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Abstrøct:

Preterm infants, born before 37 weeks gestation, often need breast milk supplementation

in order to achieve growth rates comparable to those in utero. It has been previously shown that

iron supplements in human breast milk increase lipid peroxidation, generate reactive oxygen

species (ROS) in cultured enterocytes, and induce apoptosis. Several studies have shown that

intracellular ROS alter the expression of gap junction proteins (connexins) and influen:e gap

junctional intercellular communication (GJIC). In the present study, I demonstrate the effects of

oxidative stress and iron-supplemented breast milk on the expression and phosphorylation of

connexin-43 (Cx43) in the human gut. For these purposes, I have used a well-characterized cell

line, CaCo -DBBE, as an in vítro model of the intestinal epithelium. Cell cultures were exposed

to various dietary factors (including iron) supplemented to human breast milk which have

previously been shown to generate intracellular oxidative stress. Cx43 expression was assessed

using a number of different molecular biological techniques, including real-time reverse

transcriptase polymerase chain reaction (RT-PCR), western blotting and by immunolocalization.

GJIC was assessed by dye coupling. Finally, an important function of the intestinal epitheliurú is

to provide a selective permeability barrier. This was assessed by measuring the transepithelial

electrical resistance (TEER) across confluent epithelial cell monolayers.

After exposing cells to both peroxide and iron supplemented breast milk treatments,

Cx43 gene expression was significantly reduced compared to untreated controls. Interestingly,

those same treatments caused a significant increase in overall Cx43 protein expression as well as

in the phosphorylated isoform of the protein. Both peroxide and iron caused a decrease in GJIC,

with iron showing a dose response. Consistent with other reports in the literature, treatments
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which decreased GJIC also decreased TEER suggesting a possible role for gap junctions in

maintaining epithelial fu nction.
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Chøpter 7: Literøture Review

l.L Background:

According to recent statistics, preterm births represented 7.8%o of all live births in

Canada as of 2005 (Statístics Canada). Preterm infants are often at increased risk for

acute illness compared to full-term babies, or those born after 37 weeks gestation. The

range of medical complications for which preterm infants are at risk is significant, from

both medical resource and human perspectives. The monetary burdens for each day of

hospitalization for a preterm infant has generally been estimated to be approximately

$1,500.00/day (Diehl-Jones, Pers. Comm.), exclading some of the more specialized

medical procedures. Most concerning is the impact of preterm birth and morbidity on

these infants, who are very susceptible to the diseases of prematurity and their potentially

long-term sequelae. The latter is due, in large measure, to the exposure of preterm infants

to increased oxidative stress 11). This is described as an imbalance between oxidant

generation and anti-oxidant protection and has been implicated in the pathogenesis of

many human diseases (2.).

The reason why oxidative stress is of particular relevance to the neonate is due, in

part, to the fact that endogenous defence mechanisms are underdeveloped, and therefore

less able to cope with oxidative stress (1). This is exacerbated by the fact that preterm

infanis are often placed on supplemental oxygep therapy to compensate for their

immature respiratory systems (1,3). Recent fi¡dings by Laborie et al. have shown that

the oxidative imbalance is compounded by the formation of lipid hydroperoxides in

unshielded total parenteral nutrition (4). Such research has prompted change in clinical

practice aimed at, wherever possible, mitigating sources of oxidative stress.



The foundation for my thesis is that dietary supplements may also induce an

imbalance between oxidants and reductants. In order to meet the increased metabolic

demands and dietary needs of preterm infants, it is often necessary to add supplements to

both matemal breast milk and formulas (5). Supplements such as long chain fatty acids

have indeed been shown to increase oxidative stress in enterocytes (6). Of particular

relevance in my thesis is the theory that supplemental iron may further exacerbate an

oxidative imbalance in the premature infant. The foundation for this theory is laid by

Friel et al. who have shown that supplemental iron imposes an additional free radical

burden on intestinal epithelial cells (7). Figure I represents a simplified model of the

neonatal intestinal tract and various sources of reactive oxygen species (ROS) and free

radicals mentioned above. As demonstrated in the figure, some of the by-products

produced during oxidative metabolism can lead to oxidative stress. Local

ischemia/reperfusion injury (as may be caused by a thrombosis) is also depicted. The

premise behind my research is that dietary factors, such as iron, further contribute to and

exacerbate ROS/free radical formation, and that the neonatal intestine is a particular

target for such insult.

Dietary Faclors co¡tr!buti¡g
to ROS ãnd frèe. radical formalion

{¡t..\o@

Extra-luminal sources
oi nOS and free radicals¡

\",*
oo tt

Hypoxia/Hyperoxia
(lschem íarlreperf usion)

Figure 1: Potential sources of ROS and free radicals in the preterm infant's gut
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While general cellular damage is accrued as a result of oxidative stress, little is

known about the more subtle effects on specific cellular targets. One potential target of

oxidative stress is the gap junction, a protein channel that links neighbouring cells

together and functions in intercellular communication. Gap junctions are composed of

connexin proteins and are found throughout the body in many different isoforms (8). It

has been well established that functional gap junctional coupling is important in the

maintenance of epithelial functioning (reviewed later). Several studies have

demonstrated that oxidative stress affects gap junctions and their functions in other cell

types, including cardiac muscle cells and neurons; however, the effects in these tissues

are completely different (9,10,11). To my knowledge, there is no literature available on

the influence(s) of free radicals on enterocyte gap junctions

1.2 Objectives:

The main objective of my research is to evaluate how intestinal and colonic

mucosal cells react to oxidative stress. Specifically, the expression and function of gap

junctions when exposed to oxidative stress will be explored. A cell culture model of the

human intestine (Caco-2BBE) will be used to test the effects of iron, a commonly used

supplement in human breast milk, shown previously to generate intracellular oxidative

stress (7). The specific endpoints that will be measured include Cx43 mRNA and protein

expression as well as gap junctional intercellular communication (GJIC) . Cx43

expression will be assessed using real-time PCR, western blotting and

immunolocalization assays. GJIC will be assessed using dye coupling, which

quantitatively measures the extent by which cells are coupled by gap junctions. Finally,
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another critical function of the intestinal epithelium is to provide a selective permeability

barrier. Assessment of this key physiological parameter will be accomplished by

measuring transepithelial electrical resistance (TEER) across confluent epithelial cell

monolayers.

1.3 Hypothesis:

I hypothesizethat iron-induced oxidative stress will modulate Cx43 gene

expression and functio n in Caco-2BBE cells. ln turn, this will be manifested by a

concurrent decrease in GJIC in the intestinal epithelium, as well as in barrier integrity, as

measured by TEER. It is hoped my research will further our understanding of the role(s)

of oxidative stress in modulating mucosal physiology and ultimately better enable us to

adopt feeding strategies that will reduce enterally-induced oxidative stress and gut

dysfunction in the neonate.

V/ith this background, I will review concepts pertinent to this thesis. These

include: a brief outline of the gastrointestinal tract with specific focus on the intestinal

mucosa; a review of free radical biology and oxidative stress; the molecular structure of

gap junctions; and finally the putative effects of oxidative stress on gap junctions.
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1.4 Gastrointestinal Tract:

At birth a healthy human gastrointestinal (GI) tract consists of four concentric and

functionally different cell layers. The outermost layer, the serosa, consists of several

sublayers of epithelial tissue. Deep to these structures is the muscularis externa, which

consists of a circular inner smooth muscle layer and a longitudinal outer smooth muscle

layer. The coordinated contraction of these 2 sublayers are critical in peristalsis; the

action which propels food through the GI tract. The second innermost layer, the

submucosa, contains a dense irregular layer of connective tissue with large blood vessels,

lymphatics, and nervous tissue. Finally, the intestinal mucosa, the tract's innermost

layer, surrounds the lumen or inside of the alimentary canal. It is divided into 3 sublayers

of cells; an epithelial layer, the lamina propria and the muscularis mucosae. The

muscularis mucosae, the outermost sublayer, is composed of several layers of smooth

muscle fibres in a mixed orientation. Contraction of this sublayer renders the mucosa in a

constant state of agitation in order to hasten the release of contents from various

embedded glands and also to maximize the interaction between the epithelium and the

contents of the lumen. The lamina propria is composed of a layer of loose connective

tissue and lies beneath the epithelium. In the small intestine, the lamina propria contains

capillaries and a central lymph vessel as well as lymphoid tissue. It also contains various

exocrine glands with their ducts opening onto the mucosal epithelial layer that release

both mucous and serous secretions (12).

The inner most sublayer of the intestinal mucosa is known as the epithehum or

mucous membrane. [n general, epithelial tissue exists throughout the body in different

subtytrres. ln the small intestine, there are 4 main cell types that comprise the epithelial
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layer. The most abundant cell type is the enterocyte, which is critical in digestion and

absorption (discussed below). A smaller fraction of the epithelial layer is made up of

goblet cells which secrete mucous and have an important role in mucosal protection.

Paneth cells are relatively sparse in the small intestine and are involved in immunity. The

much rarer enteroendocrine cells secrete various hormones, which chiefly aid in digestion

(13). A series of folds called villi charactenze the small intestine and serve to increase

the surface area of the gut, effectively aiding in the process of digestion and absorption.

The apical surface of enterocytes (i.e. the free surface facing the lumen of the intestine) is

covered by hundreds of tiny hair-like projections known as microvilli which fuither

increase surface area and therefore the amount of time that luminal contents are exposed

to the enterocyte membrane. A glycocalyx coating is present on the apical portion of

microvilli which is composed of glycoproteins and is important in digestion and

absorption. At the base of each villus the mucosa invaginates downwards to form crypts

which range in depth from 0.3mm-0.5mm. Cells of each crypt are involved in mitosis

where between 3-6 stem cells continually replicate and divide forcing the daughter cells

to migrate upwards. As the cells migrate, they begin to differentiate into one of the cell

types discussed previously (14). In the adult, this migratory process occurs very rapidly.

Enterocytes are among the most rapidly proliferating cells in the body and have a lifespan

of only 3-8 days (15). In the developing fetus, there is a relative timeline by which these

cells begin to emerge. it 9 weeks gestation both the enterocytes and goblet cells have

fully differentiated. At ll-12 weeks paneth cells are observed at the base of each crypt.

At around the same time the enteroendocrine cells become identifiabte (16).
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The fully differentiated enterocyte, depicted in Figure 2, contains several different

junctional proteins important to the cell. Neighbouring cells are held together by several

proteins which ultimately serve to build a strong, structural framework (17). Both tight

junctions and occluding junctions are located towards the apical surface of enterocyfes

and are responsible for providing a stringently regulated barrier across the epithelium (18,

19). Desmosomes are intercellular protein junctions along the basolateral portion of the

cell that join enterocytes together by binding to the intermediate filaments within the cell

membranes of adjoining cells (17). As previously mentioned, gap junctions are proteins

that couple cells together and are important for intercellular communication. Recent

studies have suggested that they play an important role in barrier function of the

mucosa. (20).

Glycocalyx

OccludingJunction

TrghtJunction

GapJunction

Desmosorne

Figure 2: Schematic representation of a differentiated enterocyte
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The intestinal mucosa has 3 critical functions. It is the first biological barrier in

the body, and is vital in keeping unwanted pathogens from entering the body. Further to

this is the mucosa's functional immune response to pathogenic bacteria. As the inner

most layer of the intestine, the mucosa is the primary surface encountered by nutrients

during the process of food digestion and absorption. As a result, the interaction between

luminal contents and the mucosa has key implications on intestinal health, integrity, and

functioning.

In preterm infants, the situation is somewhat different than described above. The

small intestine has not fully developed and as a result of its immature surface, its function

is weakened. Infants born before fulI term are susceptible to an increase in intestinal

permeability, a condition known as leaky-gut syndrome. In this case, there is a decrease

in the localization and expression of the proteins that make up the aforementioned tight

junctions which predisposes the infant's gut to bacterial translocation (21). In preterm

infants, the number and length of intestinal villi is much lower then in babies born at full

term. Further to this, the number of epithelial cells increases with gestational age and

therefore infants born prematurely suffer the consequence of having a decreased surface

area in their gut. Consequently, their ability to digest and absorb food nutrients is

severely impaired. A decrease in the normal crypt-to-villus cell turnover rate further

exacerbates thié deficiency (5).

L.5 Free Radicals and Oxidative Stress:

Oxidative stress has been shown to be a contributing factor in the pathogenesis of

a multitude of clinical conditions. These include cardiovascular disease, liver disease,
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lung disease, neurological disorders and gastrointestinal disease (22). By definition,

oxidative stress in the body is caused by reactive oxygen species (ROS). The term ROS

does not involve a single entity; rather it can include oxygen ions, peroxides and oxygen

free radicals (23). ROS can further be categorized as either one-electron oxidants

(radical) or two-electron oxidants (non-radicals) and within each class there exist some

that are more reactive and strongly oxidizing than others (23). Generally, due to the

presence of unpaired electrons in their outer valence shell, the radical species of ROS are

more highly reactive and potentially injurious molecules that can lead to oxidation of

various cellular components, including DNA, protein, and lipids (24), and as a result may

influence cell proliferation, cell death and the expression of genes (25).

V/ithin cells, ROS are naturally produced at a low, but constant rate as a

byproduct of oxygen metabolism (26). Specifically, during oxidative phosphorylation

electrons are transported down the electron transfer chain through a series of proteins via

ein having a greateneduction potential then theredox,reactions, with each acceptor protein having a greater reduction potential

last. The last step of this reaction series involves an electron reaching its last target, a

molecule of oxygen which is normally reduced to a water molecule (HzO). However,

oxygen can also be reduced to a superoxide radical (Oz-); a highly reactive species (27).

Although mitochondrial respiration is probably the most major source of ROS in the

body, it can also be produced by ionizing and UV radiation and from the metabolism of a

wide spectrum of drugs and xenobiotics (23).

Cells produce several different erzpe scavengers which help to attenuate the

effects of ROS in the body. Figure 3 illustrates the mode of action of these



enzymes. Superoxide Dismutase (SOD) catalyzes the disproportionation reaction of a

superoxide radical to produce a molecule of oxygen and hydrogen peroxide,

Oz- * Oz- + zff ---+ HzOz+ O, (28). While not a radical itself H2O2 is still potentially

destructive. Another enzpq catalase, can then metabolize H2O2 into H2O and 02,

2 HzOz ---+ 2 IJzO + 02 (26,29). Glutathione peroxidases (GPx) are a class of

selenoproteins that can also help quench intracellular HzOzby catalyzingits reduction to

water and glutathione disulphide from glutathione, 2GSH -I-HzOz-+ GS-SG + 2HzO

(29,30).

Oxygêiî

8Ð

SÖD Æ;
W ,. ñ -g-5""*- .E@. ----+%,@superox¡de 

'{ã'"9g1' ,_r,"*-r,_ ?iJlå' waÈerPèrcX¡dE 
w,M @

-**-/^%- \ z

,¿t@-å" 
,#o''
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Figure 3: Schematic flow chart of action of free radical scavengers .

There exists several other endogenous antioxidants such as ascorbic acid, uric

acid and glutathione, which are inhinsieally produced through metabolism or retained

through diet (25). They stabilize îree radicais by donating electrons, which terminates any

potential downstream reactions. In doing so, they do not become free radicals, since

these species are stable in either form (31).
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1.6 Disorders of the preterm infant associated with free
radicals/oxidative stress :

Oxidative stress has been a problem of particular relevance to the neonate, in

whom oxygen free radical damage is believed to contribute significantly to disorders

associated with premature birth. In the neonate, innate antioxidant mechanisms are

underdeveloped and even relatively low levels of oxidative stress can overwhelm any

enzymatic protective response the infant may fiìount (1). Several studies have supported

tliis by dernonstrating that levels of enzyme scavengers increase over the final period of

gestation and therefore infants born before full-term have markedly reduced quantities of

such protective enzymes (32, 33).

Several illnesses in the pre-term infant, each thought to be caused by the action of

ROS have been well documented. For example, Retinopathy of prematurity (ROP) is a

vasoproliferative retinal disorder. In newborns, as opposed to adult human beings, the

retinal and choroidal circulation is unable to prevent excessive delivery of oxygen to the

retina. In the neonate, this combines with the fact that the baby is unable to restrict the

production of ROS due to its deficient anti-oxidant defense mechanisms, the result of

which can lead to ROP which is the leading cause of visual impairment and blindness

(34). Bronchopulmonary dysplasia (BPD) is a chronic lung disease that readily affects

preterm infants treated with exogenous oxygen and mechanical ventilation for primary

lung disorders. It is thought that BPD begins as an acute inflammation of the lung caused

primarily by the toxic effects of ROS (34). Periventricular leukomalacia (PVL) is the

predominant form of brain injury in neonates and directly results from ROS injury. It

selectively affects cerebral white matter and often evolves into cerebral palsy (35).
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When cells of the intestinal mucosa are exposed to oxidative stress in the neonate,

the barrier function of the gut may be compromised. A number of different intestinal

inflammatory disorders have been attributed to oxidative stress, one of the most notable

being necrotizing enterocolitis (NEC) (36). NEC is diagnosed in between 0.9 and 2.4 per

1000 live births and carries a significant mortality rate, ranging from 20-50%

(37,21). It is believed that the production of ROS damages the intestinal epithelium

through one of several mechanisms, including disruption of tight junctions (21) and

enterocfe apoptosis (34, 38). In either case, this exposes the gut and facilitates entry of

various pathogenic bacteria into the body systemically.

In order for preterm infants to achieve optimal growth rates human breast milk is

generally not sufficient on its own and is often fortified with various dietary additives,

including multivitamins, microlipids and most relevant to my thesis, supplemental iron

(6,7). Although iron has many important functions in the body, particularly in oxygen

transport, excessive iron levels can be potentially toxic and cause oxidative stress in

mucosal cells (7, 39); compounding the internal stress described above. Specifically, it

can lead to oxidative stress by generating hydroxyl and alkoxyl free radicals through

Fenton Chemistry (24):

H202-r Fe*2 -+ HO'+ Fe*3 + OH- and LOOH + Fe*2 -+ LO'+ Fe*3 + OH-

HO': hydroxyl radícal, LOOH : Iipìd hydroperoxide and LO' : alkoxyl radical

12



1.7 Gap Junctions:

The precise etiology as to how oxidative stress causes disease in the gut is still

unclear. One potential target of this stress may be gap junctions, protein channels which

facilitate intercellular communication. Figure 4 illustrates a schematic representation of

the general structure of gap junctions. In the vertebrate, they are composed of a

superlamily of structurally related transmembrane proteins called connexins.

Specifically, each gap junction is composed of 2 hemichannels, or connexons which are

themselves comprised of 6 connexin proteins. Each connexin protein has intracellular

amino and carboxy termini with 4 transmembrane regions that form 2 extracellular loops

and I intracellular loop (8, 40).

Gyloplasmlc

Transmembnne

Exlnætlular

Figure 4. (A) General schematic representation of gap junctions.

@) Topological model of a connexin protein.
Taken with permission from Sohl et al. Gap junctions and the connexìn proteinfomily.
C ardiovas cular Res earch, 200 4, 62: pp 228 -23 2.

In the human genome there are currently 21 different connexin genes identified

(41); the protein products of which weigh in the range of 26-60 kDa and have an average

13



length of 380 amino acids. There is significant homology between each connexin protein

with the greatest diversity occurring in the intracellular loops and carboxy

terminal-taïl (42).

'When 
2 hemichannels from different cells directly oppose each other, a fully

functional gap junction is formed. Both homomeric and heteromeric gap junctions can be

created, which result in different functional properties (41,43)- As Figure 5

demonstrates, gap junctions allow neighboring cells to communicate with each other

through movements of small molecular mass molecules, ions and second

messengers (<1000 Da in size) (42).

ÉEÈ
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Figure 5: Schematic drawing illustrating the selective nature of gap junctions in
GJIC.
Taken with permission from Dale W. Laird. Lífe cycte of connexins in health and díseøse.
Joumal of Biochemistry, 2006,394: 527-543.

Cell-to-cell.communication is known to be of vital importance in the heart where

intercellular communication via gap junctions is critical to the stability of contraction

rhythm in the myocardium (fl. Expression levels of connexin proteins increase during

14



the onset of labour and the resultant gap junctions are essential for the development of

uterine contractions during this process (a5). They are also important in cellular

development and differentiation processes (46). During spermatogenesis for instance,

germ cell proliferation and differentiation occur through a multi-step sequence of events

involving direct intercellular communication through gap junctions (47).

In the human intestine, gap junctions are important in maintaining tissue

homeostasis as well as general mucosal health. There is evidence which suggests that

GJIC may be directly linked to barrier function. Using a rat model of the stomach, Iwata

et al. found that by disrupting GJIC through chemical means, the barrier integrity of the

gastric mucosa was compromised (20).

Out of the 21 different connexins in humans, Cx43 is one of the most widely

expressed and well-ch aractenzed. It exists in several different phosphorylation states

with each isoform potentially influencing the functional properties of the gap

junction (48).

1.8 Free Radicals and Gap Junctions:

Several studies have been presented which delineate gap junction responses to

oxidaiive stress. In the brain, Frantseva et al. reported that gap junctional coupling

mediates the propagation of hypoxic injury to neighboring cells ftystander deatþ (10).

This effect potentiates brain injury and it has been suggested that therapeutic

interventions that target specific gap junctions could ameliorate such damage. This

finding was confirmed through a study performed by Lin et al., who reported that when

cells were oxidatively stressed, protein kinase C gamma (an isoform of PKC found in
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neuronal cells and eye tissues) became activated and, in tum, inhibited gap junctions and

therefore the spread of any potential damage (49). Another interesting study presented by

Lin et al. reported that expression of connexin proteins (not functional gap junctions) is

associated with an increased resistance of astrocytes to oxidative stress (50). Because

both above processes studied by Lin et al. occur through different mechanisms, it is

plausible that both can occur at the same time.

Using cardiac myocytes, Matsushita et â1. reported that after inducing hypoxia-

reoxygenation, changes in the phosphorylation state as well as distribution of Cx43 were

detected (11). These changes in the Cx43 protein might have important implications in

cardiac protection. Rakotovao et al. noted that decoupling of gap junctions during

ischemia in the myocardium is associated with Cx43 dephosphorylation and that

oxidative stress may be the causative factor (a8). Oxidative stress may not only affect

coupling status of cells, but also could result in changes to the actual connexin protein

(e.g. phosphorylation state), which in tum may influence coupling.

The effects of oxidative stress on gap junctions in the gut are less well .

understood. Kojima et al. recently reported that connexins are important for maintaining

tight junctions in epithelial cells and therefore, may be linked to barrier function (51);

although this finding is rather preliminary. It is therefore my main objective to further

study the relationship between oxidative stress and gap junctions while looking

specifically at Cx43.

" For these pu{poses, I will be using the well-ch aractenzed cell line Caco-2BBE, as

an in vítro model of the intestinal epithelium. Figure 6 is a transmission electron

micrograph showing the structure of Caco-2BBE cells (Diehl-Jon es, Pers. Comm.). Thtis
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cell line expresses many important markers unique to the enterocyte, such as retinoic acid

binding protein I, retinol binding protein II, and is keratin positive. They also express

some of the small intestinal hydrolases, including sucrase-isomaltase, alkaline

phosphatase, aminopeptidase N and dipeptidylpeptidase IV. More importantly, Cabo-

2p,p'E cells form a polarized monolayer with an apical brush border morphology very

close in appearance to the in vivo human colon (52). Taken together, the Caco-2BBE cell

line is an ideal model for studying the human intestine.

Figure 6: Transmission electron micrograph of Caco-2BBE Cells grown of
polycarbonate filters (10,000 X Magnification)
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Chøpter 2: Møteríals & Methods

2.1 Cells/culture:

The effects of breast milk (BM),HzOz and iron on Cx43 gene expression and

protein phosphorylation were modeled using CaCo-2BBE cells (ATCC). This cell line is

a sub-clone of the well established human colon cancer cell line, CaCo-2, and has

become widely-used in studies involving the human intestine because it closely mimics

the in vivo state. This cell line expresses a brush border similar to both colonic and small

intestine cells. Additionally, these cells contain both adult and fetal markers such as

villin, fimbrin, sucrase-isomaltase, and myosin I and II (52). Cells were cultured under

standard conditions (37 "C,4.g %COz and a relative humidity of 80%) in25 cmz cell

culture flasks using Dulbecco's Modified Eagle Medium (DMEM) containing glucose

(4.5 m{ml), penicillin (100 U/ml), streptomycin (100 Vdml), L-glutamine (4mM),

human transferrin (10 pglml) and 10Yo fetal bovine system. The medium was changed

every 48 hours until a fully-confluent monolayer of cells was reached (approximately 5-7

days). Cell growth was assessed microscopically using the Zeiss Axiovert 200

(Göttingen, Germany). At the point of confluency, the culture medium was removed and

the following treatments were added to culture flasks (treatments added were dependant

on the experiment performed): BM, BM + 100 ¡rm Hzoz, BM + H2o2+ 350 units/ml

superoxide Dismutase (soD), BM + H2o2 + 150 units/ml catalase (Cat), BM + 0.3 mM

Fe*2, BM + 0.g mM Fe*2, BM + 1.g mM Fe*2, BM + 1.g mM Fe*2+ SOD, BM + i.g mM

+ Cat and BM + 1.8 mM Få+2+ 10 mM Tempol. Cells were incubated at 37'C fora pre-

determined period of time, dependant on the assay preformed (see results). The

treatments were then removed and the cells were thoroughly, but carefully washed with
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either fresh culture media or PBS. To detach cells from the substrate, 1 ml of sterile

EDTA (0.02%) was added to chelate all residual calcium for 1 minute before being

removed. This was followed by the addition of another I ml of EDTA (0.02%)and 1.5

mls of trypsin (0.25o/o) and cells were incubated in this state for approximately i5

minutes or until cells started to visibly become detached from the flask. At this point,

fresh medium containing fetal bovine serum (FBS) was then added; this inhibited the

action of trypsin. Detached ceils were transferred to a sterile i5 ml Falcon@ tube and

centrifuged at250 g's for 5 minutes. The resulting supernatant was aspirated and the cell

pellet v/as resuspended in 1.5 mls of culture media and transferred to a sterile 1.5 ml

microcentrifuge tube. Cells were then centrifuged at 2000 g's for a further 5 minutes

with the supernatant again removed. Cell pellets were then stored at -86 oC until ready to

proceed with experimentation.

2.2 N{ilk samples:

Breast milk was collected with appropriate consent and ethical approval (NREB,

U of M) from women who delivered infants between 29 and34 weeks gestation at St.

Boniface General Hospital. Breast milk was pooled from 3 different women and the

resultant milk samples were immediately aliquoted in 50 ml vessels and stored at -86"C.

2.3 Semi-quantitative RT-PCR:

Total RNA was extracted from cell pellets using Tnzol reagent (Invitrogen,

Carlsbad, Ca) according to the manufacturer's instructions. Briefly, cells were
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homogenized in 1 ml of Trizol reagent using a power homogenizer (Mandel-Kontes,

Vineland, NJ) and allowed to incubate at room temperature for 5 min to allow for the

complete break-down of the nucleoprotein complex. To separate RNA from DNA and

protein, 0.2 ml of chlorofonn v/as added and each tube was shaken vigorously for 15

seconds and subsequently allowed to incubate for a further 3 minutes at room

temperafure. Samples were then centrifuged at 12,000g's for 15 minutes at 4 "Cwhich

resulted in the separation of a lower phenol-chloroform phase, an interphase and a

colorless upper aqueous phase exclusively containing the RNA of interest. The aqueous

phase was transferred to a fresh tube and precipitated using 0.5 ml of isopropyl alcohol

for 10 minutes and was again centrifuged at 72,000 g's for another i0 minutes. The RNA

precipitate was washed once with 75%;o ethanol and stored at -86 oC until ready to proceed

with DNase treatment.

DNase treatment was performed on each RNA sample using the Turbo DNA-free

kit (Ambion, Austin, TX). The RNA pellets were air-dried for approximately 30

minutes before being re-suspended in 17 ¡rl of DEPC-treated water. 1 pl of RNase Out

inhibitor and2 pl of Turbo DNase buffer was added to each sample which was mixed

gently before addition of 1 pl of Turbo DNase. Samples were incubated at 37 oC for 30

minutes at which po int| ¡ilof DNase inactivation reagent was added and allowed to

incubate for a further 3 minutes at room temperature. The samples were then centrifuged

at 12,000 g's rpm for 2 minutes and the resulting supematant (pure RNA) was carefully

removed and put into a fresh microcentrifuge tube. The quality and quantity of RNA was

determined using spectrophotometrical measurements at260 and 280 nm (Ultraspec 3100

pro, Biochrom Ltd., cambridge, England). All samples studied had a A26slA2ss
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ratio of >2:00.

First strand cDNA was slmthesized using 3 pg total RNA which was initially

added to 1 pl dNTP's (10mM) and2 pl random hexamers with the volume being brought

up to i2 ¡rl with PCR grade water. This was heated at 65 "C for 5 minutes and then a

master mix containing 4 pl 5X first strand buffer (250 mM Tris-HCL, 375 mM KCl, 15

mM MgClz),2ltl DTT (0.1 M) and 1 ¡rl RNase out was added to each sample which was

again heated at 42 "C for 2 minutes. I pl of Superscript II (Invitrogen) was then added

and the mixture heated at 42 oC for 50 minutes and inactivated by heating to 70 oC for a

final 15 minutes. Semi-quantitative multiplex PCR reactions were carried out using 18S

rRNA as an internal standard (Quantum RNA Classic 18S kit, Ambion). After

determining the linear range for Cx43 (i.e. the number of cycles in the linear range) and

experimentally verifying the optimal ratio of 18S Primers:Competimers, each PCR

mixture was set up as follows: 2 ¡rl of cDNA, 2 pl of PCR reaction buffer, 0.4 pl of

dNTP's (10 mM), 0.8 ¡rl of Cx43 primer pair (5 pM), 0.8 pl of 18S: primer:competimer

mixture (5 pM), 0.6 pl of MgCl2 and 0.2 pl of Taq DNA pollnnerase all in a total

volume of 20 pl per reaction. The following primer pair was used:

Cx43 primers: Forward: GCACCATCTCTAACTCCCATGCAC
ReveTse: GAATAAGGCTGTTGAGTACCACCTCC

The cDNA template was initially denatured by heating to 94'C for 3 minutes and

amplified by 33 cycles (optimal) of 94"C for 45 seconds, 65'C for 45 seconds and7T"C

for 60 seconds. A final elongation step at 72'C for 7 minutes was performed. PCR

products \À¡ere separated on a l.5o/o agarose gel and stained using SYBR gleen (Molecular

Probes, Eugene, OR). Gels were photographed (Sony, model XCD-X700, Northern
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Eclipse software) using an ultraviolet transiiluminator at 302nm (Ultraviolet products,

model TFM-20).

2.4 Real-Time PCR:

In order to confirm and validate the data found from the semi-quantitative pCR

method (above), real-time PCR was also performed. The cDNA was prepared in the

same way as described above (for the semi-quantitative method). In order to determine

the correct amount of oDNA template to use for each reaction it is important that gene

amplification fits within the linear (or exponential range) of the curve. To make this

distinction, three 10-fold dilutions of the oDNA were prepared (1 : 1, I :10, 1 :1 00, 1 :1000)

and an initial calibration quantitative PCR (qPCR) was set up. Each 20 ¡rl reaction

contained the following: 10 pl iQ SYBR Green Supermix, 1 ¡rl forward primer (10 pM

stock), 1 pl reverse primer (10 ¡rM stock), 7 ¡rl sterile pcR grade water, 1 pl çDNA

template. With I of my samples I loaded the above qPCR into a 96-well plate using the

IQ5 Real-time detection system (Bio-Rad, Hercules, CA) according to manufacturer,s

instructions. Primers against human glyceraldehyde 3-phosphate dehydrogenase (the

intemal standard) and primers for Cx43 (gene of interest) were used (Sigma-Aldrich

oakville, on). Each reaction was set up in triplicate to improve validity.

HGAPDH primers: Forward: AACTTTGGTATCGTGGAAGG
Reverse: CAGTAGAGGCAGGGATGATGT

HCx43 primers: Forward : CAATCACTTGGCGTGACTTC
Reverse: GTTTGGGCAA CCTTGAGTTC
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The cDNA template was initially denatured by heating to 95 'C for 3 miriutes atd

amplifìed by 40 cycles of 95 "C for 10 seconds and 60 oC for 30 seconds. At the end of

cycle 40,the program was designed to include a melt-curve analysis in order to test for

DNA purity and to guard against any contamination. After analryzingthe data, the

standards that were set up (i.e. HGAPDH) were translated into a standard curve. From it,

the maximum and minimum amount of template to use was determined. The appropriate

dilutions that fit on the standard curve within that range were chosen with each reaction

performed thereafter. From the initial calibration, it was discovered that Cx43 is a

relatively low-expressing gene compared to HGAPDH. To account for this difference, it

was.necessary to use a 1:10 dilution of cDNA with the HGAPDH primers and a 1:1 ratio

(i.e. pure cDNA) with the Cx43 primers. These were the dilutions of cDNA template

used for all subsequent qPCR experiments. The data were analyzed using a comparative

cycle threshold method with the dilution factors being taken into account (Applied

Biosystems).

2.5 Western Blot Analysis:

Cell lysates were prepared by resuspending cell pellets in RIPA buffer (50 mM

Tris-HCL, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxych olate,Io/oTriton X-l00, pH

8.0) containing a protease inhibitor cocktail which included 500 pM 4-(2-Aminoethyl)

benzenesulfonyl fluoride hydrochloride, 150 nM Aprotinin, 1 pM E-64, 0.5 mM EDTA,

Disodium, I ¡rM Leupeptin, Hemisulfate (Calbiochem). Phosphatase inhibitors ¡soairr*

orthovanadate (1 mM) and sodium fluoride (25 mM)l were also added. Protein

concentrations were measured colorimetrically using the BSA Protein Assay Kit (Pierce,
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Rockford, Il.). At this point, all protein samples were stored at -86 oC until ready to

proceed. Equal protein concentrations (25 pg) were prepared using RIPA buffer as a

diluent and these samples were boiled for 5 minutes to denature any protein aggregates

that may have formed. The samples were then cooled to room temperature and

centrifuged at2000 G's before loading into their appropriate lanes. They were then

separated on a r0%o polyacrylamide denaturing gel (1.5 M Tris-HCL, 10% sDS,

Acrylamid e/Bis-3}o/oT, l}o/oAmmonium persulfate, 0.05%TEMED) at a voltage of 150

volts for approximately 60 minutes (or until the dye fronts had run at least % downthe

gel). This was followed by transfer to polyvinylidene fluoride (Millipore Bedford, MA)

membranes at an amperage of 200 mAmps for 1.5 hours to ensure complete transfer of

protein' Membranes were subsequently blocked using 3% BSA in Tris-buffered saline

(TBSyO.5% Tween 20 forat least t hour. This was followed by addition of primary

antibody (Sigma-Aldrich Oakville, On.) against Cx43 (l:4000 in TBS/0.1 yoTween20) at

4"C overnight. The membranes v/ere then incubated at 37 "C for 60 minutes at which

point the primary antibody was removed and each blot was thoroughly washed in

TBS/0.1%Tween 20 (4X). Anti-rabbit IgG peroxidase conjugate (Sigma-Aldrich

Oakville, On.) was then added at a concentration of l:8000 (in TBS/0.1oloTween 20) and

was allowed to incubate for 2 hours at 37 oC. Another round of extensive washing was

performed and the binding was detected using a chemiluminescence system (Supersignal;

Pierce Rockford, Il.) and X-ray film (Kodax BioMax Light Film; sigma-Aldrich

Oakville, On.) using standard developing protocols.

To assess the native phosphorylation state of Cx43, confluent Caco-2BBE cells

(untreated) were harvested as usual. With one of the cell pellets, the cell lysate was
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prepared exactly as described above. With another pellet, cells were resuspended in

RIPA buffer containing the aforementioned protease inhibitors with the phosphatase

inhibitors omitted. A dephosphorylation buffer (0.5 mM Tris-HCL, 1 mM EDTA,

pH8.5) was added followed by the addition of calf intestinal alkaline phosphatase

(Promega, Madison, WI). The lysate was incubat ed at 37 oC for 8 hours followed by

addition of RIPA buffer. Samples were then boiled for 5 minutes before being frozen at

-86'C. 'Westem blot analysis was performed in the same manner as described above and

a comparison of Cx43 protein was made between the phosphatase-treated cells and non-

treated cells.

2.6 Scrapeloading:

CaCo-2BBE cells were grown to confluency on 35-mm sterile petri plates pre-

coated with a 2.5o/oMatngel@ solution (BD Biosciences, Bedford MA), a basement

membrane matrix which promotes cellular adhesion and differentiation. BM treatments

were added following the removal of medium and incubated for 1.5 hours. Controls

using i00 pM glycyrrhetinic acid (GTA) were incubated for 24 hours to induce complete

decoupling of gap junctions. Following extensive washes with PBS (pH7.4), a0.1o/o

Lucifer Yellow artd \o/oRhodamine Red-Dextran solution was added to the cells.

Monolayers were then scraped using a microscalpel and allowed to incubate for 10

minutes. Cells were again washed and fixed with 4Yo paraformaldehyde. Gap junctional

intercellular coupling (GJIC) \r/as assessed using fluorescence microscopy (Zeiss

Axioskop microscope with epifluorescence optics, Sony Power HAD 3CCD colour video
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camera). Along each scrape-line, three points were arbitrarily chosen and the number of

contiguously iabelled cells were counted and averaged.

2.7 Transepithelial Electrical Resistance :

CaCo-2BBE cells were plated onto polycarbonate membranes with 0.4 pm pore

size in 4mm diameter Transwell@ chambers (Corning Incorporated, NY) pre-coated with

a2.5Yo Matrigel@ solution (BD Biosciences, Bedford MA). Cells were grown to

confluency (14-21 days). Measurements of transmembrane electrical resistance (TEER)

were made using the WPI REMS Autosampler (Sarasota, FL.). The measurements were

taken by placing the ionger electrode into the basal lateral media and the shorter electrode

into the apical media. TEER was measured in a control well which was void of any cells,

enabling us to measure the resistance provided by the Transwell@ inserts. This value was

subtracted from all subsequent sample readings. After stable TEER measurements

between 500-600 Ohms were taken (indicative of a confluent monolayer), culture

medium was aspirated and 50 ¡rl of the appropriate breast milk treatment was added to

the apical compartment of the Transwell@ chamber and incubated for 3 hours at31"C.

Control wells with 100 ¡rM GTA were incubated for 24 hours to induce decoupling of

gap junctions. Apical chambers were then aspirated and carefully washed three times

with fresh culture medium. Endpoint TEER measurements were taken with rinse steps

using sterile media between each measurement. This served to reduce mixing of

components from one chamber into another. Final TEER values were recorded and any

changes in TEER were calculated.
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2.8 Immunocytochemistry :

CaCo-2BBE cells were grov/n to confluency (3-5 days) on glass cover slips

coated with a 2.5o/o}i/afngel@ solution (BD Biosciences BedFord MA). Cells were then

fixed and permeabilized with ice-cold methanol:acetone (50:50) for 1 minute after which

they were washed in PBS (pH 7 .a)three times then blocked with 1% BSA in pBS for

approximately I hour. Coverslips were then incubated overnigh t at 4oCwith primary

antibody (1:400 dilution) against Cx43 (Sigma Aldrich, Oakville, On.), followed by a 1

hour incubation at 37'C. Coverslips were then washed three times with pBS before

addition of the secondary antibody (1:400-Goat anti-rabbit-Alexa-568 from Molecular

Probes, Eugene, oR). A nuclear Hoescht stain (1 pdml)was added along with the

secondary antibody. The coverslips were incubated for I hour at31oC,then washed and

mounted in TBS/glycerol (50:50). A negative control was also included in which the

secondary antibody was omitted. Fluorescence microscopy was performed using the

Zeiss Photo II microscope with epifluorescence optics (Hamamatsu Orca cooled CCD

digital camera-Bridgewater, NJ).

2.9 Statistical Analysis:

For each assay (where applicable), a one-way analysis of variance (ANOVA) with

the Tukey post hoc test to describe the relationship between means was used. p < 0.05

was considered to be statically significant. N-values varied between assays, with a

minimum value of 2 being used in each case.
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Chøpter 3: Results

3.1 Iron and Peroxide Modulate Cx43 Transcript Levels:

To measure Cx43 gene expression, a semi-quantitative PCR approach was

employed. Briefly, Caco-2BBE cells were grown to confluency on 25cm2 cell culture

flasks and the following treatments were added: culture medium (control), breast milk

(BM), BM + 100 pm HzOz, BM + H2O2+ 350 units/ml Superoxide Dismutase (SoD),

BM + H2o2* 150 units/ml catalase (cat), BM + 0.3 mM iron Fe*2, BM + 0.9 mM Fe*2,

BM + 1.8 mM Fe*2, BM + 1.g mM Fe*2+ SOD, BM + 1.g mlvl Fe*2+ cat- After a2hour

incubation period at 37 "C and 80% relative humidity, cells were trypsinized and pelleted

into 1.5 ml RNase-free microtubes. Total RNA was extracted using Tnzolreagent

according to manufacturer's instructions. First strand cDNA was synthesized using 3pg

of DNase-treated RNA after which semi-quantitative multiplex PCR reactions were

carried out using 18sRNA as an internal standard. PCR products were separated on a

7.5Yo agatose gel and stained using SYBR green. Gels were then photographed using an

ultraviolet transilluminator.

As Figure 7 illustrates, typically two distinct bands appeared in each lane. The

upper band corresponds to the l8s rRNA amplicon while the lower band corresponds to

the Cx43 amplicon;'based on marker size. Through line-scan densitometry, relative Cx43

expression levels could be assessed within each sample and then compared back to the

untreated control to gain some understanding of how these individual treatments affected

Cx43 gene expression. In breast milk treated cells, Cx43 geneexpression was drastically

increased (75%). When HzOz was added in conjunction with BM, no change in Cx43

expression was detected. lnterestinglS when SOD and catalase were added with

28



BM + H2O2 opposing effects were observed, with SOD signifrcantly increasing Cx43

expression (77%) and catalase decreasingCx43 expression (8%). When iron was added

in conjunction with BM, Cx43 gene expression decreased in a dose-dependant manner

with 0.3 mM Fe*2 decreasing expression by l9o/o,0.9 mM Fe*2 by 38o/o and 1.8 mM Fe*2

by 53%. When SOD was added to BM + 1.8 mM'F{2 afurther decrease in Cx43

expression of 680/o was noted. Catalase slightly restored expression levels compared to

BM + 1.8 mM Fe*2 alone with a decrease of only 43Yo.

Figure 7: A semi-quantitative analysis of the effects of various breast milk
treatments on Cx43 gene expression

18S rRNA Amplicon

Cx43 Amplicon

. Relative Cx43:18S rRl,<-_t- Express¡on levels

Legend: L = Ladden 1 = culture med¡um; 2 = pM; 3 = Blr¡UHzOz; 4 = BM/HzOz *
SOb: 5 = BM/HzOz/C?t 6 = BM + 0.3 mM Fe*2; 7 = BM + 0.9 mM Fe*2;

8= BM +1.8 mM Fe.2; b = BM + 1.8 mM Fe*2/soD; 10 = BM + 1.8 mM Fe*2/cat;
G1/G2 CaCo-2eaE Genomic DNA
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Given that this analysis provided only a semi-quantitative measure of Cx43

expression, to confirm these results, real-time PCR (also known as qpcR) was

performed. The benefit to using this technique is that it amplifies and simultaneously

quantifies Cx43 mRNA transcripts, giving a more accurate and precise assessment of

Cx43 gene expression levels. Briefly, Caco-2BBE cells were grown to confluency on

25cm2 cell culture flasks and the following treatments were added: culture medium

(conhol), breast milk (BM), BM + 100 pm HzOz, BM + HzOz-r 350 units/ml Superoxide

Dismutase (soD), BM + H2o2 + 150 units/ml catalase (cat), BM + Hizoz + 10 mM

Tempol (TPL), BM + 0.3 mM iron Fe*2, BM + 1.g mM Fe*2, BM + l.g mM Fe*2+ SOD,

BM + 1.8 mM + Cat, BM + 1.8 mM Fe*2 + TPL. Treatments were incubated for 2 hours

at37'C andilX%relative humidity at which point total RNA was extracted and reverse-

transcribed in the same manner as described above (for semi-quantitative PCR). After

determining the correct dilutions of cDNA template to use, qPCR reactions were carried

out and the data analyzedusing a comparative cycle threshold method.

According to this analysis, there was a 52o/o decrease in Cx43 expression in

breast-milk treated cells (Figure 8); which is inconsistent with the semi-quantitative result

which demonstrated a75%o increase in expression (from above). When H2O2was added

in combination with breast milk, an 82o/o decrease Cx43 expression was noted. Each of

the scavengers, SOD, tempol and catalase did little to restore Cx43 expression levels with

catalase having the greatest impact where expression levels had only decreased to 70o/o

relative to untreated controls. Each of the aforementioned results involving H2O2

conflicted with the corresponding data from the semi-quantitative analysis. This
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discrepancy can likely be explained by the fact that theHzOzin the former case was old

and concentrations were therefore inaccurate. When low concentrations of iron

(0.3 mM) were added in conjunction with breast milk, a 660/o decrease in Cx43

expression was detected. When high iron concentrations were added (1.8 mM) an 88o/o

reduction was noted. Interestingly, this same trend involving iron treatments was found

in the semi-quantitative analysis from above. When SOD and tempol were added with

high iron concentrations, a minimal restorative effect on Cx43 expression was detected,

with SOD having a slightly greater effect (80% decrease relative to control).

To test the significance of iron alone on Cx43 gene expression, a statistical

comparison between the BM and the BM + 1.8 mM Fe*2 treatments was also made.

Cx43 gene expression in BM + 1.8 mM Fe*2 treated cells was 360/olower than in BM

treated cells, but this finding was only significant at an adjusted confidence level of 85o/o.

Figure 8: A quantitative analysis of the effects of various breast milk treatments on
Cx43 gene expiession
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3.2rron and peroxide modulate cx43 protein expression and
þhosphorylation:

To measure Cx43 protein expression levels as well as potential differences in the

phosphorylation state of Cx43, the westem blot technique was perfonned. Briefly, Caco-

2BBE cells were grown to confluency on 25cm2 cell culture flasks and the following

treatuients were added: culture medium (control), breast milk (BM),

BM + 100 pm HzOz, BM + 1.g rnM Fe*2, BM + 1.g mM Fe*2+ SOD,

BM + 1.8 mM Fe*2 + 10 rnM Tempol (TPL). After a 2 hour incubation period, cells were

trypsinized and pelleted into 1.5 ml RNase-free microtubes. Cell lysates were prepared

by resuspending cell pellets in RIPA buffer containing a protease inhibitor cocktail and

phosphatase inhibitors fsodium ofihovanadate (1 mM) and sodiurn fluoride (25 mM)].

Protein concentrations were quantified using the BCA Protein Assay kit. Equal protein

concentrations (25 pg) were then separated on a I}Yopolyacrylamide denaturing gel

followed by transfer to polyvinylidene fluoride (PVDF) membranes. Membranes were

then blocked with 3% Bovine Serum Alburnin (BSA), 0.5%oTween-2g in Tris-buffered

saline and incubated with primary antibody against Cx43 at4oC ovemight. Anti-rabbit

IgG peroxidase conjugate was added following extensive washes. Binding was detected

using a chemiluminescent system and the blots were transferred to X-ray film usi¡g

standard developing procedures. For all blots, a pre-stained protein ladder was included

to ensure that the protein bands observed were of the expected size (i.e. 43 kDa).

To analyze the data, line-scan densitometry (Northern Eclipse software) was

performed on each band which allowed for a quantitative measurement of Cx43 protein

expression' When doublets or triplets were detected, each band was assessed individually
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thereby enabling me to calculate differences in the phosphorylation state between

samples.

Initially, it was important to assess the native phosphorylation state and migration

pattem of Cx43 in Caco-2BBE cells since this has not been published before. In order to

do so, two untreated samples of Caco-2BBE cells were harvested as usual' From

Figure 9, the protein lysate in lane 1 was prepared in exactly the same manner as

described above with the phosphatase inhibitors included. The protein lysate inlane2

ías dephosphorylated with alkaline phosphatase before electrophoresis. A western blot

was performed (as described above) with the two samples run side-by-side to distinguish

any differences in the phosphorylation pattern of Cx43. In this case, a 12%o

polyacrylamide gel was used in order to achieve better separation of Cx43 isoforms. As

Figure 9 demonstrates, a single molecular weight band of 43 kDa was detected in

lane 2 (the phosphatase treated sample), while a doublet was observed in lane 1

þhosphatase inhibitors included); the lower band in the 43 kDa range and the upper

being approximately 45kDa.

Figure 9: Changes in Cx43 migration is due to Phosphorylation

'+J l\lJcl 

- 2

33



From these results, the native phosphorylation state of Cx43

following figure:

can be described by the

Figuie 10: Native phosphorylation state of Cx43

Hyperphosphorytated (p2)Ð :.

Phosphorylated (Pl)+
Unphosphorytated (pO)Ð

Having elucidated the native phosphorylation state of Cx43, a western blot was

performed using cell lysates from the samples described above. Figure 11 is a

representative western blot from one of the trials performed. According to Figure l2

below, when cells were treated with breast milk alone there was a marginal increase in

Cx43 expression of both the phosphorylated and unphosphorylated isoforms when

compared to the untreated control (35% and 60lo respectively), but these differences were

not statistically significant. 'When BM and peroxide were added to cells a significant

increase in the phosphorylated isoform of I22o/owas observed, while an insignificant

increase of llYowas detected in the unphosphorylated isoform. When cells were treated

with BM and high iron concentrations the phosphorylated isoform of Cx43 was increased

considerably by I 99ó/o whilethe unphosphoryrated form increased by only 40%o.

Interestingly, when the free radical scavenger Tempol was added it did not restore Cx43

expression levels, and in fact afuither increase of the phosphorylated form was noted
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(213% compared to the control). Expression of the unphosphorylated isoform was

increased by only 3l%o.

To test the significance of iron alone on Cx43 protein expression, a comparison

was made between the BM and BM + 1.8mM Fe*2 treatments. The latter treatment was

found to significantly increase both the phosphorylated and unphosphorylated isoforms of

the Cx43 protein (164% and34o/o respectively) relative to BM alone (95% confidence

level).

Figure 11: Western blot showing differences in Cx43 protein expression and
phosphorylation
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Figure 12: A quantitative analysis of the effects of various breast milk treatments on
Cx43 protein expression

Data shown as mean +i- SEM (N:3). * symbol signifies statistically-significant
differences compared to untreated control (p < 0.05). A symbol signifies
statistically-significant differences'compared to BM only treatment (p < 0.05).

To gain a better understanding of how the above treatments specifically affect

phosphorylation of Cx43 the change to the ratio of the phosphoryated to

unphosphorylated eru) isoforms was calculated. As demonstrated in Figure 13, when

cells were treated with breast milk the P/[J ratio was increased by 29%o when compared to
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to l02Yo of that of the controls. When cells were treated with BM and high iron

concentrations a further increase of 1 18% was observed. Interestingly, when tempol was

added the P/U ratio was further increased to 136Yo.

After comparing the BM and the BM + 1.8mM + Fe*2 treatments, the ratio of P/u

isoforms of Cx43 was found tobe 89o/ohigher in BM + 1.8mM Fe*2 treated cells, but was

significant at a slightly lower confidence level of 90%.

Figure 13: An analysis of the effect of various breast milk treatments on
phosphorylation of Cx43
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Data shown as mean +/- SEM CN:3). * symbol signifies statistically-significant
differences compared to untreated control (p < 0.05). A symbol signifies
statistically-significant differences compared to BM only treatment (p < 0.10).
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3.3 Immunolocalization of Cx43:

To observe thelocalization of Cx43 in untreated CaCo-ZBBE cells an

immunoloc alizationexperiment was performed (53, 54). Briefly, CaCo-2BBE cells were

gro\iln to confluency on 35-mm glass cover slips pre-coated with 2'5o/oMatigel@' cells

were then fixed and permeabilized with ice-cold methanol:acetone (50:50) for I minute'

After blocking with 1% BSA in PBS, cells were incubated ovemight at 4oc inprimary

antibody against cx43,followed by a t hour incubation at 37'C' Coverslips were then

carefully washed before addition of secondary antibody (Goat anti-rabbit-alexxa-568)

after which they were incubated for t hour at37 "C,then washed and mounted in

TBS/glycerol (50:50)-

As shown in Figure 14, images 7,2 and 3 all reveal the punctuate localization

pattern typical of Cx43. In panel 1 , a nuclear Hoescht stain (1 pdml) was added to allow

for visible distinction between cell membranes (14) and cell nuclei (18)' Image 1C is a

superimposed view of the first two frames that clearly shows cx43 localizingina

punctuate pattern along the periphery or cell membrane of CaCo-2BBE cells' Image 4 is

a negative control in which the secondary antibody was omitted. Interestingly, there are

visible differences in cx43 signal strength within each image taken indicating that there

are variations in cx43 protein expression and localization among a population of cells'
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Figure 14: Immunolocalization of Cx43
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3.4 Iron and peroxide decrease gap junctional intercellular
communication (GJIC):

To measure GJIC between cells, a commonly used dye scrapeloading technique

was employed (55, 56). Briefly, Caco-2BBF. cells were gro\iln to confluency

(approximately 5-7 days) on glass coverslips pre-coated with Z.SYoMatt'.gel@ and

cultured in 35-mm Petri plates. Medium was then aspirated from the Petri plate, and

coverslips immersed in 1.5 mls of the following treatments: culture medium (control),

breast milk (BM), BM + 100 pm HzOz, BM + H2O2+ 350 units/ml Superoxide

Dismutase (SOD), BM + HzOz+ 150 units/ml Catalase (Cat), BM + 0.3 mM iron Fe*2,

BM + 0.9 mM Fe*2, BM + 1.8 mM Fe*2, BM + 1.8 mM Fe*2+ SoD, BM + 1.8 mM Fe*2+

Cat. After a 1.5 hour incubation period at 3J oCand 80% relative humidity, treatments

v/ere removed and cells were washed with fresh culture medium. Cells were then

incubated in a O.le/o Lucifer yellowllo/o rhodamine red admixture in PBS (pH 7 .\ for 10

minutes, and this was followed by a wash in 2 mls of PBS. Cells were then fixed with

4o/o paraformaldehyde @H 7 .2) in PBS.

Due to its small size (MW 450), lucifer yellow enters damaged cells and can

rapidly permeate from cell-to-cell through gap junctions (57). Cell coupling via gap

junctions was assessed using a fluorescence microscope (Zeiss Axioskop microscope

with epifluorescence optics, Sony Power HAD 3CCD colour video camera) by counting

the number of contiguous cells labelled with the dye (Figure 15). Rhodamine red was

added to each treatment as a control, as it enters damaged cells. but is unable to permeate

to neighbouring cells through gap junctions because of its much larger size (MW 10,000).

Glycyrrhetinic acid (100 pm), a chemical decoupler of gap junctions (58, 59), was added
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as a negative control and was incubated for 24 hours to induce complete decoupling of

gap junctions.

As shown in Figure 16, GJIC was reducedby 77% compared to untreated controls

when cells were treated with glycyrrhetinic acid. GJIC in breast milk treated cells was

reduced by 35o/o, although this finding was not statistically significant. In the case of BM

with peroxide, GJIC was decreased by 54o/o. This decrease was slightly attenuated when

SOD and catalase were added (50%o and27%orespectively); with SOD having a much

gteaÍ.er impact on restoring GJIC between cells. When compared to untreated controls

iron was found to decrease GJIC in a dose-dependant manner, with low iron

concentrations (0.3 mM) reducing GJIC by 38% and high iron concentrations (1.8 mM)

reducing coupling by 73%. Agairy when both SOD and catalase were added in

conjunction with high iron concentrations, GJIC was nearly fully restored to levels found

in the control, i.e. coupling was only marginally lower in these samples when compared

to the untreated control.

After comparing the BM and the BM + 1.8mM Fe*2 treatments, GJIC was found

to be significantly reduced in BM + 1.8mM Fe*2 treated cells by 59o/o,butat an adjusted

confidence level of 90%.
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Figure 15: Scrapeloading assay
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Figure 16: Effects of various breast milk treatments on gap junctional intercellular
communication

Data shown as mean +/- SEM (N:3). * symbol signifies stâtistically-significant
differences compared to untreated control (p < 0.05). A symbol signifies
statistically-significant differences compared to BM only treatment (p < 0.10).
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3.5 Iron and peroxide decrease transepithelial electrical resistance
(rEER):

To measure the permeability across a confluent monolayer of cells, the cornmonly

used transepithelial electrical resistance (TEER) assay was employed (6, 60). Briefly,

CaCo-2BBE cells were plated onto polycarbonate membranes with 0.4 pm pore size in

4mm diameter transwell chambers at an approximate cell density of 5 X 10s cells/well.

when cells reached confluency (approximately l4-2r days) measurements of

transepithelial electrical resistance (TEER) were made using the wpl REMS

Autosarnpler. When TEER measurements between 500-600 Ohms wele taken, which is

indicative of a confluent monolayer, 50 ¡rl of the following treatments were added to the

apical compaftment of each transwell chamber: culture mediurn (control), breast milk

(BM), BM + 100 ¡rM HzOz,BM + 1.8 mM Fe*2, BM + 1.8 rnM Fe*2+ 10 mM Tempol,

BM + 1.8 mM Fe*2 + 150 units/rnl Catalase (Cat). Each treatment was incubated for 4

hours at 37"C and 80o/o relative hurnidity. Control wells using 100 pM Glycyn'hetinic

acid were incubated for 24 hours to induce complete decoupling of gap junctions (58,59).

Treatments were then aspirated, washed three times with fi'esh culture medium and final

TEER measurements were made.

Final TEER lreasurertents were subtracted from initial TEER readings and the

percent difference was expressed. As depicted in Figure 17, TEER was reducedby 23%

in GTA-treated cells when compared to untreated control cells. Interestingly, BM-treated

cells showed a further reduction in TEER by 40% when compared to the control. When

peroxide was added, TEER values were drastically reduced by 56%. A similar trend was

observed in BM * iron-treated cells whose TEER values decreased by 59%.
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Interestingly, when Tempol and catalase were added in conjunction with BM + iron a

slight rescuing effect was observed. Although TEER values were still significantly lower

when compared to control cells, they did increase relative to BM i iron treated-cells, with

Tempol having a greater impact (4I%o decrease) and catalase only marginally restoring

TEER values (55% decrease).

After comparing the BM and the BM + 1.8mM Fe*z treatments, TEER values

were found to be significantly lower in BM + 1.8 mM Fe*2 treated cells by 31%, but only

at a slightly lower çonfidence level of 90olo.

Figure 17: Effects of various breast milk treatments on transepithelial electrical
resistance across a confluent monolayer of cells
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Chapter 4: Díscussion

4.1 General outline of this study:

Oxidative stress is a problem of particular relevance to the pre-term infant, in

whom free radical damage is believed to contribute significantly to disorders associated

with premature birth (1). Infants bom prematurely are at increased risk of intestinal

inflammatory disorders, including Necrotizing enterocolitis [NEC). In general, oxidative

stress can be considered to be an imbalance between oxidizing and reducing conditions;

the former is known to include hyperoxia at the time of birth, while the latter may be

considered to be associated with immature anti-oxidant defense mechanisms (l). Recent

studies have shown that among the different sources of oxidative stress, dietary

supplements commonly added to human breast milk, such as iron, have been shown to

generate free radicals (6,7).

One potential target of reactive oxygen species is the gap junction. This complex

of channel-forming p.ot"in, metabolically and electrically couples neighbouring cells

(42). Connexins are the protein subunits that comprise gap junctions, of which there are

21 different forms in the human genome (8,41). Corurexin-43 (Cxa3) is one of the most

widely expressed and well-charactenzed of these proteins, and there is conclusive

evidence that it exists in several different phospho-isoforms.

To investigate the effects of oxidative stress on Cx43 expression and

phosphorylation, a human intestinal cell line was used. The physiological endpoints of

gap junctions was also explored; namely by looking at how oxidative stress on the

enterocyte effects gap junctional intercellular communication (GJIC). An important
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function of the intestinal epithelium is to provide a selectively permeable barrier. We

therefore also investigated how GJIC may be linked to barrier function.

4.2 Oxidative stress modulates both Cx43 transcript levels as well as
protein expression and phosphorylation:

Caco-29B9cells were grown in culture and various breast milk treatments known

to induce oxidative stress were added. To examine the effects of oxidative stress on

cx43 gene expression a semi-quantitative RT-pcR approach was employed. Both

peroxide and iron were used in conjunction with breast milk as inducers of oxidative

stress. In the case ofperoxide, the initial semi-quantitative analysis demonstrated no

significant change inCx43 gene expression when compared to untreated controls.

Interestingly, when iron was added, a decrease in Cx43 expression was observed which

closely followed a dose-response curve with low, medium and high iron concentrations

each resulting in further decreasing levels of expression.

To confirm the semi-quantitative analysis, real-time PCR (qPCR) was employed

which allows for a much more precise and accurate measurement of Cx43 gene

expression. ln this case, both peroxide and iron significantly reduced Cx43 expression,

with high iron concentrations having a slightly greater effect than peroxide. Again,

treatments involving iron followed a dose-response curve. Although both results were

statistically significant, low iron concentrations had less of an impact than high iron

concentrations. Taken together, the results from the qPCR approach indicate that

oxidative stress, as induced by hydrogen peroxide or iron, decrease cx43 gene

expression.
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After comparing these results to the semi-quantitative study from above, there

were noteworthy discrepancies with the treatments involving hydrogen peroxide;

whereby the semi-quantitative analysis revealed no change to Cx43 gene expression, but

qPCR data showed a significant decrease in expression. A reasonable explanation for this

inconsistency is that the peroxide used in the former study was old and had likely been

reduced which diminishes its effectiveness.

There have been several studies that support the above findings, whereby

oxidative stress causes a decrease in connexin gene expression. An experiment

performed by Gagliano et al. explored the effects of ochratoxin A (OTA) treatment on rat

liver (62). OTA is a well-known mycotoxin produced by several species of fungi as a

secondary metabolite in a variety of human foodstuffs. OTA has severe toxic effects and

mainly targets the liver and kidneys. After feeding male Wistar rats toxic levels of OTA,

the authors measured the gene expression of three well-known connexins found in the

liver through RT-FCR: Cx26, Cx32 and Cx43. Because OTA treatment does mediate

toxicity through oxidative pathways it is interesting to note that the authors reached the

same conclusion; namely that treatment with OTA significantly reduced all three forms

of connexin gene expression.

Another study performed by Gingalewski et al. examined the effects of

ischemia/reperfusion injury on Cx32 expression in the liver of male Sprague-Dawley rats

(63). Briefly, blood flow to the liver was temporarity blocked with a surgical clamp

(ischemia).for t hourin duration. This was followed by a reperfusion period where the

clamp was removed to allow blood flow into the ischemic tissue. A consequence of the

sudden restoration of blood flow results in the generation of oxygen-derived free radicals.
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This coupled with the fact that during ischemia/reperfusion, the body's natural

antioxidant enzymes are down-regulated (64) animbalance between stressors and

antioxidants is created which leads to the production of oxidative stress. As a result,

through quantitative northern blot analysis, the authors observed a decrease in Cx32 gene

expression.

To investigate whether iron and hydrogen peroxide affect Cx43 protein

expression and its level of phosphorylation, the westem blot technique was used-

Initially, the native phosphorylation status of Cx43 had to be elucidated. By treating

Caco-2BBE cell lysates with alkaline phosphatase, an enzyme that specifically cleaves all

phosphate groups from its substrate, Cx43 protein is dephosphorylated' Running a

western blot with the cell lysate from these cells along side the lysate from cells that were

treated normally (i.e. phosphatase inhibitors included) would reveal Cx43's natural

migration pattern. Cx43 was separated into three distinguishable bands, each correlating

to a different isoform of the protein. The lowest band represents the unphosphorylated

isoform (P0) while the upper two bands represent the phosphorylated forms (Pl and P2)

with the higher of the two having a greater degree of phosphorylation (65).

Before studying the effects of iron and hydrogen peroxide on Cx43 protein

expression it was necessary to confirm that the antibody stained a protein of both the

expected size and location. Cx43 localizationwas studied via immunoflourescence using

untreated Caco-2BBE's. As demonstrated by the immunolocalization results, Cx43

localized in a typical punctuate pattern along the periphery of cells at the plasma

membrane. An interesting finding was that, among a confluent monolayer of cells, there

appeared to be differences inlocalization intensity, whereby Cx43 signal was more
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evident in some cell clusters than others. One possible explanation for this observation

could be the fact that the Caco-2BBE cell-line was isolated as a clone from the parental

Caco-2 cell-line which is comprised of a heterogeneous mixture of both colonocyte-like

cells and enterocytes; two structurally and functionally different cells (66). It is therefore

reasonable to conclude that there are different sub-populations of cells that are expressing

Cx43 to varying degrees. In fact, within some cell types there may subsist a more stable

group of connexins (67) which further supports the apparent differences in localization.

For example, pulse-chase studies have shown that while most corulexins have a half-life

of 1.5-5.5 hours (68) Cx56 in lens cultures was found to have a subpopulation that had a

halÊlife of over 36 hours (69).

'When 
Caco-2BBE cells were treated with BM and peroxide, total Cx43

expression increased significantly relative to untreated controls. 'When high iron

concentrations were added to cells in conjunction with breast milk, overall Cx43 protein

expression was increased even further. A study performed by Azzam et al. yielded a

similar finding. In this study they tested the effects of various stressors on Cx43 protein

expression using a normal human skin fibroblast celllin e (AG1522X70). Two such

treatments involved the use of ionizing radiation and the chemical t-butyl hydroperoxide,

both known inducers of oxidative stress. Through western blot analysis they concluded

that these stressors increased Cx43 protein levels indicating that there is may be a link

between oxidative stress and increased Cx43 expression.

Another interesting observation from the present study was that, in both of the

above cases involving oxidative stress, the level of Cx43 phosphorylation increased

significantly while unphosphorylated protein levels, for the most part, remained
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consistent with that of the controis. A study undertaken by Bellei et al. supported this

finding (71). She and her colleagues used a cell line consisting of normal human

keratinocles (NHK) to study the effects of UVA irradiation (a form of oxidative stress)

on Cx43 expression and phosphorylation. Through western blot analysis, they

determined that oxidative stress resulted in an increase in the phosphorylated isoform of

Cx43.

The results from my study collectively suggest that, when Caco-2BBE cells are

exposed to oxidative stress there is a decrease in Cx43 gene expression with a concurrent

increase in both total Cx43 protein expression and also the level of its phosphorylation.

Treatments involving iron had a slightly greater effect than treatments involving

peroxide. It is conceivable that this observation can be attributed to differences in the

amount of oxidative stress produced with iron potentially causing a greater degree of

stress than peroxide.

4.3 Oxidative stress decreases GJIC and TEER across a confluent
monolayer:

An important function of gap junctions is to allow neighbouring cells to

communicate by facilitating passage of various ions, metabolites and second messengers

@2). T\eeffect of oxidative stress on gap junctional intercellular communication (GJIC)

was explored by using the scrapeloading technique. Glycerrhetinic acid, a well known

chemical decoupler of gap junctions was added to induce complete decoupling of gap

junctions in Caco-2BBE cells. When breast milk with peroxide was added to cells a

significant reduction in GJIC was observed in relation to untreated controls. Similarly,
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when iron was used to stress cells, GJIC was reduced, but to an even greater extent.

Again, iron appeared to affect gap junctions in a dose-dependant manner. A similar

result was found in a study performed by Hutnik et al. (55). Using a human retinal

pigment epithelial cell line (ARPE-19), Hutnik and his colleagues stressed cells by

adding the chemical oxidant, tert-butylhydroperoxide and performed the scrapeloading

technique. Although the authors found that overall levels of Cx43 were reduced after

treatment, a finding which is inconsistent with my data,GJIC did decrease in response to

oxidative stress. Hutnik and his colleagues observed a decrease in GJIC as a result of

less Cx43 protein expression. My study demonstrated a reduction in GJIC was correlated

with an increase in Cx43 protein; which presumably led to non-functional or closed-gated

gap junctions. Either scenario is plausible, especially because different cells were tested

using different chemical oxidants.

In contrast to gap junctions, tight junctions are the apical-most junctional

complexes that connect epithelial cells. They directly contribute to the barrier function of

the intestinal mucosa by restricting the passage of solute and water through the

paracellular space (72). Interestingly, the tight junction associated protein, ZO-1 has

been shown to bind to several members of the connexin family including Cx43 (67). It is

therefore reasonable to suggest that GJIC is either directly-linked to epithelial barrier

function or indirectly linked through the observation that it contributes to general tissue

homeostasis in the gut. In order to test this hypothesis the transepithelial electrical

resistance (TEER) across a confluent monolayer of cells was measured before and after

exposure to treatment. Although cells treated with glycynhetinic acid did reveal

significantly lower TEER values than control cells, when cells were treated with breast
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milk alone an additional decrease in resistance was noted. When peroxide and iron were

added in conjunction with breast milk there was an even further decrease.

From the results summarized above, it is reasonable to suggest that there rnay be

links between a decrease in GJIC and barrier function. This finding was supporled by a

study performed by Iwata et al. (20). Using male Sprague-Dawley rats, these

investigators tested the hypothesis that GJIC protects the rat gastric mucosa against

ischemia-reperfusion stress. In these experiments, irsogladine and octanol were used,

which are a chemical activator and an inhibitor of GJIC respectively. Mucosal darnage

was assessed in rats by measuritrg ttCr-EDTA clearance across the gastric mucosa. Their

results indicate that by inhibiting GJIC, the barrier function in IR stressed rats was

impaired.

In the curent study, however, treatments which are known to elicit oxidative

stress resulted in an even greater reduction in TEER values than did glycerrhetinic acid

treatment. This indicates that, although a correlation between decreases in GJiC and

reductions in TEER were noted, there is clearly additional factors involved. It is

reasonable to conclude that oxidative stress may also affect the proteins that comprise of

tight junctions in addition to Cx43 which would help explain the further decrease in

barrier function.

4.4 Effect of antioxidant additives on Cx43 gene/protein expression as
well as on functional properties of gap junctions:

When Caco-2BBE cells were oxidatively-stressed with either hydrogen peroxide

or iron, Cx43 mRNA levels decreased according to the qPCR data. Interestingly, from
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the western blot data, overall Cx43 levels increased relative to untreated controls as did

the phosphorylated isoform of the protein. According to the data obtained from

scrapeloading experiments, GJIC was significantly decreased in response to oxidative

stress, and this correlated with a decrease in TEER. The effects of several

well-charactenzed anti-oxidants were examined in each of the above studies. SOD,

Tempol and Catalase, all of which are potent free radical scavengers (25), were added in

conjunction with either hydrogen peroxide or iron and the restorative effects on Cx43

gene and protein expression as well as on GJIC and TEER, were closely examined. It

was concluded that, with one exception, all of the antioxidant enzymes did very little to

attenuate the effects of oxidative stress. There were only marginal differences in most

cases that could not be deemed statistically significant. With respect to the scrapeloading

assay, it is interesting to note that when SOD was added in conjunction with BM and

iron, GJIC was restored to levels that were comparable to untreated controls and this

finding was statistically signifi cant.

There are several possible explanations as to why the antioxidants did not mitigate

oxidative stress in the above studies. As mentioned previously, SOD is a free-radical

scavenger that catalyzes the disproportionation reaction of superoxide radicals to produce

a molecule of oxygen and hydrogen peroxid e: Oz- * 02- * 2H* -, HzOz+ 02 (28).

Tempol is a nitroxide compound that mimics the action of SOD, and is freely cell

permeable (73). Catalase on the other hand, metabolizes HzOz into H2O and 02:

2 HzOz - 2'}l.z$ + 02(26,29).

Based on the mechanisms i,ilentified above, it is perhaps not surprising that neither

SOD nor Tempol had significant effects on peroxide-induced stress. The reason catalase
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may not have ameliorated the effects of peroxide treatment may be that the level of

intracellular oxidative stress was not high enough to require such action. A more

plausible explanation is that cells are not freely permeable to exogenously-added catalase

(74), in which case there may be an issue with bioavailability.

In the case of iron-induced stress, a closer look at the mechanism involved will

help explain why none of the free-radical scavengers had a greater restorative effect. As

mentioned previously, during oxidative metabolism molecular oxygen is reduced to

water. In the process, several destructive reaction intermediates are often formed,

including superoxide anion, hydroxyl radicals and hydrogen peroxide; all of which are

contribute to the production of oxidative stress (75). When supplemental iron is added to

BM it can react with naturally occurrin EHzOzto produce more hydroxyl free radicals

through a mechanism involving Fenton chemistry. Iron can also react with lipid

hydroperoxides to produce alkoxyl free radical Q$. Both contribute to the further

production of Ros inside cells. similar to the above, it is not surprising that

SOD/Tempol or catalase had little effect on oxidatively-stressed enterocytes due to their

respective target radicals.

As mentioned above, it is interesting to note that the addition of SOD to BM and

iron treatment did significantly restore GJIC values to levels comparable with untreated

controls. It is unclear why SoD did work in this regard, although it may have had

subsidiary, less specific effects of free radical generation. It would be interesting to test

other potential free radical scavengers such as from thp glutathione peroxidase family to

resolve this issue.
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4.5 A potential model explaining the effects of oxidative stress on Cx43
gene and protein expression:

When Caco-2BBE cells were exposed to oxidative stress, Cx43 transcript levels

were reduced while Cx43 protein levels were found to increase, a seemingly counter-

intuitive result. Recent studies suggest, however, that this trend in my experimental

findings is both physiologically plausible and consistent. With respect to the decrease in

Cx43 mRNA levels, the mechanism by which this happens remains speculative. The

aforementioned study performed by Gingalewski et al. might help to explain the decrease

in Cx43 gene expression in response to oxidative stress (63). After exposing rat liver to

ischerrria/r'eperfusion iajury the authors observed a decrease in Cx32 expression levels.

Tlrey cited a possible explanation for the down-regulation in Cx32 expression in the

ischemic liver as being a consequence of the local production of oxygen free radicals

during the period of reperfusion. They attributed this to a post-transcriptional event

involvìng the selective degradation of the Cx32 rnessage. It is quite possible that a sirnilar

mechanism may be at work in my study.

To account for the increase in Cx43 protein levels in response to oxidative stress,

it is necessary to consider the life cycle ofconnexins. These proteins have a rapid rate of

degradation: the protein half-life is 1.5-5.5 hours (68). The life cycle of connexins follow

the classical pathway described for many membrane-bound proteins (i.e. ER-Golgi-

vesicular transpotl to membrane). There are several mechanisms by which gap junctions

become intemalized and eventually degraded. One is via the fonnation of annular

junctions, where an entire GJ plaque is removed from the membrane of two apposing

cells (following a typical endocytic pathway). There is still uncertainty however, whether
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the gap junctions are actually degraded via the proteosome, lysosome or a combination of

both (67).

In the Van Slyke et al. study (68), it was demonstrated that general cytosolic

stressors reduce degradation ofinternalized gapjunctions fiom the cell surface and

enhanced gap junction formation and function. Along with heat shock, they also used

sodium arsenite, a well-known generator of oxidative stress. After treating S180 cells

(sarcoma murine cell line), the authors demonstrated that Cx43 was intemalized normally

but was prevented from being degraded. Therefore, there was an accumulation of Cx43

inside the cell which translated into an increase in overall Cx43 levels. The authors

suggest that many of these intemaltzed connexin proteins canre-aggregate at the

membrane to, again, form functional gap junction plaques. This would presumably

enhance GJIC which I did not find, so clearly the mechanism is a little more complex.

In a review article written by Laird (67),heunequivocally concludes that

phosphorylation of Cx43 proteins plays key roles in regulating the life cycle and function

of Cx43. The affect this phosphorylation has on the functionality of gap junctions,

however, is still a matter of conjecture. Laird suggests that phosphorylation of connexins

may differ considerably among cell types, stages of cell cycle, whether or not the cellline

is transformed, it' 3-D environment, growth factor milieu and extracellular matrix

interactions. Several studies support the notion that phosphorylation induces gap junction

internalization and therefore inhibition of GJIC. Also, there is not a strong link between

the level of phosphorylation of connexins and whether or not they become targeted for

degradation (67). In other words, phosphorylation of Cx43 can potentially cause its

intemalizatron, but it may have little to do with its degradation. Taken together with the
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above, it is plausible that in my study when Caco-2BBE cells are exposed to oxidative

stress, an increase in the phospho-isoform of Cx43 is observed which, in turn, leads to an

increase in its internalization, while concurrently preventing the corurexin degradation

pathway from ensuing. Therefore, oxidative stress could induce an overall increase in

Cx43 protein (a large portion of which is intraceliular and not membrane bound), and a

concurrent decrease GJIC due to the reduction of functional gap junction plaques. The

study performed by Hutnik et al. supports this finding (55). They state that the increase in

intracellular Cx43localization in stressed cells is consistent with the notion that oxidative

stress induces intracellular aggregation of Cx43. Hutnik et a1., however, do go on to say

that oxidative stress causes the unphosphorylated form of Cx 43 to aggregate into

nonfunctional dimers while the more highly phosphorylated forms of Cx43 are left

unaffected. In my study, I observed the opposite; namely that it is the highly

phosphorylated isoforms of Cx43 that are affected with the unphosphorylated form

presumably being left intact. Because the affect of phosphorylation on Cx43 is so

variable, I speculate each mechanism is equally plausible.

Another study performed by Lin et al. is consistent with my findings (49). Using

HzOz,the authors induced stress on the lens of male and female mice (Mus musculus).

They demonstrated that when the CIB subdomain of Protein kinase C gamma (the

primary enzqeinvolved in phosphorylation of Cx43in the lens) is oxidized, it results in

the formation of disulfide bonds and activation of the enzyme. The activated PKCg

phosphorylates Cx43 on Ser368 and this causes disassembly of gap junction plaques and

inhibition of gap junction dye transfer activity. Collectively, it ranains possible that both

effects of oxidative stress could be taking place at the same time. Specifically, oxidative
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stress causes an increase in Cx43 phosphorylation which in turn results in disassembly of

gap junctions plaques into connexin monomers. From the above, it appears that the same

stress prevents intemalized gap junctions from being entirely degraded.

It is widely believed that phosphorylation of gap junctions can also affect their

gating properties. It results in either an open or closed configuration and this variation is

species and tissue-dependant (16). Ittherefore remains possible that phosphorylation in

Caco-2BBE cells could render gap junctions in a closed state and does not necessarily

result in their internalization.

Whatever the scenario, the studies outlined above help to explain the observed

decrease in Cx43 gene expression and the concurrent increase in Cx43 protein expression

and phosphorylation and how these findings may relate to a decrease in GJIC (Figure 18).

Figure 18: A model outlining the potential pathways by which oxidative stress
affects Cx43 gene and protein expression

ROSÆe

ROSÆe
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4.6 Oxidative stress and the implications in the human intestine:

Enterocytes of the human intestine are highly coupled via gap junctions (77) as

confirmed through the above immunolocalization experiment. Gap junctions enable

individual cells of the intestinal mucosa to communicate with each other allowing the

intestine as a whole to act as a functional unit. Through the above studies involving

Caco-2BBE cells, I have demonstrated that oxidative stress in the gut decreases Cx43

gene expression while concurrently increasing its protein expression and

phosphorylation. From a physiological perspective, as a result of the changes in Cx43

expression, the communication between cells of the intestinal mucosa was altered.

Specifically, GJIC in this model of the gut mucosa, was shown to decrease in response to

oxidative stress, and this roughly correlated with a decrease in the barrier function as was

shown through the TEER data. In the brain, Franteseva et al. demonstrated that oxidative

stress is potentiated to neighbouring cells through the opening of gap junctions (increase

in GJIC) in a process known as bystander death (10). In myocytes of the heart,

Matsushita et al. reported that after inducing hypoxia-reoxygenation decoupling of gap

junctions was observed as evidenced by a decrease in GJIC (11). From the former

example, it is reasonable to conclude that GJIC was enhanced in the brain in order to try

and dissipate the effects of oxidative stress, while in the latter case involving the heart,

GJIC was significantly reduced in an attempt to isolate the damage and prevent it from

spreading. It is therefore clear that the effect of oxidative stress on gap junctions in the

body is highly tissue dependant.
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The above alterations in gut physiology can have several potential clinical

implications in the preterm infant. A decrease in GJIC was shown to compromise barrier

function. In the preterm infant where the gut is already under developed this could

translate into an increased risk of bacterial translocation resulting in severe infection,

including one of the most dangerous diseases, NEC. Evidence also suggests that GJIC is

strongly linked to cell migration (7S). As mentioned previously, the cell turnover in the

intestine of premature infants is already significantly reduced. Because oxidative stress

further impairs this process, it leaves the infants gut in a precarious state. Taken together

with the above, I speculate that oxidative stressing the gut could result in such things as

an electrolyte imbalance and impaired nutrient uptake in the neonate.

4.7 Summary:

Pre-term infants often need supplementation in their diet in order to achieve the

growth ratqs they would experience in utero. Among the different additives included

with a mother's breast milk, iron is important for the developing infant for numerous

reasons. Recent studies, as well as the current one, suggest however, that iron can rásult

in oxidative stress in the neonate which, in turn, may translate into severe infection and

disease. Among the most prevalent to the premature infant is an intestinal inflammatory

disorder known as NEC. The molecular mechanism(s) by which oxidative stress affects

intestinal physiology is still relatively unknown. One potential target in the gut are gap

junctions, small protein channels that link neighbouring cells together allowing them to

communicate via the passage of ions, metabolites and second messengers. Gap junctions

are made up of connexin protein aggregates, of which Cx43 is among the most widely
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expressed and intensely studied in the human genome. Using a cell model of the human

intestine, the effects of oxidative stress on Cx43 gene and protein expression was

explored. From a physiological standpoint, gap junctional intercellular communication

was also explored, particularly how it relates to barrier integrity. Through the above

study, it was concluded that oxidative stress in the human intestine decreases Cx43 gene

expression while concurrently increasing overall Cx43 protein levels. These same

treatments also increased the level of phosphorylated protein compared to cells that were

not exposed to oxidative stress. The communication between cells through gap junctions

was also decreased in stressed cells and this loosely correlated to a decrease in barrier

function. Several well-known free-radical scavengers were added in conjunction with

inducers of oxidative stress, but were found to be relatively ineffective.

4.8 Future Directions:

4.8. I Theoretical perspective :

The model described above provides a series of plausible pathways by which to

explain the observed trends in my experimental findings. While each mechanism

discussed has been supported in the literature with other studies, the proposed combined

mechanism has yet to be validated. To achieve this, it is important to test each

component of the pathway separately. In doing so, this holistic representation of how

oxidative stress in the gut affects Cx43 can be substantiated. According to Figure 18, it is

possible that gene expression is reduced in response to oxidative stress through a post-

transcriptional mechanism involving the degradation of the Cx43 mRNA. To test this

hypothesis, one could perform an experiment utilizing various chemical inhibitors of
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transcription (e.g.Actinomycin D) and translation (e.g. cyclohexamide). If oxidative

stress is causing the selective degradation of Cx43 at the message level, this event would

be blocked by the addition of actinomycin D, but not by cyclohexamide (63). It is

diffìcult to rule out that the observed reduction in Cx43 expression may also have

occurred at the level of transcription. In fact, a study performed by Chen et al.

demonstrated that the transcription regulatory factor,Tbx2(a member of the T-box gene

family) represses expression of Cx43 in osteoblastic-like cells (79). It is therefore

reasonable to suggest that oxidative stress may be inducing expression of Tbx2. This

would subsequently result in the down-regulation of Cx43 expression. By measuring

expression of Tbx2 (or other known regulators of Cx43 expression) by means of PCR,

one could determine if this is the likelymechanism.

With respect to Cx43 protein levels, it is plausible that oxidative stress causes

phosphorylation of int act Cx43 proteins which subsequently leads to gap junction

internalization, but which also prevents the degradative pathway from ensuing. To test

this theory, one could incorporate the use of various chemical inhibitors of the

degradation pathway. Chloroquine is an effective lysosomal inhibitor and epoxomycin

inhibits degradation via the proteosomal pathway. Because it is still unclear which

pathway is predominant with regards to Cx43 degradation, by using both chemical

means, one could determine whether the increase in Cx43 protein in response to oxidative

stress is a result of the prevention of its degradation (68). Another potentially useful tool

would be to monitor the localization of Cx43 protein in the gut before and after exposure

to oxidative stress. Through immuno-electron microscopy or confocal microscopy the

location of Cx43 could be targeted. An increase of intracellular Cx43 would help to
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validate the proposed model that Cx43 in the form of gap junctions are intemalized but

not degraded. Perhaps an even more effective means of verifying this would be to

perform a time-course study whereby labelled Cx43 protein could be tracked after cells

have been exposed to oxidative stress.

It is also conceivable that phosphorylation of Cx43 in response to oxidative stress

affects the gating properties of the gap junctions thereby rendering them in a closed state.

To veriffif this is a factor in my study, one could transfect live Caco-2BBE cells with an

alkaline phosphatase cDNA construct. This would result in the overexpression of

phosphatase endogenously which would presumably remove all phosphate groups from

native Cx43,predominately resulting in the unphosphorylated isoform. An alternative

approach may be to perform site-directed mutagenesis on the known phosphorylation

sites of Cx43 preventing the protein from being phosphorylated. A dye transfer study

could then be performed as described previously and this would enable one to determine

if there is a link between Cx43 phosporylation and GJIC as a result of the gating

properties of gap junctions.

4. B. 2 Clinical perspective:
'We have previously shown that iron-supplemented breast milk can cause

oxidative stress in the intestine of pre-term infants through the production of oxygen free-

radicals. As mentioned above, it is often critical that premature infants be given iron

fortification as a means of survival. The question that remains is how do we deal with

this? One potential solution would be to investigate different iron-delivery systems to the

neonate. Adding iron in the form of ferrous sulphate (as was done in this study) may not

be the most effective and safest way. Also, one could look at studying other anti-oxidant
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supplements as a means of counteracting the effects of oxidative stress. While the anti-

oxidants used in this study had little impact, this still remains avery important

consideration when feeding supplemental iron to neonates. By paying close attention to

the mechanisms underlying the function of various anti-oxidants it is quite feasible to be

able to link certain membrane permeable substances with known antioxidant properties to

iron before including it in breast milk.

4.9 Study Limitations:

The primary objective of this study was to model the effects of iron

supplementation on the expression and function of gap junctions in the neonatal intestine.

There are several caveats which must be observed, both with respect to the nature of in

vitro studies, to the specific cells lines used in these experiments, and to the form of iron

supplementation.

By their very nature, continuous cell cultures are different from cells encountered

in the in vivo state: they are in a different cellular milieu, and the genome (and therefore

phenotype) of the cells are usually altered. Typically, elements of the genome are

lacking, and while cultured cells may mimic the original cells they are intended to model,

they may be both morphologically and functionally different.

The cell line used in this study was from an adult human adenocarcinoma

intestinal epithelial cell line (Caco-2BBE). My choice of this ceil line was predicated on

several factors: first, for my purposes, Caco-2BBE cell-line offers a reasonable

morphological approximation of both colonic and epithelial cells found in the human

intestinal mucosa. They express a brush border similar to both colonic-like cells and
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enterocytes, and form confluent monolayers with tight junctions (52). While several of

the cell types found in the adult human intestine, including goblet cells, paneth cells and

enteroendocrine cells are not expressed in this model, these cells do contain many

important adult and fetal markers, such as villin, fimbrin, sucrase-isomaltase, and myosin

I and II (52). Asecond mitigating factor is that the Caco-2BBE line offers the advantages

of being very well charactenzed, and is frequently used in modeling drug delivery and

bioavailability studies (7,80). Third, unlike some intestinal cell lines, such as I-407

cultures, these cells are easily maintained ín vitro.

The Caco-2BBE cells-line does not express mucin, an important mucus layer

which would normally exist in the in viyo environment. Given that the main goal of this

study was to explore the effects of iron-supplemented breast milk on Cx43 gene and

protein expression in these cells, it remains to be shown whether the lack of a mucin layer

would have made a substantial difference in the bioavailability of iron. Our laboratory

has more recently begun charactenzation a Caco-2BBE IHT-}ìMTX co-culture model.

The latter cell line constitutively expresses mucins, and follow-up experiments may use

this particular model.

To my knowledge, there are no human cell-lines derived from the neonatal

intestine, aside from FHS 74Int, a primary culture which does not easily form confluent

monolayers and which is morphologically similar to fibroblasts. Therefore, the Caco-

2BBE cell line represents a reasonable compromise.

The iron used in this study was in the form of iron sulphate. Stock solutions were

first made in water, then immediately added to breast milk at the appropriate

concentrations. Although the iron was fully soluble in breast milk, it may have been
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interesting to use supplemental iron in the same form that it is fed to pre-term infants.

Arguably, there may be some buffering activity in commercial preparations and iron-

supplemented formulae. Furthermore, I did not test the stability of iron in breast milk;

longer incubation times could conceivably impact on the conversion between ferric and

ferrous iron, and possibly increase the level of oxidative stress.
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