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ABSTRACT 
Epidemiological evidence indicates that selenium supplementation may increase 

risk for ocular hypertension and glaucoma.  The purpose of this project was to determine 
the effects of selenium on the conventional “trabecular” aqueous outflow pathway, a 
likely site of pathology for glaucoma.  Human trabecular meshwork (HTM) cells and 
human umbilical vein endothelial cells (HUVECs) were treated with selenium (MSeA) at 
or near physiologically relevant concentrations.  Selenium uptake by cells was monitored 
using mass spectrometry. While detectible changes in intracellular selenium were 
observed after exposure to 1-10 µM MSeA for 24 hours, the majority remained in the 
conditioned medium. The high concentrations of extracellular selenium we observed 
raised the possibility that selenium has an extracellular target.   

To investigate the role of selenium in extracellular matrix turnover, I examined 
alterations in protein secretion and intracellular signaling.  MSeA treatment (5-10 µM) 
led to a significant decrease in the secretion of matrix metalloproteinase -2 and its 
inhibitor after 6-24 hours and to a dose-dependent decrease in kinase signaling.  Later, I 
investigated the possibility that integrins are an extracellular target of selenium by 
monitoring morphological changes in HTM cells and by treating them with divalent 
cations.  MSeA stimulated morphological changes consistent with a decrease in integrin 
function. These occurred before (≤3 hours) alterations in protein secretion and 
intracellular signaling (3-6 hours).  Zinc treatment prevented MSeA-mediated alterations 
in protein secretion and changes in cell-matrix adhesion.  

Finally markers of HTM cell homeostasis were examined.  MSeA treatment (5 
µM) led to a 60% decrease in protein synthesis after 3 hours and a 60% reduction in 
protein secretion, without causing significant alterations in cell viability and total ATP. 
To assess the physiological relevance of my results, anterior segments were perfused with 
MSeA to determine its effects on aqueous outflow facility.  Preliminary results suggest 
that MSeA leads to a decrease in outflow facility.   
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The combination of MSeA-induced decreases in several indicators of HTM cell 
homeostasis (without adversely effects on cell viability at physiologically relevant doses) 
and decreases in outflow facility provide a possible mechanism for selenium-associated 
ocular hypertension.  
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CHAPTER 1 
INTRODUCTION, HYPOTHESIS, AND AIMS 

1.1 General Introduction 
Selenium is an essential element found in many foods and has been recently 

touted as a chemopreventive nutritional supplement.  It targets cancer cells by stimulating 
apoptosis, inhibiting angiogenesis and acting as an antioxidant via selenoproteins within 
enzyme systems such as the glutathione peroxidase system.   

The recent publication of a large epidemiological study assessing the 
chemopreventive effects of selenium confirmed the clinical significance of the in vitro 
evidence for selenium as an anticancer agent.  The Nutritional Prevention of Cancer 
(NPC) clinical trial reported that selenium supplementation leads to significant reduction 
in overall cancer and specifically to a reduction in the incidence of prostate, lung, and 
colon cancers.  Unfortunately, they also reported an increased incidence of glaucoma in 
some participants receiving selenium supplements[1].    

Glaucoma is the second leading cause of irreversible blindness in the United 
States and is generally characterized by retinal ganglion cell death with subsequent loss 
of vision.  Usually coincident with retinal ganglion loss is increased intraocular pressure 
(IOP) resulting from a decrease in aqueous humor outflow.  Understanding mechanisms 
that control movement of aqueous fluid through the trabecular meshwork (TM) and out 
of the eye is critical to understanding both ocular hypertension and the mechanism of 
action of agents that affect IOP.   

The conventional outflow pathway is organized with a filter, consisting of 
trabecular lamellae covered with TM cells, in front of a resistor, consisting of 
juxtacanalicular TM cells and the inner wall of Schlemm’s canal. Although no gross 
changes in the TM have been seen in glaucomatous eyes, cellular changes that result in 
increased resistance to outflow are hypothesized to play a role in primary open angle 
glaucoma, the most common form.  Several research groups hypothesize that defects in 
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extracellular matrix (ECM) turnover may lead to an accumulation of matrix materials and 
impede outflow. 

ECM turnover is tightly regulated by balancing degradation by matrix 
metalloproteinases (MMPs) with construction (by a variety of structural proteins).  
MMPs are a family of zinc-dependent enzymes secreted from a variety of cell types 
including vascular endothelia and TM.  The MMPs are responsible for digesting ECM 
and regulating ECM turnover.  Changes in MMP levels can affect outflow and IOP in 
specific cases such as after laser trabeculoplasty or upon artificial manipulation of ECM 
turnover balance in the human anterior chamber perfusion system.   
 Selenium has been shown to affect MMP secretion in vitro, an observation that 
links selenium’s mechanism of action to ECM turnover[2, 3].  The anti-angiogenic 
effects of selenium in HUVECs are probably partially related to alterations in ECM 
turnover. The signaling mechanism by which selenium affects MMP secretion has not yet 
been fully elucidated.  There is evidence that the mitogen activated protein kinase 
cascade, specifically involving the extracellular signal related kinases (ERK1/2) may be 
involved in MMP signaling in TM cells[4, 5].  There is also evidence that selenium may 
interact with the ERK1/2 cascade leading to as yet unspecified downstream events[3].   

In addition to extracellular matrix turnover, the general health of TM cells is 
important for the maintenance of normal outflow.  Based on some of selenium’s effects 
on other cell types it is possible that selenium may adversely affect the overall health of 
the TM. 

My hypothesis, experimental strategy, and specific aims were based on the 
schematic shown in Figure 1.1.  Epidemiological evidence suggests that high selenium 
levels may lead to an increased risk for glaucoma.  My driving research question asks 
how selenium is linked to glaucoma.  It is known that glaucoma is linked to high IOP and 
high IOP may be due to alterations in TM cell health and in extracellular matrix turnover 
in the TM.  Additionally it is known that selenium can alter matrix turnover proteins and 
cell health in other tissues (including cancer tissues) leading to the following more 
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specific question.  Does selenium adversely affect TM cells in manner consistent with the 
clinical manifestation of increased IOP?   
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Figure 1.1 Schematic diagramming the basis for my experimental strategy.  There is 
epidemiological evidence supporting an association between supranutritional selenium 
and glaucoma, and the purpose of this project is to identify a biologically plausible 
mechanism for this link.  The goal is to identify a connection between selenium and 
increased intraocular pressure (IOP), one of the leading risk factors for glaucoma.  IOP is 
regulated by the trabecular meshwork (TM) so my focus was on the effects of selenium 
on this area of the eye (?). 

Selenium

Glaucoma 

↑↑↑↑IOP 
↑↑↑↑Outflow 

Resistance

TM Cell Health
ECM Regulation

Epidemiological 
evidence. 

Known glaucoma risk 
factors.

Cells responsible 
for maintaining IOP 
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1.2 Hypothesis 
Selenium adversely affects TM cells and the architecture of the TM tissue by 

altering extracellular matrix turnover and inhibiting indicators of overall cell 
health.  
 

1.3 Specific Aims 
To test this hypothesis, I had four specific aims.  Specific Aim 1 was to 

characterize the uptake of selenium into cultured human trabecular meshwork 
(HTM) cells. I hypothesized that if the majority of dosed selenium (in the form of 
MSeA, methyl seleninic acid) remained in the cell culture medium, selenium effects 
might be due to interaction with an extracellular target.  Data in Chapter 3 indicates that 
some selenium is taken into the cells and some of it remains outside the cells.  This 
observation points to the possibility of both intracellular and extracellular targets.   

Specific Aim 2 was to investigate the effect of MSeA on matrix 
metalloproteinases and the signaling molecules that affect them. These proteins are 
tightly regulated and are critical for the maintenance of a functional extracellular matrix.  
Chapter 4 examines the effects of multiple doses of selenium on the secretion of matrix- 
degrading enzymes and their inhibitors over a time course ranging from 30 minutes to 2 
months.  MSeA was shown to reliably decrease the secretion of MMP-2 and TIMP-1 
from HTM cells at multiple timepoints and to affect the secretion of other matrix 
modulators in a more variable way.  Chapter 5 describes the effect of MSeA on the ERK 
signaling pathway and indicates that ERK phosphorylation is severely reduced in TM 
cells after treatment, but that signaling through this pathway is not completely 
responsible for the observed MSeA-induced changes in secretion of matrix turnover 
proteins. 

Specific Aim 3 was to investigate the possibility that MSeA-induced 
alterations in integrin signaling might lead to the observed decreases in secretion of 
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matrix turnover proteins. Chapter 6 describes selenium-induced morphological 
changes in HTM and HUVEC cultures that are characteristic of decreases in integrin 
adhesion.  This chapter also documents experiments testing the effects of known integrin 
activators, manganese and zinc, on cell morphology and the secretion of matrix turnover 
proteins.  Zinc was shown to inhibit MSeA induced morphological changes and partially 
inhibit MSeA-induced decreases in MMP and TIMP secretion.  These observations 
support a role for integrins in the pathology of MSeA-mediated alterations in HTM cells. 

Specific Aim 4 was to document changes in indicators of TM cell 
homeostasis, such as alterations in total protein synthesis and secretion, changes in 
intracellular ATP, and rates of cell death, after treatment with MSeA.  Chapter 7 
presents evidence showing that selenium’s effects on protein secretion are not limited to 
matrix turnover proteins but rather that MSeA causes a decrease in the secretion of all 
proteins from HTM cells and that this decrease in secretion may be secondary to a 
dramatic decrease in total protein synthesis.  Additionally, evidence is presented showing 
that the effects of selenium on protein secretion, signaling, and morphology are not due to 
an increase in cell death or to a decrease in cellular ATP.  Data from this specific aim 
suggest that the effects of MSeA are generally depressant but not due to a decrease in cell 
number. 

The final data chapter presented here (Chapter 8) tests the physiological 
applicability of these in vitro results.  Perfusion of enucleated human anterior segments 
with MSeA causes an increase in outflow resistance (increased IOP).  These data provide 
in vivo support for the hypotheses tested above and demonstrate the relevance of my 
experiments to the understanding of the pathology of ocular hypertension and glaucoma.   
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CHAPTER 2 

CRITICAL LITERATURE REVIEW 

2.1 Selenium 
Selenium is an essential trace element that is incorporated in many human 

enzymes.  Inorganic selenium in the forms of selenite (oxidation state +4) and selenate 
(oxidation state +6) are the primary species of selenium found in water and soil.  Cereals 
and vegetables are another source of selenium.  They contain primarily organic selenium 
compounds such as selenomethionine and selenocysteine, while some selenium 
sequestering plants store high quantities of selenium as Se-methylselenocysteine.  

2.1.1 Selenium Physiology 
Selenium is a nutrient critical for the functioning of several important antioxidant 

enzymes.  The mammalian genome encodes 25 different selenoproteins, each of which 
contains selenium in the form of selenocysteine[6].  Most of these proteins have unknown 
functions although several are antioxidants.  Selenocysteine is incorporated into growing 
proteins in response to a typical stop codon (UGA) when a special selenocysteine 
recognition sequence is present the 3’UTR of selenoprotein mRNAs[7].   Adequate 
function of these proteins forms the basis of the FDA recommended daily allowance for 
selenium which is 55 µg/day[8].  Non-specific incorporation of selenium into proteins 
occurs frequently via substitution of selenomethionine for methionine in a growing 
polypeptide chain.  Se-methylselenocysteine (MSeC) is a nonincorporated amino acid 
found in selenium accumulating organisms, including yeast and selenized garlic[9].   

One of the primary antioxidant enzymes containing selenium is glutathione 
peroxidase (GPx-1).  Expression of this enzyme is decreased in populations of people 
with low dietary intakes of selenium[6].  Because of this, affected populations may have 
an increased oxidative burden on cells. Other selenoproteins include Sep15, a protein 
possibly involved in quality control for protein folding, and selenoprotein P, a protein 
which accounts for about 60% of the selenium found in cells.  So far the only known 



23

function of selenoprotein P is in liver transport of selenium.  Recently, thioredoxin 
reductase has been shown to be a selenoprotein[10-12].   This enzyme system may be 
involved in the anticancer mechanisms of selenium and will be discussed later.   

2.1.1.1 Selenium Toxicology 
Selenium is absorbed relatively well into the blood from the gastrointestinal tract. 

Selenite is absorbed across the gastric epithelium via passive diffusion and selenate is 
taken up via a sodium mediated carrier that it shares with sulfate.  Organic selenium in 
the form of amino acids is taken up via the methionine transporter and via other basic 
amino acid transporters[13].  Selenium distributes mostly to the liver and kidney, and the 
average total amount of selenium in the body is about 14 mg with a large range 
depending on selenium intake.  Elimination of absorbed selenium is mostly through the 
kidneys and GI tract; most selenium is metabolized to methylated forms before 
excretion[13].  At extremely high doses, volatile dimethylated selenium compounds are 
formed and can be excreted in expired air[10, 14].  

2.1.1.2 Acute Selenium Toxicity 
Selenium is used industrially for several applications but toxic industrial 

exposures are rare.  The primary route of exposure to selenium (in humans) is ingestion 
of food and water.  Inorganic sodium selenite can be acutely toxic at extremely high 
doses (1-5 mg/kg) causing nausea, vomiting, and abdominal pain, but these cases 
typically resolve within 24 hours and are rare.  Selenium can be chronically toxic to 
humans, but typically only in people who ingest doses greater than 900 µg/day over long 
periods of time (>2 yrs)[15].  Chronic selenosis (which can be caused by either organic or 
inorganic selenium compounds) is characterized by alopecia, skin lesions, nail 
deformities, tooth decay, and neurological disorders[13]. 

In animals, selenocysteine is the most toxic organic selenium compound, with 
toxicities similar to the inorganic selenite.  Methylated forms of organic selenium 
compounds tend to be less toxic than their non-methylated counterparts[9, 14].   
 



24

2.1.1.3 Selenium Biochemistry 
Selenium metabolism is complex and involves the formation of many 

intermediate compounds.  A schematic showing basic selenium metabolism is presented 
in Figure 2.1.  Selenium is taken up either as inorganic selenium (selenite, selenate) or 
organic selenium (selenomethionine or the selenocysteine compounds). Selenium is 
rapidly metabolized and is not found as a free cation. In animals, hydrogen selenide is a 
critical selenium metabolite which can be formed from inorganic selenite via 
selenodiglutathione or from selenium containing amino acids via β-lyase activity.  
Hydrogen selenide is toxic, but excess is promptly methylated and excreted.   
Monomethylated forms are the primary excreted products at normal selenium levels, but 
in cases where large quantities are ingested, trimethyl selenium compounds are also 
excreted in the urine.  At high doses, dimethyl selenide is excreted in expired air leading 
to a garlic-type odor.  Physiological levels of hydrogen selenide are activated to selenium 
phosphate and thereafter converted into selenocysteine for incorporation into 
selenoproteins.   There are many monomethylated forms of selenium that are stable, and 
less toxic than the inorganic hydrogen selenide. Formation of these metabolites increases 
as dietary selenium increases (e.g. during selenium supplementation).  Furthermore, some 
monomethylated selenium compounds can be formed directly (without passing through 
the inorganic hydrogen selenide pool) from the organic selenium compounds found in 
plants and other selenium accumulators such as yeast.  For example, methylselenol is 
formed directly from Se-methylselenocysteine.  Due to their lower toxicities and good 
bioavailability, methylated selenium compounds have become a focus in selenium 
chemoprevention research[9, 10, 14, 16-18].  Therefore we will examine their 
metabolism a little more closely. 

Methylselenol can be formed from most ingested selenium compounds, including 
Se-methylselenocysteine and hydrogen selenide (and therefore from selenite and 
selenomethionine/selenocysteine)[9, 14].  It can be excreted directly or further 
methylated to di- and tri- methyl selenium compounds before excretion.  Animal studies 
have shown that the di- and tri- methyl selenium compounds do not function well as 
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chemopreventive agents as monomethylated forms of selenium do[19-21].  As the 
selenium chemoprevention research field was just beginning, Ip et al. showed that 
compounds such as Se-methylselenocysteine were much better chemopreventive agents 
(in DMBA-induced animal tumors) than either selenite (which had to pass through the 
toxic hydrogen selenide pool anyway), or seleno-amino acids (which could be lost due to 
random or non-random incorporation into selenoproteins)[20].  

Selenium’s primary function is to be incorporated into selenoproteins in the form 
of selenocysteine, however, it can also interact with proteins in several other ways.  
Selenium can form selenotrisulfide bonds (S-Se-S) and selenenylsulfide bonds (S-Se).  
Additionally, it can catalyze the formation of disulfide bonds and can form diselenide 
bonds (Se-Se)[22].  Some of these reactions, particularly in the cases where selenium 
activates proteins by breaking a disulfide bond (through the formation of a S-Se bond) 
may contribute to selenium’s anticancer activity, but that possibility is poorly explored. 
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Figure 2.1 Schematic of basic selenium metabolism. Inorganic selenium and selenized amino 
acids feed into the hydrogen selenide pool.  Hydrogen selenide is toxic but is very rapidly 
metabolized to methylselenol and then excreted.  Many naturally occurring and synthetic 
compounds feed directly into the methylselenol pool and are useful chemopreventive agents.  At 
high concentrations, dimethyl selenide is excreted in expired air and trimethyl selenonium is 
excreted in urine.  At normal levels of selenium intake, monomethylated metabolites are the 
primary compounds formed.  
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2.1.2 In vitro and Animal Studies Linking Selenium with Decreased Cancer 
Prevalence 

2.1.2.1 In vitroEeffects of Selenium 
 There are four basic mechanisms that have been suggested so far to account for 
the chemopreventive and anti-cancer effects of selenium.  The first is that selenium, 
particularly monomethylated methylselenol precursors, lead to apoptosis, cell cycle 
arrest, and inhibition of growth in tumor cells.  The second is that selenium acts as an 
anti-angiogenic agent by decreasing secretion of matrix remodeling proteins and 
cytokines needed for neoangiogenesis such as VEGF.  These two hypotheses are 
discussed at length below and have significant data supporting them.  A third hypothesis 
is that selenoproteins are involved in the chemopreventive effects of selenium; however, 
data in this field is extremely inconsistent.  A final theory is that supranutritional doses of 
selenium lead to pro-oxidant instead of anti-oxidant effects on cells and hence to 
inhibition of tumors via increased apoptosis [23].  While increased oxidative stress may 
contribute to the anticancer mechanism of selenium, it seems highly unlikely that it is the 
primary driving force behind selenium chemoprevention. 

2.1.2.2 Selenium and Apoptosis. 
The first studies linking selenium to apoptosis came out in the early 1990s.  Since 

then there has been a sizeable number of studies investigating the relationship between 
selenium and apoptosis and have highlighted several key points.  First, the species of 
selenium used is extremely important in terms of apoptotic mechanism.  Because of the 
scope of this work, the discussion will be limited to a representative of the inorganic 
selenium pool (selenite) and the representative of the monomethylated selenium pool we 
used for our studies, MSeA.  Second, the apoptotic profile varies depending on the cell 
type used.  Numerous types of cancerous cell lines have been used to test the effects of 
selenium on apoptosis, including transformed cell lines, primary non-cancerous epithelial 
cell lines and vascular endothelial cell lines.  The apoptotic profile induced by selenium 
depends not only on the nature of the cell type (cancerous vs. non-cancerous) but also on 
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the original tissue, and common factors such as cell plating density, dose, and exposure 
time.  There has been great interest in determining whether neoplastic tissues are more 
sensitive to induction of apoptosis by selenium than non-neoplastic tissues, but there are 
few conclusive studies testing this hypothesis. 
 Apoptosis is a programmed cell-death pathway particularly important in 
development, but also throughout life for tissue maintenance and to help the body control 
the extent of cellular damage induced by external sources.  The process can be identified 
by several unique cellular processes including activation of cysteine proteases called 
caspases, release of mitochondrial cytochrome C, cleavage of poly-(ADP-ribose)-
polymerase (PARP), the appearance of a distinctive DNA ladder, and a recognizable cell 
morphology.  There are two main pathways for activating apoptosis, the intrinsic pathway 
and the extrinsic pathway.  The intrinsic pathway is regulated by members of the Bcl-2 
family of proteins.  This pathway is characterized by release of mitochondrial 
cytochrome C and subsequent activation of caspase-9.  It is enhanced by the p53 protein 
(from the p53 tumor suppressor gene) which is frequently mutated in cancer cells.  The 
extrinsic pathway is initiated by binding to one of a few cell surface receptors known as 
death receptors.  One of these receptors, such as Fas receptor, turns on intracellular 
signaling leading to the activation of caspase-8 and hence to the activation of a set of 
effector caspases similar to those activated by the intrinsic pathway.   
 Sodium selenite is a common form of selenium found in nature and is a primary 
contributor to the inorganic hydrogen selenide pool.  It is cytotoxic and causes single-
strand DNA breaks[24].  High concentrations of selenite will lead to necrotic cell death, 
but there is ample evidence that it can also lead to apoptosis (for a review, [25]).  Recent 
studies have suggested that this apoptosis is mediated via the intrinsic pathway.  Shilo 
and colleagues demonstrated that relatively low doses (10µM) led to an increase in 
mitochondrial permeability and release of cytochrome C [26] in purified liver 
mitochondria. However, a different study found no release of cytochrome C after 5µM 
treatment of prostate cancer cells [27].  In 2001 it was suggested that in vascular 
endothelial cells, selenite induced apoptosis was independent of caspases, even caspase-9 
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and did not lead to PARP cleavage.  The characteristic DNA ladder was observed, but 
caspase inhibitors did not inhibit selenium induced cell death [27, 28]. There is some 
inconsistency in the role of various kinase pathways in selenite induced apoptosis, in 
some cell types the p38 mitogen activated protein kinase (MAPK) and c-jun kinase 
(JNK) pathways appear to by hyperactive and in some they appear to be inhibited [27, 
29].   What is clear is that selenite is capable of initiating apoptosis in multiple cell types 
as evidenced by the appearance of a characteristic DNA ladder and mitochondrial 
morphological changes typical of apoptosis[26, 30]. The mechanism by which this 
apoptosis occurs is not completely understood. 
 In contrast to sodium selenite, the effects of MSeA on apoptosis are more 
consistent although it is possible this is because the majority of the work on MSeA was 
done by one lab group.  There is evidence that MSeA can induce apoptosis in multiple 
cell types including breast cancer cell lines, hepatoma cell lines, prostate cancer cell lines, 
and in the same type of vascular endothelial cells we use as controls [3, 27, 28, 31-34].  
Contrary to what is seen in selenite-induced apoptosis, MSeA induced apoptosis appears 
to be caspase sensitive [27, 28, 34, 35].  It occurs at doses ranging from 5µM-50µM 
depending on the cell type.  MSeA induced apoptosis is associated with activation of 
multiple caspases including caspase 3, 7, 8, and 9.  These changes are associated with 
DNA fragmentation, PARP cleavage [28], and release of cytochrome C [27], in addition 
to cell death.  Interestingly, in prostate cancer cells, this apoptosis occurred only in cells 
that had detached from their extracellular matrix.  This special kind of apoptosis (anoikis) 
has been shown to be dependent on death receptor signaling (the extrinsic pathway), so 
the authors hypothesize that the extrinsic pathway is the primary pathway, and that 
intracellular feedback loops are leading to the activation of the intrinsic pathway.  This 
hypothesis is supported by their observation that caspase-8 activation precedes the 
activation of all other caspases.  Interestingly, caspase inhibition protected the cells from 
apoptotic cell death but not from detachment [27].    

In vascular endothelial cells (HUVECs), 10µM MSeA induced apoptosis was also 
shown to be dependent on caspases.  This group showed that the p38 MAPK pathway is 
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an important signaling pathway upstream of caspase activation and that extracellular 
signal-related kinase (ERK) and protein kinase B (PKB/AKT) pathways are important 
downstream from caspase activation [35].   All these studies strongly support a caspase-
dependent MSeA induced apoptosis profile that may be attachment dependent in some 
cases.  However, the question of whether this process is the primary one involved in 
chemoprevention relies in part on whether neoplastic cells are more susceptible than non-
neoplastic cells. 
 Studies assessing the relative effect of selenium on apoptosis in cancer cells vs 
non-cancer cells are rare.  One study examined the effects of selenite and 
selenomethionine on normal and cancerous prostate cell lines.  They found that 10 µM 
selenite induced less apoptosis (as measured by DNA condensation, TUNEL assay, and 
morphological analysis) in normal cells compared with cancerous cells [36].  However, 
they did not examine any organic selenium compounds.  The only other study examining 
side-by-side analyses of normal versus cancerous cells looked at oral carcinomas and 
normal oral mucosal cultures[37, 38].  They report that normal oral mucosa cells were 
less susceptible to selenodiglutathione (a contributor to the hydrogen selenide pool)-
induced apoptosis than the carcinoma cells as measured by activation of Fas ligand.  
They also report that this difference was not seen when the organic selenium compound 
1,4, phenylene-bis-(methylene)selenocyanate was used.  Unfortunately this study did not 
look at any of the traditional markers of apoptosis so it may not be directly applicable to 
the present discussion.  Furthermore, no studies have examined the effects of MSeA on 
normal vs. cancerous cells.  In the end, it is difficult to conclude whether MSeA-induced 
caspase-dependent apoptosis is responsible for the chemopreventive effects of this 
compound, although results suggest this possibility. 

2.1.2.3 Selenium and Cell Cycle Arrest. 
Another interesting possibility is that the chemopreventive activity of MSeA is 

related to growth inhibition.  At subapoptogenic doses (3-5µM) MSeA has been shown to 
inhibit cell cycle progression (and therefore cell proliferation).  Several studies show that 
MSeA leads to an accumulation of cells in G1 phase and changes in the expression of 
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many cell cycle regulation genes [28, 34, 36, 39-41].  There is evidence that is is 
associated with decreases in the levels of cyclin D1 [39, 40]as well as many other cell 
cycle regulatory proteins.  Interestingly, the same group that suggested that cancerous 
prostate cancer cells were more sensitive to apoptosis also published data indicating that 
they were more sensitive to the cell cycle arrest properties of selenite than normal cells 
[36], although selenite has been shown to arrest the cell cycle in S-phase not G1.  One 
study showed that selenite not only induced apoptosis of HT1080 human fibrosarcoma 
cells but also decreased their invasiveness (as measured by movement across a collagen 
matrix) [42], an important function of metastasizing cancer cells.  The relevance of 
growth inhibition to chemoprevention may be less dependent on the relative effects on 
cancerous vs. non-cancerous cells than apoptosis since growth inhibition is by definition 
only relevant in cells that are supposed to be dividing.  However, tissue sensitivity cannot 
be eliminated as an important factor and no studies have looked at the parallel growth 
inhibitory effect of MSeA in cancerous vs. non-cancerous cells.   
 Based on this literature, apoptosis and cell cycle arrest are prime mechanisms for 
selenium mediated chemoprevention.  However, there are several factors to remember 
before making broad conclusions on this issue.  First is the matter of dose.  Average 
selenium levels in plasma are around 110 ng/ml, which corresponds to 2.5 µM Se (Table 
2.2).  Average chemopreventive levels of selenium in humans have been shown to be 
around 4.2 µM (190 ng/ml)[43].  At this concentration, the apoptotic response in vitro is 
decidedly variable.  Furthermore, selenium levels in tumors have not been well-
established so it is unclear if there might be higher concentrations of selenium at the site 
of neoplasms.  Second is the matter of tissue specificity.  In order for increased apoptosis 
to be a valid chemopreventive mechanism, selenium needs to specifically target cancer 
cells.  As indicated above, data testing this hypothesis are limited.  

2.1.2.4 Selenium and Anti-angiogenesis.   
 One of the hypothesized mechanisms for selenium’s anticancer effects is 
inhibition of neoangiogenesis.  Neoplasms, particularly large epithelial tumors, require 
blood supply and therefore formation of new blood vessels.  Inhibiting the formation of 
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these new blood vessels (anti neoangiogenesis) has been a promising and extensively 
investigated subfield of chemoprevention research over the last several years.  There is 
evidence that selenium may inhibit angiogenesis, particularly in model systems.  
 The first study examining the effects of selenium on angiogenesis was published 
in 1986 and looked at extremely low levels of selenomethionine (0.1 nM) in two different 
angiogenesis assays.  The study reported enhanced corneal neoangiogenesis in selenium 
exposed animals however, the relevance of the study to current literature is extremely 
limited due to the low dose used and the non-quantitative nature of the results [44].  The 
investigators’ chosen dose is 106 times lower than the average typically observed plasma 
levels in people; 0.1 nM selenomethionine is equivalent to 0.008 ng/ml selenium 
(compare to ~110 ng/ml Se on average; Table 2.2).   
 Much more recently, Junxuan Lu’s group has published several studies suggesting 
that chemopreventive levels of selenium, specifically monomethylated selenium, lead to 
an inhibition of neoangiogenesis.  In 1999, the group published a study indicating that in 
1-methyl-1-nitrosourea (MNU) induced mammary cancers in rats, selenium treatment led 
to a decrease in tumor microvessel density[45].  Several selenium supplementation 
protocols were tested.  First, animals were either fed selenite, selenized garlic 
(predominantly MSeC, a precursor of the methylselenol pool), or control food for seven 
weeks beginning one week after MNU injection.  In the second protocol, animals were 
given 3 oral bolus doses of 2mg/kg selenium as methylselenocysteine, selenite, or vehicle 
after MNU induced mammary tumors had been detected.  Animals were sacrificed 24 
hours after the final selenium dose and microvessel density and vascular endothelial 
growth factor (VEGF) expression were examined in both mammary tumors and 
neighboring unaffected mammary tissue.  Both selenized garlic and selenite in the animal 
feed led to a statistically significant reduction in tumor microvessel density (from 34-61% 
depending on the treatment and part of the tumor) while surrounding non-malignant 
tissue was unaffected.  Furthermore, the report indicated that total VEGF levels were 
significantly reduced (45-75% reduction as measured by western blotting) in 
approximately half of selenite or methylselenocysteine treated mammary tumors (using 
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either protocol) [45].  There was, however, significant variation in VEGF levels in 
tumors.  While the effects of selenium on microvessel density are promising, there are 
several limitations to the study.  First, the sample size for each experimental protocol was 
relatively small, there were only 6 tumors assessed in animals fed selenized garlic and 7 
in animals fed selenite.  Furthermore, microvessel density is a function of tumor size and 
while the authors attempt to control for this, the small number of tumors examined makes 
accurate adjustment difficult.  The reduction in microvessel density was most notable in 
small microvessels indicating that selenium may have an effect during the genesis of new 
blood vessels. This hypothesis is consistent with a decrease in VEGF expression, one of 
the main cytokines necessary for angiogenesis.  However, VEGF expression varied 
significantly, and secreted VEGF (a better indicator of VEGF activity) was not assessed.   
 The group followed up this study with an examination of the effects of the direct 
methylselenol precursor methylseleninic acid (MSeA) on human umbilical vein 
endothelial cells in culture and on the formation of capillaries by these cells in a matrigel 
model system[3].  Two proteins critical for neoangiogenesis were examined: the cytokine 
VEGF and the matrix remodeler matrix metalloproteinase-2 (MMP-2). It was reported 
that MMP-2 gelatinolytic activity was decreased after MSeA treatment of human 
umbilical vein endothelial cells (HUVECs) for 6 hours, but the zymographic analyses 
presented do not actually indicate the presence of any active MMP-2 (only the zymogen 
precursor), a technical problem with all zymographic results presented by this group.  
What is clear from the study is that there is a reduction in total secreted MMP-2 protein 
(measured by western blotting) after treatment with MSeA or MSeC.  More interesting in 
terms of neoangiogenesis are results indicating that MSeA inhibits the capillary 
formation that normally occurs when HUVECs are seeded onto matrigel.  After 28 hours 
of 5µM selenium treatment, the capillaries in MSeA treated samples had retracted, but the 
cells were still viable.  By 72 hours of treatment, most cells were dead.  In contrast, 
selenite treated capillaries did not retract.   It was also found that inhibition of VEGF 
secretion from MSeA treated, cultured tumor epithelial cells occurred at lower doses than 
those causing apoptosis indicating that the anti-angiogenic effects of MSeA were not 
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merely caused by cell death[3].  While the data on capillary reduction is interesting and 
suggests that selenium, particularly methylselenol precursors such as MSeA, may have 
anti-angiogenic effects, the biochemistry in the paper was not rigorous.  More recently, 
the group has published data examining the mechanism of MSeA induced apoptosis in 
HUVECs (discussed further in the section on apoptosis) and hopefully more 
investigations in this area will be forthcoming. 

2.1.2.5 Selenoproteins and Chemoprevention. 
 Recently, there has been discussion about the potential role of selenoproteins in 
the chemopreventive activity of selenium.  One group has reported that polymorphisms in 
two selenoproteins, GPx-1 and Sep15 are associated with an increased risk of some types 
of cancers[6].  However, the study makes no effort to control for other factors that may 
correlate with both allele prevalence and cancer incidence (such as race) and has no 
hypothesis for how selenium deficiency or excess might be related to chemoprevention 
via selenoproteins. 

More emphasis has been placed on the thioredoxin reductase system (TrxR).  
TrxR is a recently described selenoenzyme responsible for decreasing oxidative burden 
on cells, altering transcription factors, and possibly affecting DNA synthesis[22].  There 
has been interest in the role of TrxR in carcinogenesis, since it is expressed at much 
higher levels in transformed cell lines than in normal tissue[22].  There have been several 
studies examining the effect of selenium on TrxR levels and activity. Two investigations 
indicated that extra selenite inhibited TrxR activity, [46, 47]  while several indicated that 
there was a selenium mediated, dose dependent increase in TrxR activity[48-50].  
Another study suggests that methyl seleninate neither increases nor decreases the activity 
of TrxR, but that it is actually substrate for the enzyme[51].  It is important to note that all 
of these studies used different forms of selenium, and different treatment protocols 
(treatment of cells, treatment of animals, treatment of liver extracts) and it is difficult to 
compare them.  A final study examining the effect of MSeA and MSeC on the enzyme 
system showed that there was no effect on TrxR activity when using standard 
supranutritional doses of the compounds[11].  This is consistent with the hypothesis that 
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the anticancer effects of selenium (which are mediated by those doses) are mostly 
independent of standard selenoenzymes and that selenoenzymes are not particularly 
affected by supranutritional doses of selenium.  The authors do note that in transformed 
cell culture systems, high doses of MSeA (~25-50µM) inhibit TrxR possibly by acting as 
a competitive substrate for the enzyme.  However, the authors caution that those levels 
are unlikely to be seen in vivo, even in animals or humans exposed to supranutritional 
doses.  It is difficult to see how an increase in TrxR activity would be chemopreventive; 
as reduced thioredoxin is found highly expressed in some tumors and can contribute to 
tumor growth and decreased apoptosis in vivo[22].  

One group has taken an alternative approach to studying the role of thioredoxin 
reductase (TrxR) in cancer.  In a 2004 paper, Streicher and colleagues examine the effect 
of TrxR inhibition on VEGF secretion, VEGF receptor expression and angiogenesis in a 
model system.  They report that inhibiting TrxR leads to an increase in VEGF secretion, 
and increase in VEGF receptor expression and an increase in angiogenesis[12].  They 
suggest that increased selenium activation of TrxR might be responsible for the decrease 
in VEGF secretion and inhibition of neoangiogenesis observed in selenium treated cells.  
Unfortunately, the paper does not actually test the role of selenium in this process.  The 
data examining the role of the thioredoxin system in the anticancer effects of selenium is 
inconsistent with some studies suggesting a selenium mediated increase in activity and 
some suggesting the opposite.  It seems unlikely that TrxR is responsible for the 
anticancer effects of MSeA but it is less clear whether the system might be involved in 
antiangiogenesis or in inorganic selenium mediated effects. 

2.1.2.6 Animal Studies 
 Early in the 1980s, investigators first began to look at the effects of selenium on 
chemically induced tumors in animals.  Early studies used selenite and selenomethionine 
to inhibit the formation of tumors in chemically induced animals or to slow the growth of 
tumors when neoplastic cells were implanted in the animal[52-55].  Other early 
compounds that showed chemopreventive activity included p-methoxy benzeneselenol 
and benzylselenocyanate[56-60].  However, researchers hypothesized that all of these 
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compounds must be further metabolized to the active chemopreventive agent, and most 
studies done since then have focused on elucidating active selenium metabolites.  This 
hypothesis was supported by two early observations.  First, that the anticancer effect of 
selenomethionine was greatly reduced when it was preferentially incorporated into 
proteins, and second, the observation that coadministration of arsenic (a known inhibitor 
of selenium metabolism) decreased the anticancer effects of inorganic selenium and 
selenized amino acids[19]. For a review of selenium biochemistry, see Figure 2.1.   
 The first studies trying to elucidate the active selenium metabolite responsible for 
chemoprevention assessed the anticancer effects of selenobetaine and selenobetaine 
methyl ester.  Selenobetaine is metabolized to methylselenol while the ester is converted 
to dimethylselenide.  Over 400 rats were administered either of these two compounds 
plus selenite or vehicle plus the carcinogen DMBA.  Selenobetaine was slightly more 
effective at preventing tumor formation than selenite, while the ester was about as 
effective as selenite.  Coadministration of low level arsenic  (known to inhibit selenite 
induced tumors) enhanced the activity of selenobetaine and selenobetaine methyl 
ester[19].   This observation brings up the possibility that methylated forms of selenium 
can be dimethylated and re-enter the inorganic selenium pool although the reactions are 
not kinetically favored under normal circumstances.  This study strongly suggests that 
selenium metabolites, specifically methylated ones downstream from the hydrogen 
selenide pathway, are responsible for selenium’s anticancer effects. 
 The group later did a similar study looking at four different selenium 
compounds[20].  Rats were given various levels of either MSeC, selenocysteine, 
dimethyl selenoxide, or selenite.  The MSeC is converted to methyselenol via the action 
of β-lyase, while the dimethyl selenoxide is converted to dimethyl selenide and rapidly 
excreted.  Once again co-administration of arsenic potentiated the inhibitory effect of the 
monomethylated compound (MSeC) which had significantly better inhibitory properties 
than any of the other compounds.  The final analysis showed that in terms of the ability to 
inhibit DMBA induced mammary tumor formation, MSeC > Selenite > Selenocystine > 
Dimethyl selenoxide.  Dimethyl selenoxide, which is rapidly converted to dimethyl 
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selenide and excreted, had virtually no anti-tumor effect, even at levels ten times higher 
than those observed to be effective for other species[20].  The authors hypothesize that 
selenocysteine had low activity both because it had to be metabolized through hydrogen 
selenide to the methylselenol pool and because it was likely taken into selenoproteins and 
therefore less available.   
 Later studies tested the efficacy of methylseleninic acid (MSeA) to inhibit two 
types of chemically induced mammary tumors (DMBA and MNU).  MSeA is a 
simplified form of MSeC which is converted to methylselenol without the need for β-
lyase activation.  It was shown that MSeA had equal in vivo anti-tumor activity to 
MSeC[21].  This observation is consistent with the formation of methylselenol from 
MSeC as a metabolic step preceding chemoprevention.  Interestingly, in cell culture 
systems, MSeA was far more capable of inducing apoptosis and cell proliferation than 
MSeC[21].  Both led to a 50-60% inhibition of mammary tumors.  The authors 
hypothesize that certain cell types may not have sufficient β-lyase to metabolize all 
MSeC to the active form.  (For this reason our studies were  conducted using MSeA).   
 There is a strong body of evidence to support the idea that selenium 
supplementation will lead to an inhibition of tumor formation in chemically-treated 
rats[19-21, 55, 61]. This has been observed extensively in two models of mammary 
carcinogenesis (DMBA and MNU induced tumors), in forestomach tumors, in colon and 
kidney tumors, and in liver tumors[61].  These studies have typically used 2-3 ppm 
selenium in food and several have concluded that compounds that lead directly into the 
monomethylated selenium pool, specifically into the methylselenol pool have the greatest 
effect.  It is important to understand something about the chemopreventive mechanisms 
of selenium as the data reviewed above provided leads and experimental background for 
us as we investigated the effects of selenium in the eye.   
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2.1.3 The Epidemiology of Selenium and Cancer Prevention. 

2.1.3.1 Geographical Studies 
 Interest in selenium as an anticancer agent began as early as the mid-1960s.  
However, the number of published studies began to increase dramatically in the 1980s 
and proceeds to the current day.  The earliest studies of human populations indicating an 
inverse relationship between selenium intake and cancer incidence were geographical or 
ecological studies[62-64] looking at estimated selenium content in food and cancer 
incidence.   

Schrauzer and colleagues used per-capita food consumption and average selenium 
content in foods to get an estimated selenium uptake (in mg/year) for various countries 
and regions of the United States[63] (Table 2.1).  These values were then correlated with 
age-corrected cancer mortalities from those countries.  This correlation showed a 
statistically significant inverse linear trend between estimated selenium consumption and 
total cancer mortality.  Additionally, this significant trend was observed for some site-
specific cancers such as colon, rectum, and prostate.  For some countries and regions, 
investigators had access to average plasma selenium levels.  These levels were also 
inversely correlated with mortality for some site-specific cancers.   
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Average Se Intake Average Se in Food 

Country Se (mg/year) Food Item Se (µg/g)
Australia 75.9 Seafood 0.75
Bulgaria 107.6 Beef 0.25
Germany 64.3 Poultry 0.13
USA 61.0 Eggs 0.20
Poland 93.8 Vegetables 0.01
Taiwan 84.1 Wheat 0.50

While this data is suggestive, the conclusions that can be made are limited by 
several factors.  First, aside from leaving out countries known to have especially low 
levels of selenium in foods, investigators had no way of controlling for the variation in 
selenium content found in typical “selenium rich foods.”  The quantity of selenium, even 
in high selenium foods, is known to vary significantly throughout the world, so it is 
important to realize that selenium intake based on average selenium levels in food may 
not be representative of actual intake.  Furthermore, there may be significant variation in 
the types of food eaten within a given population further diluting the value of averages 
taken for a whole country.  Finally, there may be many other factors that correlate with 
food intake that could be responsible for the observed trend.  However, since the authors 
noted a significant inverse association between cancer mortality and estimated selenium 
intake in spite of these limitations, numerous members of the scientific community 
pursued the idea further, by conducting controlled studies examining the association 
between selenium intake and cancer incidence.   

2.1.3.2 Case-control Studies 
 After the initial ecological studies were published, many case-control studies and 
nested case-control studies were conducted testing the hypothesis that cases (defined 
variously as any cancer or some site-specific cancer) were more likely than age and sex 

Table 2.1 Average Se levels taken from Schrauzer, et al. 1977.  Average Se intakes per 
year (left) were calculated based on average selenium levels in food (right) and average food 
intake in a variety of countries.  Levels were then correlated with cancer incidence in 
monitored countries. 
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matched controls to have low plasma or toenail selenium levels.  The results of these 
studies are summarized in Table 2.2.  Results are inconsistent; many studies show a 
statistically significant inverse association between plasma selenium levels and cancer 
incidence however many do not.   
 With so many investigations, summarizing each of them individually would not 
contribute significantly to the point of this review, however there are a few general trends 
that are worth noting.  First, a comment on study design.  Most of these studies selected 
cancer cases found as part of a separate prospective cohort study and examined pre-
diagnostic selenium levels in toenails or blood.  This enabled researchers to avoid 
potential bias from selenium sequestration in tumors.  In some studies, there were 
sufficient cases to enable site specific analysis, while in others, all cancers were grouped.  
There was remarkable similarity in the methods, with most studies using statistical 
models that either took into account possible confounding variables such as height, 
weight, and smoking status, or showed that those variables did not affect the outcome of 
the model.  None of the studies examined the effects of selenium supplementation (all are 
based on prediagnostic levels of selenium) and few asked about supplementation or 
intake of selenium-rich foods.  None of the studies was conducted in a population with 
overt selenium deficiency (defined by the FDA as <30ng/ml in plasma) but there was a 
large variation in baseline selenium levels.  Several studies also examined levels of other 
micronutrients such as vitamins A and E.  It is possible that micronutrient levels may 
covary with selenium levels and account for some of the observed effect, but testing that 
hypothesis was beyond the scope of any of these studies.   
 The study designs used enabled investigators to test the hypothesis that those who 
developed cancer were more likely than those who did not to have low prediagnostic 
selenium levels.  This design does not directly enable one to conclude that low selenium 
levels lead to an increase in the risk of developing cancer, however, by stratifying 
selenium levels and then counting the number of cases and controls in each group, an 
odds ratio for risk can be attained.  In general, studies showing a statistically significant 
(p<0.05 or a confidence interval not including 1) inverse relationship between selenium 
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status and cancer incidence either showed that cases had a significantly lower baseline 
selenium level than controls or that the lowest quintile or tertile of selenium levels had 
more cancer cases than the upper quintile or tertile.   
 In all, 11 studies indicated a statistically significant inverse correlation between at 
least one type of cancer (or total cancer)[65-74] and selenium levels, while 7 found no 
effect (or marginally significant effect) of selenium on cancer incidence[75-81].  Many of 
the studies only found effects on certain site-specific cancers. The most frequent site-
specific tumors to be significantly associated with selenium levels were found in the 
prostate and gastrointestinal tract.  The data on site specific cancers must examined 
carefully, however.  Prostate cancer was frequently found to be associated with selenium 
levels, but in most studies examining prostate cancer, it was the only site to be examined.  
Other studies typically looked at incidence of all cancers with GI cancers typically 
sufficiently numerous to allow statistical analysis.  In other words, lack of association 
with many site specific cancers does not conclusively prove a there is no association; in 
many cases there were too few cancer cases at other sites to allow analysis.  Animal 
evidence suggested that breast cancers might be responsive to selenium levels, however 
many case-control studies examined breast cancer rates and none found a significant 
relationship to selenium status.  This is not unexpected as it is often inaccurate to assume 
that chemically induced tumors in animals are sensitive to the same compounds as 
naturally occurring tumors in people.  
 There are several observations made in these studies which suggest that the results 
should not be interpreted too broadly.  The first is that when there were sufficient cases to 
allow subcohort analysis, smokers almost always showed the most robust association, 
with non-smokers gaining very little (if any) benefit from high selenium levels [71, 73].  
Secondly, in studies that were able to separately analyze women and men, women never 
showed a benefit from high selenium levels, all the benefit was conferred on men [67, 69, 
74, 76, 80].  Additional studies noted this trend, although the difference was not 
significant[65, 68].  Finally, the average selenium level for an entire tested population 
(cases and controls) was lower in studies demonstrating a selenium effect than in studies 
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not showing an effect (108 and 113 ng/ml respectively).  This difference was not 
significant (there is dramatic variation in baseline selenium levels from study to study) 
but does suggest that selenium status may have more effect on cancer incidence in 
populations with overall lower selenium levels.  This hypothesis is supported by the 
observation that in most studies, only the lowest tertile or quintile of selenium levels was 
significantly associated with cancer incidence.   
 Several limitations of these studies may help explain the discrepancy in results.  
First, the number of cases examined is typically small (30-500), leading to questions 
about the general applicability of the results.  Second, in most cases cancer incidence was 
determined based on a lengthy (5-10 years) follow-up period and there is no way to 
ensure that baseline selenium levels were indicative of selenium levels throughout the 
follow-up period.  Additionally, there are several confounding factors which may affect 
the interaction between selenium and cancer.  These include cholesterol levels, levels of 
other serum micronutrients, health and lifestyle behaviors such as smoking, and the form 
and source of dietary selenium.  These were only taken into account sporadically or not at 
all.  My interpretation of these case-control studies is that there is a significant body of 
evidence to suggest that low plasma selenium is inversely associated with total cancer, 
prostate cancer, and possibly GI cancer risk in men.  Furthermore, there is evidence to 
suggest that selenium levels are not related to cancer risk in women. Additional studies of 
this type will probably not significantly alter this interpretation, and studies of a radically 
different type, such as controlled clinical trials are needed to further investigate the 
association between selenium and cancer incidence. 
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Analyte Yr.
Pub.

#
Cas.

Location Assn. Cancer and Se* Baseline Se Levels
Cases/Controls§

Gender
Spec.**

Authors

Serum Se 1987 280 Hawaii Inverse (Colon)¥
Inverse (Bladder) ¥

117/122 (ng/ml) Men*** Nomura, et al.
[82]

Serum Se 1988 150 Finland Inverse (GI) -- Men *** Knekt, et al.
[68]

Serum Se 2000 249 United States Inverse (Prostate) 129/134 (ng/ml) Men*** Nomura, et al.
[71]

Serum Se 2004 586 United States Inverse (Prostate) 0.106/0.108 (ppm) Men*** Li, et al.[70]
Serum Se 1984 238 United States Inverse (Skin) 141/155 (ng/g) None Clark, et al.[83]
Serum Se 1989 43 Norway Inverse (Thyroid) 109/116 (ng/ml) None Glattre, et al.

[66]
Serum Se 1984 128 Finland Inverse (Total) 50.5/54.3 (ng/ml) None Salonen, et

al.[72]
Serum Se 1987 82 Netherlands Inverse (Total) 116/126 (ng/ml) Men Kok, et al.[69]
Serum Se 1983 111 United States Inverse (Total)

Inverse (GI)
127/136 (ng/ml) M
132/134 (ng/ml) W

Men Willett, et
al.[74]

Serum Se 1987 35 Sweden Inverse (Total) 83/88 (ng/ml) Men*** Fex, et al. [65]
Serum Se 1990 1096 Finland Inverse (Total)

Inverse (Stomach)
Inverse (Lung)

59/62 (ng/ml) M
64/64 (ng/ml) W

Men Knekt, et
al.[67]

Serum Se 1987 72 Maryland No Effect (Colon) 110/115 (ng/ml) None Schober, [79]
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Analyte Yr.
Pub.

#
Cas.

Location Assn. Cancer and Se* Baseline Se Levels
Cases/Controls§

Gender
Spec.**

Authors

Serum Se 1986 99 Maryland No Effect (Lung) 113/110 (ng/ml) None Menkes, et al.
[77]

Serum Se 1985 130 Southeast
Coast

No Effect (Total) 115/112 (ng/ml) M
116/117 (ng/ml) W

None Peleg, [78]

Serum Se 1988 156 Washington No Effect (Total) 162/162 (ng/ml) None Coates, et al.
[75]

Serum Se 1987 109 Finland No Effect (Total) 54/55 (ng/ml) Men*** Virtamo, et al.
[81]

Toenail Se 2003 540 Netherlands Inverse (Prostate) 530/547 (ng/g) Men*** Van den Brandt,
et al. [73]

Toenail Se 1993 564 Netherlands Inverse (Stomach) ¥
No Effect (Colorectal)

533/547 (ng/g) M
651/575 (ng/g) W

Men Van den Brandt,
et al. [80]

Toenail Se 1995 503 United States No Effect (Total) 820/850 (ng/g) Women*** Garland, et al.
[76]

Table 2.2 Summary of case-control studies examining the relationship between selenium levels and cancer incidence.
Case control and nested case control studies examining prediagnostic serum or toenail selenium levels and correlating them
with cancer incidence are summarized above. *Associations are noted if the publication labeled them as statistically
significant (p<0.05 or a 2-tailed 95% CI not including unity). ** Gender specificity. None indicates that there was no gender
stratification. Men indicates that both genders were tested and the effect was only seen in men. ***Indicates that only the
gender listed was tested.§ Average baseline plasma (ng/ml) or toenail (ng/g) selenium levels are listed for cases and controls.
M, W indicate average baseline values for men and women respectively (when available). ¥ Indicates a marginally significant
trend (0.1>p>0.05).
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2.1.3.3 Supplementation Studies 
 Having examined the early geographical studies and later case-control studies, 
several groups decided to design intervention style clinical trials to test the hypothesis 
that selenium supplementation might decrease risk for cancer.   
 The first group to publish data from a selenium supplementation trial was a group 
from China who tested the hypothesis that supplementation with several 
vitamins/minerals would decrease the risk for esophageal and gastric cardia cancer[84]. 
This study took place in an area of China where intake of several nutrients is low and 
incidence of esophageal cancer is extremely high (10 times higher than other parts of 
China, and 100 times higher than in the United States).  The study tested the effect of 
four dietary supplements on cancer incidence and death over 5 years in 29,584 people.  
The daily supplements contained retinol and zinc (A); riboflavin and niacin(B); ascorbic 
acid and molybdenum(C); and betacarotene, 50 µg selenium (as selenized yeast) and 
alpha-tocopherol (D).  Participants were randomized to a combination of these groups or 
placebo.  The supplement bottles were coded to ensure masked distribution and 
compliance was calculated to be approximately 91-93% over the course of the study. 
Mortality and cancer diagnoses were determined by follow-up with local physicians and 
confirmed by a medical team associated with the study.  Participants with pre-existing 
cancer were excluded from the study and groups were evenly distributed with regards to 
baseline characteristics (age, gender, education, smoking, alcohol use, intake of specific 
foods and family history of cancer)[84].   
 Total mortality was 7.2% over the course of the study with cancer deaths being 
the largest single contributor.  Supplement D (containing selenium) was significantly 
associated with a 9% decrease in total mortality and and a 21% decrease in risk of dying 
from stomach cancer.  This effect became slightly more pronounced when a one year lag 
time was included in the analysis (to minimize inclusion of deaths not affected by 
treatment).  Effects of supplement D on cancer incidence were similar but not 
significant[84].  None of the other supplements had a significant effect on cancer 
incidence or mortality.  These results were accompanied by results from a companion 
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trial, similarly organized but using only one supplement that contained 26 vitamins and 
minerals (with 50µg selenium)[84, 85].  Participants who already exhibited one of the 
major risk factors for esophageal cancer, esophageal dysplasia, were included.  A 
nonsignificant 7-10% decrease in total mortality, total cancer mortality, and esophageal 
cancer mortality was reported[85].  Effects on cancer incidence were similar and 
nonsignificant.  These two studies suggest that supplementation may help reduce risk of 
some forms of cancer.  However, few of the values attained statistical significance in 
spite of the large study size, and the study design makes it impossible to isolate the 
effects of any one nutrient.  Furthermore, the dose of selenium given to the study 
participants was small (for a supplement) and neither baseline nor post-supplementation 
plasma selenium levels were published.  These results weakly support a role for selenium 
in chemoprevention, but clearly, a more specific and rigorous study was needed. 
 In 1996, Clark and his colleagues published the first results from the Nutritional 
Prevention of Cancer Trial.  This study was prompted by Clark’s earlier results 
suggesting that selenium levels might be inversely associated with skin cancer 
inicidence[83].  The study began enrolling people in 1983 and continued until 1991 for a 
final total of 1312 participants from seven dermatology clinics in historically low-
selenium areas of the United States. Participants were randomized into two groups: 
placebo or 200 µg selenium (as selenized yeast) per day.  The study was double blinded 
and randomization status was not released until 1996.  The original primary endpoints for 
the study were incidence of skin basal cell carcinoma (BCC) and squamous cell 
carcinoma (SCC).  In 1990 official secondary endpoints were defined and included total 
mortality, total cancer mortality, and incidence of colon, lung, and prostate cancer (the 
most common cancers in the group).  The addition of these as official endpoints did not 
alter data collection or analysis as this medical information had been collected since the 
beginning of the study period and was updated at each successive bi-annual follow-up 
visit.  Compliance was high, with 82% of patients reporting having missed two pills or 
less per month.  The selenium content of each batch of pills was checked to ensure 
accurate information from the manufacturer (historically a problem with selenium 
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supplements) and selenium levels in plasma were determined at baseline and several 
other points throughout the study.  Diagnosis of endpoints was rigorous and included 
positive biopsy and confirmation from board-certified physicians.  Safety was monitored 
and no participants reported any signs of selenosis (garlic breath, pathologic nail changes, 
brittle hair).   
 The average baseline plasma selenium level before randomization was 114ng/ml 
which is in the low but normal range for the United States (refer to Table 2.2 for a range 
of typical values).  There was no statistically significant decrease in any of the primary 
endpoints, although there was a slight nonsignificant increase in the risk for BCC, and a 
slight but significant elevation in the risk for SCC (HR 1.25, 95% CI 1.03-1.51) and non-
melanoma skin cancer (HR 1.17 95% CI 1.02-1.34)[86].  Hazard ratios were calculated 
using the Cox proportional hazards model.  The initial study included data collected 
through 1993 and reported a significant and unexpected decrease in total cancer mortality 
(RR 0.5, 95% CI 0.31-0.50) and total cancer incidence (RR 0.63 95% CI 0.47-0.85) in 
selenium supplemented individuals.  Relative risks were calculated based on average 
incidence densities in each group.  Additionally,  a statistically significant decrease in 
prostate (RR 0.37 95% CI 0.47-0.85) colorectal (RR 0.42 95% CI 0.18-0.95) and lung 
(RR 0.54 95% CI 0.30-0.98) cancers was reported[43].   

The significance of the association between lung and colorectal cancers and 
selenium supplementation disappeared when data through 1996 were analyzed, although 
the magnitude of the decrease in risk remained about the same (25%).   Consistent with 
the previously published study, the effects on total cancer incidence, total cancer 
mortality, and prostate cancer (HR 0.48 95% CI 0.28-0.80) remained statistically 
significant[87].  Interestingly, this second report on the NPC data identified some key 
new points.  First, it was found that the treatment effect (selenium leading to a reduction 
in cancer incidence) was significantly more pronounced in former smokers (HR 0.66 
95% CI 0.44-0.97) compared to never or current smokers who exhibited a nonsignificant 
decrease in risk of approximately 20%.  More importantly, and consistent with previously 
published case-control studies (see previous section) the treatment effect was limited to 
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males (HR 0.67 95% CI 0.50-0.89) while females showed no effect of treatment (HR 
1.20 95% CI 0.66-2.20).  Finally, the treatment effect was confined to those participants 
whose baseline plasma selenium levels were in the lowest tertile (HR 0.51 95% CI 0.32-
0.81)[87].  This effect was also seen when analyzing prostate cancer incidence (instead of 
total cancer incidence). Participants in the lowest two tertiles of baseline selenium levels 
showed a decreased incidence of prostate cancer (lowest tertile HR 0.14 95% CI 0.03-
0.61, middle tertile HR 0.33 95% CI 0.13-0.82) while those with the highest levels of 
baseline plasma selenium showed no treatment effect[88].  The NPC trial is still checking 
up on patients annually and hopefully more results will be available in time.  This study 
is the most powerful epidemiological trial to date and has shown that selenium 
supplementation can lead to a decrease in total cancer mortality and in prostate cancer 
incidence in a group with low baseline plasma selenium levels. 
 The results from the NPC trial, particularly regarding prostate cancer incidence 
have prompted the initiation of several new studies whose results are pending 
(summarized in Table 2.3).  The first is called Selenium and Vitamin E Cancer 
Prevention Trial (SELECT).  This is the first large scale placebo controlled study 
specifically designed to test the effects of selenium supplementation on prostate cancer 
risk. There is evidence that vitamin E may also be associated with cancer progression and 
this trial is designed to test the effects of selenium (as selenomethionine) and vitamin E 
independently and in combination on prostate cancer rates.  As of April 2004, 32,400 
participants (100%) had been enrolled and randomized to the four treatment arms 
(placebo + placebo, selenium + placebo, vitamin E + placebo, and selenium + vitamin E).  
Final results from the study are expected in 2013[89, 90]. 
 Four other clinical trials are ongoing here at the University of Arizona.  These 
efforts also stem from the exciting results from the NPC trial and are designed to look at 
more specific prostate cancer populations.  The first, the Negative Biopsy Trial, is 
designed to examine the ability of relatively high doses (200µg and 400µg) of selenium, 
as selenized yeast, to prevent the development of prostate cancer in men who are at high 
risk of developing the disease[91].  Study participants are men with persistently elevated 
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prostate specific antigen levels who have had a negative biopsy.  They will be followed 
up for 57 months and investigators intend to track rate of increase of PSA levels in 
addition to disease incidence and progression.  As of June 2003, 513 of 700 patients had 
been enrolled[92].  The second of these small clinical trials is the High-grade Prostatic 
Intraepithelial Neoplasia (HGPIN) Trial (this trial has been moved to Roswell Park 
Cancer Institute, Buffalo NY).  This study is based on the theory that HGPIN is a 
common premalignant tumor in prostate cancer cases.  This study will follow 470 men 
with HGPIN for at least three years to determine whether 200µg selenium (as 
selenomethionine) affects progression to biopsy proven prostate cancer[91].  The 
Preprostatectomy Trial is designed to see whether prostate tumors taken from men with 
prostate cancer are affected by pre-prostatectomy supplementation with 200 µg or 400 µg 
of selenized yeast.  The study began enrollment in 1998 and will assess many cellular 
parameters and biomarkers in both healthy tissue and removed prostate tissue[90, 91].  
The final study is known as the Watchful Waiting Trial and includes men with localized, 
low-grade prostate tumors who have elected to forgo therapy in favor of “watchful 
waiting”.  Participants in this study will receive placebo, 200 µg or 800 µg of selenized 
yeast per day and will be followed to determine the effect of selenium supplementation 
on progression of the disease[93].  This study initially included even higher doses of 
selenium (1600 µg and 3200 µg/day) but those doses were discontinued due to lack of 
safety data in the literature even though no participants receiving those dosese reported 
any selenium induced toxicities[94]. 
 Results from these five trials are eagerly awaited and will help solidify the 
relationship between selenium supplementation and prostate cancer incidence.  Based on 
the NPC trial, and the earlier case-control trials we can make some conclusions about the 
association between selenium and cancer.  Daily selenium supplementation with 200µg 
selenized yeast (approximately 4 times the RDA) leads to a decrease in total cancer 
incidence, total cancer mortality, and prostate cancer incidence.  However, these effects 
are limited to several subsets of study participants. Two observations are of critical 
importance:  the effect was limited to men, and the treatment effect was limited to those 
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with low baseline plasma selenium levels.  Interestingly, in spite of ample evidence 
suggesting that chemically induced mammary tumors are inhibited by selenium, there is 
no significant evidence that selenium status is related to breast cancer rates in people.  
For this reason, it seems unlikely that recommending population wide selenium is an 
effective strategy for significantly reducing the population cancer burden.  Selenium 
supplementation may be helpful for those with low baseline plasma selenium levels and 
those at high risk for prostate cancer. 

Trial Name Desired 
Enrollment

Study Population 

SELECT 32,400 All men without prostate cancer. 
Negative Biopsy Trial 700 Men with persistently high PSA but without 

diagnosed prostate cancer. 
Watchful Waiting Trial 264 Men diagnosed with low-grade localized 

prostate cancer who have elected to forgo 
therapy. 

Preprostatectomy Trial 110 Men who will be undergoing radical 
prostatectomy. 

HGPIN Trial 470 Men without diagnosed prostate cancer but with 
HGPIN (one of the primary risk factors). 

Table 2.3  Summary of current clinical trials. Summary of ongoing studies testing the 
efficacy of selenium as a chemopreventive agent. 
 
2.2 The Link Between Selenium and Glaucoma 
 Previously, evidence that some forms of selenium, particularly monomethylated 
species, act as anticancer agents has been described.  There is significant in vitro and 
animal data to support this hypothesis in addition to studies conducted in human 
populations.  Unfortunately, in one clinical trial, the NPC trial, researchers began to 
notice a trend towards increased risk for developing glaucoma in selenium supplemented 
individuals.  Subsequently, another, smaller case control study was conducted to 
specifically test the hypothesis that higher plasma and ocular selenium levels were 
associated with glaucoma.  These findings have potentially serious consequences for 
those taking supplements, especially those who may already have an increased risk for 
glaucoma.   Additionally, the epidemiological link between selenium supplementation 
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and glaucoma incidence is what initially prompted the studies presented in subsequent 
chapters. 

2.2.1 NPC Trial and Glaucoma 
The Nutritional Prevention of Cancer (NPC) clinical trial is an ongoing clinical 

trial investigating the chemopreventive effects of selenium supplementation.  The 
preliminary results from the study showed a significant reduction in overall cancer, 
prostate cancer, lung cancer, and colon cancer among selenium supplemented study 
participants.  

The study was a randomized clinical trial the results of which were first presented 
by Clark et al. in 1996[43].  These results are based on follow-up of 1312 patients from 
January 1, 1983 to December 31, 1993.   The study continued after this period, with the 
blinded phase continuing through January of 1996.  After that date, all subjects were 
informed of their treatment group and were offered the opportunity to take 200µg/day of 
selenium (the initial study dose).  This was the beginning of the Open Label Phase (OLP) 
of the study which continues through the present.  Subjects are still contacted on an 
annual basis [1]. 

The Data Safety and Monitoring Board (DSMB) for the NPC trial was formed in 
1990.  The board monitors all trial endpoints and reviews the incidence of other 
endpoints including all cancers, cardiovascular conditions, cataracts, and glaucoma. In 
2002, the DSMB was presented with the first comprehensive analysis of the entire 
treatment period (1983-2001) including the OLP.  This analysis showed, in addition to 
significant results regarding cancer incidence, an increased incidence of glaucoma in the 
selenium supplemented group when analyzed over the entire treatment period by original 
treatment group (Hazard Ratio [HR] 1.78, 95% Confidence Interval [CI] 1.12-2.82).  In 
this context, a hazard ratio is the equivalent of a relative risk after adjustment for 
potential confounding factors.  For example, a hazard ratio of 1.78 can be interpreted as a 
78% increase in risk of developing glaucoma for selenium supplemented individuals 
(compared to controls).  In the NPC trial, the magnitude of the effect increased when the 
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analysis was conducted on the OLP only: the hazard ratio for subjects who remained on 
selenium vs. subjects who were never treated was 10.13 (95% CI 1.32-77.62)[1].   

After these results were reported, the DSMB requested an in depth report 
regarding glaucoma incidence.  The board asked that this report include a repeated 
analysis of the entire treatment area and in depth information on each reported glaucoma 
case.  The subsequent investigation reported adjusted hazard ratios for, among other 
things, total glaucoma incidence and stratified analyses of total glaucoma incidence by 
gender, age, smoking status, and baseline plasma selenium levels. 

The methods used by the study are reported in the article by Clark et al.[43] and 
described above.  Briefly, the subjects were randomized in a double blind manner and 
then given either 200µg/day selenium in 0.5-g high selenium baker’s yeast or a yeast 
placebo.  After the request of the DSMB for an in depth analysis was made, all reported 
cases of glaucoma were verified and confirmed.  Confirmation involved an 8 step process 
including authentication by an ophthalmologist blinded to the study participant’s 
treatment group. 

The final report to the DSMB was lengthy, but the pertinent results are described 
below in Tables 2.4-2.5.  All cases reported as “Glaucoma” were confirmed as described.  
The hazard ratios are derived from the Cox Proportional Hazards Model, and are adjusted 
for age, gender, and smoking status[1].  As shown in table 2.4, there was an overall non-
statistically significant 30% increase in risk for developing glaucoma for selenium 
supplemented individuals over the entire treatment period.  This effect was limited to 
women, when the data were stratified by gender; there was no increase in risk for men, 
while women had a statistically significant almost nine-fold (RR 8.84) increase in risk.  
Although the two studies cannot be directly compared for a variety of reasons, as a frame 
of reference, the Women’s Health Initiative Study examining estrogen replacement 
therapy (ERT) was completely halted when the DSMB for that study group found a 26% 
increase in the risk of developing breast cancer among women taking ERT[95].   

It is possible that the DSMB report overestimates the risk for developing 
glaucoma in selenium-supplemented women as there was an abnormally low incidence of 
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glaucoma in the control group (personal communication, Steve Stratton).  However, 
assumptions on the “normal” incidence of glaucoma are difficult to make.  There is 
significant evidence suggesting women have a lower incidence of glaucoma than 
men[96-101] so it would be inaccurate to assume the incidence of glaucoma recorded in 
the NPC trial among men would be representative of the true population incidence for 
women.  A few studies have tried to directly measure the incidence of glaucoma in 
various populations; glaucoma incidence among women from 50-70 years old 
(representative of the NPC trial) range from 0.2% (Minnesota)[102] to 0.3% (Rotterdam, 
Melbourne)[97, 100].  The incidence of glaucoma in selenium supplemented individuals 
was 0.48% and among non-supplemented individuals was 0.05%[1].  Even if the 
incidence of 0.2-0.3% is taken as normal (with 0.05% as an anomaly due to small sample 
size in the NPC trial), selenium supplemented women would still be twice as likely to 
develop glaucoma as non-supplemented women (RR 1.6-2.4). 
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Category Adjusted HR (95% CI) 
Glaucoma Incidence for Entire Treatment Period  
by Original Treatment Group 

1.31 (0.74-2.34) 

Glaucoma Incidence for Entire Treatment Period  
by Original Treatment Group-Females 

9.52 (1.20-75.31) 

Glaucoma Incidence for Entire Treatment Period  
by Original Treatment Group-Males 

0.89 (0.50-1.57) 

Table 2.4 Association between selenium supplementation status and glaucoma.  Data 
from the DSMB on rates of glaucoma in selenium supplemented individuals participating 
in the NPC trial. 
 
Category Adjusted HR (95%CI) 
Highest Quartile of Mean Plasma Selenium Level (174.2-
409.9 ng/ml) and Glaucoma Incidence for the Entire 
Treatment Period 

2.08 (1.06-4.10) 

Highest Quartile of Mean Plasma Selenium Level (174.2-
409.9 ng/ml) and Glaucoma Incidence for the Entire 
Treatment Period-Females 

8.08 (1.03-63.38) 

Highest Quartile of Mean Plasma Selenium Level (174.2-
409.9 ng/ml) and Glaucoma Incidence for the Entire 
Treatment Period-Males 

1.46 (0.67-3.17) 

Table 2.5 Association between plasma selenium levels and glaucoma.  Data from the 
DSMB on rates of glaucoma in selenium supplemented individuals in NPC trial, stratified 
by mean plasma selenium level. 
 

Cox Proportional Hazards analysis of the risk for glaucoma during the OLP was 
not possible since there were no confirmed cases of glaucoma during the OLP for 
subjects who had never taken selenium supplements (0 cases/443 subjects).  There were 
several reported cases of glaucoma during that same time period among subjects who had 
taken 200µg/day of selenium during the whole trial (7/1225) and among subjects who had 
only taken selenium during the OLP (6/1217)[1]. 
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In addition to investigating the risk for glaucoma, the DSMB analyzed the risk of 
developing high intraocular pressure in those taking selenium supplements.  High 
intraocular pressure was defined as a pressure greater than 22 mmHg, a standard value 
used in epidemiological studies.  Increase in the risk for glaucoma has been associated 
with pressures at that level.  Normal intraocular pressures range from 12-16 mmHg.  In 
the NPC trial, approximately 53.7% of glaucoma cases were associated with high IOP, 
while only 0.3% of high IOP cases did not develop glaucoma.  This indicates the value of 
high IOP as a predictive risk factor for glaucoma while emphasizing that not all glaucoma 
cases are associated with high IOP.  While there were no statistically significant 
associations between treatment group and high IOP for the entire study population, in all 
cases (blinded period only, open label phase only, total treatment period) the placebo 
group had the lowest rates of high IOP[1].  Furthermore, as in the case of glaucoma rates, 
women appeared to be at significantly higher risk for developing high IOP from the 
treatment.  When analyzing the blinded period only, there were eight cases of high IOP in 
selenium supplemented women and no cases in women taking placebos.  Similarly, when 
the entire study period was analyzed, there were nine cases of high IOP in selenium 
supplemented women and only one in non-supplemented women.  Rates in men were 
unaffected by selenium supplementation.  It is likely that the lack of statistical 
significance of these results is due to the limited power of the study when analyzing 
women only; there was approximately 1/3 the number of person-years of follow up for 
women as for men (reflecting the fewer number of women enrolled in the study) in both 
the treatment and placebo groups.   

There was a statistically significant increase in the risk for high IOP (Adjusted 
HR 4.73, 95% CI 1.04-21.58) when comparing individuals who supplemented with 
selenium for the entire trial (blinded phase and open-label phase) with those who had 
placebo the entire time.  Furthermore, there was a statistically significant trend (p<0.05 
for trend) for increased risk of high intraocular pressure in women based on quartile of 
mean plasma selenium level[1].  This observation suggests that supplementation status 
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(yes/no) may not be as important for the development of adverse outcomes as total 
selenium in the body.   

My interpretation of these results is that among women taking high doses of 
selenium or with high existing levels of selenium, there may be an increased risk for 
developing glaucoma.  In all cases where men were analyzed separately, there was no 
increase in risk (not even a nonstatistically significant trend).  As shown above, the final 
report to the DSMB did not show a statistically significant increase in the risk for 
glaucoma for all selenium supplemented study participants.  It seems likely that the 
reason the trend towards an increase in risk for developing glaucoma was not statistically 
significant in the entire population is because only one third of the study population was 
women and there is no evidence that selenium is linked to glaucoma in men.  This 
observation is critically relevant in light of the anti-cancer data from the NPC trial 
presented in the previous section.  The NPC study showed that only in men and only in 
those with low baseline plasma selenium levels was there an anti-cancer effect.  The 
combination of this observation and glaucoma data may highlight the danger of a general 
recommendation for selenium supplementation: men with low baseline selenium levels 
may benefit from supplementation but in women, particularly those with high plasma 
selenium levels, supplementation may significantly increase the risk of developing 
unwanted side effects such as glaucoma. 

The risk for developing glaucoma as a function of selenium levels was further 
explored in a subsequent case-control study currently in preparation.  It is described 
below. 
 

2.2.2 Selenium in Ocular Patients Study 
 After the results from the NPC trial were made available, a graduate student at the 
University of Arizona designed and conducted a small case-control study to test the 
hypothesis that higher selenium levels in the plasma and aqueous humor were associated 
with a higher probability of developing primary open angle glaucoma.  The Selenium in 
Ocular Patients study (SOP) involved patients undergoing ocular surgery at the 
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University of Arizona[103].  Surgical patients were selected because collection of 
aqueous humor is invasive and hard to justify for its own sake.  However, in surgical 
patients, specifically those undergoing surgery for cataracts or glaucoma, access to 
aqueous humor is not a problem.   
 Patients who were at least 18 years of age and who presented at the clinic for 
either cataract surgery (phacoemulsion) or glaucoma surgery (trabeculectomy) were 
enrolled.  Patients with forms of glaucoma other than primary open angle glaucoma were 
excluded as were those who had had ocular surgery within the previous month.  Enrolled 
patients underwent a routine visual examination, including measurement of IOP and 
visual acuity.  Patients provided information on medical, ocular, and social history, the 
use of dietary supplements, and consumption of high selenium foods.  Blood samples 
were collected immediately before surgery and aqueous humor samples were collected 
during surgery.  Blood and aqueous humor samples were processed for total selenium as 
described in Chapter 3.   
 Patients presenting for glaucoma surgery (patients with a pre-existing diagnosis of 
glaucoma) were considered cases and patients presenting for cataract surgery, (without 
history of glaucoma) were considered controls.  Unlike the previous study, this study 
included more women (n=64) than men (n=39) and there were no differences in baseline 
characteristics such as age, height, and weight between cases and controls.  There were 
two parameters that were risk factors for glaucoma, i.e. higher prevalence in cases than 
controls: high IOP and not smoking.  High IOP is an established risk factor for glaucoma 
and interestingly, in both the NPC trial and in this study, non-smokers seemed to be at an 
increased risk.  There was no significant difference between cases and controls in terms 
of supplement use or the intake of high selenium foods. 
 Since this study is still in preparation, only preliminary results are available.  
Regression analysis did not support an association between selenium concentration in 
aqueous humor and glaucoma state[103].  However, for technical reasons, this conclusion 
is not surprising.  The author of this paper did not discuss the limits of detection of the 
selenium analysis; however, I have spoken with the investigator who completed the 
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analyses for both this study and my results presented in Chapter 3 (Mike Kopplin, 
personal communication).  Based on the small volume of aqueous humor available for 
analysis (100 µl) and the relatively low concentrations found (ng/ml), the samples were 
extremely close to the limit of detection of the mass spectrometer.  For this reason, it is 
possible that there may have been undetectable variations in aqueous humor selenium 
levels.  This hypothesis is further supported by the small range of values detected in the 
aqueous humors of study participants (38.47-57.65 ng/ml) compared with the wide range 
of values detected in plasma selenium (127.3-398.8 ng/ml) where a much larger sample 
volume was available.   
 Importantly, the study did find a statistically significant association between 
glaucoma and tertile of plasma selenium level[103].  Cases were 2.97 (95% CI 1.04-8.48) 
times more likely to have a plasma selenium level in the middle tertile (183.4-215.9 
ng/ml) than controls and cases were 3.20 (95% CI 1.11-9.22) times more likely to have a 
plasma selenium level in the highest tertile (218.5-398.8 ng/ml) than controls.  These 
numbers remained significant after adjusting for IOP, family history of glaucoma, 
smoking, eye color, and gender.   
 These findings are significant for several reasons.  First, they provide support for 
the observations in the NPC trial linking glaucoma to selenium supplementation and 
plasma selenium levels.  Secondly, they present statistically significant evidence that high 
plasma selenium is associated with the development of glaucoma.  This observation is 
especially powerful since it was detected in a population with normal selenium uptake.  
Although participants in the NPC trial came from an area historically low in selenium 
content (average baseline plasma selenium level 111 ng/ml), supplementation led to 
levels similar to that seen in the highest tertile of the SOP Study (highest quartile of mean 
plasma selenium levels in all participants in the NPC trial 174.2 ng/ml-409.9 ng/ml).  
These data suggest that persons with normal selenium uptake (in areas such as Tucson) 
who choose to supplement with selenium may experience plasma selenium levels far in 
excess of those observed in either of these two studies and could be at even higher risk 
for developing glaucoma.  At this time, information from the SOP study on specific 
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associations between glaucoma and selenium levels in women and on high IOP and 
selenium levels are not available although we hope it will be forthcoming.  In spite of its 
small population, this study represents the first attempt to specifically test the hypothesis 
that selenium levels and glaucoma may be related.  Furthermore, it presents a significant 
finding to support this fact. These two studies (SOP and NPC) strongly suggest an 
association between selenium and glaucoma and we felt this link should be further 
examined.  To understand more about the approach we took to studying this link, it is 
important to understand something about the group of diseases known as glaucoma and 
the tissues affected by them.   
 

2.3 Glaucoma 
Glaucoma is a group of diseases characterized by progressive visual field loss and 

eventual blindness.  Its first appearance in the medical literature is as early as 400B.C. but 
our modern conception of the diseases dates to the nineteenth century[96].  There are 
many forms of the disease, some juvenile onset forms are genetically inherited while 
most are age-related.  Primary open angle glaucoma is the most common form and its 
cause is not completely known [96, 104].  Glaucoma is the third leading cause of 
blindness worldwide and the second leading cause in the United States with African-
Americans being 3 times more likely to develop the disease than other ethnic 
groups[105].  Luckily, the disease is treatable, however, vision loss is irreversible so 
early detection is key.   
 The characteristic visual field losses associated with glaucoma are caused by the 
progressive loss of retinal ganglion cells (Figure 2.2).  Photons are sensed in the outer 
retina (at the photoreceptor layer) and signals are passed through retinal neurons to retinal 
ganglion cells.  The axons of these cells converge at the optic disc where they form the 
optic nerve and pass out of the eye into the brain.  The area where all of the ganglion cells 
converge can be seen on a fundus photo and is known as the optic cup.  Alterations in the 
appearance of this cup are one of the early signs of the neurodegeneration associated with 
glaucoma.  As ganglion cells die, visual field loss progresses, beginning in the periphery 
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of the retina and leaving the central macular region relatively untouched until late in 
disease progression.   
 

Figure 2.2  Drawing of the human eye: focus on the retina. The retina is made up of several 
layers.  In glaucoma the optic nerve (ON) fibers and retinal ganglion cells (RGC) are 
preferentially affected.  HC/BPC- horizontal and bipolar cells,  PR- photoreceptors, RPE- retinal 
pigment epithelium.  Modified with permission from the NEI. 
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 There are many risk factors for glaucoma including family history, race, age, 
some other ocular conditions, and some other systemic health problems such as 
cardiovascular morbidity.  However, the only treatable risk factor for glaucoma is 
increased intraocular pressure (IOP).  As the pressure inside the eye increases, there is 
compression of the lamina cribosa, a series of connective tissue sheets through which 
optic nerve fibers pass on their way out of the eye.  As this tissue is compressed, there is 
a decrease in trophic factor and protein transport through the axons ultimately leading to 
cell death[96].  Unfortunately, visual field loss is typically a late indicator of disease 
progression with some studies estimating that as many as half of the retinal ganglion cell 
population can be lost before visual field defects are detected[105].  

High IOP (>22mmHg) is consistently associated with glaucoma although there is 
a significant prevalence of normotensive glaucoma as well[96].  One useful characteristic 
of high IOP is that it is a treatable condition.  Drugs that decrease aqueous humor inflow 
or increase outflow have been successfully used to decrease intraocular pressure and slow 
disease progression, even in normotensive glaucoma patients.  However, the value of 
these treatments is typically short lived and pressures tend to become refractory to 
treatment after five years or less[105].   Many types of surgery are common and typically 
target the aqueous outflow pathways with the goal of increasing outflow.  Laser 
trabeculoplasty is the least invasive of the common surgical techniques, although the 
effects tend to be transient with half of patients having lost the effect by five years after 
the operation.  Other types of more invasive filtering surgery (including trabeculectomy) 
are extreme options for refractory disease.  

As the primary treatable risk factor for glaucoma is high IOP, and selenium has 
been shown to be associated with both high IOP and glaucoma (see previous section) it is 
important to understand the regulation of intraocular pressure and the normal outflow 
pathway. 
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2.3.1 Basics of Aqueous Humor Dynamics 
Aqueous humor is a constantly circulating fluid actively secreted by the ciliary 

epithelium.  It contains all the nutrients needed for maintenance of nonvascularized 
intraocular tissues.  Aqueous humor flows around the iris and crystalline lens before 
leaving the eye through the outflow pathway in the iridocorneal angle.  The combination 
of the rate of inflow of aqueous humor and outflow of aqueous humor form the 
intraocular pressure (IOP).  Constancy of the IOP helps maintain the refractive properties 
of the eye and the curvature of the cornea.  However, increased IOP, also known as 
ocular hypertension, is a primary risk factor for glaucoma and so the regulation of 
aqueous humor dynamics is of critical importance for the maintenance of a healthy eye. 

Figure 2.3 Drawing of the human eye: focus on the iridocorneal angle. The iridocorneal 
angle is home to the tissues of the conventional outflow pathway made up of the trabecular 
meshwork (TM) and Schlemm’s canal (SCa).  C- cornea, CO- conjunctiva, AC- anterior 
chamber, I- iris, CE- ciliary epithelium, CM- ciliary muscle, SC- sclera. 

SCa
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2.3.1.1 Aqueous Humor Inflow 

Aqueous humor is secreted across the ciliary epithelium (CE) located posterior to 
the iris (Figure 2.3).  The epithelium is composed of two layers of cells, a pigmented (PE-
facing the stroma) and a nonpigmented layer (NE-facing the inside of the eye).  The two 
layers of cells (and adjacent cells) are linked by gap junctions enabling easy passage of 
solute from one to the other and enabling the two layers to act as a functional unit which 
maintains an ionic gradient promoting the secretion of fluid into the eye[106].  Aqueous 
humor secretion is generally thought to be unidirectional, i.e. aqueous humor is secreted 
into the eye in the stroma to aqueous direction.  However, there is some recent evidence 
that resorption of aqueous humor may take place in the posterior section of the ciliary 
epithelium[107].  Secretion of aqueous humor is possible because of the uptake and 
secretion of solutes, mostly NaCl, into and out of the CE.  Uptake of solute into the PE 
can occur through a variety of mechanisms but is primarily accomplished via paired 
antiports (Na+/H+ and Cl-/HCO3-).  Solutes then pass to the NE via gap junctions and are 
secreted into the posterior chamber of the eye via Na+ and Cl- channels most likely 
regulated by A3 Adenosine Receptors[106].  As one half of the aqueous humor dynamics 
equation, reduction in secretion of aqueous from the CE will lead to a decrcease in IOP 
and vice versa.   

2.3.1.2 Aqueous Humor Outflow 
Aqueous humor outflow occurs primarily through the conventional outflow 

pathway of the eye, and secondarily through the uveoscleral outflow pathway.  Current 
estimates suggest that approximately 10% of total outflow may be due to the 
nonconventional uveoscleral pathway although this may be decreased in people with 
glaucoma.  Since it is of little relevance to this study, it will be mentioned only briefly 
before moving on to a more thorough discussion of the conventional outflow pathway. 
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2.3.1.3  Nonconventional Outflow Pathway 
The uveoscleral outflow pathway accounts for 10-20% of aqueous humor outflow 

and is decreased in aged people.  In the nonconventional outflow pathway fluid leaves the 
eye by flowing through the ciliary body into the supraciliary and suprachoroidal space 
and out through the sclera.  This fluid is picked up into the lymphatic system.  This 
outflow pathway is not typically pressure sensitive, but many of the first line glaucoma 
drugs reduce IOP by increasing non-conventional outflow.   

2.3.1.4 Conventional Outflow Pathway 
The conventional outflow pathway is comprised of the trabecular meshwork, 

Schlemm’s canal, and the collecting ducts and episcleral veins (Figure 2.3).  The 
trabecular meshwork can be further divided into three separate parts.  The innermost part, 
termed the uveal meshwork, consists of sheets of trabecular beams or lamellae which are 
composed of a core of extracellular matrix and surrounded by a basal lamina which is 
covered with trabecular meshwork cells. This part of the meshwork extends from the iris 
root and the base of the ciliary muscle to the termination of Descemets membrane at 
Schwalbe’s line. This part of the meshwork is very open with large spaces between 
trabecular beams and is not thought to contribute appreciably to outflow resistance. The 
next part of the trabecular meshwork, the corneoscleral meshwork, is composed of 
interconnecting sheets of beams, still coated with trabecular meshwork cells, and lies 
deeper in the iridocorneal angle.  The spaces between corneoscleral sheets is smaller than 
in the uveal meshwork, but extracellular spaces are still large enough that the 
corneoscleral meshwork is not considered to provide significant resistance to outflow.   

The outermost part of the trabecular meshwork is the juxtancanalicular trabecular 
meshwork, so named because it abuts the inner wall of Schlemm’s canal.  This tissue has 
a very different structure from the rest of the TM and is comprised of TM cells 
surrounded by extracellular matrix beams on one side and Schlemm’s canal cells on the 
other.  Spaces between cells are small to non-existent and there is evidence that there may 
be significant resistance to outflow in this part of the trabecular meshwork.  Moving 
outward into the iridocorneal angle is Schlemm’s canal.  The SC is a lymphatic type duct 
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that is part of the venous system and is composed of a singe layer of endothelial cells 
joined relatively tightly together.  The inner wall of the SC abuts the JCT tissue and is 
formed of a single layer of vascular type endothelial cells with numerous giant vacuoles 
of unknown etiology and function.  Debate about these vacuoles is prolific and there are 
some hypotheses suggesting that they are involved in the mass transport of fluid across 
the inner wall of the SC, but those hypotheses remain unsubstantiated[108, 109].  At any 
rate, it is clear that the inner wall of Schlemm’s canal does provide significant resistance 
to outflow.  Although some fluid may flow between SC cells, most estimates indicate that 
transcellular fluid flow is the main way aqueous is drained through the inner wall of the 
SC into the lumen of the canal (some groups estimate that paracellular flow is as low as 
1%)[108].  The aqueous fluid is collected in the canal and is then transported through 
lymphatic like collecting ducts and thence into episcleral veins.   

In general, the conventional outflow pathway can be thought of as having two 
main parts contributing to two main functions.  The first, innermost part is made up of the 
uveal and corneoscleral meshworks and may be pictured as a filter.  The trabecular 
meshwork cells are phagocytic and can take up cellular debris, extracellular matrix 
components, DNA, pigment, and other “garbage” that might have the ability to clog up 
the outflow pathway[104, 110-113].  This filter function promotes efficient outflow of 
AH, but does not directly contribute to the maintenance of IOP. The outer portion of the 
outflow pathway, made up of the JCT tissue and the inner wall of Schlemm’s canal 
functions as a resistor, providing the majority of resistance to outflow that creates IOP.  
There is some evidence that accumulation of debris in the JCT can lead to increased 
outflow resistance[114], thereby emphasizing the importance of the inner filtering 
portions of the TM.   

Current theory holds that there are three factors critical for maintaining normal 
resistance to aqueous outflow.  The first is maintenance of the tight junctions between the 
endothelial cells of Schlemm’s canal.  The majority of resistance to outflow arises from 
these cells combined with the cells of the JCT, and alterations in the architecture of the 
JCT/SC are hypothesized to play a role in pathologically increased IOP. The second 
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factor influencing outflow facility is TM contractility.  The TM has some characteristics 
of smooth muscle and can contract or relax in response to various pharmacological 
stimuli [115, 116].  Contraction of the TM leads to a decrease in aqueous outflow and a 
corresponding increase in intraocular pressure[117, 118].  Current drugs for treating high 
IOP, such as prostaglandins, rely in part on modulating contractility.  The research groups 
that study contractility hypothesize that mechanical stress in the outflow pathway 
generated by diurnal and pulsatile changes in IOP may be important for maintaining TM 
function, and that the absence of a functional contractile response on the part of TM cells 
in the face of mechanical stress may lead to dysregulation of aqueous outflow.  The final 
factor contributing to maintenance of aqueous outflow is the extracellular matrix and 
debris in the outflow pathway.  In the absence of healthy trabecular meshwork cells, the 
trabecular beams can fuse together leading to an increase in IOP.  In some types of 
glaucoma debris and pigment buildup in the TM leads to an increase in IOP, and 
glaucoma has been associated with increased extracellular matrix buildup in the TM[119, 
120]. 

2.3.2 Extracellular Matrix in the Conventional Outflow Pathway 
The anatomy and function of the conventional outflow pathway, particularly of 

the TM, relies heavily on the maintenance of extracellular matrix (ECM).  Trabecular 
meshwork cells secrete both extracellular matrix components and the enzymes needed to 
degrade those components[108].  These enzymes, matrix metalloproteinases (MMPs), 
and their inhibitors will be further discussed below.  There are many types of 
extracellular matrix found in the TM, including collagen types I, III, IV, VI, and VIII, 
various proteoglycans, adhesive glycoproteins including fibronectin and vitronectin, and 
hyaluronic acid[104, 114, 121-123].  There is evidence that the ratio of these extracellular 
matrix components may be important for the maintenance of IOP, for example, Knepper 
and colleagues have shown that frequently the amount of hyaluronic acid is greatly 
decreased in many eyes from glaucoma patients (a disease associated with high IOP) and 
that these same eyes show a small increase in the amount of another matrix component, 
chondroitin sulfate[124].  Additionally, many years ago Barany and co-workers 
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demonstrated that perfusing eyes with hyaluronidase led to a decrease in outflow 
resistance (corresponding to an increase in IOP)[108].  There is some evidence that 
specific types of collagen may be more present in glaucomatous eyes. More recently, 
Bradley’s group perfused anterior segments with purified matrix metalloproteinases and 
showed that such perfusion led to an increased outflow facility (reduction in IOP)[125].  
These observations support the hypothesis that regulated turnover of specific matrix 
molecules plays a critical role in the maintenance of IOP.  However, in eyes from POAG 
patients and hypertensive eyes there are no obvious changes in the anatomy of the TM 
(although there is an age related slow loss of TM cells) and typically there is no overt 
accumulation of matrix materials physically blocking the outflow pathway[104, 110, 114, 
126]. Additionally, there is no direct explanation for how matrix components would 
regulate IOP and some of the studies indicating a role for ECM in IOP are weak.  What is 
clear is that the anatomy of the TM relies heavily on specific maintenance of the 
trabecular ECM and that TM cells are equipped to make and degrade this matrix.    

2.3.2.1 Matrix Metalloproteinases 
Matrix Metalloproteinases (MMPs or matrixins) are a family of zinc dependent 

enzymes that proteolytically degrade various types of extracellular matrix.  Some of them 
are expressed almost ubiquitously and constitutively, like MMP-2 and some of them are 
more cell type specific.  The enzymes are divided into two main groups, the membrane 
bound MMPs or MT-MMPs and the free MMPs[127].  The free MMPs are secreted as 
pro-enzymes or zymogens which are then activated by the removal of a pro-domain.  
Virtually all cells that secrete MMPs also secrete their inhibitors, the tissue inhibitors of 
metalloproteinases, or TIMPs[127].  Physiologically, MMPs and TIMPs are involved in a 
wide variety of processes in both normal, e.g. development and reproduction and 
pathological, e.g. tissue destruction and fibrotic disease.  Of the greatest interest for this 
review is the role of MMPs and TIMPs in two situations; in cancer development i.e. in 
tumor metastasis and neoangiogenesis, and physiologically in the matrix turnover in the 
trabecular meshwork of the eye.  To understand the role of MMPs in these processes, it is 
important to understand a little bit about their regulation. 
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2.3.2.2 MMP Regulation 
Very little is known about the in vivo substrates of MMPs.  It is clear that various 

MMPs can degrade many substrates, MMP-2 for example has been shown to degrade 
gelatin (thus its alternate name of gelatinase A) but also collagen types IV, V, VII, X and 
elastin.  Furthermore, there is evidence that it can degrade laminin and possibly 
vitronectin and fibronectin[128].  The precise in vivo substrates are not relevant to this 
discussion, but it is important to acknowledge that several substrates are possible.   

The MMPs are very tightly regulated.  Most of them are transcriptionally 
regulated, i.e. when more activity is needed, more mRNAs and more protein are 
produced.  Some of them, like MMP-2, are post-transcriptionally regulated.  MMP-2 is 
constitutively secreted from many cell types, including the trabecular meshwork, but very 
little of it is normally found in the active form.  When analyzing MMP levels, it is 
critically important to distinguish the active form from the zymogen form.  In many cases 
this can only be done based on size because even the pro-form appears active in many 
activity assays. Activation of MMPs requires the removal of a prodomain to expose the 
zinc containing catalytic site of the enzyme.  This catalytic site is covered up by the 
prodomain which contains a cysteine residue that interacts with the zinc molecule in the 
active site.  This interaction can be interrupted by external agents or by membrane bound 
MMPs and by other enzymes such as thrombin and urokinase[128].  It is believed that the 
prodomain is then autolytically cleaved to expose the active site of the enzyme.  After 
activation, the enzyme may be inhibited by the N-terminal domain of the small TIMP 
protein.  The inhibitory effects of TIMPs are generally nonspecific, i.e. the N terminal 
domain of any TIMP (there are four known in humans) can interact with the active form 
of most non-membrane bound MMPs[129].  This cycle gives us a basic picture of the 
way most MMPs work: the enzyme form is transcriptionally regulated; the pro-form is 
secreted, activated by cleavage of the prodomain and then inhibited by the formation of a 
1:1 complex with the N terminal domain of a TIMP[130].  Since MMP-2 is the most 
abundantly expressed MMP in human trabecular meshwork, it requires special attention.  
Figure 2.4 is a schematic showing the basic activation pathway for MMP-2.  MMP-2 is 
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secreted in relatively large quantities as the pro-enzyme form.  It is stable in this form and 
does not spontaneously activate.  The activation of MMP-2 is actually furthered by the 
formation of a complex in which the prodomain of MMP-2 binds to the carboxy tail of 
TIMP-2 (specifically).  It is believed that this complex is then activated at the membrane 
by MT-MMP1.  The active MMP-2 can then be inhibited by any TIMP, not just TIMP-2.  
Most of the MMP-2 found outside of cells is found in this TIMP-2 pro-MMP-2 complex.  
Pro-MMP-9 can also be found in a similar complex with TIMP-1 but it is not known 
whether this complex promotes activation or not.  Like MMP-2, active MMP-9 can be 
inhibited by any TIMP.   
 

Figure 2.4 Schematic showing activation pathway for MMP-2. After being secreted, 
MMP-2 is post-translationally activated by forming a ternary complex with TIMP-2 and 
MT1-MMP.  The active MMP-2 can then degrade extracellular matrix (A) or be inhibited 
by multiple TIMPs (B,C). 
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The direct activity of MMPs is to degrade extracellular matrix materials.  However, this 
can have a variety of different biological effects due to downstream signaling and 
differential activities.  MMPs have been of great interest to cancer researchers due to 
their role in tumor cell invasiveness, cell adhesion, and neoangiogenesis[131].  Tumor 
cell invasiveness and metastasis typically require the degradation of a physical barrier 
such as a basement membrane between an epithelial tissue and the blood stream.  
Increased secretion of MMPs from tumor cells has been shown to both increase 
degradation of synthetic basement membranes and promote cell migration supporting a 
role for MMPs in tumor cell metastasis.  Additionally, neoangiogenesis is a critical step 
in the growth of large tumors which require new blood supply.  The degradation of 
existing matrix and secretion of new matrix is a key step in angiogenesis and 
neoangiogenesis in tumor cells.  MMPs can prompt this matrix remodeling and the 
inhibition of MMPs has been shown to inhibit neoangiogenesis in culture models.  
However, the levels of MMPs that are needed for such activities is precisely regulated.  
Inhibiting MMPs does inhibit angiogenesis, but too much MMP activity can also inhibit 
the formation of new vessels[131].  

2.3.2.3 MMPs in the Trabecular Meshwork 
In the trabecular meshwork, the angiogenic activities of MMPs are not important.  

Because of the unique trabecular meshwork ultrastructure, and the importance of 
maintaining specific extracellular matrix components, it is believed that MMPs are 
mostly secreted in order to maintain trabecular lamellae and composition of the JCT.  It is 
known that MMPs 1, 2, 3 and 9 in addition to MT-MMP-1 are secreted by TM cells[5, 
132, 133]. Both TIMP-1 and 2 are also secreted, although there is some species 
variablilty in levels since some work was done in porcine trabecular meshwork and some 
in human trabecular meshwork.  The levels of MMPs in trabecular meshwork, 
particularly MMP-3, and TIMPs can be stimulated by cytokines such as IL-1β[134],  
steroids such as dexamethasone, and prostaglandins[135] however, these studies 
examined mRNA levels only so may have missed changes in MMP activity due to post-
transcriptional regulation, particularly with regards to MMP-2.  Other studies have shown 
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that IL-1α can increase the secretion of some MMPs, particularly MMP-3, from human 
TM cells[132], and that the protein kinase C and ERK MAPK pathways are involved via 
AP-1 activation[136].  This may be a possible explanation for IL-1α stimulated increases 
in outflow. TGF-β2 which is increased in glaucomatous eyes has been shown to increase 
the secretion of pro-MMP2 but not the active form, and furthermore, plasminogen 
activator inhibitor 1 (PAI-1) expression was also increased[137].  The authors 
hypothesize that increased expression of PAI-1 may actually decrease the availability of 
active MMP-2 leading to decreased matrix turnover and possibly increased IOP.   

Interestingly, mechanical stretch has been shown to alter MMP expression.  
Mechanical stretch is a common experimental tool used to mimic the in vivo environment 
of the TM which is regularly exposed to changes in shape and variations in pressure.  
MMP-2 and MT MMP-1 are increased in bovine and porcine trabecular meshwork cells 
that have been stretched[138, 139].  PI3Kinase, integrin linked kinase (ILK), and protein 
kinase B (PKB) have been implicated in this increase but the exact mechanism is not yet 
understood[139].  The involvement of ILK however, points to an interesting possibility.  
Integrins are the cell surface receptors involved in adhesion of cells to extracellular 
matrix.  They are extensively involved in neoangiogenesis and cell migration.  There is 
evidence that activation of integrins, specifically vitronectin receptor can lead to an 
increase in the secretion of MMP-2 from melanoma cells[140].  Additionally, stimulation 
of this receptor leads to increased cell migration.  It is therefore possible that integrin 
activity and MMP secretion are closely linked.   

It is hypothesized that normal MMP activity helps trabecular meshwork cells 
maintain intact and functional extracellular matrix even when it is exposed to 
extracellular stresses such as stretch, debris, and oxidants. Inhibition of these enzymes 
may inhibit the ability of the tissue to maintain homeostasis, thereby leading to an 
accumulation of matrix in the outflow pathway.  In an organ culture model system, 
MMP-2 secretion increased in response to increased perfusion rate.  Additionally, TIMP-
2 secretion was decreased and MT MMP-1 secretion was increased, possibly leading to 
increased active MMP-2[4].  Furthermore, while increased flow rates led to increased 
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outflow resistance (IOP), this level returned to normal in spite of maintenance of the flow 
rate at the higher level.  TNFα also increases secretion of MMPs and is present in the eye 
after laser trabeculoplasty.  The increase in secretion of MMP-1, 3, 9 and TIMP-1 
provides a possible explanation for laser trabeculoplasty induced increases in outflow 
facility[141, 142]. There is evidence that inhibiting MMPs with exogenous TIMPs can 
lead to increased IOP in organ perfusion models and vice versa, thus supporting a role for 
MMPs in outflow pathway homeostasis[125]. MMPs may be especially important in the 
juxtacanalicular region where much of the outflow resistance is located.   

There is a significant body of data indicating that appropriate secretion of MMPs 
and regulation of ECM is critical for the maintenance of a normal, functioning outflow 
pathway. Additionally, there are several studies suggesting that in some forms of 
glaucoma, the quantity and makeup of ECM changes.  This combined with observations 
from the cancer literature that selenium can affect MMPs lead us to hypothesize that 
alterations in matrix turnover may be involved in selenium’s effects on the eye. 

2.4 Summary 
In conclusion, there is significant evidence showing a positive link between 

selenium and cancer prevention.  This evidence comes from in vitro studies, animal 
studies, and population based case-control studies and clinical trials.  Information on the 
anticancer effects of selenium is important for this work since the effects selenium has on 
neoplastic cells may be similar to its effects in the eye.   

Two studies have shown an association between selenium and glaucoma in 
human populations, and the rest of this work will focus on in vitro and organ culture data 
investigating that link. Primary human trabecular meshwork cells can be cultured[143-
145], and my experimental strategy is based both on the function of the trabecular 
meshwork and its ECM in vivo and on the known anti-angiogenic effects of selenium.   
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CHAPTER 3 

SELENIUM UPTAKE BY TRABECULAR MESHWORK CELLS AND 
ENDOTHELIAL CELLS1

3.1 Introduction 
 There are many hypothesized effects of selenium on both cultured cells and tissue 
including altering protein secretion, altering protein synthesis, stimulating apoptosis, 
altering cell morphology, and possibly altering integrin function, just to name a few.   
 This project specifically examines the effects of selenium on two types of cultured 
cells.  The first type, which is the focus of my studies, is human trabecular meshwork 
(HTM) cells.  These cells are primary cultures from human eyes and are the main cells 
found in the conventional outflow pathway.  This pathway is responsible for up to 90% of 
aqueous humor drainage.  HTM cells (in the juxtacanalicular tissue - JCT) contribute to 
outflow resistance and are an important cell type involved in the maintenance of IOP.  
The second cell type I used is human umbilical vein endothelial cells (HUVECs).  These 
cells are vascular endothelial cells and are used as a common cell type for examining 
angiogenic behavior, particularly in cancer models.  I chose them as a control cell type 
for two reasons; first because they are used to study angiogenesis, and second because 
they have already been used to examine some effects of selenium.   
 Before examining the effects of selenium treatment on our cultured cells, it is 
important to quantify the amount of selenium taken up into these cells.  This information 
is critical, particularly when the doses of selenium being administered are 
supranutritional.  It is not known what the capacity of these two cell types is to take up 
exogenous selenium.  The determination of a target for selenium’s anti-cancer activity 
depends, in part, on whether the majority of dosed selenium is inside or outside of the 

 
1 Portions of this chapter were published in, Conley et al. (2005) Alterations in human trabecular meshwork 
cell homeostasis by selenium.  Experimental Eye Research. In press. 
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cell.  To that end, we treated cells with the organic selenium compound methyl seleninic 
acid (MSeA) and quanitified total selenium in the media and lysates. 
 

3.2 Materials and Methods 

3.2.1 Cell Culture 
HTM cells were isolated with a blunt dissection technique followed by 

extracellular matrix digestion and were cultured as described previously[145].  Two cell 
lines isolated from human donor eyes without a known history of glaucoma were used 
(donor ages 3 mo, 35 yr).  HTM cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum, penicillin, streptomycin, 
and glutamine (100 U/ml, 0.1 mg/ml, 0.29 mg/ml respectively; Invitrogen, San Diego, 
CA) and grown in humidified air containing 5% CO2 at 37°C.  HUVECs were purchased 
from Clonetics (San Diego, CA) and were cultured according to the manufacturer’s 
recommendations.  Cells were grown in T75 culture flasks and were seeded into six-well 
plates.  All HTM cells used in these experiments were confluent at least one week before 
use.  HUVECs were pre-confluent (60-80%).  Concentrated MSeA for treatment was 
obtained from Dr. Clement Ip of the Roswell Park Cancer Institute, and was diluted to 
usable concentrations (1mM) in sterile phosphate buffered saline (PBS, Life 
Technologies) and frozen.  MSeA was never thawed and refrozen more than twice.   

3.2.2 Selenium Uptake 
In order to determine selenium uptake, confluent HTM cells or pre-confluent 

HUVECs in six-well plates were treated with varying concentrations (0.1 µM, 1 µM, 10 
µM) of MSeA in serum free media (SFM) for multiple durations (3 hours, 6 hours, 24 
hours).  Lysates were scraped on ice in 500 µl lysis buffer (150 mM NaCl, 5 mM N-ethyl 
maleamide, 25 mM tris, 1% NP-40, protease cocktail [Roche] and 200 µM PMSF), and 
media were collected.  All samples were stored at -80ºC.  Samples were placed in acid-
washed 7 ml Teflon bombs and 500 µl-1 ml HNO3 was added.  Samples were sealed and 
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floated on water in a microwave safe dish, then microwave-digested for 5 minutes at 70% 
power, cooled, then microwaved for an additional 5 minutes at 100% power.  
Subsequently, samples were transferred to volumetric tubes and brought up to 2 ml with 
water for analysis of total selenium content. Total selenium (not speciated) was measured 
using an Agilent 7500a ICP-MS with a Babington nebulizer. The operating parameters 
were as follows: Rf power 1500 watts, plasma gas flow 15 l/min, carrier flow 1.2 l/min. 
The acquisition parameters were: selenium measured at m/z 77, terbium (internal 
standard) measured at m/z 159, points per peak 3, dwell time Se 9sec., dwell time Tb 
1.5sec., repetitions 7. The samples were introduced into the ICP-MS with an ASX500 
autosampler (CETAC Technologies, Omaha, NE). 

3.2.3 Statistical Analyses 
 Analysis of variance (ANOVA) was used to determine whether multiple treatment 
groups were significantly different in all cases with sufficient experimental repetitions. 
Two-sample Student’s T-test with Bonferroni’s correction was used to determine whether 
individual treatment groups were significantly different. Two-tailed distributions were 
used in all cases to avoid bias.  Statistical significance was defined as a p value less than 
0.05.  In cases where n=2 (control experiments with HUVECs only) statistical analyses 
were not performed. 

 

3.3 Results 

3.3.1 Selenium Uptake by HTM Cells Over Time 
To determine the extent of selenium uptake by HTM cells, lysates and media from 

MSeA treated and untreated cells were analyzed by mass spectrometry.  Data indicated 
that the amount of selenium taken into cells increases over time (Figure 3.1a) although it 
does so slowly, and the magnitude of the increase is small.  The amount of selenium in 
the media of HTM cells depends on the initial dose of selenium.  At higher doses (10µM) 
the amount of selenium in the media decreases over time, however at lower doses, the 
amount of selenium in the media remains essentially unchanged (Figure 3.1b).   
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Although there is no data for HUVEC cells at three hours of treatment, the 
general profile for selenium uptake into HUVEC cells over time is similar to that seen in 
HTM cells, i.e. an increase in selenium inside the cell over time at all doses (Figure 3.2a).  
Selenium in HUVEC media again exhibits a similar profile to that seen in HTM cells.  At 
higher initial doses of MSeA, the amount of selenium in the media decreases over time, 
while the levels in the media remain virtually unchanged at lower doses of MSeA (Figure 
3.2b) 

Interestingly, the total amount of selenium detected decreases over time at higher 
doses.  In other words, the amount of selenium detected in the media of cultures initially 
treated with 10µM MSeA decreases over time more than the amount of selenium detected 
inside the cells increases over time.  This phenomenon is graphically shown in Figure 
3.3.   
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Figure 3.1 Uptake of selenium into MSeA treated HTM cells over time. Cell lysates 
and medium were collected from MSeA treated HTM cultures and analyzed for total 
selenium content by mass spectrometry.  A: Increase in selenium uptake over time in 
HTM cells treated with varying amounts of MSeA. Baseline intracellular selenium 
concentration (0µM MSeA dose and 0hour timepoint) is 62ng/ml ± 4ng/ml.  B: Total 
selenium in the media of HTM cells treated with MSeA over time. Symbols indicate a 
statistically significant (p<0.05) increase in uptake when compared with the previous 
timepoint (§ 10µM MSeA, * 1µM MSeA, ¥ 0.1µM MSeA). 
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Figure 3.2 Uptake of selenium into MSeA treated HUVECs over time. Cell 
lysates and medium were collected from MSeA treated HUVEC cultures and 
analyzed for total selenium content by mass spectrometry.  A: Increase in selenium 
uptake over time in HUVECs dosed with varying amounts of MSeA.  B: Total 
selenium in the media of HUVECs treated with MSeA over time. (n=2) 
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Figure 3.3 Total selenium found in MSeA treated HTM cells and HUVECs over 
time. Cell lysates and medium were collected from MSeA treated HUVEC and HTM 
cell cultures and analyzed for total selenium content by mass spectrometry.  A: Increase 
in total selenium in HTM cells over time.  B: Increase in total selenium in HUVECs over 
time.  

 
A

B

Total Selenium-HTM Cells

0
100
200
300
400
500
600
700

3 hr 6 hr 24 hr 3 hr 6 hr 24 hr 3 hr 6 hr 24 hr
0.1 uM MSeA 1 uM MSeA 10 uM MSeA

Exposure Time, Hours

Se
len

iu
m

,n
g/

m
l

Lysate Media

Total Selenium-HUVECs

0
100
200
300
400
500
600
700
800
900

6 hr 24 hr 6 hr 24 hr 6 hr 24 hr
0.1 uM MSeA 1 uM MSeA 10 uM MSeA

Exposure Time, Hours

Se
len

iu
m

,n
g/

m
l

Lysate Media



80

 
3.3.2 Selenium Uptake Into Cells as a Function of Concentration 

In spite of the small increase in intracellular selenium concentrations over time, 
final concentrations of selenium inside HTM cells after 24 hours of exposure to MSeA 
remain relatively constant (120 ng/ml ± 12 ng/ml), independent of initial selenium dose 
(Figure 3.4a); perhaps due to saturation of uptake mechanisms. Intracellular selenium 
levels after 24 hours are approximately twice the normal levels seen in HTM cells not 
exposed to MSeA (62 ng/ml ± 4 ng/ml).   

The majority of MSeA, particularly at higher doses, stays in the media (Figure 
3.4b). Interestingly, selenium uptake by MSeA treated HUVECs parallels HTM cells 
(Figure 3.5): untreated HUVECs have an intracellular selenium concentration (82 ng/ml) 
not appreciably different from untreated HTM cells; and after treatment, HUVECs 
exhibited an average dose-independent intracellular concentration of 122ng/ml ± 
17ng/ml. 

 
Figure 3.4 Selenium found in MSeA treated HTM cells. Cell lysates and media were 
collected from MSeA treated HTM cells and analyzed for total selenium content by mass 
spectrometry.  A,B: Selenium content in lysates and media of HTM cells, n=4, after 24 
hours exposure to various concentrations of MSeA. * Indicates that all bars are 
significantly (p<0.05) different from control but not from each other. § Indicates that 
each dose is significantly (p<0.05) higher than the previous dose.   

HTM Lysates 

0
50

100
150
200
250
300
350

Lysates

Se
len

ium
,n

g/m
l

0 uM MSeA 0.1 uM MSeA 1 uM MSeA 10 uM MSeA

*

HTM Media 

0
50

100
150
200
250
300
350

Media

Se
len

ium
,n

g/m
l

0 uM MSeA 0.1 uM MSeA 1 uM MSeA 10 uM MSeA

§

A B



81

 

3.4 Discussion 
Results presented in this chapter indicate that selenium is taken up into HTM cells 

and HUVECs over time.  The magnitude of the change over time is small, however.  
Furthermore at higher doses (10 µM), total selenium is lost from the cultures possibly due 
to methylation to a volatile dimethyl metabolite; a hypothesis supported by the detection 
of a characteristic garlic-like odor.  The most important observation of this chapter is that 
there is no significant difference in the amount of selenium taken up into HTM cells (or 
HUVECs) in spite of a 100 fold variation in dosed selenium.  In other words, at low 

Figure 3.5 Selenium found in MSeA treated HUVECs. Cell lysates and media were 
collected from MSeA treated HUVECs and analyzed for total selenium content by mass 
spectrometry.  A,B: Selenium content in lysates and media of HUVECs, n=2, after 24 hour 
exposure to various doses of MSeA.  
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doses the selenium partitions almost equally in the cell fraction and in the media fraction 
while at higher doses, the majority of the selenium remains in the media.   

The data presented above indicate that while cells take up some MSeA, a 
significant portion of the total selenium remains in the medium, indicating the possibility 
of both extracellular and intracellular targets for MSeA.  Of note is that in all 
experiments, trends observed in HUVECs closely paralleled data collected from HTM 
cells.  It is important to realize that we were unable to speciate the selenium monitored.  
Therefore, it is not possible to distinguish between various organic forms of selenium and 
their metabolites nor can we distinguish between inorganic and organic forms of the 
molecule.  Fortunately, all of our values were significantly above the limit of detection 
(1ng/ml with 500µl of sample) and we did have control wells testing the baseline level of 
selenium in our cells. 

Interestingly, the amount of total selenium in the medium of HTM cells and 
HUVECs did not decrease over time except at the highest dose. This indicates either that 
a very small portion of the total selenium is taken into the cells at the lower doses or more 
likely, that some selenium is being secreted out of the cells back into the media.  
Additionally, it is worthwhile to note that there is a net loss of selenium at the highest 
dose.  This probably results from the metabolism of MSeA to a volatile dimethylated 
selenium compound.  This hypothesis is supported by the garlic like smell that emanates 
from high dose cultures and by previously published evidence indicating that at high 
doses, dimethylated selenium metabolites increase in abundance[19, 20].  

The uptake data indicate two possibilities to explore.  First, selenium has an 
extracellular target since the majority of MSeA (particularly at higher concentrations) 
stayed in the media.  This hypothesis is consistent with data discussed later indicating a 
dose-response profile for MSeA effects that parallels selenium levels in the media, not in 
the lysates.  In other words, 1µM and 10µM doses of MSeA lead to significantly different 
cellular effects even though intracellular selenium concentrations at 1µM and 10µM are 
not significantly different (Fig. 1b-left). The second possibility is that a two-fold increase 
in selenium concentration inside the cell is sufficient to affect TM cell homeostasis.  As a 
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result, our subsequent experiments will explore (i) a potential extracellular target of 
selenium, namely integrins and (ii) monitor intracellular effects of selenium with 
indicators of cell homeostasis.    
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CHAPTER 4 
METHYL SELENINIC ACID DECREASES METALLOPROTEINASE 
AND INHIBITOR SECRETION FROM TRABECULAR MESHWORK 

CELLS2.

4.1 Introduction 
Selenium is an essential element found in many foods and has been recently 

recommended as a chemopreventive nutritional supplement.  One of the ways it targets 
tumors is by inhibiting neo-angiogenesis.   In human umbilical vein endothelial cells 
(HUVECs), treatment with selenium inhibits vascular endothelial growth factor and 
matrix metalloproteinase 2 (MMP-2), two proteins necessary for angiogenesis.  The role 
for selenium as an antiangiogenic chemopreventive agent is further solidified by the 
observations that selenium treatment causes retraction of newly formed HUVEC capillary 
tubes in culture models, and that microvessel density in mammary tumors is significantly 
reduced after selenium treatment.  Selenium also affects tumor cell invasion by 
stimulating apoptosis or by altering the functionality or expression of adhesion molecules 
and cell-matrix regulating enzymes as seen in HT1080 fibrosarcoma cells. 

Glaucoma is the second leading cause of irreversible blindness in the United 
States, and the Nutritional Prevention of Cancer Trial (NPC) found a possible link 
between selenium treatment and glaucoma that we decided to investigate.  Increased 
intraocular pressure (IOP) resulting from a decrease in aqueous humor outflow is 
frequently associated with glaucoma. In the NPC trial high IOP was also associated with 
selenium treatment.  Understanding mechanisms that control movement of aqueous fluid 
through the outflow pathway, particularly the trabecular meshwork (TM), is critical. TM 
cells regulate the formation and turnover of extracellular matrix (ECM) in the 

 
2 Portions of this chapter were published inConley et al. (2005) Alterations in human trabecular meshwork 
cell homeostasis by selenium.  Experimental Eye Research. In press.  and Conley et al. (2004) Selenium’s 
effects on MMP-2 and TIMP-1 secretion by human trabecular meshwork cells. IOVS. 45(2):473-479. 
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conventional outflow pathway and several research groups hypothesize that defects in 
ECM turnover may lead to an accumulation of matrix materials and impede outflow. 

ECM turnover is tightly regulated by balancing degradation (by MMPs/TIMPs) 
with construction (by a variety of structural proteins).  MMPs are a family of zinc-
dependent enzymes secreted from a variety of cell types including vascular endothelia 
and trabecular meshwork.  The MMPs are responsible for digesting ECM and regulating 
ECM turnover.  Changes in MMP levels can affect outflow in specific cases such as after 
laser trabeculoplasty or upon artificial manipulation of ECM turnover balance in the 
human anterior chamber perfusion system.  MMPs are secreted as zymogens and 
proteolytically cleaved to their active forms.  In the TM several MMPs/TIMPs  (MMP-2, 
-3, -9, -1, and -14, TIMP-1, -2) are secreted and thought to help maintain homeostasis of 
the conventional outflow architecture.  Regulation of these proteins is particularly 
complex, for example MMP-2 activation relies on a tight balance of activation via a 
TIMP-2 dependent ternary complex, and inhibition by TIMP-1 and TIMP-2 (under 
certain tissue conditions). For a detailed discussion of MMP activation, please see 
Chapter 2.   
 Selenium has been shown to affect MMP secretion in vitro. Jiang and colleagues 
reported a decrease in secretion of MMP-2 after treatment HUVECs with methylseleninic 
acid (MSeA), an organic selenium compound. This observation links selenium’s 
mechanism of action to ECM turnover. The anti-angiogenic effects of selenium in 
HUVECs are probably related to alterations in ECM turnover as well as decreased 
secretion of vascular endothelial growth factor.   
 The observations that selenium 1) inhibits MMP-2 secretion in vascular 
endothelia and 2) that MMP-2 levels are associated with turnover of ECM and outflow 
facility, lead us to hypothesize that selenium-induced MMP changes in the conventional 
outflow pathway might be responsible for the increase in risk of glaucoma found in 
selenium supplemented individuals.  With this in mind, the following study was designed 
to elucidate the effects of organic selenium, specifically MSeA, on MMP/TIMP secretion 
from HTM cells. 
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4.2 Materials and Methods 
4.2.1 Cell Culture 

HTM cells were isolated and cultured as described in Chapter 3.  Six cell lines 
from human donors without history of glaucoma were used for this study (ages noted in 
the results).   At least two different cell lines were tested for each type of experiment.  
Cells were grown in T75 culture flasks and seeded into six well plates for experiments. 
Human umbilical vein endothelial cells (HUVECs) were purchased from Clonetics, and 
cultured according to the manufacturers’ recommendations.  All HTM cells used in these 
experiments were confluent >1wk before testing.  HUVEC cells were confluent (>1wk) 
or pre-confluent (60%-80% confluent) as noted in the results section.  

4.2.2 Selenium Treatment 
Concentrated MSeA was obtained from Clement Ip of the Roswell Park Cancer 

Institute, and was diluted to stock concentrations (1mM) in sterile phosphate buffered 
saline (PBS) and stored at -20°C (MSeA was never freeze-thawed more than twice). All 
cells were washed three times with PBS and serum starved for 24 hours before selenium 
treatment.  MSeA was added to fresh serum-free medium for final concentrations of 
100nM, 1µM, 2µM, 5µM, or 10µM as described.  After washing three times with PBS, 
the fresh, selenium containing medium or serum-free medium (controls) was placed on 
the cells.  Positive controls were treated with fresh serum-free medium containing 
10ng/ml phorbol ester (TPA) (Sigma).  At various timepoints, medium was collected, 
concentrated 30 fold using Centricon spin columns (Millipore), and aliquoted. Cell 
lysates were prepared by the addition of 100µl of 2x sample buffer (125mM tris-HCl pH 
6.8, 4% SDS, 20% glycerol, 0.01% bromophenol blue, 10% β-mercaptoethanol) to each 
well followed by scraping.  Sample buffer was added 1:1 to concentrated medium for 
western blotting; 2:1 sample: β-mercaptoethanol free buffer was added to concentrated 
medium for zymography.  Western blot samples and cell lysates were boiled for ten 
minutes before storage at -20°C. 
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4.2.3 Immunoblot Analysis 
Whole cell lysates or concentrated medium in 2x sample buffer were 

electrophoresed into 10% polyacrylamide gels containing 0.1% SDS.  Fractionated 
proteins were transferred to nitrocellulose using a commercial system (mini transblot, 
BioRad).  Blots were blocked for one hour at ~25°C in tris-buffered saline (137mM 
NaCl, 25mM Tris,  2.7mM KCl) containing 0.2% Tween-20 (TBST) and 5% (w/v) non-
fat powdered dry milk and then probed with anti-MMP-2 IgG (1:1000), anti-MMP-3 IgG 
(1:1000), anti-MMP-9 IgG (1:200), anti-MMP-1 IgG (1:200), anti-TIMP-1 IgG (1:1000), 
anti-TIMP-2 IgG (1:200) overnight at 4oC (MMP/TIMP IgG from Oncogene Research 
Products).  The blots were washed (4x15min.) in TBST and incubated for one hour at 
25oC with horseradish peroxidase conjugated secondary antibodies in 5% milk in TBST 
(goat anti-mouse 1:5000, goat anti-rabbit 1:5000, Jackson).  The blots were washed in 
TBST (4x15min.) and enhanced chemiluminescence (Amersham Biosciences) was used 
to visualize specific labeling. Blots were digitized using a gel documentation system 
(UVP EpiChemi II Darkroom) and densitometry was performed using Lab Works 
imaging software (Version 4.0.0.8). Multiple exposures of each blot were developed to 
ensure that densitometry was performed on films in the linear range (for band saturation).  
In lysates, equal protein loading was confirmed by probing with β-actin or total ERK 1/2 
(which always correlated with β-actin in our experiments).  In media, we were unable to 
find a good loading control, a phenomenon extensively discussed in Chapter 7. 

4.2.4 Zymography 
Concentrated medium in β-mercaptoethanol-free sample buffer was 

electrophoresed into 10% SDS-PAGE gels containing 0.1% gelatin.  Gels were washed in 
10mM Tris-HCl (pH 7.4) with 2.5% Triton X-100 for one hour and incubated overnight 
at 37oC in incubation buffer (50mM Tris-Cl pH7.5, 150mM NaCl, 10mM CaCl2, 0.05% 
NaN3).  Conditioned medium from HT1080 cells was used as an activity and mobility 
control for MMP-2. Gels were stained with coomassie blue (10% acetic acid, 25% 
isopropanol, 0.025% Coomassie blue dye) for 2-3 hours, and destained in methanol/acetic 
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acid (10%/10%).  Zymograms were imaged using the UVP gel documentation system 
and densitometry was performed as above. 

4.2.5 Statistical Analyses 
 Analysis of variance (ANOVA) was used to determine whether multiple treatment 
groups were significantly different in all cases with sufficient experimental repetitions. 
Two-sample Student’s T-test with Bonferroni’s correction was used to determine whether 
individual treatment groups were significantly different. In cases where only two groups 
were to be compared, two-sample Student’s T-tests were used. Two-tailed distributions 
were used in all cases to avoid bias.  Statistical significance was defined as a p value less 
than 0.05.  In cases where n=2 (control experiments with HUVECs only) statistical 
analyses were not performed. 
 

4.3 Results 
4.3.1 Control Experiments with HUVECs 

As a control, we treated confluent and pre-confluent HUVEC cell cultures with 
methyl seleninic acid (MSeA) for 24 hours at the following doses: 1µM, 2µM, 5µM and 
10µM.  As a reference, average plasma selenium levels in the United States are estimated 
to be 1.5µM and average levels in selenium supplemented individuals for whom a link 
with glaucoma was noted ranged from 2.5-5 µM.  Figure 4.1 summarizes our results: 
panel A shows a representative western blot and zymogram demonstrating that secretion 
of MMP-2 from pre-confluent cells decreased following selenium treatment as reported 
previously.  In contrast, panel B demonstrates that treatment with selenium did not cause 
a significant decrease in secretion of MMP-2 from confluent HUVECs.  Panel C 
graphically depicts the magnitude of decrease in secretion of MMP-2 from pre-confluent 
cells when compared with average densitometry results from confluent cells (n=2). 
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4.3.2 Long Term, High Dose Selenium Treatment 
After confirming previously published results in the pre-confluent HUVEC 

cultures, we tested confluent HTM cultures using the same concentrations as described 
above.  Due to the environment of the trabecular meshwork in vivo, HTM cells were 
tested >1wk post-confluence to allow stable cell monolayers to form.  Phorbol ester 
(TPA), an indirect stimulator of MMP-2 activity, was used as a positive control.  Several 
MMPs known to be secreted from HTM cells were examined and Figure 4.2 shows 
representative results from some 24hr experiments in which we examined ECM turnover 
proteins in concentrated, selenium-treated medium (from HTM cells).  Panel C shows 
several proteins that were detected inconsistently, for example; MMP-9 was only 
observed in TPA treated cells; MMP-3 was observed in approximately 50% of 
experiments; TIMP-2 was detected in fewer than 20% of experiments; and MMP-1 was 
not detected at all (results not shown).  Panel A is a representative western blot (top) and 
zymogram (bottom) that shows decreased secretion of MMP-2 from HTM cells after 
MSeA treatment, but no detectable active MMP-2 (control for active MMP-2 is 
conditioned HT1080 medium in lane 1).   TIMP-1 secretion is shown in the 
representative blot in Panel B; TIMP-1 secretion also decreased as a function of selenium 
treatment. The changes in MMP-2 and TIMP-1 secretion were reliably documented in 5 
separate experiments (using cell lines 15yrs, 54yrs.) which are graphically summarized in 
Figure 4.3.  Statistical analysis indicates that secretion of MMP-2 and TIMP-1 was 
significantly decreased after treatment with MSeA in a dose-dependent fashion (2-tailed 
Student’s t-tests, p<0.05).  Because selenium effects on TIMP-1 and MMP-2 were 
observed consistently and because changes in MMP-2 secretion following selenium 
treatment had been previously documented, MMP-2 and TIMP-1 became the focus of 
future experiments. 
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Figure 4.1 MSeA effects on pre-confluent and confluent HUVECs. HUVECs were 
serum starved for 24 hours and dosed with varying concentrations of MSeA or TPA 
(10ng/ml) as a positive control.  Medium was collected after 24 hours and analyzed. A:
Representative blot showing that MSeA treated pre-confluent HUVECs exhibit a dose-
dependent decrease in both pro-MMP-2 secretion and in active MMP-2. (n=2) B:
Conversely, as shown by this representative blot, MSeA has no effect on MMP-2 
secretion in confluent HUVECs. (n=2) C: Graphical summary of results from multiple 
experiments, white bars: confluent cell cultures, gray bars: pre-confluent cell cultures. 
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Figure 4.2 Effects of high dose long term MSeA treatment on MMP/TIMP secretion 
in HTM cells. Confluent (>1wk) HTM cells were serum starved for 24hr and dosed with 
MSeA for 24hours as shown. TPA (10ng/ml) was used as a positive control; the negative 
control was serum starved but not selenium treated. Medium was collected and probed 
using zymography and western blot analysis. A. Western blot (top) and zymogram 
(bottom) showing that MMP-2 exhibits a dose-dependent decrease in secretion upon 
treatment.  No active MMP-2 was detected (compared with lowest band in the HT1080 
control lane). B. Secretion of TIMP-1 also decreased inversely with MSeA treatment. C. 
Many proteinases and inhibitors were examined but detected inconsistently. 
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Figure 4.3 Quantitative effects of high dose, long term MSeA on MMP/TIMP 
secretion in HTM cells. Confluent (>1wk) HTM cells were serum starved for 24hours 
and dosed with MSeA for 24hours as in Figure 4.2 A. Graphical summary of MMP-2 and 
TIMP-1 experiments (4.2). * Denotes values significantly (p<0.05) less than control.  
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4.3.3 Long Term, Low Dose Selenium Treatment 
 After confirming that selenium significantly affects MMP-2 and TIMP-1 
secretion at high doses, we wanted to determine whether similar effects would be 
apparent at lower, more physiologically relevant doses.  To that end, the cells were tested 
as described above at selenium concentrations of 100nM and 1µM.  These concentrations 
closely mimic physiological levels and levels expected in selenium supplemented 
individuals; normal selenium concentrations in aqueous humor are approximately 
10ng/ml (~100nM)[146].  Plasma selenium concentrations in selenium supplemented 
individuals were typically ten-fold higher than in non-supplemented study participants[1].  
However, in 15 experiments using three different HTM cell lines, we were unable to 
identify any consistent selenium related trends in secretion of MMP-2 or TIMP-1.  In 
some experiments, 1µM caused an obvious decrease in secretion, while in other 
experiments, there was no detectable change.  Figure 4.4, Panel A shows an example of 
two different cell lines treated for 24 hours with either 100nM or 1µM MSeA.  In one 
case, MSeA treatment caused a drecrease in secretion of MMP-2 (bottom) while in 
another cell line; no change was detected (top).  In no experiment did we detect a change 
in protein secretion after 100nM MSeA treatment.  Similar trends were noted in TIMP-1 
secretion after MSeA treatment (Figure 4.5).  TIMP-2 was only detected once in cells 
treated with low doses of MSeA. While lower doses may have more physiological 
relevance, there is great inter-individual variation at these doses and we were unable to 
detect consistent changes in protein secretion after 24 hours of treatment at such low 
levels.  Since more than 48 hours in serum free media caused a dramatic decrease in the 
viability of our HTM cells we did not test any longer timepoints using this experimental 
design.  
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Figure 4.4 Effects of low dose, long term MSeA on MMP-2 secretion in HTM cells.  
Confluent (>1wk) HTM cells were serum starved for 24 hours and treated with MSeA for 
24 hours with physiologically relevant doses. A. Two MMP-2 blots demonstrating the 
observed range of protein secretion from multiple experiments (n=15).  Note that in the 
top experiment, no change in secretion after MSeA treatment was noted, contrary to the 
bottom blot. B. Graphical summary of MMP-2 experiments. Overall, low doses did not 
have a consistent effect on MMP-2 secretion.  
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4.3.4 Short Term, High Dose Selenium Treatment 
To see if the observed decrease in secretion of MMP-2 after high doses of 

selenium occurred at time points earlier than 24 hours, cells were dosed with 2 µM, 5 
µM, 10 µM MSeA, or with controls as above; but the samples were collected and 
analyzed after six hours.   Figure 4.6 shows representative western blots and a zymogram 
illustrating the results of the short-term experiments.  Six-hour treatment caused a 
significant decrease in MMP-2 secretion at the highest selenium dose (10 µM) but not 

Figure 4.5 Effects of low dose, long term MSeA on TIMP secretion in HTM cells. 
Confluent (>1wk) HTM cells were serum starved for 24hr and dosed with MSeA for 
24hours with physiologically relevant doses. Shown are representative western blots 
showing that sometimes TIMP-1 secretion is affected by MSeA secretion (top) and 
sometimes it is not (n=15).  TIMP-2 was only detected in one (of six) experiments. 
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other doses (Figure 4.7A).  TIMP-1 secretion was similarly decreased at the highest doses 
(Figure 4.7B).  As before, no active MMP-2 was detected. As before, pro-MMP-2 (as 
measured by zymographic analysis) exhibited a similar secretion profile to total MMP-2 
(as detected by western blot).   MMP-9, MMP-1, MMP-3, and TIMP-2 were not detected 
in the short-term experiments (data not shown). 

Figure 4.6 Effects of short term, high dose MSeA on MMP-2/TIMP-1 secretion in 
HTM cells.  Confluent (>1wk) HTM cells were serum starved for 24hr and dosed with 
MSeA for 6hr Shown are representative western blots and zymograms from multiple 
experiments.   
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Figure 4.7 
Quantification of effects 
of short term, high dose 
MSeA on MMP-
2/TIMP-1 secretion in 
HTM cells. Confluent 
(>1wk) HTM cells were 
serum starved for 24hr 
and dosed with MSeA for 
6hr as in Figure 4.6.  A. 
Total MMP-2 protein 
secretion (as detected by 
western blot) decreased 
significantly after 10 µM 
MSeA treatment.  B. Pro-
MMP-2 (as detected by 
zymography) showed a 
similar trend.  No active 
MMP-2 was detected.  C. 
TIMP-1 secretion 
decreased significantly 
after 6 hours of treatment 
with 10 µM MSeA.  * 
Indicates p<0.05 when 
compared to control. N=5 
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4.3.5 Sub-chronic Treatment with Low Dose MSeA   

To examine the effects of selenium treatment at timepoints longer than 24 hours, 
confluent HTM cells, Pig TM cells, and Bovine TM cells were treated with 100 nM or 1 
µM MSeA for twoweeks.  Once weekly, the medium was changed to serum free medium 
(still containing MSeA and antibiotics).  Twenty-four hours after the media were 
changed, the conditioned media were collected, concentrated, mixed with 2x sample 
buffer and frozen.  The cells were returned to regular medium containing MSeA.    As 
shown in Figure 4.8, low dose treatment of HTM cells did not affect MMP-2 secretion 
after two weeks of treatment.  Additionally, TIMP-1 secretion was not altered. 
Unfortunately, only one human cell line was available for testing. 

Figure 4.8 Subchronic treatment of HTM cells with MSeA. Two week treatment of 
HTM cells with low doses of MSeA (100 nM, 1 µM) did not lead to a decrease in MMP-
2 secretion. 
 
4.3.6 Time-Response Relationship for Selenium Treatment of HTM Cells 

Throughout this work, I report a dose-response relationship (using doses from 
0.1-10µM MSeA) between MSeA treatment and several cellular parameters: (i) MMP-
2/TIMP-1 secretion (the current chapter), (ii) ERK phosphorylation (Chapter 5), (iii) and 
reversible changes in cell-matrix adhesion, but not cell-cell associations (Chapter 6).  
Since the majority of MSeA remains outside of treated cells (Chapter 3), it is 
hypothesized that selenium-induced morphological changes are caused by an interaction 
between selenium and an extracellular target. To determine whether this is a feasible 
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hypothesis, the sequence of selenium-induced alterations in treated HTM cells was 
investigated.  For these studies, we chose to use 10µM MSeA since previous results were 
most consistent at this dose.  Four different HTM cell lines were tested (3 mo, 4 mo, 54 
yr, 67 yr) in a total of 6 different experiments. Since TIMP-1 secretion mirrors MMP-2 
secretion, we focused on MMP-2 in this experiment.  The secretion of MMP-2 decreases 
consistently by 6 hours after 10µM MSeA treatment in all cell lines (Figure 4.9), 
although sometimes as soon as 1 hour or 3 hours after treatment. This can be seen in the 
figure by noting the significant increase in the standard deviation of measurements taken 
after 30 minutes to 3 hours of MSeA treatment compared to those taken after 6 hours or 
24 hours of treatment.   Although there is significant variability at early timepoints, no 
association was found between the monitored outcomes (after MSeA treatment) and age 
of the cell donor. Our results indicate that protein secretion is affected as soon as 3 hours 
after MSeA treatment and reliably by six hours after treatment. 
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Figure 4.9 Timecourse of MSeA-mediated alterations in MMP-2 secretion in HTM 
cells.  HTM cells were treated with 10µM selenium and media were collected at various 
timepoints.  A. Representative western blot showing decreases in MMP-2 and TIMP-1 
secretion after 24 and 6 hours of MSeA treatment. Note: different quantities of protein 
were loaded for each timepoint to account for variations in the ability to detect secreted 
proteins. Compare each treatment band (+) only with the control band (-) from that 
timepoint. B. Graphical summary (n=5) indicating that MMP-2 secretion is significantly 
(p<0.05) decreased after 24 and 6 hours of MSeA treatment. 
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4.4 Discussion 
 The experiments described show that treatment of HTM cultures with an organic 
selenium compound (MSeA) leads to decreased secretion of MMP-2 and TIMP-1, two 
key players in ECM turnover in the conventional human outflow pathway.  If 
malfunctions in ECM regulation lead to ocular hypertension and glaucoma, it is 
reasonable to hypothesize that selenium’s effects on ECM homeostasis may also lead to 
ocular hypertension. 

Several forms of selenium exist and are used for supplementation.  In the NPC 
trial, selenized yeast was used as the selenium supplement with placebo groups taking a 
non-selenized yeast alternative. Selenized yeast contains selenized amino acids such as 
Se-methionine and Se-cysteine which are metabolized via β-lyase to hydrogen selenide.  
Hydrogen selenide is the selenium form required for selenoproteins; however, it is also 
the form responsible for genotoxicity.  Although most tested forms of selenium have 
some antineoplastic effects in animals, evidence suggests that methylselenol, a metabolite 
of hydrogen selenide and other seleno-compounds such as Se-methylselenocysteine has 
very potent anti-neoplastic effects and does not cause the DNA strand breaks responsible 
for genotoxicity.  MSeA is a direct precursor of methylselenol that bypasses the need for 
β-lyase activation.  This compound has been shown to have the typical anti-tumorigenic 
effects of selenium compounds including inducing apoptosis and inhibiting cell 
accumulation making it a good choice as an anti-neoplastic.  Since the use of MSeA 
obviates the need for enzymatic activation, it is also a good choice for in vitro laboratory 
work.  For a detailed discussion of selenium biochemistry, please refer to Chapter 2. 
 Results from our control experiments highlight an interesting paradigm regarding 
the differing role of MMPs/TIMPs in various tissue types.  For example, selenium 
decreased secretion and activity of MMP-2 in pre-confluent HUVECs and had no effect 
on confluent cells. This is consistent with the role of MMPs as degraders of matrix 
proteins during angiogenesis and cell movement/invasion.  That is, pre-confluent 
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endothelial cells (the type participating in capillary formation) have a need to degrade 
matrix and secrete MMPs while confluent cells may not.  In contrast, all demonstrated 
selenium effects were on HTM cells confluent for >1wk.  This is consistent with the in 
vivo environment of the HTM and the role of HTM cells as ECM remodelers under 
normal physiological conditions.  Thus, while selenium affects similar proteins in 
different cell types, its physiological results are quite different; in one case inhibiting a 
potentially pro-neoplastic growth function, and in another interfering with normal 
physiological regulation. 
 While many ECM regulators are involved in TM homeostasis, we chose to focus 
on MMP-2 for two reasons: first, previous studies provide a role for MMP-2 in selenium 
mediated ECM regulation, and second, my results from other MMPs were inconsistent.  
MMP-2 activation is extremely complex and involves several steps.  Since it is 
impossible to control all parts of the activation cascade, I focused only on the penultimate 
steps in the pathway: detecting the presence of pro-MMP-2 and active-MMP-2.  Active 
MMP-2 was detected in medium only once (data not shown). The probable reason stems 
from the complexity in converting the secreted 72kD zymogen to the active 66kD form.  
This activation step requires the formation of a membrane bound ternary complex 
involving membrane bound MMPs (MT1-MMP) and TIMP-2.  The lack of detection of 
TIMP-2 may in part explain why we did not see the 66kD active form of MMP-2.  The 
presence of active MMP-2 may also be affected by the constitutive expression of the 
main MMP-2 inhibitor, TIMP-1; however, it is also intricately regulated.   
 In this chapter I have established a dose-response profile for MMP-2/TIMP-1 
secretion from MSeA treated of HTM cells with consistent results. Furthermore, I have 
established a timecourse for these observations.  A decrease in the secretion of MMP-2 
and TIMP-1 from HTM cells is seen consistently after six hours of treatment.  This 
information is critical for later experiments testing the hypothesis that integrin mediated 
signaling may be important for the adverse effects of MSeA on the TM (Chapter 6). 
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CHAPTER 5 

METHYL SELENINIC ACID INHIBITS ERK SIGNALING3

5.1 Introduction 
 The mitogen activated kinase pathways (MAPK) are a series of kinase signaling 
pathways that can be activated by many stimuli both inside and outside of the cell. 
Traditionally these pathways are activated by receptor tyrosine kinases or G-protein 
coupled receptors[7]. Alterations in MAPK signaling can be observed even without 
knowledge of the specific cell-surface receptor coupled to the pathway. Once they are 
activated (by phosphorylation) MAP kinases serve as signal relays inside the cell by 
phosphorylating a series of downstream proteins.  These signals can lead to alterations in 
gene transcription which can then lead to changes in cell growth and proliferation or 
other cellular events.  One common MAPK signaling pathway is the extracellular signal 
related kinase (ERK) pathway.  ERK1/2 are MAP kinases that phosphorylate proteins 
that translocate to the nucleus and alter gene transcription.  ERK1/2 are activated by 
double phosphorylation (P-ERK1/2) by MEK which is a MAP kinase kinase.  MEK, in 
turn, must be phosphorylated to activate ERK1/2[7]    Inhibiting any upstream part of the 
pathway may inhibit ERK1/2 and lead to a decrease in the traditionally observed changes 
in gene transcription.  MAPK activation is typically very fast and signaling can be 
terminated by specific phosphatases within a few minutes.   

The signaling mechanism by which selenium affects MMP secretion has not yet 
been fully elucidated, but there is evidence that the ERK pathway may be involved in 
MMP signaling in TM cells after stimulation with a variety of growth factors. Platelet 
derived growth factor and phorbol ester (TPA) both have been shown to activate ERK1/2 
and stimulate MMP-2 secretion[4, 148].  There is also evidence that selenium may 

 
3 Portions of this chapter were published in, Conley et al. (2005) Alterations in human trabecular meshwork 
cell homeostasis by selenium.  Experimental Eye Research. In press.   and Conley et al. (2004) Selenium’s 
effects on MMP-2 and TIMP-1 secretion by human trabecular meshwork cells. IOVS. 45(2):473-479. 
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interact with the ERK1/2 cascade leading to as yet unspecified downstream events[3].  
Due to these observations, we felt it would be prudent to examine the effects of methyl 
seleninic acid (MSeA) on ERK phosphorylation, particularly in light of the alterations in 
MMP secretion reported in the previous chapter. 

5.2 Materials and Methods 

5.2.1 Cell Culture 
HTM cells were isolated  and cultured as described in Chapter 3. At least two 

different cell lines were tested for each experimental paradigm.  All HTM cells used in 
these experiments were confluent >1wk before testing.  

 

5.2.2 Selenium Treatment 
MSeA was prepared as described in Chapter 4. All cells were washed three times 

with PBS and serum starved for 24 hours before selenium treatment.  MSeA was added to 
fresh serum-free medium for final concentrations of 100 nM, 1 µM, 2 µM, 5 µM, or 10 
µM as described.  After washing three times with PBS, the fresh, selenium containing 
medium or serum-free medium (controls) was placed on the cells.  Positive controls were 
treated with fresh serum-free medium containing 10 ng/ml phorbol ester (Sigma).  Cell 
lysates were prepared by the addition of 100µl of 2x sample buffer (125 mM Tris-HCl pH 
6.8, 4% SDS, 20% Glycerol, 0.01% bromophenol blue, 10% β-mercaptoethanol) to each 
well followed by scraping.  Cell lysates were boiled for ten minutes before storage at -
20°C. 

 

5.2.3 Immunoblot Analysis 
Immunoblot analysis was performed as described in Chapter 4.  Blocked 

nitrocellulose blots were incubated overnight in anti-ERK1/2 (P44/P42 MAPK) IgG or 
anti-P-ERK1/2 (phospho-P44/42 MAPK, Upstate Signaling Technologies) before being 
developed as described earlier.  
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5.3 Results 

5.3.1 MAPK Activation 
Previous evidence suggests that organic selenium compounds activate the 

ERK1/2 MAPK pathway.  To see if this pathway is activated in HTM cells and in order 
to help determine intracellular mechanisms by which selenium may cause the observed 
decrease in MMP-2/TIMP-1 secretion, we conducted experiments in our cell culture 
model.  Serum starved cells (24 hours) were treated with MSeA (1µM, 2µM, 5µM, 
10µM) for an additional 24 hours. Whole cell lysates were analyzed for both ERK1/2 and 
phospho-ERK1/2.  Figure 5.1 shows paired, representative western blots demonstrating 
that total ERK protein remained unchanged after selenium treatment but that the quantity 
of phosphorylated ERK protein is dramatically decreased after treatment.  Figure 5.2 
displays graphical representations of average densitometry results from three experiments 
in two different cell lines.  On average, phosphorylated ERK proteins decreased by ~60% 
after treatment with high doses of selenium (when compared with controls), and 
statistical analyses show that the decrease in phosphorylated ERK after selenium 
treatment is dose-dependent and statistically significant (p<0.05).  

 
Figure 5.1.  Decreased ERK phosphorylation after 24hours MSeA treatment. HTM 
cells were treated with MSeA and TPA (positive control) for 24 hours.  Lysates were 
probed with anti-ERK1/2 and anti-P-ERK1/2. Notice the dramatic decrease in ERK 
phosphorylation in MSeA treated cells.   
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Figure 5.2.  Quantification of decrease in ERK phosphorylation with MSeA 
treatment.  Summary of experiment as in Figure 5.1. A. ERK phosphorylation in HTM 
cells significantly decreased after 24hours treatment with MSeA. B. Total ERK protein 
did not significantly change after MSeA treatment * Indicates p<0.05 compared with 
untreated control. 
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5.3.2 Low Dose Selenium Effects on MAPK activity 
 In an effort to determine whether low dose MSeA treatment had any effect on 
ERK phosphorylation, I treated HTM cells with MSeA at physiologically relevant doses 
(100nM, 1µM) and collected lysates after 24 hours.  There were not detectable changes in 
ERK phosphorylation at the 100nM dose, but as can be seen in Figure 5.3, 1µM MSeA 
led to a decrease in total ERK phosphorylation.  The blot shown is taken from an 
experiment in which MMP-2 secretion was also decreased. However, even in 
experiments where MMP-2 secretion was not decreased, the trend towards decreased 
ERK phosphorylation after 1µM MSeA treatment persists. 

Figure 5.3.  Low dose MSeA can cause a decrease in ERK phosphorylation in HTM 
cells. HTM cell lysates were probed for phosphorylated ERK (P-ERK) and total ERK 
after 24hours of treatment with low doses of MSeA.  1µM MSeA causes a decrease in 
ERK phosphorylation.  
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5.3.3 Timecourse of Alterations in ERK Phosphorylation. 
 As described in Chapter 4, it is important to characterize the sequence and time-
dependence of MSeA induced effects, including ERK, on HTM cells in order to help test 
the hypothesis that an extracellular target might mediate some of the observed changes.  
From a more focused standpoint the question becomes: are alterations in ERK 
phosphorylation observed before or after alterations in MMP-2 secretion?  If changes in 
ERK phosphorylation precede changes in MMP-2 secretion it is possible that the MAPK 
signaling pathway is involved in mediating alterations in protein secretion.  Figure 5.4 
shows a representative western blot showing alterations in ERK phosphorylation over 
time.  The results from six experiments are shown in Figure 5.5.  As before, total ERK 
protein does not change over time after 10µM MSeA treatment (Panel A).   However, 
there is huge variation in the quantities of phosphorylated ERK protein over time.  P-
ERK 1 and 2 are decreased by about 50% after 24 hours or 6 hours of treatment, however 
even at these long time points there is large variation (note that P-ERK 1 values do not 
attain statistical significance).  At shorter time points, variation continues to be extreme.  
In most experiments, ERK phosphorylation was unaffected at 30 minutes, however, in 
one cell line, ERK phosphorylation increased almost 3 fold at that time point.  Because of 
the variation from cell line to cell line, it was difficult to make conclusions about ERK 
phosphorylation at early timepoints after MSeA treatment. 

5.3.4 Use of MEK Inhibitor 
In order to help determine whether the observed MSeA-induced decreases in ERK 

phosphorylation might lead to alterations in MMP-2 secretion, HTM cells were treated 
with a MEK inhibitor.  MEK is the MAP kinase kinase which phosphorylates ERK1/2.  
When MEK is inhibited, ERK phosphorylation is also inhibited.  Therefore, we treated 
HTM cells with the MEK inhibitor PD98059 (6µM) and MSeA (10µM) and observed 
effects on MMP-2 secretion.  Inhibition of ERK did not affect MMP-2 secretion (Figure 
5.6A).  Furthermore, PD98059 treatment did not affect the observed MSeA induced 
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decrease in MMP-2 secretion.  This is not surprising since PD98059 alone did not affect 
MMP-2 secretion.  ERK inhibition was confirmed by examining P-ERK blots (Figure 
5.6B).  These results suggest that alterations in ERK phosphorylation state may not be 
responsible for the observed changes in MMP-2 secretion. 

 

Figure 5.4  Alterations in ERK phosphorylation over time after treatment with 
MSeA. Representative western blot showing HTM cell lysates probed for phosphorylated 
ERK (P-ERK) and total ERK after 10µM MSeA. Compare each treated band (+) only 
with the untreated (-) band from the same timepoint. Phosphorylation was decreased after 
3, 6, and 24 hours of treatment. 
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Figure 5.5.  Quantification of time sensitivity of MSeA induced alterations in ERK 
phosphorylation. Graphical summaries of 6 experiments as in Figure 5.4.  A. Total ERK 
protein did not change over the timecourse monitored.  B. P-ERK 2 was significantly 
decreased after 6 and 24 hours of treatment with MSeA, however, great variation was 
observed at early timepoints. Left panels are ERK/PERK-1 and right panesl are 
ERK/PERK-2. * Indicate p<0.05 when compared with untreated controls. 
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Figure 5.6.  Effect of MEK inhibitor on MMP-2 secretion. HTM cells were treated 
with PD98059 and MSeA for six hours.  A. PD98059 alone did not cause a decrease in 
the secretion of MMP-2 nor did it affect the MSeA induced decrease in MMP-2 
secretion.  B. ERK phosphorylation was inhibited by the PD98059 (as expected).   

A

B
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5.4 Discussion 
The data show that ERK phosphorylation decreased after high doses (5, 10µM) of 

MSeA.  Sometimes a decrease in ERK phosphorylation is seen at more physiologically 
relevant doses such as 1µM MSeA, but those results were not statistically significant.  
Changes in phosphorylation occur with 3 - 24 hours of treatment (significant decreases in 
phosphorylation are observed at 6 hours). Unfortunately, the data is inconsistent at earlier 
timepoints. When a MAPK inhibitor (PD98059) was used to inhibit ERK signaling, no 
alterations in MMP-2 secretion were observed.  

ERK signaling decreased in the presence of selenium, leading to the hypothesis 
that the MAPK pathway might regulate secretion of MMP-2.  There is evidence from 
previous studies showing that substances activating the ERK1/2 pathway in HTM cells 
can affect MMP-2 secretion.  For example, platelet derived growth factor and phorbol 
ester both activate ERK1/2 and increase secretion of MMP-2[148].  The use of a MAPK 
pathway inhibitor in these studies eliminated the effects on MMP-2 secretion, providing 
further support for this hypothesis[148].  Similarly, TNFα has also been shown to 
increase phosphorylation of ERK1/2 in HTM cells affecting secretion of several MMPs 
including MMP-1, -3, and –9. TNFα effects on MMPs were also eliminated in the 
presence of the MEK (MAPK pathway protein) inhibitor[4].  Interestingly, selenium 
effects on ERK1/2 in HUVECs appear to occur after changes in MMP secretion were 
recorded[3].  The authors state that in that case, inhibition of ERK signaling by MSeA 
was probably involved in downstream events such as inhibition of cell proliferation as 
opposed to directly regulating MMP secretion.  It is therefore difficult to conclude, based 
on previously published data, whether MSeA inhibits ERK1/2 activation which 
subsequently leads to an inhibition of MMP-2 secretion or whether MSeA inhibits MMP-
2 secretion and its effects on ERK1/2 are precursors of a different set of events.   

Timecourse experiments indicate significant variation in ERK phosphorylation 
over time.  Levels of P-ERK are decreased by 6 hours after MSeA treatment but 
sometimes earlier.  This trend is similar to that observed when examining MMP-2 
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secretion after MSeA treatment (consistent decrease at 6 hours and sometimes earlier).   
It is therefore impossible to conclude that alterations in ERK phosphorylation always 
precede alterations in protein secretion.  It is important to note however, that our 
experiments use primary cultured cells while most other experiments use transformed cell 
lines.  This discrepancy in tissue source may contribute to the discrepancy in results. 
Experiments using the ERK pathway inhibitor PD98059 did not induce a decrease in 
secretion of MMP-2.  Based on that and our timecourse experiments, it seems likely that 
alterations in ERK phosphorylation occur independently of alterations in protein 
secretion after MSeA treatment of HTM cells. 

ERK phosphorylation is usually an early change, often peaking as soon as 30 
minutes after treatment with growth factors or other known MAPK-linked receptors.  It is 
therefore possible that ERK signaling does occur immediately after treatment and directly 
affect MMP secretion, however, more data is needed to establish this association.  Based 
on our experiments in which we often, but not always, observed an increase in ERK 
phosphorylation at early timepoints, it is not clear whether MSeA treatment would be 
associated with an increase or a decrease in signaling. Based on the longer term inhibition 
of ERK seen in these experiments (6 hours, 24 hours) it is possible that MSeA is actually 
increasing phosphatase activity instead of directly inhibiting the MAPK pathway.   
 My data on the role of ERK signaling in HTM cells is inconclusive.  It is readily 
apparent that long term selenium treatment (24 hours) leads to a decrease in ERK 
phosphorylation but it is not clear what happens at earlier timepoints.  It seems likely that 
alterations in ERK signaling are related to a series of downstream events, such as 
alterations in cell cycle progression, that are unrelated to alterations in MMP-2 and 
TIMP-1 secretion, however, those changes are beyond the scope of this work. 
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CHAPTER 6 

THE ROLE OF INTEGRINS IN METHYL SELENINIC ACID INDUCED 
CHANGES IN THE TRABECULAR MESHWORK4.

6.1 Introduction 
 Early in our studies using MSeA to investigate selenium’s effects on trabecular 
meshwork cells, I noticed some very characteristic morphological changes that occurred 
after MSeA treatment.  These changes occurred predominantly in HTM cells, but to a 
lesser extent in HUVECs as well.  This chapter documents these morphological changes 
and presents evidence that they may be related to alterations in cell-matrix adhesion and 
integrin function while leaving cell-cell junctions intact. 

The morphological changes we document in HTM cells following MSeA 
treatment are novel.  However, such changes are similar to those found following 
selenium treatment of newly formed HUVEC capillaries (in culture).  In that case, 
selenium caused cell retraction and the formation of atypical spheroid bodies[3].  While 
changes in HUVECs are visually distinct from the ones in HTM, it is possible that the 
mechanism is the same, perhaps resulting from targeted effects on integrin mediated cell-
matrix complexes.  Yoon et al. reported that in HT1080 cells the inorganic selenium 
compound selenite caused a dose dependent decrease in cell-matrix adhesions but did not 
affect cell-cell adhesions[42].  These observations support our findings, presented below, 
that integrins may be involved in the observed morphological changes. 

There are several ways to test the hypothesis that integrins are involved in MSeA 
induced morphological changes. The most direct way would be to block all integrin 
function and see if we could mimic the effects of MSeA (both on morphology and on 
downstream indicators).  However, this powerful approach requires the use of specific 

 
4 Portions of this chapter were published in: Conley et al. (2005) Alterations in human trabecular meshwork 
cell homeostasis by selenium.  Experimental Eye Research. In press. 
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antibodies and peptide inhibitors, many of which are not publicly available.   A second 
approach is to look at the distribution and quantity of specific integrins in the presence 
and absence of MSeA.  Some results from this strategy are presented below.  For various 
technical reasons the approach was abandoned in favor of more consistent experiments.  
Technical challenges combined with the inability to see all integrins with this method 
limits its applicability since we have no way to predict integrins with which MSeA might 
interact.  An exciting third approach is to use terbium chloride to label active integrins.  
Many integrins will bind terbium in their active site when the active state is stabilized.  
Terbium is a rare earth metal that will fluoresce when it is localized near aromatic amino 
acids such as tryptophan.  However, we were unable to detect Terbium fluorescence 
regardless of cell treatment.   

The most consistent results came from experiments in which I used the divalent 
cations Mn2+ and Zn2+ to test the involvement of integrins in the observed morphological 
changes.  Mn2+ and Zn2+ are known to activate integrins (among other things) and I 
hypothesized that we could compete out the effects of MSeA by coadministering Mn2+ 
and Zn2+. Data from these experiments is presented below. 

 

6.2 Materials and Methods 

6.2.1 Cell Culture 
HTM cells were cultured as described in Chapter 3.  Cells were seeded onto six 

well plates before use.  In some experiments cultured porcine trabecular meshwork 
(PTM) cells were used for screening purposes (they are more easily cultured and more 
readily available than human cells).  PTM cells were isolated and cultured identically to 
HTM cells.   

6.2.2 Cell Morphology 
Phase-contrast photography over time using an Olympus IX70 inverted 

microscope and Magna Fire (Version 2.1a) software enabled the documentation of 
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morphological changes following MSeA or divalent cation treatment.  Cells were imaged 
before serum starvation, after serum starvation, after treatment, and two weeks post 
treatment. Determination of morphological changes was made based on two objective 
criteria: (i) retraction of cells from the matrix—defined by the appearance of spaces 
between previously confluent cells, and (ii) detachment of cells from the plate—defined 
as floating bridges or strings of rounded cells moving in the media but still anchored to 
the dish by some cells. 

6.2.3 Cell Treatment 
HTM cells or HUVECs were washed three times with PBS and serum starved for 

24 hours before selenium treatment.  MSeA was added to fresh serum free medium 
(SFM) at various doses as indicated. After washing three times with PBS, SFM 
containing selenium was placed on the cells. Negative controls were incubated with SFM.  
In some experiments, medium was supplemented with 500µM divalent cations (Mn2+ or 
Zn2+ chloride salts-Sigma). At specified times, (i) morphological changes were 
documented (ii) media were collected, concentrated 30 times using Centricon spin 
columns (Millipore) and aliquoted; or (iii) cell lysates were collected by scraping each 
well into 100µl of 2x reducing sample buffer (125mM tris pH 6.8, 20% glycerol, 4% 
SDS, 10% β-mercaptoethanol).  Sample buffer was added 1:1 to media samples for 
Western blotting. 

6.2.4 Cell Staining 
In some experiments, cells were seeded into six-well plates on glass coverslips.  

Confluent (>1wk) HTM cells were treated with MSeA for six hours. Cells were fixed 
with 4% paraformaldehyde in PBS, blocked in 10% goat serum in 1x PBS +0.1% TX-
100, and incubated overnight at 4ºC in 1:500 monoclonal anti- αVß3 (vitronectin 
receptor) IgG in blocking solution. Cells were washed with PBS containing 0.1% triton 
X-100 (3 X 1 ml/well) and incubated for one hour at 25ºC in blocking buffer containing 
FITC-conjugated anti-mouse IgGs (1:1000 dilution, Jackson Immunoresearch, West 
Grove, PA).  Cells were washed again (3 X 1ml/well) and incubated in 1:1000 rhodamine 
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phalloidin to examine the F-actin cytoskeleton.  Coverslips were mounted in antifade 
(90% glycerol, 10% 1M tris pH 8.0, 0.2% n-propyl gallate) on glass slides. Cells were 
photographed using confocal microscopy or phase-contrast microscopy.  

6.2.5 Statistical Analyses 
 Analysis of variance (ANOVA) was used to determine whether multiple treatment 
groups were significantly different in all cases with sufficient experimental repetitions. 
Two-sample Student’s T-test with Bonferroni’s correction was used to determine whether 
individual treatment groups were significantly different. In cases where only two groups 
were to be compared, two-sample Student’s T-tests were used. Two-tailed distributions 
were used in all cases to avoid bias.  Statistical significance was defined as a p value less 
than 0.05.  In cases where n=2 (control experiments with HUVECs only) statistical 
analyses were not performed. 

 

6.3 Results 

6.3.1 Morphological Changes 
 HTM cells were confluent for at least one week when used for the experiments 
noted above.  The cells were photographed after 24 hours of serum starvation, 24 hours 
after selenium dosing, and two weeks after treatment cessation.  In all cases (n=4), 
selenium treatment caused dose-dependent morphological changes in the cell cultures.  
Figure 6.1 shows a representative set of photographs demonstrating the typical changes 
seen at various doses.  The highest doses prompted the most dramatic morphological 
changes, while changes at lower doses were less pronounced. Phorbol ester (TPA) was 
used as a control as it induces protein secretion from HTM cells, but does not alter cell 
morphology. Before dosing and after serum starvation, all wells looked like the negative 
control.  Interestingly, changes in the cultures were cell-line dependent.  For example, 
some cell lines exhibited severe changes, with treated cells lifting entirely off the plates 
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and remaining tethered only by secondary cell associations (as seen in Figure 6.1 doses 5 
µM and 10 µM). In other cell lines, changes at the highest doses were less severe, with 
high-dose treated cells resembling the moderately dosed (1µM, 2µM) cells shown in 
Figure 6.1.  Morphological changes were not associated with significant cell death, as 
evidenced by comparable levels of intracellular proteins (e.g. ERK1/2) in treated versus 
control cells (data not shown).   

As further support for the contention that the release of HTM cells from their 
ECM did not result in immediate death, morphological changes were reversible after 
removing the selenium.  In all cases, (n=3) cells reattached to the plates and began to 
spread back out and migrate. Figure 6.2 shows two micrographs per well taken two 
weeks after selenium treatment ceased.  At the highest doses at which large quantities of 
cells lift completely off the plate, they tend to readhere in a clump (Figure 6.2 5,10 µM 
right) and then spread back out (left). The figures on the left are more representative of 
the entire well after two weeks; as pictured, the cells are starting to return to a regular 
monolayer. 

I then wished to determine how early these morphological changes could be 
detected and whether they occurred before or after other MSeA induced changes such as 
protein secretion (Chapter 4) and signaling alterations (Chapter 5).  To that end, cells 
were photographed at various timepoints after the addition of MSeA. In all cell lines 
used, cell retraction began as early as 3 hours after 10µM MSeA selenium treatment 
(Figure 6.3, arrow), with significant decreases in cell-matrix adhesion at 6 hours 
characterized by formation of partially attached and floating “bridges” of cells and the 
formation of round, cell-free areas on the plates (Figure 6.3).  There was significant 
detachment of cell groups by 12-24 hours  Higher passage cells were slightly more 
sensitive to MSeA, and HUVECs were slightly less sensitive (not shown) but all 
exhibited the same sequence of events. 
 It is important to note two features of these consistent and characteristic 
morphological changes.  First, the cells detach from the extracellular matrix and lift off of 
the plate, but they do not detach from each other.  This specifically supports a role for 
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integrins in the effect; integrins are responsible for cell-matrix interactions.  Cadherins 
for example, seem to be uninterrupted, as the cell-cell junctions are still in place as 
evidenced by the observation that cells remain attached to each other just not to the 
culture dish.  Second, the reversibility of the morphological changes indicates that 
detached cells are still alive (although if selenium treatment persists at high doses, the 
cells will eventually die).  Integrins are capable of mediating an array of intracellular 
functions due to their capacity for outside-in signaling.  Alternatively, their activity can 
also be modulated from within the cell via inside-out signaling.  These possibilities were 
further investigated in later experiments. 
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Figure 6.1 Effects of MSeA HTM cell morphology. Confluent (>1wk) HTM cells were 
treated with MSeA for 24hours. at various doses.  Cells were imaged using phase-
contrast microscopy.  Note that cells at the highest doses remain attached to each other 
but have detached from their extracellular matrix.  At lower doses, cells retract from the 
matrix to form open well-like areas on the plate. 
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Figure 6.2 MSeA effects 
on HTM cell 
morphology are 
reversible. Confluent 
(>1wk) HTM cells were 
treated with MSeA for 
24hours. at various doses. 
MSeA induced 
morphological changes 
are documented in Figure 
6.1 Shown here (panel A)
are two images from the 
same well taken two 
weeks after cessation of 
treatment. Two images 
per well are provided to 
demonstrate that at higher 
doses of MSeA (doses 
that cause the cells to lift 
off of the plate) the cells 
sit back down in a clump 
(5,10µM, right) but also 
spread out into a healthy 
monolayer (left).  Panel B
shows one image per well 
taken from cells not 
treated with selenium 
(left) and from positive 
control cells (TPA 
treatment-right).  Cells 
were imaged using phase-
contrast microscopy.   
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Figure 6.3 
Effects of 
MSeA on HTM 
cell 
morphology 
over time. 
Confluent 
(>1wk) HTM 
cells were 
treated with 
10µM MSeA for 
various times.  
Cells were 
imaged using 
phase-contrast 
microscopy.  
Note beginnings 
of cell retraction 
after three hours 
(arrow) 
proceeding to 
the formation of 
“bridge” like 
structures of 
cells tethered to 
the plate only by 
secondary cell-
cell interactions 
(24 hours.) 
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6.3.2 Vitronectin Receptor Distribution. 
 As described in the introduction, one way to examine the role of integrin signaling 
is by looking at the distribution of a single integrin molecule and seeing if it changes 
upon treatment.  To that end, MSeA treated HTM cells were stained with vitronectin 
receptor antibody and rhodamine phalloidin. Vitronectin receptor was selected because 
vitronectin is a ubiquitous component of ECM in cultured cells, and the receptor is 
known to be expressed by HTM cells. I discovered, as might be expected, that the actin 
cytoskeleton underwent significant changes after MSeA treatment (Figure 6.4).  Given 
the severe morphological changes observed; a lack of change in the actin cytoskeleton 
would have been unbelievable.  On the other hand, we were unable to document 
consistent changes in either vitronectin receptor quantity or distribution after treatment 
with selenium (Figure 6.4).  Figure 6.4b shows representative phase contrast micrographs 
to indicate characteristic morphological changes. The lack of evidence of change in 
vitronectin receptor quantity and distribution may be due to a real lack of change in those 
parameters; however, the assay was not sufficiently reliable to make that claim.  It was 
very difficult to differentiate between background labeling and specific labeling for the 
vitronectin receptor. More importantly, the nature of the morphological changes, i.e. cells 
detaching from their matrix, made them extremely likely to wash away during the washes 
inherent in the staining process. 
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Figure 6.4 Effects of MSeA on αVß3 distribution and actin polymerization. 
Confluent (>1wk) HTM cells were treated with MSeA for six hours.  A. Cells were fixed 
with 4% paraformaldehyde and probed with monoclonal anti- αVß3  plus FITC 
conjugated secondary and rhodamine phalloidin.  Cells were photographed using 
confocal microscopy (600x) B. Phase-contrast images (200x) of unfixed cells treated with 
MSeA at the same doses and times as panel A for comparison. 

A

B
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6.3.3 Terbium Treatment of HTM Cells 
 As noted in the introduction section, terbium is known to bind to active integrins 
in a manner quantifiable by fluorescence emission spectroscopy.  Although I was unable 
to measure any fluorescence above background from terbium treated cells, I hypothesized 
that the ion might stabilize the active conformation of integrins anyway.  To investigate 
that possibility, HTM cells were treated with terbium and MSeA to see if terbium would 
inhibit MSeA induced morphological changes.  Figure 6.5 shows that high doses of 
terbium (500 µM) do partially inhibit the typical MSeA changes in morphology (bottom 
right panel).  However, that quantity of terbium was itself associated with cytotoxicity as 
seen in the bottom left panel (arrows-graininess indicating cell debris).  Based on these 
results and the lack of success with the fluorescence assays, I decided to put aside the 
terbium experiments. 
 

6.3.4 Divalent Cation Treatment of HTM Cells 
 Since the terbium was unsuccessful in our experiments to investigate the role of 
integrins in MSeA-induced morphological changes, we decided to investigate other less 
toxic divalent cations.  The first one we tried was divalent calcium.  Calcium is the metal 
ordinarily found in the active sites of integrins, and we hypothesized that an excess of 
calcium might compete out the effects of the MSeA.  Unfortunately, the calcium did not 
prevent MSeA induced morphological changes, and high concentrations (5-10mM) of 
extracellular calcium were toxic to the cells (not shown).  
 Therefore, to test whether integrins as a class are a target of MSeA, HTM cells 
were treated with two different cations (manganese and zinc) that are known to compete 
for calcium binding in multiple integrin metal binding sites thereby promoting adhesion 
[149-151].  Manganese gave encouraging results in a series of initial screening 
experiments done on porcine TM.  As shown in Figure 6.6, 500µM manganese was able 
to completely inhibit MSeA induced morphological changes without significant toxicity.  
Subsequent experiments in HTM cells were more variable.  Figure 6.7a shows an 
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experiment in which manganese was able to inhibit MSeA induced morphological 
changes in HTM cells, however, in other experiments (Figure 6.8) manganese treatment 
had no effect on the characteristic  
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Figure 6.5 Effects of terbium and MSeA on HTM cell morphology. Confluent (>1wk) 
HTM cells were treated with MSeA and/or terbium chloride for 24 hours.  Cells were 
imaged by phase-contrast microscopy immediately after cessation of treatment.  Note that 
high dose terbium can prevent MSeA induced morphological changes (bottom right) but 
that terbium alone has some toxic effects on HTM cells (bottom left, arrows). 
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Figure 6.6 Effects of manganese and MSeA on porcine TM cell morphology. 
Confluent (>1wk) pig TM cells were treated with MSeA and/or manganese chloride for 
24 hours.  Cells were imaged by phase-contrast microscopy immediately after cessation 
of treatment.  Note that manganese prevents MSeA induced morphological changes 
without overt cytotoxicity. 
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Figure 6.7 
Manganese partially 
inhibits MSeA-
induced changes in 
cell morphology. 
(Next page) Confluent 
(>1wk) HTM cells 
were treated with 
MSeA and/or 
manganese chloride 
for 24 hours.  A. Cells 
were imaged by 
phase-contrast 
microscopy 
immediately after 
cessation of 
treatment.  Note that 
manganese prevents 
MSeA induced 
morphological 
changes without overt 
cytotoxicity.  B. 
Representative 
western blots showing 
MMP-2 secretion into 
the media of treated 
cells and ERK/P-ERK 
in the lysates of 
treated cells. 

B

A
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morphological changes.  Furthermore, effects of manganese on protein secretion and 
intracellular signaling molecules, such as ERK, were worrisome (data not shown).  As 
shown in Figure 6.7b, even though manganese appears to partially alleviate MSeA 
induced decreases in MMP-2 secretion and ERK phosphorylation, manganese treatment 
alone appears to partially inhibit these functions. 

Figure 6.8 Variability in the effects of manganese and MSeA on HTM cell 
morphology. HTM cells were treated with MSeA and/or manganese chloride for 24 
hours.  A. Cells were imaged by phase-contrast microscopy immediately after cessation 
of treatment.  Note that manganese does not prevent MSeA induced morphological 
changes (in contrast to Figures 6.6, 6.7). 
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Due to the inconsistency in the results with manganese further experiments were 
conducted by co-administering zinc and MSeA. Changes in cell matrix adhesion induced 
by MSeA were effectively and consistently prevented by co-administration of Zn2+ 
(Figure 6.9). MSeA-induced decreases in MMP-2 secretion and ERK phosphorylation 
were partially inhibited by co-administration of zinc (Figure 6.10).  Additionally, unlike 
in the case of manganese, zinc alone did not have any effect on morphology, protein 
secretion, or ERK phosphorylation.  While zinc has many cellular effects, the design of 
these experiments and results observed support the idea that integrins are a cellular target 
of selenium.  Additionally, the observation that inhibiting morphological changes with 
Zn2+ also inhibits MSeA induced alterations in protein secretion and ERK signaling 
supports a sequential association between these different cellular processes.  
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Figure 6.9 Treatment of HTM cells with zinc: changes in cell morphology. HTM 
cells were treated with 10µM MSeA and/or 500µM Zn2+ Zinc alone had no effect on cell 
morphology (bottom left) but was capable of inhibiting MSeA induced morphological 
changes (bottom right).   
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Figure 6.10 Treatment of HTM cells with zinc: protein effects. HTM cells were 
treated with 10µM MSeA and/or 500µM Zn2+. A. Representative western blot indicating 
that in addition to inhibition of selenium induced changes in morphology; zinc was 
capable of partially inhibiting selenium induced changes in MMP-2 secretion and ERK 
phosphorylation.  B, (n=6) C (n=3).  Graphical summaries of western blot data.  * 
Indicates significant (p<0.05) decrease in protein quantity when compared to untreated 
samples. 
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6.4 Discussion 
 In this chapter, data is presented supporting the hypothesis that some MSeA-
induced changes in HTM cells may be mediated by alterations in integrin signaling.  First 
I show that MSeA treatment is associated with characteristic morphological changes in 
which cells release from the extracellular matrix and form floating “bridges” of cells.  
These cells are still attached to each other, just not to the culture plate supporting the 
hypothesis that integrin signaling is involved.  Importantly, MSeA-induced 
morphological changes occur in a dose and time-dependent manner.  Additional support 
for the integrin hypothesis comes from data in which it is shown that zinc, a known 
integrin activator, can inhibit MSeA-induced changes in cell morphology and partially 
inhibit the decreases in protein secretion and intracellular ERK signaling seen after 
MSeA treatment. 

The precise role of cell-matrix adhesion molecules in selenium-mediated 
morphological changes is still incompletely understood.  However, there have been 
several reports of altered cell-matrix adhesion associated with selenium treatments, 
mostly due to the inorganic selenium compound, selenite [152-154].  One study reported 
that selenomethionine was capable of inhibiting platelet adhesion to fibronectin [153], 
and we report both here and previously that the monomethylated compound, MSeA, can 
inhibit cell-matrix adhesion in HTM cells and HUVECs [2].    

The hypothesis that MSeA interference with integrin-matrix binding contributes 
to subsequent alterations in cell homeostasis and secretion may have significant impact 
on understanding the mechanism of action of selenium in the modulation of ECM in 
glaucoma and angiogenesis.   Manganese is a direct activator of integrins, replacing 
calcium in the active sites between the alpha and beta subunits, however it was unable to 
inhibit MSeA induced alterations in cell morphology.   I therefore hypothesized that 
MSeA was altering the structure or function of the integrins somewhere besides the 
active site.  This idea led to the  investigation of the effects of zinc treatment. Zinc is 
known to stimulate expression of certain integrins and to increase integrin mediated 
activities such as cell migration and adhesion in keratinocytes[155] and to promote 
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adhesion of myelomonocytic cells to vitronectin[156] (coincidentally, one of the major 
types of extracellular matrix found in cultured cells).  While the exact mechanism of zinc 
mediated integrin changes is not understood there is significant data indicating that 
responses to zinc and manganese differ considerably and may preferentially affect 
different integrin subtypes[151, 155, 156].   

Altered cell-matrix adhesion or altered integrin signaling in the trabecular 
meshwork, coupled with a decrease in homeostatic cell functions could severely 
compromise the ability of HTM cells to properly filter aqueous humor, maintain a patent 
drainage system, and regulate outflow facility. HTM cells whose function has been 
impaired even slightly by selenium may be less able to carry out routine activities such as 
phagocytosis, ECM turnover and neutralization of oxidative stressors [104, 157, 158]. 
Impairment of these functions may lead to buildup of debris in the drainage tract, 
accelerated cell death and increased outflow resistance.   More specifically, alteration of 
cell adhesion in the juxtacanalicular area of the meshwork would likely affect cell shape, 
contractility, and interactions with Schlemm’s canal inner wall [159, 160]; any of which 
could alter outflow resistance and lead to an increase in intraocular pressure. 

In terms of chemoprevention, cell-matrix adhesion is critical for several phases of 
tumor growth.  Primarily, cell-matrix interactions are pivotal for metastasis and 
angiogenesis, depending upon the cell type.  It has been previously suggested that the 
adhesion inhibition caused by selenite might provide a good chemopreventive mechanism 
for selenium; however, many of selenium’s observed antiangiogenic effects are observed 
preferentially after treatment with selenium species that contribute to the organic 
selenium pool rather than to the inorganic selenium pool (hydrogen selenide) like selenite 
[3, 28].  MSeA, a contributor to the organic selenium pool, has been shown to have 
several types of chemopreventive effects in vitro [3].  The alterations in cell-matrix 
adhesion we report here suggest an important chemopreventive mechanism for inhibiting 
metastasis.  Additionally, angiogenesis, a critical process for tumor growth, depends on 
proper adhesion of endothelial cells to ECM.  Inhibition of cell-matrix adhesion may 
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inhibit tumor neoangiogenesis, especially when coupled with alterations in the secretion 
of matrix remodeling proteins. 
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CHAPTER 7 

GENERAL ADVERSE EFFECTS OF METHYL SELENINIC ACID ON 
HUMAN TRABECULAR MESHWORK CELLS5

7.1 Introduction 
In previous chapters, results have been presented describing the effects of 

selenium on specific proteins in the TM.  Similar to published effects observed with 
human umbilical vein endothelial cells (HUVECs), we found that selenium treatment of 
human trabecular meshwork (HTM) cells significantly inhibits MMP-2 and TIMP-1 
(tissue inhibitor of metalloproteinase 1) secretion, decreases intracellular signaling of the 
extracellular signal related kinase pathway (ERK), and dramatically inhibits cell-matrix 
adhesion in a manner characteristic of integrin-mediated alterations.  These effects were 
dependent upon confluence of cells in culture: selenium effects on HUVECs occurred 
only in pre-confluent cells while effects on HTM cells were observed on confluent and 
stable cell monolayers [2].   In spite of these data, the specific cellular pathways 
responsible for selenium effects in both HTM cells and angiogenic endothelial cells are 
unknown.   

The purpose of this section was to characterize the ways by which selenium 
impacts overall HTM cell homeostasis.  Based on earlier data (Chapter 4), it was 
uncertain whether selenium effects on proteins involved in extracellular matrix turnover, 
such as MMP-2, are specific to this class of proteins or indicative of broader effects on 
protein secretion.  In fact, one of the primary defects of previous studies examining 
MSeA alterations in protein secretion was the lack of appropriately presented control 
proteins.  Jiang and colleagues present data suggesting that MMP-2 and VEGF secretion 
from HUVECs treated with MSeA is decreased. However, they do not show any other 

 
5 Portions of this chapter were published in: Conley et al. (2005) Alterations in human trabecular meshwork 
cell homeostasis by selenium.  Experimental Eye Research. In press. 
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proteins, either to serve as protein loading controls on their western blots or to prove that 
the effects on MMP-2 and VEGF secretion are specific. Without these controls it is 
inaccurate to claim that MSeA specifically inhibits matrix remodeling proteins. 

Therefore I began to look for a control protein whose secretion was unaffected by 
MSeA.  Subsequently, assays were undertaken to examine total protein secretion and 
protein synthesis.  Finally, since the majority of MSeA effects we had observed were 
depressant, and the morphological changes (cells lifting off the plate) introduce the 
possibility of cell loss or death, it seemed extraordinarily important to rule out overt 
cytotoxicity as an explanation for selenium mediated effects.  In conjunction with cell 
death assays, tests were conducted to examine total cellular ATP to ensure that energy 
production in the cell was not adversely affected.  As before, all assays were conducted in 
parallel on HUVECs, thereby providing both a control cell type and evidence that the 
effects of MSeA are not specific to the eye.   
 

7.2 Materials and Methods 

7.2.1 Cell Culture 
HTM cells and HUVECs were cultured as described in Chapter 3.  In this section, 

three HTM cell lines from donors without history of glaucoma were used (3 mo, 35 yr, 71 
yr).  These cell lines were chosen based on cell availability at the time the assays were 
conducted.  Cells were seeded onto six well or ninety-six well plates as necessary. 
 

7.2.2 Selenium Time Course 
HTM cells or HUVECs were washed three times with PBS and serum starved for 

24 hours before selenium treatment.  MSeA was added to fresh SFM for a final 
concentration of 10 µM; a dose chosen based on previously published dose-response 
curves [2]. After washing three times with PBS, SFM containing selenium was placed on 
the cells. Negative controls were incubated with SFM.  At specific times, media were 
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collected, concentrated 30 times using Centricon spin columns (Millipore) and aliquoted. 
Sample buffer (125mM tris pH 6.8, 20% glycerol, 4% SDS, 10% β-mercaptoethanol) was 
added 1:1 to media samples for Western blotting.   Western Blots from SDS-PAGE gels 
were completed using protein specific IgGs and horseradish peroxidase conjugated 
secondary antibodies. 
 

7.2.3 Protein Radiolabeling  
Confluent HTM cells or pre-confluent HUVECs in six-well plates were treated 

with varying doses of MSeA for 3 or 6 hours. Two and a half hours before the end of the 
selenium exposure period, cells were transferred to medium free of methionine, cysteine, 
and serum (MCF) (Invitrogen, San Diego CA).  After 30 minutes the cells were 
transferred to MCF with 1.2mCi/ml trans-35S methionine/cysteine (MP Biochemicals, 
Irvine CA) and MSeA (1-10µM).  After two hours, the radioactive medium was removed 
and cells were washed (2x1ml) in 10x MCF DMEM (DMEM containing 0.3mg/ml 
methionine, 0.39mg/ml cysteine, and 4.75mg/ml HEPES, Sigma).   One ml 10x MCF 
DMEM without MSeA was given to each treatment group, and cells were incubated for 
four more hours.  Media were removed and spun for five minutes at 1500xg to pellet any 
cell debris. After removing the media from the pellet, the pellet was resuspended in the 
lysis buffer later used to scrape the cell monlayer.  The cell monolayers were rinsed with 
1ml of ice cold PBS. Lysates were scraped in lysis buffer (150mM NaCl, 5mM N-ethyl 
maleamide, 25mM tris, 1% NP-40, protease cocktail [Roche] and 200 µM PMSF) at two 
timepoints (immediately after radiation exposure, and four hours later). Media were only 
collected at the 4 hour time point.  Samples were run into a 10% SDS-PAGE gel after 
dilution in 2x sample buffer.  Gels were transferred electrophoretically to nitrocellulose 
membranes and directly exposed to autoradiography film.  An aliquot of each sample was 
counted for 35S activity in order to determine total radiolabeled protein (compared to 
untreated control samples). Cycloheximide (CH, 10µM) treatment was used as a positive 
control for inhibition of protein translation.   
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7.2.4 Cell Viability and Cytosolic ATP Assays 
 HTM cells and HUVECs were plated in 96 well plates and grown to 100% and 
80% confluence respectively.  Cells were treated with varying doses of MSeA in SFM for 
either 6 or 24 hours, and triton-X 100 (0.1%, Sigma) was used as a positive control to 
induce cell death.  For cell viability assays, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Mary Anne Raymond) was added six hours before 
the end of the exposure period.  At the end of the exposure period, plates were 
centrifuged at 1500xg for 5 minutes and the media were aspirated.  For MTT assay, 100µl 
DMSO was added to each well, plates were agitated 5 minutes and absorbance was read 
at 650nm (EMax plate reader, Molecular Devices).  For ATP assays, 50µl 1xPBS 
(Invitrogen) was added to each well, and total cellular ATP was measured using the 
Bioluminescent Somatic Cell Assay Kit (Sigma).  Briefly, 100µl somatic cell releasing 
agent was added to each well, and immediately before measuring luminescence, 100µl 
1:10 dilution of ATP assay mix in ATP assay mix dilution buffer was added.  
Luminescence was read using a Spectramax luminometer (Molecular Devices). 
 

7.2.5 Statistical Analyses 
 Analysis of variance (ANOVA) was used to determine whether multiple treatment 
groups were significantly different in all cases with sufficient experimental repetitions. 
Two-sample Student’s T-test with Bonferroni’s correction was used to determine whether 
individual treatment groups were significantly different. In cases where only two groups 
were to be compared, two-sample Student’s T-tests were used. Two-tailed distributions 
were used in all cases to avoid bias.  Statistical significance was defined as a p value less 
than 0.05.  In cases where n=2 (control experiments with HUVECs only) statistical 
analyses were not performed. 
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7.3 Results 

7.3.1 Search for a secreted protein unaffected by MSeA 
 Previously it was determined that MSeA inhibited both MMP-2 secretion and 
TIMP-1 secretion (Chapter 4).  While MMP/TIMP regulation is complicated, it seemed 
unusual that MSeA reduced secretion of both MMP-2 and its inhibitor TIMP-1.  This 
observation, combined with a technical need to present a control protein led us to search 
for a protein whose secretion from HTM cells was unaffected by MSeA. 
 Figure 8.1 shows a representative western blot from the media of HTM cells 
treated with MSeA.  The data presented are from a timecourse experiment but the 
relevant point is that all three proteins presented demonstrate exactly the same secretion 
profile.  The secretion of two of the proteins shown are known to decrease after MSeA 
treatment (Chapter 4). I thought myocilin (shown as a doublet at 55/57 kDa) would be a 
good candidate for a control protein.  It is a protein involved in intracellular transport and 
is independent of the typical secretory pathway.  However, its secretion was decreased 
after selenium treatment just like MMP-2 and TIMP-1.  Another protein unrelated to 
MMPs we investigated, tissue plasminogen activator, was also seen in decreased 
quantities in the media of HTM cells treated with MSeA (not shown).  These 
observations led us to investigate total protein secretion. 
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7.3.2 Inhibition of Total Protein Synthesis and Secretion in MSeA Treated Cells 
Our inability to identify a protein secreted into the media that was not decreased 

by MSeA treatment led us to question the specificity of MSeA induced alterations in 
protein secretion. To further investigate this observation, we examined total protein 
secretion and translation by metabolically labeling nascent proteins.  

 Figure 7.2 shows representative autoradiographs from MSeA treated HTM cells 
and HUVECs indicating a dramatic decrease in new protein synthesis over the course of 
four hours after selenium treatment. In some experiments, brefeldin A was used as a 
control to inhibit protein secretion and cycloheximide was used as a control to inhibit 
protein synthesis. Our results indicate that both physiologically relevant (1 µM) and 
higher doses (5 µM, 10 µM) of MSeA significantly (p<0.05) inhibit total protein 
translation in HTM cells after a three hour MSeA treatment (Figure 7.3a).  This timepoint 

Figure 7.1. The search for a control protein secreted from MSeA treated HTM cells.
Confluent (>1wk) HTM cells were serum starved for 24 hours then dosed with 10 µM 
MSeA.  Media were collected and probed with multiple antibodies as shown above.  
MMP-3 and tPA were also examined (not shown) and exhibited similar secretion 
profiles. 
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was selected because cells exhibited reliable morphological changes but had not yet 
begun to come off of the plates.  It was important to remove the MSeA before cells came 
off the plate in order to ensure that all cells were collected. This trend was also observed 
in HUVECs, which showed a dramatic inverse dose-response relationship between total 
protein synthesis and MSeA treatment (Figures 7.2, 7.3b).   

Total protein secretion was also significantly decreased in MSeA treated HTM 
cells at mid-level doses (5µM, p<0.05, Figures 7.4, 7.5a).  Selenium effects on protein 
secretion from HUVECs were of greater magnitude than those seen in HTM cells. For 
instance, total protein secretion decreased with increasing MSeA dose (Figure 8.5b) in a 
consistent manner.  Protein secretion from HTM cells at lower, physiologically relevant 
doses exhibited dramatic variation from cell line to cell line, in keeping with our previous 
findings with MMP-2 secretion.  For example, some donor cell lines showed a 30% 
reduction in total protein secretion after 3 hours of exposure to 1µM MSeA while others 
showed an increase in protein secretion of similar magnitude (representative 
autoradiographs shown in Figure 8.6).  Slightly longer periods of exposure to low doses 
of MSeA (6 hours) yielded similar variability in results (not shown).   

In untreated cells, approximately twice as much newly synthesized protein 
remains inside the cell as is secreted (an intracellular protein:extracellular protein ratio of 
2:1).  Interestingly, this ratio of intracellular protein:extracellular protein decreases from 
around 2:1 to 1:1 after 10µM MSeA treatment (compared to untreated).  Thus, the 
translational machinery appears preferentially affected by selenium rather than the cells’ 
secretory machinery.  
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Figure 7.2 Autoradiographs showing new protein synthesis in HTM cells and 
HUVECs treated with MSeA.  HTM cells (left) and HUVECs (right) were treated with 
MSeA for 3 hours and exposed to 1.2mci/ml trans-35S. Four hours after cessation of 
treatment, HTM cell and HUVEC lysates were collected, run into a SDS-PAGE gel, and 
exposed to x-ray film to demonstrate the dramatic decrease in protein synthesis that 
accompanies MSeA treatment. 
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Figure 7.3 Graphical summary of MSeA induced alterations in protein synthesis.  
Graphical summary of experiments in Figure 8.2 A. Total protein synthesis in HTM cells 
(n=5) is significantly decreased at all doses of MSeA. * Indicates p<0.05 compared with 
untreated controls.  B. Summary of parallel experiments conducted in HUVECs (n=3).  
Protein synthesis in HUVECs also decreases as MSeA dose increases. 
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Figure 7.4 Autoradiographs showing protein secretion in HTM cells and HUVECs 
treated with MSeA.  HTM cells (left) and HUVECs (right) were treated with MSeA for 
3 hours and exposed to 1.2mci/ml trans-35S. Four hours after cessation of treatment, HTM 
cell and HUVEC media were collected, run into a SDS-PAGE gel, and exposed to x-ray 
film to demonstrate the affect of MSeA on total protein secretion. 
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Figure 7.5 Graphical summary of MSeA-induced alterations in protein secretion.  
Graphical summary of experiments in Figure 8.4 A. Total protein synthesis in HTM cells 
(n=5) is significantly decreased at all doses of MSeA. * Indicates p<0.05 compared with 
untreated controls.  B. Summary of parallel experiments conducted in HUVECs (n=3).  
Protein synthesis in HUVECs also decreases as MSeA dose increases. 

HUVEC Media

0
20
40
60
80

100
120
140
160

Cont
rol

1 uM
MSeA

5 uM
MSeA

10
uM

MSeA

10
uM

CH

DP
M,

%
Co

nt
ro

l

*

HTM Media

-20
0

20
40
60
80

100
120
140

Cont
rol

1 uM
MSeA

5 uM
MSeA

10
uM

MSeA

10
uM

CH

DP
M,

%
Co

nt
ro

l

*

A

B



148

 

Figure 7.6 Total protein secretion from HTM cells treated with low dose MSeA 
varies.  HTM cells from two different cell lines (left, 33 yr, right 3 mo) were treated with 
MSeA for 3 hours and exposed to 1.2mci/ml trans-35S. Four hours after cessation of 
treatment, HTM cell and HUVEC media were collected, run into a SDS-PAGE gel, and 
exposed to x-ray film to demonstrate the affect of MSeA on total protein secretion. 
Arrows indicate significant variability in response at 1µM MSeA.  On the left, 1µM 
MSeA leads to no change or a slight increase in total protein secretion.  On the right, the 
opposite is observed. 
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7.3.3 Cell Viability and Cellular Energy Stores 

The MTT assay was used to monitor cell viability after treatment with MSeA.  
Data show that HTM cell viability (3 mo, 71 yr) was affected by only 20% with long 
term (24 hours), high dose (10 µM, 50 µM-Figure 7.7a) treatment with MSeA.  
Furthermore, steady state ATP levels  did not change after selenium treatment at any 
doses or time points (Fig. 7.7b), indicating that selenium is not killing HTM cells or 
altering cellular energy stores at physiologically relevant doses. In longer term studies (1 
week-2 months) of HTM cells treated with 100nM and 1µM MSeA, no differences in cell 
viability compared with control were observed (data not shown).  This supports our 
theory that physiologically relevant doses of MSeA are not fatal to HTM cells.   
HUVECs are slightly more sensitive to MSeA than HTM cells, although after six hours at 
every dose there was no significant effect on cell viability or cellular ATP (Fig. 8.8a).  
These results indicate that the observed decreases in protein translation, secretion, and 
signaling after MSeA treatment are not caused by decreases in cell number or alterations 
in available energy stores.
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Figure 7.7 MSeA does not decrease HTM cell viability or intracellular ATP levels. 
HTM cells were treated with MSeA (x-axes, µM) for the times indicated.  Cells were 
incubated for 6 hours in MTT (A) and absorbance was measured at 650nm.   For ATP 
measurements, (B) MSeA treated cells underwent a luciferase based assay in which 
quantity of released light correlates with quantity of intracellular ATP.  A small decrease 
in cell viability was seen in HTM cells only at high doses of MSeA (A) after 24 hour 
exposures, but no significant effects on total cellular ATP were observed in HTM cells 
(B) Shown are means +/- standard deviations (n=6). * Indicates p<0.05 when compared 
with untreated.    
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Figure 7.8 MSeA effects on HUVEC viability and intracellular ATP levels. HUVECs 
were treated with MSeA (x-axes, µM) for the times indicated.  Cells were incubated for 6 
hours in MTT (A) and absorbance was measured at 650nm.   For ATP measurements, (B) 
MSeA treated cells underwent a luciferase based assay in which quantity of released light 
correlates with quantity of intracellular ATP.  HUVECs were used as controls (n=2) and 
appear slightly more sensitive to MSeA than HTM cells.  
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7.4 Discussion 
This chapter presents two critical findings.  First, total protein synthesis and 

secretion are decreased in HTM cells and HUVECs after treatment with MSeA.  This is 
particularly important because it illustrates that MSeA does not specifically inhibit matrix 
remodeling proteins but has a broader more non-specific effect on basal cell activities.  
Second, we have shown that the changes in protein secretion and synthesis are not a 
result of a decrease in cell viability.  Furthermore, there is no change in overall cellular 
ATP levels indicating that the cells are still metabolically active. 

Because of the lack of known control proteins whose secretion was unaffected by 
MSeA treatment, I sought such a protein.  After having small success, the possibility that 
total protein secretion was being altered by MSeA treatment was investigated.  

Given published reports by our group and others, it was surprising that MSeA 
effects on protein secretion appeared secondary to effects on protein synthesis.  Based on 
data in the present study, protein translation in HTM cells was inhibited at preferentially 
lower doses than secretion. The intracellular protein:extracellular protein ratio decreases 
significantly after treatment--from near 2:1 in the absence of selenium to around 1:1 after 
a 3 hour exposure to 10 µM MSeA—lending support to the hypothesis that effects on 
secretion are less severe than effects on translation (although at higher doses the near 
complete inhibition of protein synthesis does lead to a corresponding decrease in protein 
secretion). Based on our data, protein secretion at physiologically relevant doses (1 µM) 
is remarkably variable and is an example of the significant variation in cell behavior in 
culture from cell line to cell line (i.e.: donor to donor).  This large variation in protein 
secretion is an example of the same sort of interindividual variation that is seen clinically 
in the variation of incidence of ocular hypertension seen in selenium-supplemented 
individuals. 

The results show that selenium does not specifically inhibit matrix-remodeling 
proteins.  We have found that, at concentrations only ten-fold higher than those observed 
in normal eyes (100 nM) [161] and equivalent to the levels found in the aqueous humor 
of selenium-supplemented individuals (1 µM), MSeA treatment leads to a general 
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decrease in protein synthesis with probable secondary alterations in protein secretion.  
These effects are seen in both ocular (HTM cells) and non-ocular cells (HUVECs).   
Additionally, I have shown that the observed depressant effects of MSeA on protein 
synthesis and secretion are not due to overt cytotoxicity or a decrease in the total amount 
of cellular ATP, a measure of cellular health.  The lack of overt cytotoxicity from MSeA 
treatment is heartening as it indicates that MSeA may have significant anti-cancer effects 
at sub-lethal doses.  It is important to note, however, that adverse effects on protein 
secretion and translation may be extremely relevant to alterations in aqueous outflow 
facility. 

Additionally, effects of MSeA on protein synthesis and protein secretion highlight 
a flaw in much of the previously published literature.  It had been hypothesized by groups 
studying anti-angiogenesis that selenium specifically inhibited matrix remodeling 
proteins such as the MMPs.  We show here that this is not the case and the assumption 
that the antiangiogenic effects of selenium are due to modulation of matrix turnover may 
need to be re-examined.  I do not mean to eliminate modulation of matrix turnover as a 
potential mechanism for MSeA mediated effects (both in the outflow pathway and in 
chemoprevention).  Indeed, data from Chapter 4 clearly show that matrix turnover 
proteins are affected by MSeA and matrix modulation is likely a critical step for the 
actions of selenium.  It is important to realize, however, that effects on matrix modulatory 
proteins are merely a result of inhibition of total protein synthesis and secretion.  
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CHAPTER 8 

ORGAN CULTURE PERFUSION WITH METHYL SELENINIC ACID 
 

8.1 Introduction 
Up until now, work with methyl seleninic acid (MSeA) has utilized an in vitro 

model of cultured human trabecular meshwork (HTM) cells.  I have examined several 
cellular parameters and have demonstrated that MSeA treatment leads to a decrease in 
total protein synthesis and secretion, alterations in the secretion of matrix remodeling 
proteins, a decline in intracellular signaling, and changes in integrin activity without 
concurrent decreases in cell viability.  More importantly, these changes can be seen at 
doses as low as 1µM; a physiologically relevant dose for those supplementing with 
selenium.   

Many of these changes may have the potential to affect IOP.  Long term 
alterations in matrix remodeling and integrin signaling in particular and possible 
alterations in TM cell filter function could serve to significantly increase outflow 
resistance.  However, a direct link between acute selenium treatment and high intraocular 
pressure (IOP) is impossible to determine while using only a cell culture model.  In 
response, we have chosen to use a physiological organ culture perfusion model which 
enables changes in outflow facility to be monitored in real time in the presence of MSeA.  
Outflow facility is a commonly monitored parameter that is inversely related to 
intraocular pressure (facility=perfusion rate/intraocular pressure).  Although our 
perfusions use the physiological perfusion (flow) rate, different labs use different flow 
rates so in order to avoid confusion, measurements taken with this system are reported in 
terms of facility instead of pressure. The anterior chamber perfusion system will enable 
us to determine the impact of MSeA on outflow facility and intraocular pressure. 

This system has been extensively used and characterized over the past twenty 
years and allows investigators to examine the effects of drugs and treatments on outflow 
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facility in human eyes.  Figure 8.1 shows a diagram of the human anterior chamber 
perfusion system.  A human eye dissected and the tissues responsible for aqueous inflow 
and those tissues responsible for outflow via the nontraditional pathway (for more 
information, please see Chapter 2) are removed, thereby isolating the conventional 
outflow pathway.  The scleral spur and all traditional outflow tissues remain, including 
the TM and Schlemm’s canal and care is taken to preserve the TM architecture.  The 
anterior segment is then clamped in a modified culture dish and perfused at a constant, 
physiological flow rate of 2.5µl/min.  Fluid flows out of the eye through the conventional 
outflow pathway and pressure inside the eye is measured via a pressure transducer 
outside the chamber.  The system is designed so that drugs or treatments can be injected 
(bolus) or perfused continuously. Since the normal outflow pathway does not have a 
blood supply (nutrients are supplied in the aqueous humor) eyes can be perfused with 
media for up to three weeks with tissues remaining viable.  

 

Figure 8.1 Diagram of the anterior chamber perfusion system. Treated or untreated 
media is perfused into the eye at a constant, physiological flow rate via a syring pump.  
Fluid flows out of the eye via the traditional outflow pathway.  Changes in IOP are 
sensed by a pressure transducer connected to the inside of the anterior chamber. Modified 
from Ramos, 2002. Used with permission. 
 

8.2 Materials and Methods 

8.2.1 Anterior Segment Dissections 
 Whole globe human donor eyes were received from the Arizona Donor Network 
or the National Disease Research Interchange.  The following criteria were used to 
determine tissue acceptability: no known ocular disease, maximum time from death to 
perfusion 36 hours, no use of artificial respirators.  Briefly, the eyes are sterilized and 
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bisected.  The posterior segment, vitreous, lens, iris, and ciliary eptithelium are discarded. 
The scleral spur, longitudinal ciliary muscle fibers and outflow tissues remain. After 
dissection the anterior segment is washed in media.  
 

8.2.2 Anterior Segment Perfusions 
 The perfusion system is calibrated regularly by exposing pressure transducers to 
known pressures (generated with precisely measured water columns) and recording the 
output (in volts).  Values form a standard curve which is used to calculate IOP and 
outflow facility throughout the experiment.  Anterior segments are clamped in specially 
made chambers, cultured in humidified 37ºC 5% CO2 incubators, and perfused at a 
constant flow rate of  2.5 µl/min with DMEM containing antibiotics (penicillin 100U/ml, 
streptomycin 100ug/ml), bovine serum albumin 25mg/dl, and 1% fetal bovine serum. IOP 
is continuously monitored. A stable baseline facility is defined as no more than 
0.1µl/min/mmHg variation between days 3 and 7 (prior to treatment) and is typically 
established after 24-48 hours.  Then media is exchanged and eyes are perfused with the 
treatment of choice.  In these experiments, eyes were perfused with 1µM or 5µM MSeA 
for 24 hours and after which the media was returned to normal (no MSeA).  Eyes are 
perfusion fixed with 3% paraformaldehyde in PBS for 1 hour.   
 

8.3 Results 

8.3.1 Perfusion of Anterior Segments with MSeA 
Previous characterization of this system has indicated that seven pairs of perfused 

eyes are generally sufficient to identify a statistically significant alteration in outflow.  As 
of this writing, three pairs have been perfused.  Their results are presented below as 
preliminary data.  Figure 8.2 shows the facility tracing from a pair of 61 year old female 
eyes.  The treatment eye (red tracing) was perfused with 1 µM MSeA which had no 
apparent effect.  It was then perfused with 5 µM MSeA (at 66 hours) for 24 hours before 
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being exchanged back to untreated media.  The treated eye showed a 14% decrease in 
facility during this time, in spite of the fact that the control eye (which underwent a 
similar media exchange but no treatment) exhibited an increase in facility (not abnormal 
with eyes in culture).  After the MSeA was washed out, both eyes exhibited parallel 
increases in facility.  Subsequently (145 hours) 5µM MSeA was again perfused into the 
treated eye.  Once again, a 14% decrease in facility was observed.  The fact that the 
decrease in facility was observed twice and was not observed in the contralateral control 
eye suggests that the effects observed are due to MSeA treatment. 
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Figure 8.2 5 µM MSeA perfusion of 61yo human anterior segment. MSeA was 
perfused into human anterior segments as shown.  Black tracing represents facility in the 
control eye (media exchanges but no selenium) while the red tracing represents facility in 
the treated eye.  Note the decrease in facility observed after treatment with 5µM MSeA. 
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The facility tracing from a second pair of eyes (70 yr) is shown in Figure 8.3.3.  
This pair of eyes had been previously perfused with a compound whose effects are 
reversible.  Unfortunately, the control eye was lost during that experiment.  Therefore, 
only the MSeA treatment eye is shown.  After 24 hours of perfusion with 5 µM MSeA, a 
30% decrease in facility was observed.  The effect appears to disappear after treatment is 
removed as in the previous eye, however, this eye was lost approximately 20 hours after 
treatment ceased so we were unable to determine what the final baseline facility was.  
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0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5
0.55

0.6
0.65

0.7

252 264 276 288 300 312 324
Time, Hrs.

Fa
c.,

ul/
mi

n/m
mH

g 5uM MSeA

Media Exchange

The final pair of MSeA perfused eyes is shown in Figure 8.4.  This pair of eyes 
came from a 79 year old male.  After a stable baseline was established, the treatment eye 
(red) was perfused with 10 µM MSeA while the control eye (black) underwent a media 
exchange only.  The treated eye exhibited a 26% decrease in facility after MSeA 

Figure 8.3 5 µM MSeA perfusion of 70yo human anterior segment. MSeA was 
perfused into one of a pair of human anterior segments.  The control eye was lost during a 
previous part of the experiment.  Note the decrease in facility observed during 24 hour 
treatment with MSeA.  The facility peaks after media exchanges are a technical anomaly 
and not indicative of facility. 
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treatment while facility in the control eye did not change.  Later (166 hours), both eyes 
were perfused with MSeA.  The facility in the treatment eye (red) decreased by an 
additional 25% although the effect was temporary.  No change in facility was observed in 
the control eye (even when perfused with MSeA). 

Four out of five perfusions (from three pairs of eyes) with 5-10 µM MSeA 
demonstrated a dramatic decrease in outflow facility (15-30%).  The effects appear to be 
maintained only as long as the eyes are exposed to selenium, but further eye pairs are 
necessary to confirm this.  From a clinical standpoint, a 30% increase in IOP is 
considered pathological and can be a significant risk factor for developing glaucoma.   

 

Organ-Culture Perfusion Facility Graphs for 059(OS)/060(OD) Selenium Expt., Sep 09, 04
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Figure 8.4 10 µM MSeA perfusion of 79 yo human anterior segment. MSeA was 
perfused into one (red) of a pair of human anterior segments at the left arrow.  The 
control eye was perfused only with media. Both eyes were perfused with MSeA at the 
right arrow.  Note the decrease in facility observed in the treated eye during 24 hour 
treatment with MSeA.   
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8.4 Discussion 
We have shown preliminary evidence to indicate that 24 hour treatment with 

MSeA leads to an acute decrease in outflow facility corresponding to as much as a 30% 
increase in IOP.  Histological data on the status of the TM and outflow tissues post-
perfusion will be undertaken.   

This system is a superb way to investigate the relevance of in vitro results.  By 
using an organ culture model, a link between increased IOP in human populations and 
cell culture data can be described.  The system is especially beneficial because it enables 
investigators to use human eyes (which have a different outflow pathway from other 
mammals).  Additionally, the TM cells are treated in their native environment.  This 
feature is especially important because of the specific architecture of the TM.  Because of 
the unique lamellar structure of the TM, cultured cell monolayers may not accurately 
model cell behavior in vivo. Results in the organ culture model that are consistent with 
those observed in cell culture support the conclusions presented in previous chapters.    

There are many risk factors for glaucoma, and the visual defects associated with 
the disease arise from death of retinal ganglion cells in the back of the eye. However, we 
have focused almost exclusively on the TM tissue in the anterior segment.  This focus 
resulted from two observations.  First, decades of research on glaucoma have shown that 
high IOP is the only treatable risk factor for the disease.  Second, the epidemiological 
studies that initially prompted these investigations found an association not only between 
glaucoma and selenium supplementation but also between high IOP and selenium 
supplementation.  As described in Chapter 2, IOP (normal or pathological) results from 
the balance between aqueous humor inflow and aqueous humor outflow.  Our work has 
focused on the outflow pathway, and data presented here justify this approach.  In other 
words, we have shown that selenium can interact with the outflow pathway of an intact 
human anterior segment.  Since the organ culture system excludes effects of treatments 
on the retina (the posterior eye is removed) and the aqueous inflow system (the ciliary 
epithelium is removed) we are able to isolate the effects of selenium on the traditional 
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outflow pathway.  Selenium has been shown to have other effects on the eye; nutritional 
levels are needed to maintain antioxidant enzymes and prevent cataracts, while 
extraordinarily high doses (over 500 times those used in the NPC trial) of toxic inorganic 
selenite have been used to experimentally induce cataracts in rats[162, 163].  However, 
prior to our group no studies have ever looked at the specific effect of chemopreventive 
levels of organic selenium compounds in the eye. We have demonstrated a 
physiologically relevant effect of MSeA in the outflow pathway consistent with trends 
observed both in cell culture work (Chapters 3-7) and in human populations (Chapter 2).   

There are three hypotheses that could explain the data presented in this chapter.  
The first is that a combination of alterations in matrix turnover and alterations in TM cell 
function is contributing to increased matrix material and debris in the outflow pathway 
thereby leading to a physical blockade of the outflow pathway and an increase in 
resistance. The second hypothesis is that alterations in TM cell homeostasis in the 
juxtacanalicular tissue (JCT) are affecting the ability of that tissue to maintain its normal 
resistance to outflow.  Thirdly, MSeA may be causing HTM cells to detach from their 
trabecular beams in the inner TM (uveal and corneoscleral regions) leading to additional 
resistance to outflow by blocking the outer parts of the outflow pathway (the JCT and the 
inner wall of Schlemm’s canal).  As soon as histological data is available, this question 
should be resolved.   

Regardless of which hypothesis proves correct, the data presented here support 
the idea that alterations in TM cell homeostasis may lead to a decrease in outflow facility 
(corresponding to an increase in IOP) and possibly glaucoma.   
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS 

9.1 Summary 
Epidemiological evidence from two clinical trials suggests that selenium levels in 

plasma may be related to an increase in the risk for developing glaucoma and ocular 
hypertension.  This link was observed both in selenium supplemented individuals and in a 
separate non-supplemented “normal” population and prompted my research project to 
study the mechanism responsible.  The trabecular meshwork, a likely site of pathology 
for ocular hypertension and glaucoma, was the focus of my work. 

The first step was to ascertain whether the selenium was being taken up by the 
cells in our human trabecular meshwork (HTM) cell culture model system.  In order to 
investigate possible selenium-induced toxicities, it was necessary to determine whether 
the majority of the selenium with which I treated my cells was extracellular or 
intracellular.  Chapter 3 documents experiments showing that while some selenium is 
taken up into the cell (to a maximum concentration about two fold higher than the 
baseline found in untreated cells), most of the selenium remains in the medium (over a 
100 fold range of concentrations).  These results suggested the possibility of a potent 
effect of low levels of intracellular selenium or an extracellular target for methylseleninic 
acid (MSeA).  I chose to use MSeA based on the extensively documented 
chemopreventive effects of this compound (see Chapter 2).  

Because of cancer literature indicating that the anti-angiogenic properties of 
selenium might be due to extracellular matrix modulation, the role of selenium in 
modulating matrix structure in the trabecular meshwork (TM) was investigated.  
Maintaining extracellular matrix is one of the primary functions of the TM. Data from 
Chapter 4 showed that MSeA at physiologically relevant doses (1-10µM) significantly 
decreased the secretion of key matrix modulating proteins such as matrix 
metalloproteinase (MMP)-2 and tissue inhibitor of metalloproteinase-1.  These proteins 
were affected by selenium after 3-6 hours of treatment, although there was significant 
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variability from donor to donor.  Results in Chapter 5 demonstrated that the extracellular 
signaling related kinase (ERK) pathway was inhibited by MSeA treatment of HTM cells.  
While some research groups have hypothesized that inhibition of ERK phosphorylation 
leads to changes in MMP secretion, our data suggest that the ERK signaling pathway is 
independent of alterations in the secretion of matrix modulating proteins.   

Interestingly, MSeA caused distinctive morphological changes in HTM cells 
reminiscent of the effects of alterations in integrin function.  In the experimental model 
system used, MSeA caused HTM cells to retract from the extracellular matrix but not 
from each other (Chapter 6).  Subsequent experiments using divalent cations suggested 
that changes in integrin function may be responsible not only for changes in cell 
morphology but also for some changes in protein secretion and ERK phosphorylation.  
My data supported the idea that selenium has an extracellular target (integrins) although 
there is no reason to rule out additional intracellular targets. 

Next I examined changes in total protein synthesis and secretion which are two 
basic measures of cell homeostasis.  Experiments presented in Chapter 7 showed that 
MSeA treatment led to a decrease in total protein synthesis, even at relatively low doses 
of MSeA (1 µM), and a concomitant decrease in total protein secretion. These alterations 
in protein synthesis and secretion were not due to cell death; cell viability was unaffected 
at low doses of selenium (1-5 µM) and was only modestly affected at higher doses (10-50 
µM).  Furthermore, total cellular ATP levels were unaffected by MSeA treatment.     

The final part of this project (Chapter 8) involved testing the physiological 
relevance of data presented in earlier chapters.   In summary I found that MSeA alters 
extracellular matrix turnover and inhibits measures of overall cell health in HTM cells. 
Both changes are predicted to adversely affect the normal activities of the trabecular 
meshwork.  To directly examine measures of TM physiology, experiments described in  
Chapter 8 were carried out with human donor eyes perfused with selenium and outflow 
facility was measured.  Selenium treatment increased intraocular pressure (measured as a 
decrease in outflow facility) that mimicked observations from studies in human 
populations and is consistent. 
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These data (summarized in Figure 9.1) suggest possible a mechanism for 
selenium-induced changes in intraocular pressure.  I propose that selenium, through a 
combination of extracellular targets (integrins) and unknown intracellular targets, causes 
a decrease in protein synthesis and secretion.  These changes lead to a decrease in overall 
cell health, impeding the ability of HTM cells to perform their necessary functions in the 
outflow pathway (such as normal matrix turnover and phagocytosis).  Without a properly 
functioning TM, debris builds up in the outflow pathway over time, leading to increases 
in outflow resistance and intraocular pressure.    
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Figure 9.1 Summary of Results. Overall summary of my project.  Red boxes indicate 
data presented in this work.  Blue boxes represent hypothesized downstream outcomes.   
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9.2 Future Studies 
 There are two significant questions remaining that point to future research 
directions.  First, the physiological relevance of our in vitro data must be confirmed.  
Second, the effects of gender on selenium effects in the trabecular meshwork should be 
examined.  

 The first aim of this work was to provide a biologically plausible explanation for 
the link between selenium supplementation and the incidence of glaucoma.  I have 
proposed that selenium alters the ability of the TM to adequately filter aqueous humor.  
Additional experiments with eye perfusions are needed to confirm our preliminary 
observation that selenium leads to a decrease in outflow facility.  This is critically 
important since typically seven pairs of eye perfusions are required to make good 
conclusions.  The second part of this future aim is to assess another measure of TM 
function: phagocytosis.  Endocytosis and degradation of debris is one of the primary 
functions of the TM. Further work showing that MSeA affects this activity will test the 
relevance of our data to the clinical observation of increased intraocular pressure in 
selenium supplemented individuals.   
 The second future aim for this project is to investigate the gender differences in 
response to selenium.  Completion of this goal will require analyzing the differences in 
selenium-induced changes in outflow facility in male donor eyes versus female donor 
eyes.  Additionally, in vitro studies similar to those we have already conducted will be 
completed in cells from eyes stratified by gender (currently we do not have gender 
information for all of our eye donors).  However, since a large part of the gender 
variability could be due to differences in hormone and growth factor levels in the aqueous 
humor (not innate differences in cells themselves) additional experiments will focus on 
co-administration of selenium and gender-associated compounds such as 17-β-estradiol.  
There is evidence from a breast cancer cell line that MSeA can inhibit estrogen receptor 
expression, estradiol binding, and downstream estrogen-linked signaling at doses similar 
to those used in studies presented here (2-20 µM)[164].  Estrogen treated farm fowl had 
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higher plasma selenium levels than non-estrogen treated animals, regardless of food 
intake suggesting that selenium uptake may also be affected by gender specific 
hormones.  Interestingly, the observation that estrogen receptor signaling may modulate 
extracellular matrix secretion[165] in some cell types may be relevant to our studies in 
the eye.  While all of these data are currently unrelated to the outflow pathway and the 
trabecular meshwork, characterizing estrogen receptor expression in the eye and 
determining the combined effects of selenium and estrogen receptor ligands could 
provide insight into the apparent dichotomy of selenium effects in men and women.   
 These two lines of study, confirming the physiological relevance of our data and 
examining the gender differences in outflow response to selenium are the next logical 
steps in confirming a mechanism for selenium linked glaucoma.   

9.3 Interpretation 
My data showed that physiologically relevant (sublethal) doses of MSeA (similar 

to those seen in supplemented human populations) had adverse effects on the cells of the 
trabecular meshwork.  Furthermore, evidence was presented that these changes may be 
related to the manifestation of high intraocular pressure.  Given the well-established link 
between increased intraocular pressure and glaucoma, our results support a link between 
high selenium levels and the disease.   

There are several factors to be considered, however, when trying to assess both 
the strength and the magnitude of this association.  The first issue to be considered is the 
relatively high dose needed to see a consistent effect in my studies.  The concentrations 
of MSeA used in our study ranged from 1-10 µM MSeA.  Average plasma levels of 
selenium in the population of the United States are around 1.5 µM.  Levels of selenium in 
aqueous humor vary but on average are about 20% of the amount in the plasma; when 
measured aqueous humor selenium values ranged from 10-40% of plasma values[103, 
146].  In studies where an association between glaucoma and selenium status was noted 
(NPC and SOP trials), plasma levels of selenium were 2-5 µM in the groups associated 
with glaucoma.  While no aqueous humor selenium levels were measured for participants 
in selenium supplementation studies, plasma:aqueous humor concentration ratios suggest 
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that aqueous humor selenium levels in the 1-2µM range could be common in 
supplemented individuals.  Increased intraocular pressure in some people with selenium 
aqueous humor levels in that range would be consistent with our results showing that 
1µM exogenous selenium can have significant effects on total protein synthesis and 
variable effects on other measures of cell homeostasis without adversely affecting TM 
viability.  

On the other hand, while the lower doses used in our study are representative of 
possible levels in vivo, little is known about the predominant form of selenium in the 
human body.  Although the most common forms of selenium ingested are selenized 
amino acids such as selenomethionine, quantifying the exact amount of selenium ingested 
and its form is very difficult.  Furthermore selenium is rapidly metabolized to a host of 
compounds, so it is difficult to say what percentage of the total plasma (or aqueous 
humor) selenium is in the putative active species (methylselenol).  It is therefore possible 
that levels of the active selenium metabolite in aqueous humor are lower than estimates 
from the previous paragraph suggest.   

In spite of the possibility that levels of the active selenium metabolite in the eye 
may be lower than those used in our study, the exposure times examined here must not be 
ignored.  Most of our studies demonstrated the acute effects of selenium in contrast to 
supplementation studies involving supplemented individuals with chronically elevated 
selenium levels.  It is likely that levels of selenium lower than those used here have a 
significant effect on trabecular meshwork homeostasis in the long-term, thereby leading 
to the observed alterations in glaucoma incidence.  As evidenced by inconsistent results 
with low doses of selenium, limiting in vitro studies to doses that are observed in vivo 
impairs our ability to detect changes in a reasonable time frame. This is especially true 
since there is large variability in some of our results introduced by donor-to-donor 
differences.  It is necessary to use multiple donor cell lines, but in order to ensure 
observed results are not artifacts, but interindividual variability does make detection of 
changes at low doses of selenium or at short time points difficult.  By using 
pharmacological doses of selenium that may be slightly higher than physiologically 



169

relevant concentrations, trends in cellular function may be observed consistently and 
more of selenium’s mechanism of action can be elucidated. 

Upon deliberation, I think that our choice of doses and experimental paradigms 
form a model that is appropriate to study the link between selenium and glaucoma.  The 
question then becomes whether the increase in glaucoma risk observed in human 
populations and supported by this work is sufficient to outweigh the chemopreventive 
benefit of increased selenium levels.  Interestingly, I think the answer lies in the issue of 
gender.  Almost every published study examining prostate cancer and selenium showed a 
positive correlation between selenium levels and disease incidence (Chapter 2).   In the 
most rigorous study, the Nutritional Prevention of Cancer (NPC) trial, a statistically 
significant 60% decrease in prostate cancer risk was observed in selenium supplemented 
men.  Furthermore, this observation was made in a relatively large study population for a 
clinical trial (over 2000 men).  A 60% reduction in disease risk associated with a 
nutritional supplement is extremely relevant clinically and should not be overlooked.  
However, associations between selenium and other cancers are of smaller magnitude and 
observed more sporadically.  More importantly, in every study that examined the 
association between selenium and cancer in a gender specific manner, the 
chemopreventive benefit of high selenium levels was only observed in men. 

In the NPC trial, the negative association between selenium and glaucoma was 
more moderate than the positive association with decreased prostate cancer risk.  While 
the highest quartile of mean plasma selenium levels was associated with a statistically 
significant two-fold increase in glaucoma risk, selenium supplementation was only 
associated with a non-significant 30% increase in risk for the whole group.  Both of these 
associations disappeared when the analysis was limited to men, i.e. neither selenium 
supplemented men nor men with plasma selenium values in the highest quartile were any 
more likely to get glaucoma than men not taking selenium supplements.  Conversely, the 
risk of selenium supplemented women developing glaucoma was significantly higher 
than the risk for the whole group; supplemented women had a 900% increase in risk 
compared to non-supplemented women.  Although, this nine fold increase is imprecise as 
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the confidence interval was very large and there is some question about the “normal” 
incidence of glaucoma in women, the difference (for women) was statistically significant 
and the trend towards an increase in glaucoma risk for women is very clear. The reason 
for this gender specific association is not known but will be a focus of future studies. 

In conclusion, experiments on the effects of MSeA on the aqueous outflow 
pathway presented in this dissertation provide mechanistic support for the link between 
increased selenium levels and risk of glaucoma.  As a result of my research and a review 
of that of others, I conclude that there is sufficient epidemiological evidence to show that 
selenium has significant chemopreventive effects to warrant moderate selenium 
supplementation (200 µg/day) in men at risk for developing the prostate cancer.  
Fortunately, there is no direct evidence to suggest that men are at an increased risk for 
developing glaucoma from elevated selenium levels.  In patients with ocular hypertension 
or others that are at high risk for glaucoma, selenium supplements are probably not 
indicated.  Finally, there is epidemiological evidence, supported by in vitro observations, 
suggesting that women are at increased risk of developing glaucoma if they have high 
plasma selenium levels. This, coupled with the lack of conclusive evidence 
demonstrating a significant chemopreventive effect of selenium in women, indicates that 
intakes in excess of the FDA recommended daily allowance should not be recommended 
to this population. 

 



171

LIST OF ABBREVIATIONS 
 
BCC  Basal Cell Carcinoma 
CE  Ciliary Epithelium 
CI  Confidence Interval 
DMBA Dimethyl Benzanthracene 
DSMB  Data Safety and Monitoring Board (NPC Trial) 
ECM  Extracellular Matrix 
ERK  Extracellular Signal-Related Kinase 
Gpx-1  Glutathione Peroxidase-1 
HGPIN High-grade Prostatic Intraepithelial Neoplasia 
HR  Hazard Ratio 
HTM  Human Trabecular Meshwork 
HUVEC Human Umbilical Vein Endothelial Cells 
ILK  Integrin Linked Kinase 
IOP  Intraocular Pressure 
MAPK  Mitogen Activated Protein Kinase 
MEK  Extracellular Signal-Regulated Kinase Kinase 
MMP  Matrix Metalloproteinase 
MNU  Methyl-1-Nitrosourea 
MSeA  Methyl Seleninic Acid 
MSeC  Methyl Seleno Cysteine 
NE  Non-pigmented Epithelium 
NPC  Nutritional Prevention of Cancer Clinical Trial 
OLP  Open Label Phase 
OR  Odds Ratio 
PAI-1  Plasminogen Activator Inhibitor 1 
PE  Pigmented Epithelium 
PSA  Prostate Specific Antigen 
RR  Relative Risk 
SC  Schlemm’s Canal 
SCC  Squamous Cell Carcinoma 
SOP  Selenium in Ocular Patients Study 
TIMP  Tissue Inhibitor of Metalloproteinase 
TM  Trabecular Meshwork 
TrxR  Thioredoxin Reductase 
VEGF  Vascular Endothelial Growth Factor 
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