is then catalysed by glutathione reductase

(Equation B).
Reaction: GPX1
A) R-O-O-H + 2GSH — R-O-H + GSSG + H,O

GR

B) GSSG + NADPH + H* - 2GSH + NADP*



GPX 1( Cellular GPX)
As the first discovered GPX family, the classical cytosolic/mitochondrial GPX1 (cGPX)
is a selenium-dependent enzyme. With the main role of regulating intracellular ROS,
GPX 1 is known to prevent sclerosis of the arteries.

GPX 2 (gastrointestinal GPX) |

Known as gastrointestinal GPX (GI-GPX), GPX 2 is an intracellular enzyme expressed
only at the epithelium of the gastrointestinal tract

GPX 3 (extracellular GPX)
Extracellular plasma GPX (pGPX or GPX3) is mainly expressed by the kidney from
where it is released into the blood circulation

GPX 4 (Phospholipid hydroperoxide)
Expressed in most tissues, GPX 4 can reduce many hydroperoxides including
hydroperoxides integrated in membranes and hydroperoxy lipids in low density
lipoprotein or thymine. Different from other GPX isoforms, which have tetrameric
structures, GPX 4 is monomer.

Catalase:

An enzyme that brings about (catalyzes) the reaction by which hydrogen peroxide is
decomposed to water and oxygen. Catalase prevents the accumulation of and protects the
body tissues from damage by peroxide. In most mammalian cell types, catalase is
exclusively found in the perixisomes. It is not clear to what extent catalase is involved in

detoxifying hydrogen peroxide in the cytosoplasm [21]



Reaction:

2H,0; — 2H,0 + O,

D. Estrogen and Lens

Recent epidemiological studies have shown that there is a higher incidence of cataract
formation in postmenopausal women as compared to men of the same age, suggesting
that the absence of estrogens may contribute to the increased risk [22]. The Beaver dam
eye study [23] and Salisbury eye study [24] have both indicated a protective association
between the use of estrogen and the risk of cataract development. The results of these
epidemiologic studies indicate that estrogen replacement therapy in postmenopausal
women is associated with a reduced risk of cataract formation. These epidemiologic
findings are further supported by various studies using tissue culture and rodent models
[25,26]. It has been reported that there is an increased formation of cataract in transgenic
mice expressing a dominant negative form of the estrogen receptor (ER) supporting the
notion that inhibition of estrogen action promotes cataractogenesis. Using
methylnitrosourea (MNU) treated ovariectomized rats, as a model for cataractogenesis in
postmenopausal women, it has been demonstrated that estrogen treatment diminished the
incidence of cataract formation. In cultured rat lenses, estrogen protected lenses against
cataracts induced by transforming growth factor-p [TGFp, 25].

Estrogen exerts its effects via both genomic and non genomic actions. These so-called
"non-genomic" effects are independent of gene transcription or protein synthesis and
involve steroid-induced modulation of cytoplasmic or of cell membrane-bound regulatory

proteins. Estrogen receptors act via the regulation of transcriptional processes, involving



nuclear translocation and binding to specific response elements, thus leading to regulation
of target gene expression, called the genomic actions of estrogen.

Previous data from our laboratory indicate that cell death induced by H,O, in cultured
human lens epithelial cells is associated with accumulation of intracellular ROS, collapse
of mitochondrial membrane potential (Ayp,), aﬁd depletion of ATP, and both 17a- and
178-E; can preserve mitochondrial function, cell viability, and ATP levels in human lens
cells during oxidative stress [27]. More recent studies from our lab demonstrate that 178-
E, stabilizes Ay, in cultured human and bovine lens epithelial cells, acting as a positive
regulator of the MAPK signal transduction pathway. A positive correlation was observed
between the relative degree of ERK phosphorylation and attenuation of mitochondrial
membrane depolarization, regardless of acute oxidative stress [28]. Further Studies in our
lab demonstrate that when ERK2 is silenced using small interfering RNA (siRNA), there
is a significant increase in mitochondrial depolarization in HLE-B3 cells and this
depolarization was prevented by pretreatment with 178-E; [29]. These studies indicate
that, though ERK2 plays a regulatory role on mitochondrial membrane potential,
estrogen blocks the mitochondrial membrane depolarization via an ERK independent
mechanism. While data from our lab indicates a significant role of pERK in stabilizing
the inner mitochondrial membrane to maintain Ay, during oxidative stress, the protective
mechanisms activated by 17B-E, are likely to be multifactorial and function by both
genomic and non-genomic pathways. These different mechanisms then integrate at the
mitochondria and regulate the mitochondrial defense state in order to advance anti-

oxidative protection.



E. MnSOD and Estrogens

The mitochondrial enzyme MnSOD may be involved in protecting the lens against free-
radical-induced injury. It has been reported that interleukin (IL)-1, tumor necrosis factor
(TNF)-a, radiation, which are mediators of oxidative stress can induce MnSOD. It has
been demonstrated that MnSOD exerts a proteétive effect against H,O, induced
oxidative stress in cultured lens epithelial cell line SRA 01/04. This effect of MnSOD
was studied by up and down regulating the enzyme levels. Cells with elevated enzyme
levels were more resistant to the cytotoxic effect of H,O, and demonstrated greater cell
viability. On the other hand MnSOD-deficient cells showed dramatic mitochondrial
damage when exposed to 50 uM H,O; for 1 hour. When these cells were oxidatively
challenged by H,0,, photochemically generated reactive oxygen species, or UVB
irradiation there were a greater number of DNA strand breaks in MnSOD-deficient cells
than in those in which the enzyme was upregulated [9]. These findings demonstrate the
protective effect of MnSOD in antioxidant defense of cultured lens epithelial cells.
MnSOD —deficient cells showed dramatic mitochondrial damage, cytochrome C leakage,
caspase 3 activation and increased apoptotic cell death when they were challenged with
O”. A number of studies demonstrate the effect of estrogens on the RNA, protein and the
activity levels of MnSOD [30]. There have been some studies on the effect of 17B-E4’on
the expression and activity of MnSOD [7,31,32,33]. These studies indicate a positive
effect of estrogens on the expression and activity of MnSOD. In this study we have tried
to determine whether 17B-E; has a similar effect on the modulation of MnSOD in HLE-

B3 cells.
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F. Significance

Although the effect of estrogens on antioxidant genes have been elucidated in other cell
lines, similar studies have yet to be perforrﬂed in human lens cells to demonstrate the
relation between estrogens and antioxidant genes. Data from our lab demonstrates that
17B-E, protects against oxidative stress by providing mitochondrial stabilization. One of
the aspects our lab had investigated was the effect of estrogens on the MAPK/ERK
pathway. It was demonstrated that estrogen upregulates the MAPK pathway and
stabilizes Ay, in cultured human and bovine lens epithelial cells. We have recently
demonstrated that estrogen can stabilize the mitochondrial membrane potential
independent of ERK stimulation. These results indicate that the protective mechanisms
activated by 17B-E, are probably multifactorial, acting via both genomic and non
genomic pathways to stabilize the inner mitochondrial membrane and maintaining Ay,
during oxidative stress. The overall goal of this study is to have a better understanding of
the mechanism by which 17B-E; exerts its effects. In the current study we seek to
examine one of the possible ways by which estrogens may be stabilizing the
mitochondria, thereby protecting the cells against oxidative stress. This will help us in
developing estrogens to be useful therapies for the prevention of cataract in
postmenopausal women and non feminizing estrogens may provide similar protection in

men.
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2H*+ 0% + O*

SOD
0, GPX
H,0,+2GSH ” GSSG +2H,0
B0, GR
CAT
2H20 + 02

Figure 1. Diagrammatic representation of the relationship between the various
antioxidant enzymes, GSH and GSSG. SOD, Superoxide dismutase; GPx,
glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione;
GSSH, oxidized glutathione; CAT, catalase, 02', superoxide anion .

(Modified from Zubkova et al, 34)
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Chapter II: RESULTS

Mitochondrial superoxide dismutase activation with 17-p estradiol-treated human

lens epithelial cells.

Research Article (Submitted to Molecular Vision, Mar 2008)
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Abstract

Purpose: 17 beta estradiol (17-E;) protects human lens epithelial cells against oxidative
stress by preserving mitochondrial function, in part, via the non-genomic rapid activation
of prosurvival signal transduction pathways. The study described herein examined
whether 17B-E; also elicits genomic protecﬁon by influencing the expression (and
activity) of mitochondrial-associated manganese superoxide dismutase (MnSOD) as a
possible parallel mechanism by which 17B-E, protects against oxidative stress. Methods:
Virally-transformed human lens epithelial cells (HLE-B3) were preincubated with 178-E;
and mRNA or protein lysates collected over a time course ranging from 90 min to 24 h.
Positive expression of lens epithelial cell MnSOD mRNA was determined by
semiquantitative RT-PCR and its levels monitored by real-time PCR up to 24 h post 178-
E; administration. Western blot analysis was used to examine the pattern of protein
expression as influenced by 17B-E; treatment. MnSOD activity, as influenced by 17B-E,,
was determined by measuring enzymatic activity. Results: A significant rapid increase in
activity of MnSOD was observed with HLE-B3 cells by 90 min post-bolus addition 17f-
E, which returned to control level by 240 min. Neither an increase in MnSOD mRNA nor
protein expression was detected up through 24 h. Conclusions: These data demonstrate
that 17B-E;, rapidly and transiently increases the activity of MnSOD but influences
neither mRNA expression nbr protein expression. These results suggest that MnSOD may

be important in protecting lens epithelial cell mitochondria.
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Introduction

Epidemiological studies have indicated a higher incidence of cataract formation in
postmenopausal women as compared to men of the same age, suggesting that the absence
of estrogens may contribute to their increased risk [1]. The Beaver dam eye study [2] and
Salisbury eye study [3] both found a protecti?e association between the use of estrogen
and the risk of cataract development. These findings have been further substantiated in
studies using rodent models and cell cultures. Using a transgenic mouse model
expressing a dominant-negative form of estrogen receptor a, which inhibits estrogen
receptor o function, it was demonstrated that female mice spontaneously formed cortical
cataracts after puberty which progressed with age, thereby suggesting that repression of
(nuclear) estrogen action induces cortical cataract [4]. Estrogen treatment diminished the
incidence of cortical cataracts in ovariectomized rats treated with methylnitrosourea
(MNU) [5]. It has also been reported that estrogen protected lenses against cataracts
induced by transforming growth factor-B (TGFp) in cultured rat lenses [6]. Numerous
studies have established that the cytoprotective benefits of estrogens are achieved by its
ability to act via both, genomic and non-genomic pathways [7].

Cataract is a worldwide leading cause of blindness and is a multifactorial eye disease.
While surgical procedures can correct vision loss, this presents a large financial burden
on national health care systems mandating the search for pharmaceutical agents which
prevent or delay the onset of cataract [8, 9]. Oxidative damage resulting from free
radicals and/or H,0, is considered to be a major risk factor in the pathogenesis of both

age related and diabetic cataract [10-13]. Elevated levels of H,O, have been reported in
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the aqueous humor of cataract patients and free radicals and H,O, have been implicated
in cataract formation [14, 15]. Mitochondria are especially sensitive to oxidative stress.
H,0; can cause the collapse of mitochondrial membrane potential (Ayy,) in many cell
types including lens epithelial cells, exacerbating free radical production [16, 17]. It has
been reported that 17B-E; can protect human léns epithelial cells against oxidative stress
by preserving mitochondrial function [17]. 17B-E, stabilizes Ay, in cultured human and
bovine lens epithelial cells, acting as a positive regulator of the MAPK signal
transduction pathway [18]. These effects did not require prolonged exposure to estrogens,
suggesting that estrogens are acting, at least in part, via rapid non-genomic pathways.
Studies from our laboratory recently demonstrated that silencing ERK2 dramatically
increased membrane depolarization compared to non-specific control siRNA. That is,
ERK2 regulates mitochondrial membrane permeability transition in humans lens
epithelial cells, supporting the notion that estrogen-induced activation of ERK2 acts to
protect cells from acute oxidative stress. Furthermore, despite the fact that ERK2 plays a
regulatory role on mitochondrial membrane potential, it was reported that estrogen
blocked mitochondrial membrane depolarization via an ERK-independent mechanism
[19]. Future studies aimed at discovering the means by which phosphorylated ERK
prevents mitochondrial membrane permeability transition, as well as the means by which
estrogen might directly associate with elements of the mitochondrial transition pore or
indirectly activate/promote phosphorylation of components opposing the cell death
machinery will undeniably be of great importance to understanding the non-genomic

estrogen-mediated prevention of mitochondrial membrane permeability transition.
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The study reported herein, illustrates the effects of 17B-E; on the expression and
activity of MnSOD. A decrease in SOD has been reported in diabetic patients [20]. It has
also been reported that MnSOD exerts a protective effect against H,O, induced oxidative
stress in cultured lens epithelial cell line SRA‘01/04 [21]. Cell cultures made deficient in
MnSOD by downregulating the enzyme have been shown to display a pattern of
mitochondrial damage, cytochrome C leakage, caspase 3 activation and increased

apoptotic cell death when challenged with superoxide anion [22].
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Materials and Methods

HLE-B3 cells, a human lens epithelial cell line immortalized by SV-40 viral
transformation [23] were obtained from Usha Andley (Washington University School of
Medicine, Department of Ophthalmology, St Louis, MO). Cells were maintained in
Eagle’s minimal essential medium (MEM) sﬁpplemented with 20% fetal bovine serum
(FBS) (Hyclone Laboratories, Logan, UT), 2 mM L-glutamine, nonessential amino acids
and 0.02 g/L gentamycin solution (Sigma Chemical Co., St Louis, MO) at 37 °C and
5%C02/95%0,. All experiments were performed with monolayers of HLE-B3 cells
between passages 15-22. In order to deplete the cell cultures of estrogens, cells were
maintained in 20% FBS MEM for 24-48 h then switched to 2% charcoal dextran-stripped
FBS (Gemini Bio-Products, Woodland, CA) (CSFBS) MEM for up to 18 h with a final
medium change to 0.5% (CSFBS) MEM for 24 h.

1,3,5(10) estratrien-3, 17p-DIOL (17B-E,) was purchased from Steraloids, Inc.
(Newport, RI). The hormone was dissolved in 100% ethanol and stock solutions of
hormone were prepared fresh for each experiment and diluted in culture medium to a
working concentration of 1 pM. Control cells received an equivalent aliquot of ethanol.
Rabbit polyclonal antibody against human SOD 2 (MnSOD) was purchased from Abcam
(Cambridge, MA). Rabbit polyclonal antibody against actin and secondary antibodies

were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
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Reverse transcriptase/Polymerase Chain Reaction

HLE-B3 cells maintained in 75 cm’ culture flasks were harvested by scraping and
rinsed once with 1x PBS (pH 7-4) and pelleted by centrifugation at 3000g for 5 min.
Total RNA was extracted using either a TRIzol® Reagent (Invitrogen Corp. Carlsbad,
CA, USA) or a Trizol kit (Tel-Test, Friendwéod, TX, USA) according to the supplier's
protocol. RNA pellets were air dried for 10 min and subsequently treated with Turbo
DNA-free (Ambion, Austin, TX, USA) and dissolved in deionized water as per
manufacturer’s protocol. The concentration and purity of the RNA preparation were
determined by measuring the absorbance of RNA at wavelengths 260 and 280 nm
(Hitachi Instruments Inc., Tokyo, Japan). RNA was stored at —80°C for subsequent
experiments.

cDNA was prepared with AMV reverse transcriptase (Promega, Madison, W1, USA)
using random hexamer primers (Promega, Madison, WI, USA). RNA was initially
denatured at 85°C for 3 min then placed on ice for 3-5 min. The reaction was performed
in a total volume of 20 ul containing: 1.0 pg of total RNA, 10 U of AMV reverse
transcriptase, 25 ng p.l'1 random hexamer, 4 pl of 5x AMV reverse transcriptase buffer, 4
ul of 5 mM MgCl,, 1| mM dNTPs (Promega, Madison, WI, USA) and 2U/ul RNasin
(Promega, Madison, WI, USA). The reaction was incubated at 42°C for 45 min. PCR
primers were specifically designed for MnSOD using Primer 3 (MIT, Cambridge, MA)
and synthesized by Sigma Genosys (Spring, TX, USA).

For PCR reactions, 2-5 pul of cDNA from the reverse transcriptase reactions was

amplified in a total volume of 50 pl containing 0.2 pM of target gene primers (sense and
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antisense), 0.75 mM MgCl,, 0.2 mM each of dATP, dGTP, dCTP and dTTP, 1 U of Taq
polymerase (Promega, Madison, WI, USA) and 5 pl of 10x PCR buffer (Promega,
Madison, WI, USA). Samples were overlaid with 200 pl mineral oil. Amplification was
performed on a Perkin Elmer DNA Thermal Cycler 480 (Perkin Elmer, Boston, MA) for
35 cycles. The authenticity of PCR produéts were confirmed by DNA sequencing
(Seqwright, Houston, TX, USA) and a BLAST search of the sequence through the
National Center for Biotechnology Infonnation (NCBI) database (data not shown).
Real-Time PCR

Real-time PCR was performed (Mx3000P Real-Time System; Stratagene La Jolla,
CA) with PCR master mix (SYBR Green; Stratagene). Each reaction contained 12.5ul of
2X master mix, 500nM MnSOD forward and reverse primers and 2.5ng cDNA from
HLE-B3 cells treated with estrogen or ethanol (controls) at various time points of 0, 1.5,
3, 6, 12 and 24 hours.

Cycle threshold (Ct) values were normalized to the housekeeper TATA binding
protein (TBP) and comparative quantification was performed based on 2-deltadeltaCt
calculation method. The specific primers used for MnSOD were 5°:
CTGATTTGGACAAGCAGCAA and MnSOD 3’: CTGGACAAACCTCAGCCCTA,
product size: 199 bp; and for TBP 5: GAAACGCCGAATATAATCCCA and TBP 3’:
GCTGGAAAACCCAACTTCTG, product size 181 bp.

Cell lysis, electrophoresis and Western blot
Total cell lysates were collected from HLE-B3 cultures after treatments by rinsing

adherent cells with ice-cold 1x phosphate buffered saline (PBS) pH 7.4 immediately
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followed by addition of lysis buffer [25 mM HEPES, pH 7.4, 0.25 NaCl, 0.5% IGEPAL
(NP-40), 0.2% Triton X-100, 1 mM EGTA, 1 mM EDTA, 0.5 mM DTT, 10 mM NaF,
0.1 mM Na3VO;, and a cocktail of protease inhibitors (Sigma-Aldrich, St Louis, MO)] to
the monolayers for 30 min at 4°C. Lysates were collected, sonicated for 5 s and sampled
for protein concentration using the Bio-Rad protein assay buffer (Bio-Rad Laboratories,
Hercules, CA). 3xSDS (Laemmli) buffer was added to the lysates which were
subsequently boiled for 3 min and the proteins resolved by electrophoresis on 10% SDS-
polyacrylamide gels (20 pg protein per lane). Proteins were transferred to nitrocellulose
(Scheicher and Schuell, Keene, NH) and the membranes were blocked with 1% bovine
serum albumen (BSA) and 0.02% NaNj in Tween-Tris-buffered saline (TTBS) for 15
min. Membranes were probed for 3h at room temperature and overnight at 4°C with
primary antibodies (see Materials and Methods), rinsed in TTBS (4x5 min washes) and
incubated in goat anti-rabbit horseradish peroxidase conjugate for 1h at room
temperature. Required concentrations of antibodies were determined according to the
manufacturer’s protocols. Membranes were again rinsed in TTBS (4x5 min washes) and
proteins were detected using a SuperSignal west pico chemiluminescent kit from Pierce
(Rockford, IL). Probed membranes were exposed to Kodak BioMax Light Film (Kodak
Scientific Imaging, Rochester, NY).
SOD enzyme activity assay

For MnSOD activity evaluation, cells were lysed, collected with a rubber policeman
and sonicated in cold 20mM HEPES buffer, pH 7.2 (EGTA 1mM, 210 mM mannitol, and

70 mM sucrose) followed by centrifugation at 1,500x g, 4 °C for 5 min. The supernatant
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was subsequently centrifuged at 10,000 x g, at 4°C for 15 min. The supernatant was
evaluated for MnSOD activity evaluation using a Superoxide Dismutase Assay kit (SOD)
(#706002, Cayman Chemicals Inc., Ann Arbor, Michigan) according to the
manufacturer's protocol. The assay kit is designed to measure total SOD activity
(cytosolic and mitochondrial). Separation of the two enzyme activities was achieved as
directed by the manufacturer's protocol. Briefly, the 1,500 x g supernatant of the cell
lysate is re-centrifuged at 10,000 x g for 15 min at 4°C. The resulting supernatant
contains the cytosolic enzyme (Cu/Zn-SOD) and the pellet the mitochondrial enzyme
(MnSOD). The pellet is homogenized as per the manufacturer's protocol. The addition of
1-3 mM potassium cyanide to the assay inhibits both Cu/Zn-SOD and extracellular SOD,
resulting largely in the detection of MnSOD alone.
Statistical analysis

For the MnSOD enzyme assay significant differences between groups were
determined by an independent sample Student’s t-test (2-tailed) using SPSS version 12.0
for Windows. For QPCR, in all cases normalized expression data were compared by two-
way analysis of variance (ANOVA). For all experiments, data are reported as mean +

S.E. or S.D. as indicated and P values <0.05 were considered significant.
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Results

RT-PCR detection of MnSOD mRNA

Total RNA was extracted from cultured HLE-B3 cells and subjected to RT-PCR for
the detection of mitochondrial-associated MnSOD. The resulting cDNA product yielded
one band at the correct predicted molecular weight (Figure 1).
Effect of 178-E; on MnSOD mRNA expression

HLE-B3 cells were maintained in 75 cm® culture flasks in 20% FBS MEM for 24-48
h then switched to 2% charcoal dextran-stripped FBS (CSFBS) MEM for up to 18 h with
a final medium change to 0.5% (CSFBS) MEM for 24 h. Cells were incubated with either
1 uM 17B-E; or ethanol-substituted control for 1.5, 3, 6, 12 and 24 h. Each collected time
point was compared to its parallel control population of cells which had not been treated
with 17B-E,. MnSOD mRNA was analyzed by real-time PCR (Figure 2). The level of
expressed MnSOD with 178-E; treatment was comparable to its non-treated counterpart.
The addition of 17B-E; did not elicit any statistically significant change in the levels‘ of
expressed MnSOD over the duration of the time course.
Effect of 17p-E; on MnSOD protein expression

HLE-B3 cells were maintained in 0.5% CSFBS (see Materials and Methods). Cells
were incubated with 1 uM 17B-E; for 1.5, 3, 6, 12 and 24 h. The O h and one of the 24 h
time points (indicated as *24 in Figure 3), served as controls and received an equivalent
ethanol concentration without estrogen. MnSOD protein expression was monitored by
Western blot analyses. No demonstrable change in the level protein expression of

MnSOD was detected over the entire time course of collected samples.
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Effect of 17B-E; on MnSOD activity

Two experiments, using separate cell populations, were performed with the cells
maintained in 0.5% serum as described above (Table 1; upper and lower panel). Cell
cultures were incubated with 17B-E; for 30 min, 90 minutes and 6 h after which MnSOD
activity was immediately determined. The 90 minute incubation with 1 uM 17B-E;
significantly increased MnSOD activity as compared to the untreated controls. No
statistically significant difference was observed in the samples treated with and without
17B-E; for 30 minutes nor was there any observed increase in MnSOD activity with
estrogen treatment (upper panel; Table 1). A second set of cells were likewise maintained
in 0.5% serum but this time incubated with 17B-E; for 90 minutes and 6 h. As with the
first set of treated cells (upper panel) 90 min of incubation with 1uM 17B-E, increased
MnSOD activity as compared to its untreated counterpart. No statistically significant
difference was observed in the samples treated with 17B-E, at 6 hours as compared to its
untreated counterpart and, more importantly, MnSOD activity had returned to a level

equivalent to that observed with 30 min of treatment (lower panel; Table 1).
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Discussion

Cellular damage caused by accumulation reactive oxygen species (ROS), has been
implicated in many disease processes, especially age related disorders. Lens cells are
particularly subject to oxidative stress due to photo-oxidative processes and are
consequently prone to cellular oxidative damage [24]. ROS can cause oxidative
modification of a number of cellular constituents, such as proteins, cytoskeletal elements,
membrane sulfhydryls, glutathione levels, and alterations in transport systems in the
epithelium. These changes in turn are thought to result in lens opacification and nuclear
cataracts [21, 25, 26]. Mitochondria have been found to be especially susceptible to
oxidative damage. Oxidant damage to the mitochondria can cause release of calcium,
protein oxidation, depletion of ATP, lipid peroxidation and DNA damage [27]. The lens
is equipped with antioxidant enzymes which can prevent the toxic effects of free radicals.
Superoxide anion is dismutated to yield H;O, by the enzyme superoxide dismutase
(SOD), which is then eliminated by glutathione peroxidase and catalase [28]. There are
three isoforms of this enzyme that include the cytosolic-CuZnSOD (SOD1),
mitochondrial superoxide dismutase MnSOD (SOD2) and the extracellular SOD
(ecSOD).

Various studies using tissue culture and animal models have demonstrated the
beneficial effects of estrogen in lens to prevent or delay the onset of cataract formation
(4-6). The classic model that describes the action of 17B-E, depicts its binding to a
receptor and transfer of the complex to specific promoter-regulatory DNA elements

prompting nuclear gene transcription activation or repression and subsequent protein

3



synthesis [7, 29]. However, non-genomic actions of steroid hormones have been
described. Recent work from this laboratory has focused on investigating such alternative
non-genomic pathways in order to explain the rapid cytoprotective effects of estrogens
(17-19).

With respect to genomic response, there are several recent studies, with opposing
results, relating to the effect of estrogen on the expression and activity of MnSOD. Using
cultured vascular smooth muscle endothelial cells, it has been reported that the
expression and the activity of MnSOD is enhanced by estrogens. Preincubation with 1
uM 17B-E; elevated the expression of MnSOD mRNA after 12 hours. The protein level
of MnSOD was enhanced after 14 hours followed by an increase in MnSOD activity 24
hour post-incubation. Furthermore, these effects on MnSOD expression and activity were
reported to be mediated by the activation of estrogen receptors, as the increased
expression of MnSOD mRNA was blocked by incubation with estrogen receptor
antagonist ICI 182,780 [30]. In another study, it was reported that MCF-7 cells incubated
with physiological concentrations of estrogen (0.02nM) for a period of 48 hours
demonstrated an increase in the expression of MnSOD mRNA and the upregulation of
MnSOD was linked to MAPK and NFkB signaling pathways [31]. It was recently
reported that 17B-estradiol significantly reduced the rate of superoxide production in a
receptor dependent manner using rat pheochromocytoma cells (PC-12 cells).
Gonadectomized animals were treated with testosterone, dihydrotestosterone and
estrogen to assess the in vivo effects of gonadal hormones on brain mitochondrial

oxidative stress in male and female rats. Only estrogen decreased brain mitochondrial
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ROS production in vivo. However, in apparent opposition to the two studies reported
above [30, 31], estrogen was reported to increase MnSOD activity levels without
affecting the protein levels of MnSOD in mitochondria [32]. This observation has also
been independently substantiated in that estrogen upregulates the activity of MnSOD in a
rapid manner (10-20 min) but does not alfer protein expression of MnSOD in the
mitochondria [33]. Thus, 17B-E, seems to enhance mRNA transcription, protein levels
and activity of MnSOD in some cell systems, while only increasing MnSOD activity in
others. Furthermore, it is noteworthy to point out that there is considerable variability as
to the timeframe required (i.e., minutes vs. hours) for the estrogen-mediated response to
increase MnSOD activity.

The study described herein also examined the effect of estrogens on the expression
and activity of MnSOD, as part of our preliminary investigation into possible
cytoprotective genomic responses by estrogen in cultured human lens epithelial cells.
With the cultured lens epithelium system, no change in the expression of MnSOD mRNA
was observed over 24 h post-incubation with estradiol as determined by real-time PCR
(Figure 2). HLE-B3 cells treated with 17B-E, over a similar time course also showed no
alteration in protein expression for MnSOD as determined by Western blot analyses
(Figure 3). However, a rapid and transient increase in the activity of MnSOD was
observed such that activity peaked by 90 min and returned to control levels by 6 h (Table
1). This rapid and transient increase in MnSOD activity unaccompanied by a coupled
change in its mRNA and protein expression argues for non-genomic action of estradiol

with cultured human lens epithelial cells.
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What then is the potential mechanism and beneficial effects of a mitochondrial
MnSOD response mechanism that senses a rapid (and as a result, transient) “spike” in
reactive oxygen species (ROS)? The accumulation of ROS, produced by a wide variety of
exogenous chemical and metabolic processes, can play a dual role in biological systems
dependent on the relative level of ROS intracellular concentration, in that, ROS can either
be beneficial or harmful [34]. At low concentration, ROS can act as second messengers in
signaling cascades leading to induction of mitogenic responses, whereas at higher
concentrations ROS cause damage to various cellular structures, including lipids, proteins
and nucleic acids [35]. Mitochondria are considered to be a major source of ROS, which
include superoxide anion (O,"), H,O,, and the hydroxyl free radical. These compounds
may play a key role as signaling molecules regulating mitochondrial dysfunction and
subsequent apoptotic events. It has been reported that exposure to estrogen stimulates the
rapid production of intracellular ROS in human umbilical vein endothelial cells [36].
Estrogen-induced mitochondrial reactive oxygen species act as signal-transducing
messengers [37]. Studies have shown that estrogen causes an increase in mitochondrial
calcium [38]. Ca’* can further enhance the dislocation of cytochrome ¢ from the inner
mitochondrial membrane, either by competing with cardiolipin binding sites thereby
resulting in the blocking of complex III, which would have the effect of enhancing ROS
generation [39]. An increased mitochondrial formation of ROS triggers the intrinsic
pathway of apoptosis by increasing the permeability of the outer mitochondrial
membrane through the opening of the mitochondrial permeability transition pore [40].

MnSOD preserves mitochondrial function by regulating the sensitivity of the



permeability transition pore to ROS [41]. In our hands, the endogenous accumulation of
reactive oxygen species (ROS) was assessed in HLE-B3 cells treated with estrogen by
loading cells with H,DCF-DA, which upon oxidation in the presence of ROS transitions
to the fluorescent compound, DCF. A statistically significant increase in ROS was
observed, only after three days, in estrogen-treated cells relative to parallel control cell
cultures, consistent with the likelihood that mitochondrial reactive oxygen species were
moderated by activated MnSOD until such time as the oxidative insult overwhelmed the
cellular system (data not shown).

Data presented herein supports the notion that the bolus addition of 17B-E, causes a
transient increase in the production of ROS in HLE-B3 cells but at the same time
constitutively induces MnSOD activity thereby quenching the ROS formed in the
mitochondria thus preserving mitochondrial function. Chen et al. (42) have demonstrated
that, “a low level of reactive oxygen species plays an important role in host defense and
mediating mitogen-stimulated cell signaling.” This group has shown that the endogenous
generation of ROS initiates redox signaling, resulting in, among other things, activation
of mitogen-activated protein kinases (MAPKSs). To that end, it is noteworthy to mention
that we have previously reported that cell death induced by H,0O; in cultured human lens
epithelial cells is associated with accumulation of intracellular ROS, collapse of
mitochondrial membrane potential (Ayy), and depletion of ATP and that estrogens
mitigated mitochondrial collapse of Ay, ATP depletion and cell death by increasing the

amount of Ca’* or H,O, required to collapse mitochondrial membrane potential [17]. It
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has also been shown that 17B-E, acts as a positive regulator of the survival signal
transduction pathway, MAPK which, in turn, acts to stabilize Ay, [18,19].

Our conceptual framework regarding the protective mechanism(s) activated by 17B-E,
is based on the premise that cytoprotection will prove to be complex and multi-faceted,
including both non-genomic and genomic aspects. That is, we support the notion that the
estrogen-driven responses driving mitochondrial protection against membrane potential
loss are likely to prove to be dynamic in that the protective stabilization of mitochondrial
membrane potential by estrogens may be attributed to consolidation of several
mechanisms of action working in concert. To that end, we can now report that there is, at
least, a coupled duality to the mechanism of estradiol’s cytoprotective action against
acute oxidative stress. Estradiol administration to HLE-B3 cells initiates a rapid increase
in intracellular (mitochondrial) ROS, transiently increasing MnSOD activity, which
immediately acts to lower the ROS concentration before mitochondrial damage might
ensue and, at the same time, estradiol prompts a signaling cascade culminating in the
activation of the ERK/MAPK pathway, which exerts a positive effect by attenuating the
extent of depolarization of mitochondrial membrane potential in the face of acute
oxidative stress, thereby preventing entry into the cell death pathway.

Other mitochondrial protective mechanisms against oxidative stress are likely. The
restraint of Ay, collapse might be explained by a repression of Ca* uptake into the
mitochondria, increased tolerance to mitochondrial calcium sequestration, increased Ca**

efflux from the mitochondria, increased resorption of Ca** into endoplasmic reticulum

and/or increased efflux of Ca** via the plasma membrane. An estrogen redox-cycle has
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been proposed (43) which may control glutathione and NAD(P)H flux and in conjunction
with “classic” antioxidant responses (44) may equally act as defense mechanisms against

reactive oxygen species.
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Figure Legends:

Figure 1: RT-PCR expression of MnSOD in HLE-B3 cells. Total RNA was extracted
from confluent HLE-B3 cells and subjected to RT-PCR for MnSOD. The cDNA product
yielded one band at the correct predicted molecular size(199 bp). The authenticity of
PCR products was verified by DNA sequencing and a BLAST search of the sequence
Figure 2: Real-Time PCR expression of MnSOD in HLE-B3 cells. HLE-B3 cells were
incubated with 1 pM17B-E, for 0, 1.5, 3, 6, 12 and 24 hours. Expression of MnSOD
mRNA was analyzed by quantitative real-time PCR. There was no statistically significant
change, as determined by Two Way ANOVA, in MnSOD mRNA at any time point after
estrogen treatment as compared to control (untreated). Data are expressed as mean + SD
values. Significance was taken at P<0.05 (n =3).

Figure 3: Western blot analyses of MnSOD expression in HLEB3 cells. Total cell
lysates were collected from HLE-B3 cells grown in 0.5 % serum and stimulated by
exposure to 1 pM 17B-E; for 0, 1.5, 3, 6, 12 and 24 hours. There was no change in the
expression of MnSOD at any of the time points. The time points at 0 and 24* hours did
not receive estrogen.

Table 1: 17B-E; upregulates MnSOD activity. HLEB3 cells maintained in 0.5 % serum
were exposed to 1 pM 17B-E; for 30 and 90 min (upper panel, n=16, of two separate cell
populations) and 90 min and 6 hours (lower panel, n=8 from a single cell population) and
MnSOD activity measured (refer to Materials and Methods). A significant increase in

activity was detected with the 90 min incubation. The results are reported as Units/mL

and Units/mg protein.
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PCR product run on 1% agarose gel

Figure I1-1
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0.5% Serum

MnSOD
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Figure 11- 3
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U/ml + SEM U/mg protein + SEM
Control (+) 17B E2 Control (+) 17 BE2
30min 549+ 6.1 67.7+6.5 30 min 24.5+5.3 294+ 5.1
90 min 664+ 9.1 104+12.1* |90 min 274+ 3.8 49.6 + 7.4*
90 min 204+44 91+108* |[90min 11.6+ 3 62 + 8*
6 hrs 45+ 12 49+6 6 hrs 30+ 8 33+ 5
Table I1-1.
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CHAPTER III: DISCUSSION

Modulation of manganese superoxide dismutase activity by 17- estradiol
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CHAPTER 111

In this study we examined the effect of estrogens on the expression and activity of
MnSOD, as part of our investigation into possible cytoprotective genomic responses by
estrogen in cultured human lens epithelial cells. The present study demonstrates a rapid
and transient increase in the activity of MnSOD which is unaccompanied by changes in
its mRNA and protein expression which argues for non-genomic action of estradiol with
cultured human lens epithelial cells.

A. 17B-E; and its effect on MnSOD mRNA expression and protein: There have been
several recent papers [1,2,3,4] which have examined the effect of estrogens on the
expression and activity of MnSOD. 17B-E; seems to enhance mRNA transcription,
protein levels and activity of MnSOD in some cell systems, while only increasing
MnSOD activity in others. Furthermore, there is considerable variability as to the
timeframe required (i.e., minutes vs. hours) for the estrogen-mediated response to

increase MnSOD activity. The results of these papers are summarized briefly in the table

below.
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Table III-1. Representation of the results from 5 groups in a tabular form.

Groups Group 1 Group 2 Group 3 Group 4 Group 5
Cells and i) Rat MCF-7 MCF-7 Cells | i) PC-12 HLE-B3
Models VSMC’s Cells Cells Cells
used ii) C57 BL6 ii) Male
mice fisher 344
iii)Mono- rats
cytes from
patients
receiving
GnRH
ROS and 17B-E» 17B-E, 17B-E; i)17B-E; 17B-E;
17B-E; prevented prevented | decreased decreased causes a
angiotensin | UV H,0; levels | mito- slow
I induced mediated in MCF-7 chondrial increase in
ROS ROS Cells o~ ROS in
production | production production in | HLE-B3
in rat in MCF- 7 PC-12 Cells | cells over
VSMC’s Cells ii) 17B-E; a period of




decreased 3 periods
mito-
chondrial
ROS in
gonadec-
tomized
male and
female rats
MnSOD Increased Not Increased Not No change
mRNA expression | determined | expression determined in the
expression after 12 after 48 expression
hours hours of MnSOD
exposure to exposure to mRNA
17B-E, 17B-E; over a
period of
90 minutes

to 24 hours




MnSOD Increased No change | Not No change No
Protein expression | in determined | on 3-4 weeks | Change in
in 14 hours | expression of exposure | protein
(at 4 hours) tol17B-E; amount
inmaleand |overa
female rats period of
0-24 hours
MnSOD Increased Increased Not Increased Increased
Activity activity activity determined | activity on 3- | activity
observed in | observed in 4 weeks of observed
24 hours 10-20 exposure in 90
minutes tol17B-E, minutes
in male and
female rats
Receptor Yes Yes Yes Yes Not
mediated determined




Concentration | 1um/L 10nm/ml 0.02nm/ml Physiological | 1pum/ml
of 17B-E, (1nm/ml) levels
used
Other 17B-E; 17B-E, 17B-E;
significant replacement activates was shown to
results decreases MAPK decrease
the ROS pathway and | oxidative
production promotes stress in brain
and NFxB mitochondria.
prevented transloctionto | In vivo
the down- the nucleus treatment of
regulation and increases | gonadec-
of MnSOD MnSOD and | tomized
in ovarecto- GPx animals with
mized mice. expression 17B-E;
Increased by binding to | increases
MnSOD the promoter | MnSOD
levels were region activity in
found in both male
monocytes and female
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of females,
receiving
GnRH and
FSH,
undergoing
in vitro
fertilization
(this
treatment
causes
increase in
the
circulating
estrogen

levels)

rat while

testosterone

and DHT had

no effect on

male rats

Group 1: Strehlow etal [1]
Group 2: .Pedram etal [2]
Group 3: Borras etal [3]

Group 4: Razmaraa etal [4]

Group 5: Gottipati .S, Cammarata PR [submitted for publication to Molecular Vision]
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VSMC; Vascular Smooth Muscle Cells, MCF-7 —Breast adenocarcinoma cell line, UV;
Ultraviolet, DHT; Dihydrotestesterone, FSH; Follicle Stimulating Hormone, GnRH;
Gonadotropin Releasing Hormone.

Different authors have found varying results.

MnSOD mRNA Expression:

Two groups have reported an increase in MnSOD mRNA in cell cultures. Group 1
reported an increase in mRNA expression in 12 hours, group 3 in 48 hours, whereas we
did not observe any change in mRNA expression when HLE-B3 cells were stimulated
with 17B-E; over a period of time (90 minutes to 24 hours) as determined by Real Time
PCR. A possible explanation might be the concentration of estrogen used in the
experiments. Group 1 used 1pm/L (1nm/ml) and group 2 used 0.02nm/ml, whereas we
used a concentration of 1um/ml of 17B-E,. It is possible that the increased expression of
MnSOD mRNA is seen at lower concentrations of 17p-Eo.

However group 1 also conducted studies in human subjects who were recruited for in
vitro fertilization. The women were treated with a GnRH analogue which led to pituitary
desensitization and a suppression of estrogen release. Subsequent to GnRH treatment,
women received FSH. Under this treatment, estrogen levels increased “substantially”.
The increasing estrogen levels correlated with MnSOD expression on circulating
monocytes. Thus 17B-E; induces MnSOD expression in monocytes in an in vivo model,
possibly at higher (supraphysiological) levels.

MnSOD protein expression:

Only group 1 reported an increase in protein expression at 14 hours. Group 2 measured
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the protein at 4 hours post exposure to and did not observe any change in its expression.
We stimulated HLE-B3 cells with 178-E; and measured the protein expression of
MnSOD over a timeframe of 0-24 hours. No change of MnSOD protein was observed in
our cells.
Possibly the use of lower concentration of 17-E,causes an increase in the mRNA
expression of MnSOD, which then leads to an increase in the protein amount.
MnSOD Activity:
Irrespective of the cell type or the concentration of 17B-E, used all groups which
measured MnSOD activity report an increase in its activity, though the time at which the
activity goes up is different in each study.
Why does the activity of MnSOD increase on treatment with 17B-E; even in the absence
of corresponding increase/change in mRNA and protein expression?
B. Enzyme Kinetics, MnSOD and 178-E;
Enzymes are protein catalysts that, like all catalysts, speed up the rate of a chemical
reaction without being used up in the process. They achieve their effect by temporarily
binding to the substrate and, in doing so, lowering the activation energy needed to
convert it to a product.
The rate at which an enzyme works is influenced by several factors, e.g.,

1. Concentration of enzyme and substrate molecules

2. Temperature (as the temperature rises, molecular motion and hence collisions

between enzyme and substrate speed up)
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3. pH: the conformation of a protein is influenced by pH and as enzyme activity is
crucially dependent on its conformation, its activity is likewise affected

4. Presence of inhibitors

5. Activators/Modifiers

6. Cofactors can also modulate the enzyme activity [5,6].

Manganese superoxide dismutase (Mn-SOD) is encoded by nuclear chromatin,
synthesized in the cytosol, and imported posttranslationally into the mitochondrial matrix.
The mature protein is assembled into a tetramer. Human MnSOD is a tetrameric enzyme
with four identical subunits each harboring a Mn+3 atom [7,8]. Superoxide dismutases
(SODs) are antioxidant metalloenzymes catalysing the dismutation of superoxide radical,
0y~

20, +2H" =0; + H,0;

An increase in MnSOD activity could be due to any of the reasons outlined above.
Enzyme Concentration: Some authors do see a change in mRNA expression and protein
expression of MnSOD, this may lead to a change in the enzyme concentration. However
most of the groups including our lab do not observe any change in expression at mRNA
or protein level. Some mechanism other than just an increase in the enzyme concentration
is responsible for the increased enzymatic activity of MnSOD.

Cofactor (Manganese): Metal ions can modify the activity of MnSOD. It has been
proposed that Mn(III) can increase the cell content of content MnSOD by speeding the
conversion of the apoenzyme to the holoenzyme ’[12]. Pugh and Fridovich have

suggested that the regulation of MnSOD involves autogenous repression by apo-SOD
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and posttranslational control based on competition between manganese and iron ions for
the metal-binding site of apo-MnSOD and only the former conferring catalytic activity
[13]. One recent study demonstrated that in a mouse model of hemochromatosis (Hfe—/-),
iron accumulation in the liver was confined to the cytosol where it was associated with
decreased mitochondrial accumulation of othef metals including manganese, copper,and
zinc. Mitochondria from Hfe—/— mice were dysfunctional and manifested increased
oxidant damage and decreased function of MnSOD, but correcting the mitochondrial
manganese deficit largely reversed this damage [14]. In a recent study it was found that,
in the absence of a parallel increase of the manganese ion, MnSOD mRNA induction was
not accompanied by a higher enzymatic activity, furthermore increase in the manganese
content of the cells was associated with increased MnSOD activity [15]. Estrogens have
been shown to increase the manganese content in an animal model. In ovarectomized rats
the level of manganese in teeth as well as in mandible and administration of 17B-E,
caused increase of manganese content [16]. Estrogens can mediate increased absorbtion
of manganese [17], however it is not known whether estrogens can cause an increase in
the cellular content of manganese and the time required for estrogens to increase the
manganese content of the cells. It is a possibility that estrogens are increasing the
MnSOD activity by making available more manganese in the cells and thus activating the
inactive enzyme already present in the cells.

Post-translational modification: Previous reports found that posttranslational
modification is the main mechanism for the activation of SOD isoenzymes, particularly

Cu/Zn-SOD [18]. MnSOD appears to be regulated at multiple levels, both, at



transcriptional and the posttranscriptional levels [19]. The levels of MnSOD mRNA
expression do not always correlate with its increased or decreased activity. In the failing
myocardium a decrease in MnSOD activity was observed in the setting of increased

mRNA expression [20]. Using Listeria Monocytogens it has been demonstrated that the
cytosolic MnSOD is less active when it is phosphorylated at both the serine and threonine
residues and the nonphosphorylated MnSOD is active [21]. Though no studies have been
done using human cells, it is possible that a similar mechanism is increasing the MnSOD
activity even in the absence of a corresponding increase in mRNA or protein expression.
C. Conclusions and Future Directions:

In the present study we examined the effect of estrogens on the expression and activity
of MnSOD, as part of our investigation into possible cytoprotective genomic responses
by estrogen in cultured human lens epithelial cells. With the cultured lens epithelium
system, no change in the expression of MnSOD mRNA was observed over 24 hour post-
incubation with estradiol as determined by real-time PCR. HLE-B3 cells treated with
17B-E; over a similar time course also showed no alteration in protein level of MnSOD as
determined by Western blot analyses. However, a rapid and transient increase in the
activity of MnSOD was observed such that activity peaked by 90 min and returned to
control levels by 6 h. This rapid and transient increase in MnSOD activity
unaccompanied by a change in its mRNA and protein expression argues for non-genomic
action of estradiol with cultured human lens epithelial cells.

Different labs have found varying results on the effect of estrogens on the expression and

activity of MnSOD. As was discussed previously, one of the possible reasons might be
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the low (physiological) concentrations of 17B-E, used in the experiments where the
authors found an increase in the expression of mRNA and protein of MnSOD. Similar
experiment can be performed using HLE-B3 cells, where HLE-B3 cells will be
stimulated with a low (1nm/ml) concentration of 17B-E; and followed over a time course
of 0 to 24 hours to determine any change in mRNA expression by QPCR and a change in
protein expression can be determined by Western blot analyses.

While there is a difference in the observed results for the mRNA and protein expression,
all the groups which have examined the effect of 17B-E; on MnSOD have reported an
increase in the activity of the enzyme. One of the possible explanations might be that the
enzyme is undergoing a posttranslational modification, i.e. dephoshorylation, which then
converts the inactive enzyme already present in the mitochondria to a more active form.
Such a mechanism of posttranscriptional modification of the enzyme, MnSOD has been
demonstrated in Listeria Monocytogens, where phosphorylation on the serine and
threonine residues makes the enzyme inactive and dephosphorylation makes the enzyme
active again. No evidence exists that a similar mechanism of modifying SOD activity is
present in humans. We would like to examine in detail whether phosphorylation and
dephosphorylation events play a role in the modulation of MnSOD activity in HLE-B3
cells.

A better understanding of the mechanism by which 17B-E; exerts its effects will help us
in developing estrogens to be useful therapies for the prevention of cataract in

postmenopausal women and non feminizing estrogens may provide similar protection in

men.
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