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Frevious work has demorrstrated that transglutaminase activity increases when
rabbits are fed a cholesterol diet. Since this enzyme has been shown in vitro to cross-link

several proteins implicated

in

atherogenesis, such as fibrin(ogen) and low-density

lipoproteins, it is hypothesized that transglutaminase may play a role in the interactions of

these risk factors with the arterial wall. This thesis investigates whether the e(yglutamyl)lysine cross-link formed by trarrsglutaminase is elevated

in

atherosclerotic

tissue"

Rabbits were fed a normal diet, or the same diet supplemented with cholesterol
and peanut

oil for

a period

of i0 to 12 weeks. The rabbits were euthatized

and the aorlas

removed and separated into the three corntituent layers. After exhaustive proteolytic
digestion, the tissue samples were assayed for e(y-glutamyl)lysine.

The cross-link concentrations in the innermost (intima) layers from rabbits with

>I5% of the lumen sur{ace lesioned were found to be significantly greater than the
corresponding layets from control rabbits. To verify that this difference was not due to
differences in proteolytic digestion, the cross-link concentration per mmole amino acid in

the digests was also determined and found to be significantly higher in the inner layers

from the severely-lesioned aortas. No other statistically significant differences were
found when comparing data from the middle (media) or outer (adventitial) vascular
layers.

Data obtained from human aortas at autopsy demonstrated elevated levels of the

e(y-glutamyl)lysine cross-link

in fibro-fatty

atherosclerotic plaques, as compared with

relatively normal intimal tissue. Results obtained by this study suggest that cross-link
concentration increases during the fibrotic phase of plaque development
human aofias.

in tabbit

and

åii

The second area of investigation examined the influence of fibrinogen on bovine
smooth muscle cells invitro. Fibrinogen was used to coat culhue dishes and radiolabeled

glutamine was added for a 24 hour period. Results from the trials suggest a higher
proportion of radiolabel was incoqporated into both culture media (secreted) ptoteins and

into e(y-glutamyl)lysine when smooth muscle cells were grown on a fibrinogen substrate
compared to smooth muscle cells grown on uncoated (control) plates.
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Athenosclenosås deffixled
The mortality rate from coronary heart disease (CFID) has declinedby nearly 50Vo

in the last 25 years. Even with this significant decrease, CHD is responsible for more
deaths than any other disease in Canada. The underlying disease process responsible for

CHD and stroke is atherosclerosis. There are a number of well-established risk factors for
CHD and stroke. Among the most prominent are elevated levels of cholesterol, lipid, and
thrombogenic factors @adimon et

will

al,

1993; Niewarowski and Rao, 1983). This thesis

consider specific mechanisms by which these three risk factors may promote the

process of atherogenesis.

It is well documented that, with advancing

age, most arteries undergo certain

changes. These changes ate cornmon and considered part of the normal aging process.

Age-related changes to the aftery include a loss of elasticity, an increase in the vessel's

calcium content, and an increase in the thickness of the tunica intima. The increase in
intimal thickness is primarily due to a migration and proliferation of smooth muscle cells

from the media. These changes, collectively known as arteriosclerosis, are believed to
occur throughout the arterial system. Arteriosclerosis or hardening of the arteries, is a
general term describing a group of three conditions, atherosclerosis being one of them

(Walter, 1982).

With advancing age, localized intimal thickenings along with lipid can produce

a

focal thickening known as an atherosclerotic plaque. Atherosclerosis is a progressive
disease that may begin in early childhood but does not clinically manifest itself

life (Figure 1).

Atherosclerosis

is also a

until later

localized process, primarily affecting the

abdominal aorta and coronary arteries. The sequence of events that leads from an intimal
thickening to an advanced plaque remains unclear @adimon et

aI

t993).

Two key processes charactenze the development of an atherosclerotic

plaque.

j

One process is the focal proliferation and migration of medial smooth muscle cells into

the intima along with the concomitant elaboration of extracellular components such

as

collagen and elastin. The second atherogenic process is the sequestration of intracellular

and extracellular lipid into the lesion. The advanced atherosclerotic plaque is
histologically complex, causing gradual obstruction of the vessel. The fibrotic "cap' of
the advanced plaque causes a gradual nanowing of the lumen. This progressive occlusion

may eventually lead to ischemia of the area supplied flMalter, 1982) . One of the many
definitions of atherosclerosis comes from the World Health Organization in its' Techntcal

Bulletin of 1958. The World Health Organization defines atherosclerosis as 'a variable
combination of changes in the intima of arteries consisting of focal accumulations of

lipids, complex carbohydrates, blood and blood products, fibrous deposits and calcium
deposits associated

with medial

changes' (Woolf, 1982).

This definition briefly

summarizes some of the biological aspects of the largest single cause

of death in

the

Westem world. Key processes in atherogenesis also include necrosis of intimal smooth
muscle cells and other cells implicated in atherosclerosis.
3..2

Struct¡¡re

of,

the nonmal anteråal wa[[

The arterial wall is divided into three anatomical layers armnged in a concentric

pattern. The vascular layers include (1) tunica intima (2) tunica media (3) tunica
adventitia (see Figure 2).
1.2.1 Tunica lntÍma
The inlermost layer next to the lumen is commonly called the intima. The intima

is the region of the arterial wall from, and including, the endothelial surface to

the

internal elastic lamina (EL) of the media. The internal elastic lamina is absent at some

bifurcations and curvatures, making the differentiation between intima and media

difficult (Stary et al, 1992). The side of the intima facing the lumen is a iongitudinally
oriented monolayer of endothelial cells testing on top of a basal lamina. IJnderneath the

?

J

endothelium is a subendothetal layer that contains connective tissue corrsisting of elastin
and collagenous fibres, an amo{phous ground substance, and mast cells @oscalzo et al,
L992).

Írtimal thiclcress is conveniently expressed as an intima/media ratio. This ratio

ranges from 0.1 to >1 in normal human arteries (Stary et aI, L992).
n"2.2 T'unica

Media

The intima is separated from the tunica media by the internal elastic lamina

(EL),

although numerous fenestrations exist in the elastin that makes up the IEL. The tunica
media, commonly called the media has concentric layers of smooth muscle cells (SMC).
Interspersed among the SMC are variable amounts of elastin, types I and Itr collagen, and
proteoglycans such as heparan sulfate and dermatan sulfate. Around each cell membrane
there is fîbronectin and type V collagen (Stenman and Vaheri, 1978). The fenesffations in
the IEL allow substances to exchange to and from the smooth muscle ce11s located in the

media. ûr larger arteries, a thin external elastic lamina forms the border between the
media and the tunica adventitia. The significant amounts of elastic tissue in the tunica
media of arteries dampens the pulsatile blood flow from the heart. This dampening effect,

along with the vascular SMC reacting to sympathetic activation, humoral factors, and
local environmental conditions such as increased carbon dioxide contribute to maintain

a

uniform blood pressure throughout the body (Bern and Levy, 1988).
X.2"3

Tunica .A,dventitia

The outermost layer, known as the tunica adventitia, consists primarily of
longitudinally oriented fibers of type I collagen and elastin. The adventitia also contains
connective tissue cells, vascular charrnels, and the bulk

of neural irurervation. The

adventitia gradually becomes continuous with the sumounding tissue of the organ through
which the vessel runs. The comective tissue cells in the adventitia consist of a mixture of
fibroblasts and SMC (Colman et al,1987).

L.3 Xnitiating lesions of athenosc[er"osås

¿+

The nature of the initiating lesions that ultimately lead to atherosclerosis remains

unclear, although two distinct types of lesions have been suggested as precursorc of
atherosclerotic plaques. One

typ. of lesion, known as fatty

streaks

or fatty

spots

Faggiotto et al, L984a; Faggiotto and Ross, 1984b; Rosenfeld et aI, 1987a; Rosenfeld er

al,I987b)

appears to have taken prominence

a ubiquitous lesion, found

as well as adults

in the medical literature. The fatty streak is

in all ages and sexes. It is seen in infants and young children,

ßifkind, 1984). Fatty

streaks appear at the same sites

in

young

individuals as in older adults. Fatty streak" tmy also appear in areas of the vasculature
not normally prone to the development of the advanced plaque. The early fatty streak is
simply

aî

aggtegation of lipid-filled macrophages and smooth muscle cells found in the

intima (M"Gill, 1974). These lipid-laden cells have become known as foam cells. Foam
cells differ from their progenitor cells by having a cytosolic space filled with lipid
droplets corsisting of cholesteryl esters (M"Gill, 1974). Researchers using monoclonal
antibodies against macrophages have demonstrated that the fatty streak consists mainly of

lipidJaden macrophages (Gown et al, 1986). Within the fatty streak, a few SMC can be
found interspersed among the macrophages. As the fatty streak expands and grows, SMC
begin to accumulate beneath it. The advanced fatty streak lesion is still mainly composed
of macrophages and T lymphocytes (CD8+ and CD4+) @4urno and Cotran, 1988).

M"Gill's review of fatty streaks G4"Gill, 1974) suggests that three types of fatty
streaks exist. The first type, found primarily in childhood, is charactenzed by intracellular

lipid and foam cells with no cornective tissue or extracellular lipid. The second type of
fatty strealç mainly found in young adults, differs from the first type in that

it

has

extracellular lipid deposits, numerous macrophages and SMC, and more extracellular
connective tissue. The third type of fatty stteak may be found in late adulthood. This type
contains diffuse deposits of lipid as well as plasma material associated with elastic fibres,
and lacks pools of extracellular lipid. The second fatty streak type is believed to be the

precursor to more advanced lesions, but

it is unclear

whether the third type of lesion

5

develops into the more advanced fibrous plaque. Pathological examination of children

who have died accidentally shows many fatty streaks along the arterial ftee, but these
streaks do not correlate well with the distribution of atherosclerotic lesions in adulthood

(Woolf, 1982).

Dff

The other potential initiating lesion is known as diffuse intimâl thickening or

(Haust, 1972; Schwartz and Reidy, 1987; Stary et

aI, L992). The location of

such

thickenings, particularly in structures called 'cushions," is at sites that correlate with the

location of advanced plaques in later life (Schwartz artd Reidy, 1987). However, many
pathologists consider 'cushions' as nonnal structures. The cushion appears as a simple
accumulation of smooth muscle cells in the intima.
thickenings that appear in childhood

It has been suggested that intimal

will go on to become the advanced plaque seen in

later life (Thomas and Kinì, 1983). The argument against the DIT being the initiating
lesion comes ftom the observation that the intima increases in thickness with age in

a

well-established, normal pattern. The evidence to show a causal relationship between the

DIT and advanced plaques is insufficient, although these thickenings often appear near
arterial bifurcations, sites where one usually finds advanced plaques in late life. Studies
suggest that populations with severe atherosclerosis and populatiorrs with little incidence

of atherosclerosis have equal intimal thiclnesses in early life

ffioolf,

1982).

The fatty streak has increasingly come to be considered as the initiating lesion
based on the observation that lipid-rich diets have consistently induced the foam cell

lesions that are believed

to

progress

into atherosclerosis. ffaggiotto et al,

1984a;

Faggiotto et al, !984b). Although there is no definite evidence to show whether the DIT

or fatty streak is the initiating lesion, the general consensus among researchers is that

lipid accumulation and smooth muscle cell ptoliferation are both necessaly for
development of the advanced fibrous plaque (Badimon et aL,1993).

1.4 Geåatinous [esüons

the

6

Elspeth Smith has proposed that the precursor lesion to the advanced fibrous
plaque is the gelatinous lesion (Smith, 1975). Gelatinous lesions can be described as

slightly raised, translucent intimal lesions, although these lesions are difficult to
distinguish from normal intima or fibrous plaques (Smith and Smith, 1'976; Smith, 1977;
Smith and Staples, 1981). At the microscopic level, these lesions are composed of focal
aggregations

of SMC and connective tissue elements, along with elevated levels of LDL,

fibrinogen and other plasma proteils, (Smith, !975; Smith and Smith, 1976) but without
foam cells or pools of extracellular lipid. They are therefore thought to be the same type
as diffuse

intimal thickenings. One feature of larger gelatinous lesions is fibromuscular

proliferation. More detailed study of these lesions has been hampered by the lack of
objective criteria for their identification, and animal models have not been successful in
generating the lesion. However, there is some evidence suggesting that these lesions may
be precursors to the advanced fibrous plaque (Smith, 1977;
3.,5

Wooli i9ó1).

T'he advanced human plaque

At the macroscopic level, the advanced fibrous plaque (Ross, 1986; Murata et al, 1986)
appears as an elevated intimal lesion, grey to pearl white

in colour, often containing a

yeilow amorphous core known as an 'atheroma' (Campbell and Campbell, 1985; Ross
and

Wight, L984; Jonasson et al,1986). At this

fibrous cap covering

a lipid

stage, the advanced plaque is essentially a

core, but each

of the constituent

parts has sevetal

components. The fibrous cap has numerous collagenous fibres and SMC covered by

endothelium. Underneath the fibrous cap is a region rich

in lipid,

macrophages, and

smooth muscle cells. The core of the advanced plaque has necrotic cells from a variety of
sources, extracellular and intracellular lipid, cholesterol crystals and connective tissue

components (Schwartz and Reidy, 1987; Badimoî et

al,

L993). The amount

of lipid

found in this lesion depends on the level of lipid found in the afflicted individual. Work

by Gown and colleagues and Jonasson and colleagues claims that 30Vo to 50% of the

7

cells from the fibrous plaques are SMC, 3O% to 5O% are foam cells, and the remaining
SVo

to L5%

are

mostly T cells (Gown et al;1986; .Tonasson et al,1986).

The morbidity associated with the advanced stages of atherosclerosis is due to
progressive occlusion of the arterial lumen by advanced plaques and the thrombi that can

form on the plaques. Thrombi consist of polymerized fibrin in association with platelets.
When the plaque grows enough to distüb regional haemodynamics, the likelihood of

thrombi forming on the plaque"s cap increases. The thrombi may eventually totally
occlude the vessel. This can lead to sudden and complete obstruction of the vessel, often

progressing

to infarction @alter,

1982). Data from

a 1984 study of sudden death

ischaemic patients show that most deaths wete due to plaque ruptuÍe, especially at the

margins

of a fibrous plaque

(Davies and Thomas, 1984).

If

these plaques rupture,

thrombus formation often occurs and haemorrhage into the plaque may occur. The result
may be complete arterial occlusion. For a brief table outlining the contrasting features of
various atherosclerotic lesions, refer to Table 1.

1,6 Faúhogenåc events

If

an artery

duríng athenogenesis

in a lipid-fed animal is injured (e.g., by a balloon catheter)

the

following have been shown to occur: (1) endothetal-vascular injury Q)
monocytefleukocyte attraction and macrophage transformation (3) lipid infiltration and

deposition (4) platelet and growth-tegulatory factors stimulated (5) migration and
proliferation of vascular SMC (6) the biosynthesis of extracellular matrix components.
These events

will be discussed in detail in the sections immediately following this

These specific events and their chronological sequence have been studied

one.

in a number of

species, including the non-human primate, swine, pigeons and rabbits @aggiotto et al;
1984a; Faggiotto and Ross, 1984b; Masuda and Ross, 1990a; Masuda and Ross, 1990b;
Rosenfeld et al,l987a; Rosenfeld et aI,I987b; Gerrity, 1981; Jerome and Lewis, 1984).

In humans, there is post-mortem evidence that steps (2) to (6) can occur, but there

dì

is no evidence for this type of mechanical injury produced in animal models. F{owever, it
is possible that hypercholesterolaemia itself may induce lesion formation (Faggiotto et al,

L984a, Faggiotto

et al,

1984b). Faggiotto, along

with

Masuda, studied

hypercholesterolaemia in non-human primates. (Faggiotto et aI, 7984a; Faggiotto et aI,

I984b; Masuda and Ross, 1990a; h/Iasuda and R.oss, 1990b). These tesearchers induced
hypercholesterolaemia in the primates equivalent to levels found in patients affected by

AS. After sacrificing the animals, the investigators noticed that monocytes, with a lesser
number of lymphocytes, were attached to the endothelium of the animal's attenal ttee.
The monocytes were found to be located along the junctions of the endothelial cells and

were beginning to in-filtrate the subendothelial space. Once infiltrated, the monocytes
transform into foam cells by taking up lipid, thus becoming the ubiquitous foam cell.
Collectiorn of foam cells formed in the early fatty streaks included vascular SMC that
had migrated from the media. Other studies report identical observations in other animal
species (Gerrity, 1981; Rosenfeld et

al,l987b).

Another potential initiating mechanism is shear stress. This can be studied in

a

variety of experimental animals. The intima can be considered a living tissue tesponsive

to

changes

in blood

pressure and local haemodynamics. One consequence

changes may be endothelial

itjury. In relatively straight arterial sections,

these

mechanical

likely to

be

of endothelium occur at branches and bifurcations of the vasculature. It is

at

stresses are evenly distributed compared to branches and bifurcations. Areas

denuded

of

these sites where shear stresses are believed to be the highest. Flypertension is one factor

believed to induce sheat-related injury (Dzau, 1990). Platelets can be found adhering to
denuded sites where macrophages had i¡filtrated. At these sites, a huge proliferation of

SMC occurred, producing a lesion similar to the fibrous plaque @zau, 1990). These
observations raise the following questions: (1) what induces SMC proliferation ? (2) what
are the precise factors and biochemical interactions that take place to
monocytes to the endothelium

?

initially atftact the

L.6.L

Endothelial cells and atherosclerosis
Much of our knowledge about endothelial celis comes from anirnal models and

cultured human endothelium. The endothelial cell monolayer creates the interface
between the vessel lumen and the circulating blood. Because of its unique position, the

endothelial cell is believed to play a role in vascular permeability, thromboresistance, and

mediation

of

vascular tone (Stary et

al,

1992). When viewed from the lumen, the

endothelial cells are aranged in a continuous layer of flattened, elongated polygonal
cells. In general, the long axes of the endothelial polygons are oriented in the direction of

blood flow. The luminal surface of the endotheüal cell is coated by a glycocalyx of
polysaccharides, glycosarninoglycans, and glycoproteins. Endothelíal cells also sectete
the components that make up the exttacellular matrix such as fibronectin, collagen types

IV and , as well as laminin and proteoglycans (Stary et al,1992). Each endothelial cell is
joined to its neighbour by a variety of junctional complexes, most being tight or gap
junctions. The turnover rate

is

generally low, but the rate does vary. Labelling of

endothelium with tritiated thymidine suggets turnover rates ranging from O.A% in the
retina to 0.I3% in the myocardium. The highest turnover rates are found at arterial branch
sites where flow disturbances are associated with local shear stress (Stary et

Evidence has accumulated suggesting that

al,

1992).

in vluo, oxidized LDL (oxLDL) is a key

component in endothelial injury (Schwartz and Benditt, L973; Parthasarathy et aI, L992).

Once formed, oxLDL may attract those monocytes that

will

become the macrophages

that transform into the foam cells found in early atherosclerotic lesions.

Until recently, the physiology of the endothelial cell was poorly understood. Most
researchers considered

the endothelial cell as a permeability barrier and non-

thrombogenic surface. One of the cell's primary functiors is to act as a selective barrier;
rasearch suggests that L% to LO% of the plasma protein in the vascular lumen infiltrates

into the vessel wall (Stary et al, L992). In additior¡ endothelial cells synthesize seveml

x.0

proteirc such as the proteins required for the extracellular matrix and

basement

membrane. The endothelium also processes anti-thrombogenic compounds such as

bradykinirl serotonin, and nor-epinephrine (Ross, 1993). Normal endothelial cells
exceptionally important

in regulating

are

vascular tone and contraction. Both human and

porcine endothelium can synthesize and secrete prostacyclin, which can prevent platelet
aggregation and cause vasodilation through the mediator oAMP (Moncada et

al,

1977).

Endothelial cells also secrete another potent vasoactive agerú known as endothelium-

derived relaxation factor affects several proteins involved

in

smooth muscle ceil

contraction. Another peptide secreted from endothelium is linown as endothelin. This
peptide can stimulate vasoconstriction by activating Ca*2 channels in SMC (Cotran, 1987;
Yanagisawa et al, 1988).
Platelets, even in their altered'sticþ'state, do not adhere well to endothelium

l¡¿

vivo. This thromboresistant property depends on the endothelial membrane's ability to
produce a thrombomodulin-thrombin complex (Owen and Esmon, 1981). The production

of heparan sulfate, NO, and prostacyclin, along with the ability to bind anticoagulant
factors also contributes to thromboresistance. Additional thromboresistance comes from
endotheüum's ability to metabolize agents such as ADP, serotoni-tr, angiotensin, and
prostaglandins (Stary et aL,7992). When endothelial cells are artificially removed from

the intima, platelets can readily adhere to the subendothelial tegion. This observation
suggests that vascular thromboresistance depends on endothelial integrity.
X.,7

Monocyte attnactioxa and transfor¡nation
Macrophages, derived from blood monocytes, have been implicated in the cellular

pathology

of AS more than 50 years ago (Badimoî et al,

1993). The presence of

monocytes is believed by many to be the earliest event in plaque formation. Foam cells

which occur in early AS lesions have been demorrstrated to be of monoc¡ic origins using
monoclonal antibodies (Aqel et

al,

1985; Gown et

aI, 1986). Excellent reviews of

x,

macrophages and their role

in AS were done by Libby and F{ansson and Murno

Cotran (Libby and Hansson, 1991; Munro and Cotran, 1988).

In

(Munro and Cotran, 1988) described monocytes and foam cells

x.

and

1933, Anitschkow

in aortic

lesions of

rabbits. FIe concluded that foam cells were derived from monocytes that had i¡filtrated
the arterial wall. Later evidence demonstrated that foam cells found in human AS lesions

could be macrophages. Experimental data from rabbits, rats, pigeors, and primates have
shown that one of the earliest rccogtizable events of AS is the adherence of monocytes to

aftenal endothelium (Munro and Cotran, 1988). The role

of the macrophage in

the

arterial intima during the atherogenic process is multi-functional. Data derived fuom in

vivo and in vitro studies suggest that macrophages can synthesize collagenase,

elastase,

growth-regulatory molecules, cytokines and angiogenic factots (Stary et al, 1992; Ross,

1993). They can also regulate lymphocyte responses
producing monokines, as

by

presenting antigens and

well as regulate the coagulationfibrinolytic pathway.

Furthermore, macrophages can act as cellular scavengers by removing toxic materials and
participate in lipid metabolism.

What causes monocyte adhesion in the hyperlipidaemic state is not yet clear, but

in vitro evidence has shown that monocytes have an iricreased affinity for bovine aortic
endothelial cells when exposed

to LDL and VLDL (Munro and Cotran, 1988). Irr

addition, the lipids in'oxidized LDL'are chemotactic for monocytes (Quinn et al, 1987).
The mechanisms of foam cell formation have been investigated by several labs. Brown

and Goldstein incubated macrophages with native LDL, but the macrophages did not
transform into foam cells

- presumably

because the macrophages lacked functional

wili

receptors

for native LDL (Brown and Goldstein, 1983).

assimilate

LDL and transform into foam cells if the lipoprotein is first modified by

acetylation, acetoacetylation,

or

conjugation

Macrophages

with malondialdehyde. Recent

readily

reports

implicate the genetically distinct B-VLDL receptor as being responsible for foam cell
trarrsformation (Munro and Cottan, 1988; Gianturco and Bradley, 1986). Once modified,
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I-DI- can be taken up by specific receptors called scavenger receptors. Despite the invitro
evidence, there is ltttle in vivo evtdence. F{owever, the so-called 'oxidized {-DL' has been
detected by immunological techniques in the atherosclerotic plaque (Farthasarathy et aI,

1992). The process

of lipid peroxidation in the macrophage can create many

organic

compounds such as ketones and aldehydes that can be complexed to the apo-B moiety of

the LDL particle. This complex can then be taken up by the macrophage, promoting the
atherogenic process (Goldstein et

al, 7979;

Parthasarathy et

al,

1986). The uptake of

oxLDL by the macrophages causes the macrophage to transform into a foam cell,
activating the transcription

of

growth-regulatory and cytokine genes (Ross, 1993).

Additional evidence for the role of oxidants in ptomoting atherogenesis comes from
reports that the anti-oxidant drug probucol can reduce arterial lesions in rabbits (Kita et

al,1987; Carew et al, L987).
Macrophages may further promote atherogenesis by forming growth-regulatory
molecules such as PDGF, which is chemotactic and stimulatory to SMC. Macrophages
can also produce intetleukin-l, a mitogen for fibroblasts, and tumour necrosis factor-a,

which can cause endothelial and fibroblast proliferation (Ross et al, I99O; Raines, 1989;
Shimokado et al, 1985; Libby et aI, 1986). Each of these aforementioned molecules are
thought to be able to promote the expression of PDGF-like molecules in endothelium and

smooth muscle cells. Monocytes are also capable

of responding to a number of

constituents of the arterial wall such as fibtonectin, elastin-derived peptides, and collagen

(Rostlethwait and Kang, 1976; Yonemasa et aI, 1983; Senior et al, l98O). One proposal
relating to this observation is that macrophages slide along fibrils of collagen, scavenging
any lipoproteins associated with the collagen. When activated, macrophages can produce

a very large number of biologically-active molecules, some of which can
endothelium, SMC,

or other

macrophages (Stary

modulate

et al, 1992; Ross, 1993).

Both

monocytes and macrophages can telease enzymes and free radicals that promote the

oxidization of LDL and endothelial injury. Further damage to the arterial wall may come
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from the release of lytic enzymes such as collagenase and elastase. These two proteases
could potentially cause endotheLial

i"j""y in the early stages of atherogenesis or plaque

rupture and thrombosis in the advanced plaque (Jonasson et

al,

7986; Badimon et al,

19e3).

n.8 f.ipid infTltration and deposition
Both hypercholesterolaemia and hypertriglyceridaemia are known risk factors for

CHD (Havel, 1989; Steinberg and Witzlum, 1990; Wisslet, 1991). Animal and hurnan
studies have firmly established that elevated plasma cholesterol, particularly in the LDL

form, is a powerful promoter of atherogenesis (Steinberg, 1983; Solberg and Strong,
1983; Rifkind, 1984). Work by several labs shows that most of the cholesteryi ester
present

in atherosclerotic lesions comes from the plasma @ayton, 1970; Havel et aI,

1989; Stary et aI,1992). A typical lipoprotein - such as a LDL - consists of a lipid core of

mainly non-polar triacylglycerol and cholesteryl esterc surrounded by more polar
substances such as phospholipid, cholesterol, and apoproteins (Rawn, 1989). Four major

lipoprotein groups have been identified based on their respective derrsities ( see Table 2).
The role of LDL in the plasma is to provide cells with cholesterol. Cells take up

the cholesterol by expressing LDL receptors on their surface. Once bound, the cells
internalize the LDL, and hydrolyze the cholesteryl esters. The unesterified cholesterol is
then incorporated into the membrane (Kovaner¡ 1990). Cells of the intimal tegion depend

on the plasma for cholesterol and nutrients. One majot factor that confributes to lipid
accumulation in the athetosclerotic intima is the fact that native forms of LDL are more
atherogenic when chemically modified. Modification

of LDL

does not cause receptor

dorvn-regulation like the unmodified form of LDL does. Native LDL receptors are down-

regulated when plasrna choiesterol levels are elevated. Therefore, elevated levels of

intracellula¡ cholesterol closely regulate endogenous sterol synthesis (Brown
Goldstein, 1976; Badimon et aL,1993).

and
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Two lipoprotein classes are believed to be atherogenic: low-density lipoproteins
and the þ-oery low-density lipoproteins (P-VI-DL). The B-VLDI- partiele is derived from

either chylomicrons or very low-density lipoproteins by the action

of the

eîzyme

lipoprotein lipase. Reaction with lipoprotein lipase results in the loss of approximately
9O%

of the triacylglycerol of chylomicrons. The resulting chylomicron remnant is now

relatively rich in cholesterol and its esters (Rawn, 1989). The chylomicron rernnants are
then usually removed ftom the circulation by a receptor located in the liver or converted

to LDL to prevent accumulation (Steinberg and Witzlum, 1990). The atherogenicity of

LDL is supported by the work of Brown and Goldstein @rown and Goldstein,
They demonstrated that atherosclerosis occurs prematurely

1976).

in patients with familial

hypercholesterolaemia due to a deficiency in LDL receptors.

Substantial evidence exists supporting
atheroscletotic lesions are derived from plasma
Cotran, 1988; Stary et

al,

the concept that lipids found in
LDL (F{avel et al, 1989; Murno

and

L992). The intravascular accumulation and internaltzation of

lipid is believed to operate by two different mechanisms. The first mechanism depends on
specific receptors located

in the plasma membrane of

membrane receptors participate

arterial wall. The LDL (apo

arterial wa1l cells. Several

in the interaction between plasma lipoprotein and

BB)

the

receptor, the B-VLDL receptor and the scavenger

receptor are all believed to play a role (Badimon et aI, 1993). The second mechanism
does not depend on a receptor; the internalization

of cholesterol and its

esters is greatly

increased by endothelial injury; allowing increased interaction of plasma

LDL with the

glycosaminoglycans, collagen, and elastin of the intima @adimon et al,1993).

One atherogenic modification to LDL is oxidation. Not orfy does oxidation of

LDL enhance its uptake by macrophages, it may also adversely affect the arterial wall
(Parthasarathy et

al, 1992).Inhibition of the oxidative

processes

with anti-oxidants

been proposed as a measure of inhibiting atherosclerosis (Carew et

al,

has

1987). Whether

LDL plays a pnmary or secondary role in atherosclerosis is still unclear. Low-density

n5

lipoproteins are transported into the intima and remain there due to the

EI-

barrier and

the dense extracellular matrix (Smith, 1990). Ereversible lipid accumulation due to the
formation of complexes with fibrin may be

the event that starts the pathobiological

cascade. Numerous studies suggest that prior pathological events are required before

LDL becomes involved in atherogenesis (Gown
3..9 P&ate[eÉs axad

growth-Fe gu åatory

et

aI, L986).

rmofleca¡ åes

The role of platelets has been well established in experimental animal endothelial
denudation studies. One of the most consistent and early aspects of endothelial injury is

platelet adhesion to the subendothelium (Ross and Glomsel" 7976a; Ross and Glomset,

1976b).In experimental animals, platelet adhesion begins within seconds of injury. Once

the platelets are localized, they are believed to release numerous mitogenic factors.
Platelet interaction with the aftenaI wall is particularly cornmon at vascular sites where
branches and bifurcations occur. The atherogenic quality of the platelet is presumed to be

the platelet's ability to provide growth-regulatory molecules. Several in vivo intimal
inj,rry studies using animals demonstrated immediate platelet adhesion and degranulation,

followed by SMC migration and proliferation (Manderson et al, 1989; Clowes et al,
1986). Research has discovered that platelets induced to aggregate can release mitogens
such as PDGF, epidermal growth factor, and transforming growth factors

cx,

and B (Ross,

1993). The growth-regulatory molecules teleased by the platelets are thought to have
chemotactic and mitogenic effects on the SMC of the media. The major serum mitogen

for SMC is PDGF. Platelet-derived growth factor is a 30 kDa basic protein that is

the

primary constituent of the platelet a-granule (Raines et al, I99O; Hafi et al, 1988). The
binding of PDGF to specific membrane-associated and c¡oplasmic proteins - including
the PDGF receptor - causes phosphorylation on both serine and tyrosine moities. This
may go on to influence cellular proliferation (Ross, 1986).

The role of platelets in non-denuding tnjury is also unclear. V/ork by Ross and

L6

Faggiotto (Faggiotto et al, 1984a, Faggiotto and R.oss, 1984b) discovered that platelets
are abundant in lipid-fed primates at fafty streak sites where the endothelium has lifted
away due to a mass of foam cells. Russell Ross has suggested that the ability to control

the genes that encode growth-regulatory molecules may be the rational basis for new
diagnostic and therapeutic methods to reduce or even prevent plaque formation (Ross,
1ee3).

1"3.0 &flignatioxl

and pnoliferatüon of smooûh x¡ruscle

ceflås

The vascular smooth muscle cell is the most cornmon ceil of the arterial medial
layer. Smooth muscle cells are multi-functional, able to synthesize collagen and elastin as

well

as the normal complement of muscle contractile proteins. One function important to

atherogenesis is the SMC ability to migrate and proliferate. úr addition, the SMC is able

to

accumulate

lipid and transform into foam cells (Munro and Cotran,

1988).

Pathologically trarrsformed SMC can bind, internaltze and degrade about 5 times the
amount of B-VLDL as normal arterial SMC (Campbell and Campbell, 1985).
Several studies report two phenotypic states of smooth muscle cells. These states

are known as 'contractile' and 'synthetic' (Chamley-Campbell et aI, 1981; Stadler et aI,
1989; Campbell and Campbell, 1985; Campbell and Campbell, 1990). The vast majority

of SMC in the normal adult

aorta are

of the contractile type. The two

phenotypic

designations are based on the relative amount and distribution of myosin filaments, and

the prevalence of those organelles involved in protein biosynthesis (Chamley-Campbell

et al, 1981). Those SMC in the contractile state have more myofilaments and fewer
biosynthetic organelles than synthetic SMC.

migrate

A prerequisite for the SMC ability to

is the transformation from the normal

quiescent state

'synthetic phenotype.' Researchets report that the

to the proliferative

two phenotypic

states respond

differently to growth-regulatory molecules. When SMC are in the contractile state, they
respond to those compounds that can promote vasoconstriction or vasodilation such as
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nitrous oxide, catecholamines, leukotrienes and prostaglandins (Ross, 1993). When SMC
are

in the synthetic state, they respond to growth-regulatory molecules such as PDGF by

expressing specific genes required

for

receptors and extracellular matrix protein

synthesis. Flateletderived growth factor binds to SMC and other mesenchymal cells by

specific, high-affinity receptors. Once bound, PDGF cannot induce migration and
proliferation, but it can increase endocytosis, cholesterol biosynthesis, and LDL receptor
expression in mesenchymally-derived cells (Ross et aI, L986). Other factors unrelated to

PDGF also can stimulate SMC. Hyperlipidaemic sera and elevated levels of fibrinogen
have been reported to cause SMC proliferation and migratioî in

vitro

ffisher-Dzoga,

1976; Naito et al,1989; Naito et aI,1990). Those SMC existing in the normal, contractile
state are not stimulated to divide by PDGF,

LDL, or other serum-derived growth factors.

Smooth muscle cells can also be conffolled by an autocrine mechanism. Research

by Seifert and colleagues reports that some types of SMC can secrete growth factors
related to PDGF (Seifert et

where cellular

injuy

al,

1984). This autocrine effect may be important at sites

and necrosis are likely. Damaged SMC at these sites have the

potential to release fibroblast growth factor (fGF), stimulating other proximal SMC
(Folkrnan et

aI, 1988; Baird,

1990). Once stimulated, the degree

of SMC

synthetic

activity can determine the matrix composition of the lesion. Other important factors that
have been reported to regulate SMC growth are fibrin and fibrinogen degradation
products FDP). Ishida and Tanaka (Ishida and Tanaka,1982) report that proliferation of

SMC is stimulated by fibrin, and then later inhibited by FDP. These results support the
hypothesis that the metabolism
proliferation,

a

of fibrin in the arterial wall can regulate SMC

key event in atherogenesis.

XE

l"åã tsåosyrthesås of extraceåflu[an matråx
The subendothelial region of the intima and media provides mechanical integrity
to the vessel and may have a role in haemostasis and thrombosis. It constitutes up to 60%

of the intima volume (Stary et al, L992). The matrix is important

as the medium through

which essential nutrients are transported across the intima, and the site for migration of
cells entering or traversing the intima (Stary et al, 1992). I-ike other connective tissues
found in the body, the intimal subendothelium consist of cells, collagen fibres, and an
amorphous ground substance that occupies the extracellular spaces. The amorphous

ground substance is composed of proteoglycans, glycoproteins, and other less-known
matrix components.
1.1n.1 Collagens - structure and biosynthesis

The most abundant ptotein

in the vessel wall is

collagen.

To date, fifteen

genetically distinct types of collagen have been identified (see Table 3).

In the vasculature, seven ofthe fifteen collagen types have been reported (types I,

il,

W, V, Vf, VII, and Vm), although types I and Itr predominate in the arterial wall

(Barnes, 1985; Mayne, 1986). The normal human aorta consists of 6O% type
type

I

arÅ 30Vo

Itr collagen (Morton and Bames, 7982; Szyamanowicz, 1982; Stary et aI, 1992). AII

of the collagen types except for type VIII are synthesized by SMC. The endothelial cell
can synthesize every type but type

VI (Mayne,

1986).

Mature collagen is distinguished from other protein" by its relative resistance to

l¡ic

enzymes and the presence of a repeating structural motif [Gtycine-X-Y]" in part of

each polypeptide chain that makes up the collagen molecule. Collagen is also known

for

the presence of the unique imino acid hydroxyproline. In AS, collagen is reported to
make up apptoximately one-third of the plaque's dry weight and 6OVo of the plaque's total

protein @ames, 1985). Collagen content increases with atherosclerosis in several species
including man, monkey, and cholesterol-fed rabbits (Ribeiro et al, 1983; t\ollander et aI,
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1984; Ehrhart and Holderbaum, 1980; Fietila and Nikkari, 1980; I-angner and Modrah

1976). The following discussion on collagen biosynthesis

will

concerfitate on two

interstitial collagens (types I and ffi) which are the princþal types in the arterial wall.
1-

"nn "2

Conlagen hiosyrethesüs

Collagen type
chain. Collagen type

I is a heterotrimer

consisting of two identical and one different

ffi is a homotrimer of the same

cr,

cr

chain. The stability of the coilagen

triple helix is reinforced by interchain hydrogen-bonding. Collagen fibres are further
stabilized by the formation of covalent interchain and intrachain cross-lid<s, formed by

the enzyme lysyl oxidase. The steps involved in collagen biosynthesis first result in
precursors known as procollagens. Procollagens are secreted into the exúacellular matrix

by SMC. Procollagen chains differ from the mature

cr chains

by having

2O

to 25

l<Da

polypeptide extensions at both the amino and carboxy terminals. Both these extension
polypeptides contain cysteine, which can form intrachain and interchain disulfide bonds.
The formation of these disulfide bonds assists in the formation of the triple helix, which
is wound first from the carboxy end. Two separate enrymes, procollagen aminopeptidase

and procollagen carboxypeptidase, usually remove the polypeptide extensions

in the

extracellular matrix (Prockop and Guzman, 1977). The procollagen peptidases
demonstrate specificity towards the various collagen types. Once the propeptides are

removed, the triple helix forms spontaneously, finally assembling into mature collagen

fibres. Immunofluorescent evidence, however, indicates that the aminopropeptide of
collagen type

Itr

(Fleischmajer et
biosynthesis

(PIIINP) occurs on fibres of type

al,

1990).

Itr collagen in various locations

It is not known whether PIIINP is retained during fibre

or is added later. Evidence

suggests that fragments

specifically inhibit procollagen biosynthesis

of the propeptides

in fibroblasts by means of feedback

inhibition of procollagen mRNA translation (Aycock et al, t986). Work by Wiestner and
colleagues (Wiestnet et aI, 1979) shows that the free aminopeptides from procollagen

type

I

and procollagen type

Itr

can

i¡hibit collagen biosynthesis in cultured fibroblasts.
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The aminopropeptide of collagen type

Itr eruNP) also contains a cross-linking site for

the enz;yme trarrsglutaminase (TGase) (Bowness et al" 1987). Th" possible role of this
observation will be discussed in detail later.
X"X.t.3 Collagens

in athenoscnerosis

Work by Morton and Barnes indicates that type
layers of the aorta, whereas type

I collagen

predominates in all

Itr collagen is more prominent in the media than in the

other layers. The relative proportions in the human aorta are 6O% to 7 5% type

I and 25%

to 4O% type Itr (Morton and Barnes, 1981; Halme et aI, 1986). Type V collagen is also
present, but in relatively small amounts (Hollander, 1984; Mayne, 1986). Biosynthetic
studies by several laboratories have shown that the accumulation of large foci of collagen

in the

atheroma

is due to increased collagen biosynthesis (Ang et al, t99O). Type Itr

collagen was initially reported to be the major collagen type in the normal arterial wall,

whereas type

I

in the atherosclerotic

collagen predominates

lesion.

Subsequent

investigators refuted these results, indicating that type I collagen is consistently found to
be the major collagen type in both normal and lesioned arteries (Ang et a\,1990). Work

by Ang and colleagues (Ang et aL,1990) has demonstrated that a phenotypic modulation

of rabbit SMC from the normal 'contractile'

state to the 'synthetic' phenotype associated

with AS is directly associated with an increase in collagen synthesis, perhaps as great

as

35 times. Along with the increase in collagen synthesis, the modulated SMC synthesize
greater amounts of type

I

collagen and lesset amounts of type

III

collagen than normal

'contractile' SMC.
Collagens also play a role, along with platelets, in forming thrombi (Barnes, 1976;
Barnes et aI,198O; Chiang et al, I98O). Thi" effect has been extensively investigated and

reviewed (Barnes, 1985). Regardless

of

collagen type, platelet aggregation can be

initiated in the presence of the native form of collagen. At present,

it is believed

that

collagens ate not sufficiently exposed to platelets in the early stages of AS, suggesting

that collagen-platelet interaction has little to do with the early atherogenic processes

1'g

(Barnes, 1985).

Xt

has been recently demorrstrated that serum levels of type

aminopropeptide (FilINP) are increased

in

ffi collagen

some heart patients @onnet et

al,

1988).

V/ork by Eowness and co-workers (Bowne-ss et al, L989) proposes a model involving two

major risk factors for CFID, elevated LDL and fibrinogen. They have shown that
radiolabeled type

Itr

procollagen forms high MW complexes with fibrinogen after

incubation with tissue TGase. The significance of this finding is that elevated levels of

LDL and/or fibrin(ogen) may inhibit normal collagen feedback and repair mechanisms.
1"1î"4 Elasti¡r

Elastin is the protein responsible for the propefties of extendibility and elastic
recoil in the vessel. The large arteries contain significant amounts of elastin, altho ugh
lesser amounts of elastin are found in smaller arteries and veins (Sandberg et

al,

1982).

Elastin forms the internal elastic lamina and the multiple fenestrated sheets in the media

of the aorta and other large arteries. X-ray diffraction studies suggest that elastin exists

as

a three-dimensional network of irregularly coiled peptides joined by covalent cross-links

(Sandberg et al, L982). Elastin is among the most non-polar and insoluble proteins found

in nature.

Repeated attempts to dissolve the protein using denaturants, hot alkali, and

thermal degradation have proven difficult. The protein has similar amounts of glycine
and proline,

with less hydroxyproline and hydroxylysine than collagen.

Atherosclerosis appears to be associated with two aspects of elastin metabolism.

In early AS, new elastin formation has been reported whereas elastolysis is

associated

with the later stages of AS (Roach and Song, 1988). Lower levels of elastin have been
reported

in lesioned

aortas compared to normal aortas. The lower levels

of elastin in

lesioned tissue is believed to be the result of increased elastase activity (Katsuda et aI,
1990). The age-related increase of elastase activity of fibroblasts and SMC appear to play
a role in modifying cell behaviour

in atherosclerosis. Data from Andreotti and colleagues

(Andreotti et al, i98ó) report that elastin content of the aftenal wall proportionately
decteases as severity

of lesion increases. Work by Saulnier and colleagues (Saulnier

øf

22

aI, I99I) studied aortic elastin and

elastase

from swine fed an atherogenic diet. Their

work suggests that elastolytic activity increases with the severity of atherosclerosis. Tests

by this group have also demonsffated that V-* and K- parameters of elastase are
significantly modified by

a cholesterol

diet (Saulnier et al,I99L).

Not only does total elastin content
degree

decrease

in the lesioned state, so does the

of cross-linking. The state of elastin in AS resembles newly synthesized elastin.

Plaque formation also induces other biochemical shifts in elastin such as an increase in

polar residues and hydroxyproline. An increase in polar residues is thought to promote

the interaction of LDL and elastin (I{ramsch and Hollander, 1973). This interaction
between lipoproteins and elastin in the arterial wall may play a role in lipid deposition,

but binding affinities and other biochemical parameters of this interaction have not been

fully elucidated. Podet and colleagues (Podet et al,799I) isolated elastin and found that
radiolabeled LDL specifically bound elastin at numerous sites. Elastin isolated from AS
tissue binds LDL at a tate of 2 to 4 times higher than normal tissue, but with less affinity.

Podet suggests that LDL binding

to elastin probably occuls in the intima and

may

promote lipid deposition. Work by Srinivasan and co-workers (Srinivasan et aI, L98t)
demonstrated that LDl-elastin complexes can be liberated from atherosclerotic tissue
after treatment with elastolytic enzymes.
1.11,5 Fibronectin

Fibronectin is one of the best charactenzed glycoproteins

in the

extracellular

matrix. The primary role of this and other related glycoproteirc is to maintain adhesion
between various cells and substrates (Stenman et

Ruoslahti et

aI,

1982).

In addition,

transglutaminase and Factor

aI, 1980; Ruoslahti et aI,

fibronectin can act as

)iltr F>ml

a

substrate

for

1981;

tissue

(Birckbichler and Patterson, 1978). Fibronectin

is a 500 kDa glycoprotein found in blood plasma and extracellular matrices. It consists of

two sub-units linked by disulfide bonds close to their carboxy-ends. Each of the two subunits is divided into domains that have binding specificity for cell surfaces, collagen,
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heparin, and fibrin(ogen). finough these domains, fibronectin can mediate the attachment

of a variety of cells on numerous substrates, as well as irrfluencing cellular migration,
growth, and differentiation (t{edin et al, 1988). Numerous cells types synthesize the
molecule including fibroblasts, endothelial cells, macrophages, and SMC.

Reports suggest that fibronectin may play

a role in the early stages of

atherosclerosis. The work of FIedin and colleagues (Hedin et

plasma fibronectin can promote a shift

al,

1988) demonstrates that

in SMC phenotype. Fibronectin, via a

105 kDa

cell-binding fragment, can induce a shift from the 'normal' contractile phenotype to the
'synthetic'-PDcF responsive phenotype. Another adhesive glycoprotein, laminin, the
component

of

normal SMC basement membrane maintains cells

in the contractile

phenotype. Hedin suggests that extracellular matrix components play an important role in

modulating the SMC phenotype.

Tanouchi and colleagues (Tanouchi et

aI, 1992)

investigated the changes in

fibronectin distribution in lipid-fed rabbits. They discovered that fibronectin content was
elevated

in intimal

areas where fatty streak formation occurs. As the experimental

plaques progressed, fibronectin content decreased. Thus fibronectin appears early and
disappears later

in the intima dudng fatty streak formation. Work by Uehara and co-

workers (Uehara et al, L988) indicates that fibronectin accumulates at freshly denuded
areas

of rabbit aortas. They propose that lodiner3r-labeled fibronectin may be a useful

ttacer for imaging early AS lesions. Checovich and colleagues (Checovich et aL,7992)
demonstrate a link between fibronectin and a major risk factor for AS, lipoprotein (a).

Lipoprotein (a) contains a unique glycoprotein known as apo(a). Ilrcubation of Lp(a) or
the apo(a) portion with fibronectin results in the lysis of fibronectin, distinct from lysis
induced by plasmin or kallilaein. The molecular mechaninsm(s) of how fibronectin and

Lp(a) interact is still unclear. The results of Checovich and others suggest that LDL
interacts with fibronectin to potentiate arterial binding through a unique pathway that
does not involve the

LDL receptor (Checovich et aI,1992).

1â

n"1X..6

Froúeogþa¡es and glycosamaflnoglycams
Radhatra'ishnamurthy and Wight have prepared a comprehensive review of how

artenal wall proteoglycarrs are related

to

atherosclerosis (Radhalcishnamurthy et aI,

1990; V/ight, 1989). Proteoglycans (PG) are major macromolecular components of the

ground substance found in the interfibrillar spaces; they contain glycosaminoglycans
bound to protein. Glycosaminoglycans (GAG) are unbranched polysaccharides made up

of repeating disaccharide units, one of which is always an amino sugar, the other being a

uronic acid. At least seven GAG are believed to exist, they include hyaluronic acid,
chondroitin 4-sulfate, chondroitin 6-sulfate, keratan sulfate, heparin, heparan sulfate, and
dermatan sulfate. Two of the seven are reported to exist

in the human aorta (heparan

sulfate and chondroitin sulfate/dermatan sulfate hybrid). Both endothelial cells and SMC

ate capable of synthesizing and secreting the GAG found

in the human aorta. The

synthesis of one GAG, chondroitin sulfate, can be stimulated

cells by LDL and TGF-B (Vijaygopal et

al,

in SMC

and endothelial

1988). This observation may have

implications in vessel wall repair as well as fpid deposition. Proteoglycans influence
number

of arterial processes such as viscoelasticity, permeability, lipid

haemostasis and thrombosis (Wight, 1989). The majority

a

metabolism,

of PG are found in

the

subendothelial region. Proteoglycans are able to gel quite easily due to their extensive
polysaccharide component. Because of their gellingcapacity, PG can act as a gel-sieve in

the subendotheLium, affecting the passage of macromolecules from the plasma into the
arterial wall. In addition to water, PG can also irteract with collagen, elastin, fibronectin,
and lipoproteins.
1.n 1.7

Froteoglycan-lipoprotei¡l i¡rteracÉions
Proteoglycans and glycosaminoglycans from vessels such as the aorta can bind

low-density lipoproteins as well as very low-density lipoproteins (Srinivasaî et aI,1988'
Radhalaishnamurthy et aI, 1990). Evidence

of in vivo intenctions was obtained ftom

isolating lipoprotein-GAG complexes from human AS lesions (Srinivasan et

al, 7975)
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The complexes isolated from early streaks contained chondroitin-6-sulfate as well

as

heparan sulfate as their GAG. Additional studies using rabbit models indicate an increase

in LDI- uptake

and concomitant alteration

in PG metabolism.

These and other

observations suggest a possible mechanism linking lipid il-filtration and proteoglycans
(Radhakrishnamurthy, 1990). Lipoprotein binding is mediated through the apoprotein

portion of the lipoprotein and the anionic groups of the GAG. One theory for the greater
atherogenicity

of Lp(a) compared to

other lipoproteils

is that Lp(a) has a

greater

reactivity with PG. These I-p(a)-PG complexes were the most likely to induce cholesteryl
ester formation and foam cell transformation when incubated with murine macrophages

(Vijaygopal et aI, 1985).
1.11.8 Froteoglycan and macrophage roles ixt f,Ðf. uptake
Owens and Wagner (Owens and Wagner, 1991) report that macrophage PG may

aid in the trapping of LDL in the intima and promote foam cell formation through
mechanism involving the uptake

a

of PG-LDL complexes. Vijaygopal and colleagues

(Vijaygopal et aI, 1985) report that the degradation of LDL by murine macrophages
increases significantly compared

to controls when the cells were incubated with

PG

complexed LDL. Incubation of macrophages in vitro with native LDL does not cause a

significant accumulation of cholesteryl esters within macrophages, but incubation with

PG-LDL complexes does (Vijaygopal et al, L985). Once incorporated into the artedal

wall, retention of LDL by PG increases the likelihood of oxidative modification,
process linked to vascular damage (Radhakrishnamurthy et

1.X.2

a

al,l99O).

Theories of ,&thenogenesis
Any theory that attempts to describe the atherogenic pfocesses must account for

the following four phenomena: (1) SMC proliferation (2) presence and source of plaque

lipid (3) distribution of the lesions (4) role of the various risk factors. Pathologists from

the past century have developed two major types of hypotheses concerning

the
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pathogenesis of atherosclerosis.

The th¡ombogenic or incrustation theory of Carl von Rokitansþ, which has been
subsequently modified by Duguid and Robertson @adimon et

aI, L993), proposes that

initial intimal thickening is the result of fibrin deposition with a secondary accumulation

of lipid material. The tmbibition'theory, introduced by Rudolf Virchow in 1858,

states

that atheromatous lesions found in the arterial wall are due to the imbibition (absorption)

of plasma protein and lipid into the affected afiery. Both Virchow's and Rokitansþ's
earlier theories have been integrated into a single, multifactorial theory formulated by
Russell Ross and J.A. Glomset

tn

1976. The Ross-Glomset theory S.oss and Glomset,

7976a; Ross and Glomset, I976b) has now been prominent in the medical literature

for

a

number of years, though not universally accepted (see Fig. 3).

The Ross-Glomset theory considers two key experimental observations: (1) SMC

proliferation as well as atherosclerotic-like lesions induced by injuring the endothelium

(2) growth factors derived from platelets can cause SMC growth in vitro (Munro and
Conan, 1988). Irr brief, the Ross-Glomset theory postulates that endothelial injury,
whether mechanical, chemical, viral, et cetera can cause loss

of endothelium and the

concomitant attraction of platelets. The platelets then release factors that cause medial
SMC to migrate, proliferate, and produce connective tissue elements in the intima (Ross
and Glomset,l9'/6a; Ross and Glomset, L976b).

Russell Ross has recently updated his earlier lesponse-to-injury' hypotheses
(Ross, 1993). The present hypothesis proposes that endothelial injury, which can be
multifactorial, leads to endothelial cell dysfunction. An injurious factor such as oxidized

low-density lipoprotein (oxLDL), causes an increased attraction of
monocytes/macrophages and T lymphocytes to the arterial wall. These cells then infiltrate
the intima, transforming into foam cells and forming a fatty streak. As these early lesions
progress, some lipid-laden macrophages from the arterial wall may emigrate back into the

circulation, further injuring

the

endothelial lining. Endothelial

injury

at
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haemodynamically-sensitive sites may also lead to platelet aggregation. The aggregated

platelets are then believed

to release potent growth-regulatory

molecules that affect

medial SMC. Platelet thrombi are also believed to form at other sites where endothelial
dysfunction has previously occurred. The interplay between growth-inducing molecules,
cytokines and the cellular elements of arterial lesions may lead to the advanced plaque
(Ross, 1993). This hypothesis, though plausible, focuses largely on the role of growth-

regulatory molecules and tends to de-emphasize other factors. These factors include
fibrin(ogen), which recent evidence suggests has a greater role

in

atherogenesis than

previously thought.
1"12"1The role of fibrånogen

Epidemiological evidence has demonstrated that plasma fibrinogen levels can
selve as an independent cardiovascular risk factor (FIanda et aI, L989; Pagano and Niort,

i991). Observations by Smith and colleagues (Smith et al, L992) show that fibrin(ogen)
and fibrinogen degradation products are a major components of many plaques (Naito ¿t

al,

1990). Elevated fibrinogen levels ate associated

with other known cardiovascular risk

factors such as smoking, hypertension, hyperlipoproteinaemia, and diabetes (Wolhelmsen

et aI, 1984). Fibrinogen levels increase dwing in-flammation, infection, and trauma
(Ernst, 1990). Fibrinogen can also be directly integrated into arterial lesions where
converted to fibrin, binds

LDL and eventually

it

is

sequesters more fibrinogen (Smith and

Staples, 1981). Evidence of a link between the coagulation system and atherosclerosis has
been known for a considerable period of time. Duguid,

in

1948, argued that atherogenesis

is dependent on thrombosis in major arterial vessels, thus the link between thrombosis
and ñbrinogen (Thompson and Smith, 1989).

Fibrinogen (Fig. a)

is a

measuring approximately 47.5

large plasma glycoprotein weighing 340 kDa and

nm long.

It

consists

of three non-identical pairs of

polypeptide chains (AaBphz covalently linked by disulfide bonds (Rawn, i989). It has a

2E

centrally located globular domain connected by helical rods to two terminal globular
domains. T'he rods consist of Aa, BB, and y chains coiled around one another. T'he N-

terminals of the two Acr and the two BB chairs protrude ftom the central globular
domain. The series of reactions that leads to fibrin formation and the generation of an

insoluble clot involves many steps requiring limited proteolysis and aggregation. Upon
activation, thrombin converts fi.brinogen to fibrin by limited proteolysis. The formation of

fibrin is due to the cleavage of

a peptide bond

in both a chains (Arg'e-Gly) and in each of

the two B chains (Arg'o-Gly). This cleavage reaction releases four fibrinopeptides and
leaves fibrin monomers with new amino-terminal sequences of Gly-Pro-Arg residues in

the cl chains and Gly-His-Arg in the B chains. The freshly produced Gly-Pro-Arg
tripeptide in the chain of one monomer then binds to the D domain in the adjacent fibrin
monomer, promoting the linear polymerization of fibrin. Similarly, the new N-terminal
sequence of Gly-His-Arg from the B chain binds to the D domain of an adjacent fibrin

monomer, resulting in side-by-side polymetization and production of an insoluble fibrin

clot (Davie et aI, t99I).
Besides its haemostatic role, fibrinogen may also interact with LDL, and after
conversion to fibrin, may serve as a chemoattractant for SMC and the monocytes that
accumulate

in the intima

(Singh et

mechanisms linking fibrinogen

to

hypertension, an increased influx

al,

1990; Kadowaki et

al,

1991). Three other

atherogenesis may also exist. First, as

a result of

of fibrinogen and LDL occurs in the arterial wall.

Second, gelatinous lesions that are believed to be precursorc to the advanced plaque are

rich in fibrin and fibrinogen. Third, upon binding to loosely packed phospholipid
surfaces, fibrinogen polymerizes into fibrin. During fibrin formation, two fibrinopeptides
are released: fibrinopeptide A and fibdnopeptide B. Fibrinopeptide B is beteved to be

potent chemoattractant

for

macrophages, thus creating

a

causative

link

a

between

hyperlipidaemia and the genetation of foam cells in cholesterol-fed animals (Stngh et al,
1991; Kadowaki et

al, I99I). Bini and colleagues (Bini et aI, 1989) used monoclonal

3û
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antibodies to determine that AS is accompanied by the transition of fibrinogen into fibrin

in the artenal wall. One effeú of fibrin formation appears to be the promotion of SMC
migration. Russell Ross maintai¡s that growth-regulatory molecules are the main cause of
this phenomenon, however, evidence is accumulating to suggest that the clotting system
has an equally important role (Naito, 1989). Work by Naito and colleagues (Naito e/ al,

1990) showed that in vitro, bovtne SMC migrated to a gradient of soluble fibrinogen.

Checkerboard analysis revealed that this migration

is both directional and dose-

dependent. Fibrin could also produce a chemotactic effect. Observations by Naito and
others suggest that the pathobiological role of fibrin(ogen) may lie in its abilìty to recruit

SMC from the media into the intima.

There are several hypotheses concerning the mechanism(s) of fibrinogen/fibrin
penetration into the intima. Smith and colleagues (Smith et

aI,

1992) suggest that

fibrinogen may enter into the intimal space by permeation of the endothelium. Most

fibrin(ogen) in the arterial intima likeiy atrives by this mechanism. In vessels with
advanced lesions, a different mechanism may be operating. Fibrin deposition may be

through incorporation of thrombi into the intima. Once in the intimal area, fibrinogen
may be rendered insoluble by thrombin or transglutaminase, which are present in AS
lesions (Naito et aI, 1989). The concentration

of fibrinogen in the normal intima

is

approximately half of the blood plasma concentration, while fibrin makes up <27o of the

intima dry weight (Shekhonin et al, 1990). In atherosclerotic plaques, the amount of
fibrin increases S-fold (Shekfionin et aL,1990). Smith and colleagues (Smith et aI, 1992)
also report that fibrin is one of the major constituents of the AS plaque. Smith claims that
there is continuous fibrin formation within the intima, as well as continuos fibrinolysis.

Bini and colleagues report that native fibrinogen was the predominant molecular form in
the normal intima, but fibrinogen, fibrin I and fibrin

in fatty streaks

as

II

can be found, to differing degrees,

well as advanced plaques. In the advanced AS plaque, fibrin tr is the

main component (Blir-r et al, 1989). The amount of fibrin If increases with the severity of
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atherosclerosis. Kaplan and

Bini (Kaplan and tsini, 1989) have reviewed the literature

dealing with fibrinogen/fibrin deposition

in the arterial wall. tsy using the latest

monoclonal antibody techniques, studies confirmed that normal aortas contained
fibrinogen, while fatty sheaks contained fibrinogen as well as fibrin
advanced plaques of AS were found to contain

1989). The presence

of fibrin I

I

and

tr.

The

fibrin II and fragment X (Kaplan and Bini,

and or fibrin

tr

indicates that th¡ombin action has

occuffed, whether thrombin action occuned in the vessel wall or on a forming thrombus
on the vessel surface remairs inconclusive. Shainoff and Page (Shainoff and Page, 1972)

report that the irrsolubility
cataly zed ctoss-linking

of fibrinogen{erived

antigen may be due

to the TGase

of fibrinogen.

Scanu proposes a possible link between lipoprotein (a) and thrombosis (Scanu,

1988). The elevated level of lipoprotein (a) in the plasma of many patients with AS is

well established (Scanu, 1988). Lipoprotein (a) has a remarkable amino acid
homology

to

plasminogen,

a

sequence

serine protease zymogen. The activated form of

plasmininogen (plasmin) is not very specific, capable of digesting not only fibrin, but

other substances such as fibrinogen, Factor VItr, and other clotting factors @ern and

L"ty,

1988; Scanu, 1988; Ganong, 1991). Part of the atherogenicity of lipoprotein (a) is

believed to be due to the plasminogen-like activity of apo(a) (Scanu, 1988). Plasminogen
can bind to human endothelial cells, and this may also be true for apo(a).

If this is true,

such a mechanism may promote the penetration of cholesterol-containing Lp(a) into the

arterial wall. This finding may suggest

a role for fibrin, whatever its origin, in

immobilizing LDL or more plausibly, lipoprotein (a) in the intima. Shainoff and

Page

(Shainoff and Page, 1972) posited that fibrinogen is deposited into the intima in parallel

with LDL. Once complexed with LDL, it may be subject to stabilizing enzymes such

as

TGase.
1."12.2 The role of transglutarnÍnase

Bowness and Tarr (Bowness and Tarr, 1990) and Wiebe (Wiebe, 1991b) have

3X

suggested an alternative way

in which two risk

factors for atherosclerosis (I-DL,

fibrinogen) and the enzyme transglutaminase may be involved in atherogenesis. The
proposal

by Bowness and colleagues is based on the in vitro demonstration of

trarrsglutaminase-catalyzed interactions

of

these

risk factors with the arterial wall

Itr (PIIINP). The purpose of the experimental

aminopropeptide of collagen type

section

of this thesis is to describe and discuss further evidence related to this proposal"
Trarrsglutaminases (Ftg.

5) (R-glutaminyl-peptide:amine-y-glutamyltrarrsferase,

E.C. 2.3.2.L3) catalyze the formation of an amide bond between the y-carbonyl group of
giutamine and the e-amino group of lysine or other amines (Lâki et al, 1972; Folk and

Finlayson, 1977; Schwafiz et

al,

1973;

Folh

1980; Greenberg et

aI, 1987).

amines such as putrescine and monodansylcadaverine have proven useful

and studying the enzyme Golk et

in

Several

assaying

aI, 1980). The cross-linfting reaction is higtrly

specific, involving only a few of the lysine and glutamine residues of those proteins
which are substrates for the enzyme. Both the sequence and the conformation around
the glutamine or lysine appear to affect the interaction with transglutaminase.
Transglutaminases have been identified

fluids. Different TGase ate found

in the liver, epidermal

macrophages, and prostate gland (Chung, 1975;

Greenberg et

al,

in a variety of tissues, cells, and body

Folh

cells, hair-follicles,

1980; I-orand and Conrad, 7984;

1991). The different enz¡rmes are disinguished by their substrate

specificity and structure. One type of transglutaminase found in plasma, Factor XIII

(ÐilIÐ,

catalyzes the formation

of cross-links between the a-chains

and y-chains of

fibrin, and cross-links ar-antiplasmin and fibrin (Tamaki and Aoki, 1981; Ichinose and

Aoki,

1982). Factor

>iltr (fibrin-stabili"ing factor or

fibrinoligase)

is the best

chaructenzed transglutaminase and its physiological role is now well established. Factor

Xltr exists

as a plasma protein that circulates

in the blood as a tehamer consisting of two

catalylic'a'units (75 kDa each), and two non-catalytic'b'units (approximately 80 kDa),
Tissue TGase exists as a monomet of 75-80 kDa in liver and erythrocytes, and another
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TGase, epidermal TGase also exists as a 50-55 kDa monomer (Ichinose et al" 1990). The

focus

in this thesis will be on FKXI and tissue

TGase, as they have the greatest

implication in atherogenesis. In contrast to most TGases, FXm exists as a proenryme
that is converted to its active form in the blood by thrombin in the presence of fibrin

etvge is produced during the final

stages

of the blood

coagulation cascade. The transglutamination reaction catalyzed by

F)iltr

leads to the

(Davie et al, 1.997). The active

cross-linking of a number of plasma proteins. The principal reaction is the coupling of the

g chains of two different fibrin molecules, this is followed by more extensive

cross-

linking which also involves the a chains of fibrin. This reaction is critical to the blood
coagulation cascade, resulting
1977). Factor

in a very stable and insoluble clot (Folk and Finlayson,

XIII can also cross-link other

plasma constituents like ø:-antiplasmin to

fibrin. Any deficiency in FXm causes lifelong bleeding problems, poor wound healing,
and habitual abortion (Colman et aL,1987).

There is no known specific endogenous inhibitor to FXIII in the blood, and the
fate of the'a' and 'b' subunits remains unclear. Following coagulation of blood or plasma,

all the b'subunits can be recovered in the serum, but the 'a'subunits appear to be missing
based on the observation that there

1978). The fate

is little FXItr activity in the serum. (Credo et al,

of the 'a' subunits is believed to be associated with the fibrin.

The

absorption of the 'a' subunits to fibrin can concentrate the enryme at the site of action as

well as prevent the cross-linking of extraneous plasma proteins.
The physiological function of

F)iltr

of other TGases are not as well

has been

well established, but the function(s)

established. Suggested functions

of

tissue

transglutaminase include modifying membrane and membrane-associated proteins,

regulation

of cell differentiation, proliferation, and cellular aging (Fesus and Tarcsa,

1989; Fesus and Thomazy,1988). Transglutaminase may also play a role in the formation

of the intetcellular matrix (Fesus and Thomazy, 1988). Wotk by l.ee and Chung and by
Bowness and colleagues suggest that tissue TGase is important

in the metabolism of

4A
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connective tissue during wound healing (I-ee and Chung, L979; Eowness et al" 1988).
Fesus and T'homazy (Fesus and Thomazy, 1987; Fesus et

al, 799I) have reported

that

TGases are important in the biochemical pathway of programmed cell death.

X,
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T'na¡esgluta¡¡li¡rase a¡rd athenosclerosüs

A lixk between atherosclerosis and TGase was first reported by Benko and Laki
(Benko and l-aki, 1968; Laki et al, L972). Th"y demonstrated that the activity of TGase is
increased in the lesioned portions of aortas from cholesterol-fed rabbits as compared to

the healthy-appearing segments. However, this study did not include an immunological
and biochemical charactenzation of TGase activity. Wiebe and colleagues @iebe et al,
1991) have shown that there is an increase in tissue tmnsglutaminase activity and antigen

in both the soluble and insoluble fractions of the atherosclerotic rabbit aortas. Shainoff
and Page (Shainoff and Page, t972) found that insoluble fibrinogen (FGN) can be found

in

atherosclerosed human aortas. Shainoff and Page proposed

that

a

thrombin-

independent TGase may have been the cause for accumulation of this insoluble FGN in

the wall of the blood vessel. This observation has led to an increased interest in
chaructennng TGase activity and the cross-link that
tissue. Transglutaminase has been found

it

catalyzes

in vascular cells

and

in endothelial cells, SMC, and macrophages;

cells significant in atherogenesis (Korner et al, 1989, Greenberg et al, 1987,Roth et al,
1988, ConKing et

al, 1989). Greenberg and colleagues report that bovine endothelium

and vascular SMC contain a thrombin-independent TGase that is similar to guinea pig

liver TGase. The thrombin-independent TGase can cross-link FGN to itself and
antiplasmin. The cross-linked FGN-a'-antiplasmin was
plasminolysis as native FGN (Gteenberg et

al,

crr-

40 times as resistant to

1987). Greenberg proposes that this

vascular form of TGase can inhibit fibrinolysis and provide an alternate pathway toward

fibrin stabilization.
Several substances identified as risk factors for CFID have also been shown to be
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substrates

for TGases in addition to fibrin(ogen). Cocuzn and colleagues (Cocuzzi et al,

i990) have demonstrated that the apo E prrcteins in lipoproteins can be modiflred by
TGase. More recently, lipoprotein (a) has been shown to be a substrate for tissue TGase

and

FXItr @orth et al, 1991). The aminopropeptide of type ffi collagen, which is

a

normal component of the arterial wall, has been shown to be an excellent substrate for
liver TGase (Bowness et aI, 1990). The aminopropeptide of collagen type Itr proved to be
a better substrate than casein, fibrinogen and actin; proteins known to be good substrates

for the enzyme.

2
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Many risk factors have now been identified for coronary heart disease and stroke
(Meade et

al, 1986; Badimon et al,1993), but the precise mechanism(s) by which

these

factors affect the various stages during the development of the atherosclerotic plaque is

largely speculative (Badimon et aI, 1993; Ross, 1993). E"rly work by Laki and coworkers demonstrated that an unspecified nansglutaminase activity increases in the aorta

of lipid-fed rabbits. Work from our laboratory has shown that this ircrease is associated

with an increase in tissue transglutaminase antigen, particularly in buffer-insoluble
fractiorn of the intima and media (lMiebe et al, l99la). Since this enzyme has been
shown

to cross-link

fibrin(ogen)

to an arterial wall

component, namely type

Itr

procollagen (Bowness et al, 1989), and to form complexes of these proteins with LDL,

in the interaction between major atherogenic
and the arterial extracellular matrix (Bowness and Tarr, 1990). If these

transglutaminase
substances

may be involved

interactions occur invivo, the complexed LDI- may attract macrophages, promoting foam

cell formation. Cross-linking of type Itr aminopropeptide may prevent the known
feedback inhibition of collagen biosynthesis by this protein and contribute to fibrosis in
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the atherosclerotic plaque (Bowness et al" 1989; Bowness and Tarr, 1990).

The primary objective of this thesis is to determine whether the level

of

e(y-

glutamyl)lysine formed by transglutaminase is elevated in tissue taken from different
layers and degrees of lesion of atherosclerosed arteries.

the first experimental section

Xn

of the thesis, aortas from control rabbits and rabbits maintained on an atherogenic diet are
compared and atherosclerotic plaques from human aortas are compared with relatively
normal intima. The e(y-glutamyl)lysine cross-ü¡k was isolated from aortic digests by ionexchange chromatography and then derivatized with o-phthaldialdehyde for quantitation

by reverse-phase chromatography. Irr addition, the percentage of the aorta lumen's surface
covered by lesion was assessed xerographically (Hata et

luminal lesion is useful in order to determine

if

al, L978). The percentage of

there is a conelation between level of

cross-link and extent of luminal lesion. In the second experimental part of the thesis,

preliminary study of the effect

a

of fibrinogen on cultured bovine vascular SMC is

reported. The idluence of fibrinogen on the incorporation of [3H]glutamine into SMC-

derived protein and e(y-glutamyl)lysine was also investigated

by

comparing SMC

cultured on fibrinogen-coated and uncoated (control) plates.
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Study of anoss-tink content

in

nabbit and humram aortía tüssue

3.L"l Materials and ¡nethods - Anìmal and hurnan Éissue ¡rreparatåon

A total of nineteen New Zealand White male rabbits were used, weighing 3.0 to
4.0 kg at the start of the study. Six rabbits (serving as the controls) were fed a diet of
Puratone rabbit pellets flMinkler Feed Service Ltd., Winkler, Manitoba). Thirteen rabbits

were fed the same diet supplemented with

l% cholesterol

and 6% peanut

1987). Water was supplied ad libitum to both groups. After 10

oil

(Opsahl,

to 72 weeks, the rabbits

fed either diet were anesthetized and then sacrificed by sodium pentobarbital injection

4/
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into the marginal ear vein. A sample of blod was removed from each rabbit to determine
plasma cholesterol levels. The abdominal aotta was dissected out and washed in sterile

isotonic saline at 37" C. Only one tissue sample (abdominal aorta) was used from each

rabbit. After washing, the aortas were dissected free of fat and fascia and cut open
longitudinally. The opened aortas temoved from the lipiddiet rabbits were first placed
between two acetate sheets to xerographically assess the percentage of luminal surface

which was lesioned (Hata et aI, 1978). Aortas from both groups were pinned onto

a

dissecting board with the luminal side facing upward. The upper-third of the aorta (most

proximal to the heart) was separated into three anatomical layers (intima

-

containing

some media, media, and adventitia) by carefully peeling away the layers with fine
forceps. The innermost layer (luminal side) contained all the endothelium and the intima,

but portions of the media can be expected due to the peeling procedure. The remaining
media layer was scraped away from the adventitial or outermost layer by a dull scalpel
blade. The outermost layet was identified as adventitia due to the fibrous nature of the
tissue.

Human aortas were obtained through the courtesy of Dr. John Taylor from the
Department of Pathology, University of Manitoba. The human aortic tissue was inspected

visually for lesioned areas. The lesioned areas chosen were confirmed by histological
examination. Human tissue samples were prepared by the same procedure used for the

rabbits

-

except that scalpel cuts were made

in

order

to aid in the peeling and

homogenization process.
3.1..2

Materials and rnethods

The separated layets

- Tissue hornogenízatío¡a
of

tissue were placed

and digestion

in

pre-weighed Corex tubes to

determine their wet weight. Portions of the separated layers weighing approximately 40

mg were added to 0.5 ml of 0.2 M /f-ethyl morpholine/acetate buffer, pH 8.1
homogenized

in three

and

cycles lasting approximately 30 seconds each on a Polytron

homogenizer (Brinlcnann Insffuments, Rexdale, Ontario) at a speed setting of ''l' in a 4" C

37

cold room. After thorough homogenization, the homogerìzer probe was rinsed down with

an additional 0.5 ml of morpholine lacetate buffer. The homogenate was then digested

following the method of Folk (Folk et al, I98O). Itr brief, digestion was carried out by
sequential treatment with proteolytic enzymes in a 37" C water bath. Before adding the

first enzyme, a small crystal of thymol was added to each homogenate. T'he levels of
proteolytic enzymes used to digest 40 mg of aortic tissue were as follows: 5 mg of
Ptonase (Boehringer Mamheim)

0.625 mg aminopeptidase
carboxypeptidase

M

for

18

hr; a second 5 mg portion of Pronase for 8 hr;

(Boehringer fufanlheim)

for 65 hr; 0.63 mg

of

A together with 0.25 catboxypeptidase B @oehringer Mannheim) for

24hr. Undigested ptotein was removed by adding ttichloroacetic acid to give a t0% frnal
concentration. The samples were allowed to stand for thirty minutes before a 20 minute
centrifugation at t2 000 x

g and 4' C. The supernatant

was transferred into a new 15 ml

Corex tube and extracted three times with 3 ml of diethyl ether per extraction in order to
remove the trichloroacetic acid. The remaining aqueous layet was evaporated under an

air-stream

for

18 to 24 hours and the resulting residue was stored

in an evacuated

dessicator.
3"1,"3

Materials and Methods

-

ffiPf.C separations and cross-link assay

e(y-glutamyl)lysine was isolated and assayed using ion-exchange chromatography
to remove the majority of the amino acids, followed by Crareverse phase chromatography

of selected fractiors from the ion-exchange column (Griffin and V/ilson, 1984; Beninati
et

al L988; Bowness et al, 1992). The dried residues

reconstituted

in 1 ml of distilled

from the proteolytic digest wete

water at room temperature and filtered through a 0.45

micron Millipore HV filter. The relative amino acid content of the filtrate was then
determined by the ninhydrin method. A volume of 0.2 - 0.5 rnl of the filtrate was applied

to the ion-exchange column, based on the amino acid content previously determined. An
equal volume of 0.2 M trisodium citrate/FICl buffer, pkl 2.2 was mixed with the filtrate

and the mixture applied to a column (25 cm

x 0.9 cm) of W-l ion

exchange resin

3E

(Beckrnan Canada, Missisaugua, Ontario). T'he column was previously equilibrated with

O.zWtrisodiumcitrate/F{Cl,pbl3.49 and0.2Minsodium at54' C. ChromatograÍrswere

run with a Waters 510 pump and 0.8 ml fractions wete collected with a Gilson 20i
fraction collector. Stepwise elution was carried out at 54" C with 0.2

M

trisodium

citrate/FlCi, pbl.3.49 for the fust 26 fractions, 1 M trisodium citrateft{Cl, pH 6.4 for
fractions 27 to 40, NÅ 0.2 ful NaOFI for fractions 41 to 60. After each chromatograrr¡ the
column was washed for 30 min with 0.2 M NaOFI containing 0.1% F,DTA at 54" C before
re-equilibrating with the starting buffer. Aliquots of 50 plitres were taken from each ionexchange fraction and mixed

with 1 ml of ninhydrin reagent. The ninhydrin

reagent

consisted of 2 g ninhydrin in 50 ml of ethylene glycol monomethyl ether combined with
80 mg SnCLin 50

a boiling

ml of

water bath

O.2

M trisodium citrateftICl, pFI 5. The samples were placed into

for 20 min,

cooled

to room temperature, and read on a

spectrophotometer set at 570 nanometres. The results were plotted and fractions were
pooled according to previous elution patterns of standards containing e(y-glutamyl)lysine.

The pooled samples usually corrsisted of fractions 18 to 35. Fractions

in

this

region were pooled together in groups of three, producing 2.4 ml pooled volumes that
were stored at 4" C for later analysis by reverse phase chromatography.
Portiorrs of the pooled ion-exchange fractions (0.125 to 0.5 ml) were derivatized

with an equal volume of o-phthaldialdehyde (OPA) reagent made by mixing equal
volumes of freshly prepared OPA solution (6 mg/ml in 0.4 M potassium tetraborateffICl,

pH 9.5) and 4% (vlv) Z-mercaptoethanol (Serva) in HPLC grade methanol. Sample sizes
(0.125 to 0.5 ml) for OPA derivatization were chosen based on relative amino acid
content. The two solutions (OPA and 2-mercaptoethanol) were stored separately on
crushed ice until immediately before use (Griffin et

al, 1982). The derivatized

samples

were then vortexed and applied to a Vy'aters Nova-Pak C" Radial Pak cartridge (8 mm x
100 mm) which had been equilibrated with 10 mM acetate buffer, pF{ 5 containing 0.5

mM EDTA. When not in use, the cartridge was stored in acetonitnlelwater 60:40. At the

?dt

J/

beginning

of

each day's runs the reverse-phase column was solvated

acetonitrile, followed by 50:50 acetonitrile:buffer, and

filally

LAO%

with

100Vo

buffer. Gradient

elution was performed with two Vy'aters 510 pumps, along with an automated gradient
controller and a Waters 745 data module. X-inear gradients were used throughout, with a

flow rate of 1.0 ml/minute. The program for one complete cycle was as follows: 0 min,
tÙO% 10 mM acetate buffet with 0.5 mM EDTA; 8 min, 8O% buffer 20% acetottttnle;26

mrrn,7s% buffer, 25% acetonitrile; 30 min, 50% bufîer and 50% acetonitrile; 40 min,
100% acetonitrile; 50 min, I0O% buffer. The column was then ready for another injection

70 minutes after the initial injection. Fluorescence ftom the column effluent was
measured by a Shimadzu RF 535 monitor. The fractions from this column were collected

over a 30 second interval with a Gilson 201 fraction collector. The position of the
fluorescence peak due

to e(y-glutamyl)lysine cross-ünk (see Fig. 6) was located and

quantitated by running the same sample with the addition of 0.5 nmole or 1 nmole of
fteshly prepared e(y-glutamyl)lysine standard. Data from the chromatograms was used in
order to determine the nmoles of cross-link per 100 mg tissue. A statistical analysis was
then performed using Data Desk 2.0 @. In order to verifu that any differences were due to

different levels of cross-link and not differences in tissue digestibility, nmole cross-link
per mmole amino acid in the digests were also determined by the ninhydrin method.

3.2 Results - Cnoss-tim[< assaJr of monma[ amd lesüoxeed aortas
A total of i9 rabbits were used for the study; 13 of the nineteen were maintained
on an athetogenic diet in order to induce atherosclerotic lesions. None of the control
rabbits demonstrated atherosclerotic lesions. The sum of the numbers of replicates for
each

of the vascular layers used in the cross-link study does not correspond with the

number of rabbits euthanized (see Table 4 for explanation). After euthanizing the rabbits,

blood samples were taken in order to assess plasma cholesterol. The avetage for the lipidfed rabbits is determined to be 571 + 95 mg/dl. Kolodgie and colleagues (Kolodgie et al,

4@

1990) found rabbit plasma cholesterol tobe 722 + 34.6 mg/dl using a similar atherogenic

diet for 12 to 15 weeks. Flasma cholesterol was determined twice for the conf'ol rabbits,
the first avetage was 4 j 1 mg/dl, and the second average was found to be 51 + 10 mg/ dl.

The average value reported by Mori and colleagues for a normolipidaemic rabbit of
similar breed is 34 + 28 mgldl (Mori et al, 1997). Th" second average value (51 +

a

19

mg/dl) is believed to be more accutate because the plasma was thoroughly mixed in order
to ensute a more representative sample for the cholesterol assay.

Using the xerogtaphic method of Hata and colleagues (F{ata et al, 1978) the
surface area (S.4.) coveted by lesion in lipid-fed rabbits ranged ftom O.\Vo to a high of

83%,with an average being 28.5 + 9.9 %. Previous work by Hata and colleagues (Hata
et al, L978) found affected surface also varied widely, ranging fuom

an average
those

of

OVo

to

59.2Vo,

with

18.3%. Cholesterol-fed rabbits were then categonzed into two groups;

with extensive lesion (> 15% S.A. lesioned) and those with minimal lesions (<75Vo

S.A. lesioned). Kolodgie and colleagues (Kolodgie et al, 1990) related percent of total
vessel area lesioned to severity of atherosclerosis in the following manner: mild AS = 11
+ 3%; moderate = 28

!6%

and severe AS = 54 + 8%.

e(y-glutamyl)lysine content was determined (nmoles cross-link per 100 mg tissue)

for the three vascular layers from the aortas of control rabbits and rabbits with minimal
iesion (<15% surface area) and extensive lesion (>I5% surface area lesioned). One-sided
student 't' tests were performed on cross-link content data. The student 't'tests indicated

statistically significant differences
extensively lesioned rabbits (I4.2

(p = 0.012) occuned in the intima-media of

+ 3.3 nmole cross-lirk per

100 rng tissue) when

compared to the control rabbits (6.7 + 2.7 mnole cross-link per 100 mg tissue). The other

significant difference occurred (p = 0.0035) when the cross-link level from the control

rabbits and minimally lesioned rabbits' intima-media layers were pooled and then
compared to the extensively lesioned rabbits (6.9 + 0.9 and 14.2 + 3.3. nmoles per 100

mg tissue respectively). No other statistical differences occurred when other vascular
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layers or degree of lesions when compared.

In order to ensure that cross-link levels differences were not due to differences in
enrymatic digestive procedures, nmoles of cross-link per rnmole of amino acid in the

't'

tissue digests were calculated. Results from one-sided studenrt

tests agreed with

previous calculations analynng nmoles cross-link per 100 mg tissue. Statistically
significant differences (p = 0.011) were found when comparing intima-media digests of

control rabbits verses extensively lesioned rabbits (32.4 + 8 and 71.2

+

11.3 nmoles

cross-link per mmole amino acid respectively) (see Figure 5). When intima-media control

to

extensively lesioned

O.OO25).

No othet significant

and minimally lesioned digests were pooled and compared
digests,

a significant difference was also found (p .

differences were found for any other layers or degrees of lesion.
Samples of human aortas were obtained during autopsy and processed as soon as

received. Small portions from the human tissue were removed for cross-lirk assay and for

histological confirmation of lesion type. Lesions were chosen based on their relative
stages

of advancement. The lesion types

assayed included normal

intima, fatty streak,

fibrofatty plaque, calcified and decalcified advanced plaque. Not enough samples of
human lesions wete analyzed to produce conclusive results, but certain trends can be
seen. For example, the more proliferative stages of atherosclerosis i.e., the fatty streak

and frbrofatty plaque, demonstrated higher levels (21.3 and 24.2

+ 5.7 nmoles

e(y-

glutamyl)lysine per i00 mg tissue respectively) when compared to relatively normal
areas

of the human aortic intima. Cross-link levels from aortic areas appearing

macroscopically normal gave a value of 16.1 + 2.2runoles cross-link per 100 mg tissue.
3.3 ÐÍscussion of cross-link content in rabbít a¡rd h¡.¡man aontas

Previous work has demonstrated that cholesterol-bearing lipoproteins infiltrate

into the arterial wall in increased amounts in hypercholesterolaemia (Smith, 1990). One
biological response to this atherogenic insult is an inctease in the activity of the eÍruyme

TGase (Wiebe et

aI,

1990a; Wiebe, 1990b).

To determine whether

adequate and

/nn
ryþ

appropriate substrates are available for cross-linking by TGase, this thesis has compared

e(y-glutamyl)lysine contents of aortas from both regular diet (control) rabbits and rabbits

fed a high cholesterol diet. It is hypothesized that cross-link content will increase
adequate substrates are available for cross-lhking

if

in the major vessels. Levels of TGase-

catalyzed dipeptide bond known as e(y-g1utamyl)lysine (cross-link) are elevated in rabbits

fed an atherogenic diet (74.2 + 3.3 nmoles per 100 mg tissue) with extensive lesion (>
L5% vessel surface area) as compared to controls (6.7 + 2.7 nmoles per 100 mg tissue) or
those rabbits fed an atherogenic diet, but with minimal vessel lesion (7.7 + 1.9 nmoles per
100 mg tissue). The difference

in cross-link levels between the extensively lesioned AS

rabbits and the controls is statistically significant giving a p value of 0.012. When results

ftom controls and lipid-fed rabbits (refer to Tables 4 and 5, and Figures 7 and 8) with
minimal lesion were pooled, nmoles of cross-link per mmole of amino acid in the digests

was calculated. Control rabbits had less cross-link per mmole amino

acid

than

extensively lesioned rabbits, 32.4 + 8 nmoles cross-lirk per mmole amino acid and 71.2 +
11.3 nmoles cross-link per mmole amino acid, respectively.

A statistically significant

difference (p < 0.0025) was also found when comparing extensively lesioned rabbits
versus minimally lesioned rabbits based on results pooled with the controls. Any
differences in ctoss-link content were only statistically valid for the intima-media layer.

No differences 'were found for any other vascular layers or degrees of lesion.

These

observation are reasonable in light of the previous work done in our lab that demonstrates

that TGase activity and antigen is elevated in rabbits fed the same atherogenic diet
(Wiebe, 1991b). Any differences in cross-link content were likely not due to differences

in tissue digestibility because analysis of cross-link content per mmole amino acid in the
aortic et:zyme digests supports the observation that cross-link content is increased in the
intima-media layers for those rabbits with extensive lesion when compared to controls.
Bowness and colleagues (Bowness ¿t
elevated levels

al" 1989) report that in the presence of

of LDL and fibrinogen - two factors implicated in

atherosclerosis -

Á4
q3

transglutaminase-catalyzed cross-linking reactions may occur, promoting the formation

of lesions. F'urther evidence for this phenomenon comes from previous work in this lab.
Wiebe @iebe et al" L99la; Wiebe, 1991b) reports that procollagen type

Itr

can form

high molecular weight compounds with purified TGase. Even larger complexes can be
formed with fibrin(ogen). Additional work from this laboratory suggests that PIIINP can

form complexes with excess LDL after incubation with TGase (-Wiebe, 1991b). Skin
wound healing studies (Bowness et aI, L988) suggest that procollagen type III, a collagen
type found in AS plaques, can be cross-ünked to fibrin in the early stages of fibre rcpatt
(Bowness et aI, 1988; Wiebe, 1991b; Morton and Barnes, 1982; Szyamanowicz, 7982;
Ooshima, 1981).
The levels of LDL and fibrin(ogen) are believed to increase in the aftenal intirna
(Smith and Staples, 1981). In the pathological state,

levels

of

cross-link

will be the result of

it

appears reasonable that increased

increased TGase substrates

like LDL

and

fibrin(ogen). If two major risk factor substances CLDL and fibrinogen) are able to interact

with a structural protein found in the arterial wall, cross-link levels are most likely to

be

elevated in the intima-media region during the fibrocellular proliferative stage. Evidence

from rabbit models (Tables 4 arÅ 5, and Figures 7 and 8) indicates that cross-link content

is highest in the larger, early lesions of the intima-media, the lesions most likely to have

the highest cellular proliferative activity. Morphologic observations and tritiated
thymidine autoradiography indicate that SMC proliferation
atherogenesis and is a response to elevated

is

intrinsic

to

early

lipid levels (Ross, 1986; Stary et al, l97O).In

some studies, the availability of LDL was shown to be one of the limiting factors in cells

stimulated to proliferate rapidly (Brown et al, 1976). With increased SMC proliferation,
the elaboration of proteins that serve as substrates for TGase
has indicated that some

will be increased. Research

of the increase in cross-link content may be due to programmed

cell death. The process of apoptosis has been reported to cause an increase in cross-link
content in the liver (Fesus et aL,1989). The significantly increased levels of cross-link are

44

not likely due to apoptosis because of the observations that only a very few cells
apoptotic at any one time i.e., 1% of

ller

are

cells during involution (Eowness et al, 1992).

Second, levels of cross-link in the apoptotic state, typically 0.03 nmol/ mg tissue (Fesus
et

al, 1989) are much lower than any of the levels reported in this study.
Preliminary evidence comparing different lesion types from human pathological

samples (Table 6) also suggests that cross-link content is highest during the proliferative
stages of the atherosclerotic plaque, zuch as the fatty streak and the fibrofatty plaque.

This is likely due to the process of fibrocellular proliferation, where high levels of
cellular activity are occurring in conjunction with the influx of injurious compounds

(LDL, haemostatic factors, products of collagen metabolism) occur around the injured
site. Statistical analysis indicated that cross-link content is the highest in the intima-media

tegion. When the media layer was assayed for cross-link content, no statistically
significant difference (p < 0.05) could be found in cross-link content in this vascular
layer. This may be due to the filter-effect of the internal elastic lamina. Orrly smaller
molecules or lesser amounts of larger macromolecules can pass into the media (Smith,
1ee0).

Although only a few samples were analyzed"there appears to be a relatively large
decrease

in cross-link content per mg tissue (Table 6) in the most advanced plaques of

AS. The advanced stages of AS are often chatactenzed by increased calcium content in
the form of apatite. Calcium content increases steadily with age in the norrnal artery, with

calcium deposits found associated with medial elastic fibres (Lnscalzo et a|,1992). In the

AS plaque, extensive calcification occurs around the lipid deposits in the core region
(Tanimura et aI, 1986). The key to this observation may be the fact that only early
plaques can be induced to regress (I-oscalzo et

aI, 1992). This observation implies that

the cellular activity that created the plaque can be modulated in the early stage, when

cellular biosynthetic activity is the most active. Work by Bowness and colleagues
(Bowness et

al,

1992) suggests that increased ptotein biosynthesis during repair in

45

wounded skin explants correlates with an increase in the formation

of cross-ünk. A

similar increase was found very early on suggesting that suitable zubstrates for TGase
occur during the early proliferative phases of the AS plaque (Bowness et al, 1992). With

calcification, there is likely a signifîcant shift in suitable substrates and biochemical
mechanisms away from the formation

of cross-link. Any further conclusiors

require

several more replicates and stricter controls using tissues matched to age and/or sex.

3.4 l¡affluence of ffihx'inogen on ünconponaÉio¡a of'[3MJglutarrnüne åmto
proteåns and e(y-glutaumyl)lysËrae
3.4"X.

S&,frC

MaÉerials and ¡nethods - Smooth ¡nuscle ce[[ cultune

Bovine aortic smooth muscle cells were cultured following the method of Ross
(Ross,

I97I). Irr brief, fresh bovine aortas were obtained from a local abattoir

(Burns

Meats, Winrripeg). The aoftas were thoroughly ri¡sed with stedle isotonic saline, cut
open to expose the lumen and scraped with a scalpel blade to remove the endothelium.

The aorta was then cut into strips approximately

I

cm by 10 cm, and the media was

carefully peeled away from the adventitia. The medial layer was then taken to a sterile
hood for processing. The tissue was soaked briefly

in isotonic saline containing

100

units/ml penicillin and 0.1 mg/ml streptomycin. The large tissue strips were lightly
blotted and minced nto 2-4 mm'cubes with a scalpel and forceps.

Twenty Falcon Tissue Culture Dishes (100 mm x 20 mm), each containing 2 ml

of Waymouth's MB

75211 Medium supplemented

with tO% calf serum were prepared,

and 2O to 30 tissue cubes were placed in each dish. When extensive cellular outgrowth
appeared from the tissue cubes, usually 10

to 14 days from initial

explant, the tissue

cubes were aseptically removed from those dishes lacking microbial growth. Any dishes

displaying evidence of microbial growth were cliscarded. The remaining cells left in those
plates ftom which the tissue cubes were removed were rinsed twice with sterile PBS.

After rinsing, 8 ml of Waymouth's MB

7521L

Medium with l0% calf serum was added.
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All

cultures were incubated at 3'7' C

in an atmosphere of 95% air and 5%

COz. The

culture medium was changed twice a weeþ and passaged when the dish appeared fully
confluent. The cells were seeded at 1 x

before performing another passage.

All

106

per plate and incubated until fully confluent

experiments were performed with the cells in

passage 6 through 9, as suggested by Ross

(Ross,l97I). Cultured cells were determined

to be SMC and not fibroblasts based on microscopic examination of confluent plates. The
explanted SMC demonshated the typical multi-layered *hill and valley" pattern observed

by Ross (Ross, l97l) and McMurray, Pamott, and Bowyer (McMurray, Pamott,

and

Bowyer, 1991).

and Methods - Freparatüon
fHl glutaneine incorpo¡'atio¡a studies

3"4"2 Materials

of

f-nhrinogen-coated ¡llates for

A sterile solution containing 2 mglrÃ Bovine type IV fîbrinogen

(63Vo protein)

(Sigma) in isotonic saline was prepared. Twenty 100 mm Falcon dishes were each coated

with

1

ml of the fibrinogen solution and allowed to dry under a fume hood. Bovine aortic

smooth muscle cells were subcultured onto both the protein-coated plates and uncoated
(control) plates at a density of

I x 10u cells per plate

and allowed to grow to confluency.

Each confluent plate was rinsed three times with phosphate-buffered saline (PBS) before

adding 3 ml

of serum-free DMEM (Flow

l-aboratories)

to each plate for a 24 hour

incubation. Each plate was again rinsed three times with a

I ml aliquot of PBS per rinse

before 3 ml of [3H]glutamine-DMEM was added. Twenty confluent culture dishes were
used for each trial, using a total of 50 ¡rcuries of [3Fl]glutamine (Amersham) in 60 ml of

glutamine-free, serum-free DMEM per trial. After incubating for twenty-four at 37" C,

the radiolabeled DMEM was recovered from each plate and pooled in a sterile culture

bottle. Cells and any remaining media were scraped into 15 ml Corex tubes
centrifuged

for

15 min

at 12 000 x

I in a Sorvall RC2-B centrifuge.

and

The resulting

supernatant (mostly radiolabeled DMEM) was added to the recovered radiolabeled media

for ammonium sulfate precipitation. The protein in the recovered media was precipitated
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v/ith

(NH4)2SO4 at a

final concentration of 270 glL media. T'wo ml of Tris-buffered saline

(TBS) consisting of 25 rnld, Tnzma Base (Sigma) in 0.15 M NaCl, pEI 7 .4 was added to
the pelleted cells in the Corex tubes. The pellets were sonicated for 30 seconds at 100 W

on a Braun-sonic 1510 sonicator. The sonicate was placed in 6-8 kDa MW cut-off
dialysis tubing and dialyzed

in 1 litre (3 changes) of TBS for 48 hours at 4" C. Tlte

(NlIr)rSOo precipitate from the radiolabeled media was spun down

000 x

I

for 15 minutes at 12

on a Sorvall RCB-2 centrifuge and the resulting pellet was teconstituted

with?

ml of TBS, placed in 6-8 kDa MW cut-off dialysis tubing and dialyzed using the
procedure as for the SMC pellets. After dialysis, equal volumes

of

same

L0% trichloroacetic

acid were added to both the SMC dialysate and the labeled-media dialysate and allowed

to stand for 90 minutes at 4" C. The resulting precipitates were centrifuged down and the
trichloroacetic acid was rernoved with three-3 ml diethyl ether extractions. The final
precipitates were suspended

preparation

in 1 ml of l/-ethyl

for a Folk (Folk et al,

morpholineþcetate buffer, pH 8.1 in

1980) exhaustive proteolytic digestion. e(y-

glutamyl)lysine was isolated and quantitated following exactly the same procedure as for

the vascular tissue samples. Before digestion, 25
reconstituted samples and counted on

¡tJt1ure

aliquots were taken from the

a Beckrnan LS 3801 scintillation counter

to

determine how much [3H]glutamine was incorporated into SMCderived protein.

3.5 Results of nadiolabeled glutaxmine
Radiolabeled glutamine was used

incorporation

studñes

to

study how FGN influences glutamine

into SMC proteins and cross-link. Nine trials were performed

(4

experimental and 5 control), each trial using twenty dishes of confluent bovine SMC.
Smooth muscle cells used in these studies were in the sixth to ninth passage. From the

trials (see Table 7), it was found that the ratio of d.p.m. in culture media protein to d.p.m.

in all proteins (cells and culture media) was 0.661 + 0.015 for fibrinogen-coated

dishes

compared to 0.525 + 0.092 for the control plates. A paired 't'test gave a p value of 0.041.

4E

'When

radiolabel incorporation into cross-link was measured, the ratio

of

cross-link

d.p.m. from the culture media to øoss-link d.p.m. in total proteins was 0.366 + 0.069 for
the fibrinogen-coated plates versus 0.250 + 0.102 for the control plates. A paired 't' test
gave a p value

3.6

of 0.074.

Ðåscr¡ssñom

of nadåoflahe[ed

gåutamaåne stn¡dåes

The results from Table 7 indicate that the ratio of [3t{]glutamine d.p.m. in culture

media (secreted) protein to [3Fl]glutamine d.p.m. in the total protein extracted from the

cells plus the media is significantly higher (p = 0.041) for smooth muscle cells cultured
on a fibdnogen substtate than for control SMC. This result suggests that fibrinogen
stimulates the synthesis of proteins for secretion to a greater extent than the synthesis of

intracellular proteins. The results for [3H]glutamine incorporation into total SMC proteins
(cellular protein and those proteins secreted into the culture media) suggest that this may
also be stimulated by fibrinogen, but this finding is not statistically significant. The bulk

of the protein secreted by the SMC consists of collagens and other extracellular matrix
proteins. The data assessing the influence of fibdnogen on cross-link production point

toward an increase in cross-linking of newly synthesized media proteins (Table 7), but
this increase is just below the level of statistical significance. More trials are necessary to

further clarify this relationship. Furthermore, the observed effect believed to be due to
fibrinogen may also be caused by other proteins. A more appropriate control in future
studies should include SMC grown on culture plates coated with other proteiru such as

albumin. This would show

if

the effect was due to protein

in

general, or specific to

fibrinogen. These findings do not identify which extracellular proteins are produced by

growing on fibrinogen substrates, nor do they identify proteins which may

be

preferentially cross-linked in the culture media. Other techniques such as immunoblotting

with monoclonal antibodies to expected proteins would be required to address

these

questions. The preliminary results so far are in agreement with several other fildings in
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the literature, and are consistent with the hypothesis that fibrinogen in the culture medium

cross-links with 3FI-glutamine-labeled type

III

procollagen or its aminopropeptide. This

mechanism may prevent the feedback inhibition of collagen biosynthesis by PIIINP and

thus produce an increase
Bowness and

Tar, i990).

in labeled collagen in the medium @owness et al,

L989,

Other findings in the literature which relate to the results in

Table 7 include the following (i) elevated levels of fibrinogen cause SMC proliferation

and migration

in vitro (Naito et al,

1990)

(ü) SMC proliferation is rclated to

the

formation of the 'synthetic' phenotype, which produces elevated levels of ECM proteins
compated

to the 'contractile' phenotype (Ang et al, 1990) (iü) SMC proliferation

is

stimulated by fibrin and inhibited by fibrin-degradation products Clshida and Tanaka,
1e82).

5@

4 Sunmxmary

In Section 3.1 of the thesis, results from a rabbit model show that levels of
glutamyl)lysine are elevated

in the innermost

vascular layers

of extensively

e(y-

lesioned

aortas as compared with control rabbits. At this pofu, cross-link levels do not appear to

be elevated in minimally lesioned cholesterol-fed rabbits. Statistical analysis indicates
that increases in cross-link levels occur in the treatment rabbits when more than t5% of
the luminal surface area is covered by lesion (refer to Tables 4 and 5 and Figures 7 and
8).

In section 3.2, results from radiolabel incotporation studies by cultured SMC
indicate that fibrinogen promotes biosynthesis of proteins for secretion to a gteatet extent
than the synthesis of intracellular proteins (Table 7). When [3H]glutamine-labeled cross-

link content was analyzedin both the secreted and cellular ptoteirs, the data suggest that
fibrinogen increases the cross-linking of newly synthesized secreted (media) proteins to a
greater extent than that of total (cellular and media) proteins. This difference, however,
was only significant at the level of p = 0.074.

An effective cure and/or treatment of atherosclerotic disease may be several yeaß
away, but information from this thesis complements growing epidemiological evidence

pointing towards endogenous proteins as important factors involved in the development
of this serious pathology. The etiology and pathogenesis of atherosclerosis appears to be
analogous to the biochemistry of inflammation and repair.

A detailed understanding of

these biochemical processes and their interactiorn with the growing family

of

other

injurious molecules may provide us with a rational approach to treatment and prevention.
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Reverse Fhase Chromatograxns, Reverse phase chromatography of ophthaldialdehyde-derivatized pool of fractions 18-20 from ion-exchange
chromatography of the digest from [3tI]glutamine-labeled outet layer of
wounded rat skin explants. (A) 0.25 ml of derivatized pool alone. (B)
same as A, but 1 nmol of e{y-glutamyl)lysine standard added (C)
Scintillation counting of fractions from B, each collected for 0.5 minutes.
The arrow indicates the peak due to e(y-glutamyl)lysine. (From Bowness
et al, 1992)
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Table

X..

Contrasting featunes of, human atherosclerotic lesions.

Fa

itY

Streak

G

elatin o us

lesion

Fibro u s

Plaque
raised

Contour

va¡irble
Major Sites

-thoracic aona

of
Involvement

-proximal

-abdominal aorta

I uuiaUte

(>lcm)

-abdomn¡1
('-Ul tll

-thoric:c aorta

corona¡ies

-proxiin:.1
corona¡ies
-ca¡otid a¡re

Foam Cells

EC Lipid
Ch olestero

erifibrous lipid
I

Crvstals
Ratio of
U n esteriiied
Ch olesterol

to

Total

Cholesterol

adapreC f¡om Loscalzo

et a!, !992

rn ccre rcglon
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T'able 2.

T'he

Fra c tio n

four diffenent lipoprotein f,amilies.

Source

DensitY

ot
tO

P¡'o

Chylomicron

lntesË;ìe

zr\ Oi

VLDL

iiver a::C

0.95 -

1

t

ein

-')

Lip id

93-99

7-10

90-93

2L

79

JJ

o/

I.UUO

LDL

\¡LDL

1.0i9 1.C63

HDL

!iver a,-:i

1.Có3 -

t.i?5
aCrpced

f¡on B:dirnon e: el, L993
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Distribution of the collagens.

Table 3.

Collagen

Type

1

Tissue and Distribution
Bone, cc'ine3, denrin, tendon (> 957o)
Dern!-=. gingiva, heen valve (> 85%)
intesrine, la;=¿ vessels. fibrcc:¡rihge (>5070)

Type

Il

A¡iicula"-

a-ad

vireous caniiaee (>90cn)

Fi brcca¡il¡ s.e (> 40Vo)

Type ltl
Type

lV

fntestine, !::ge vessel, urenne rvall (407c)
Dernris. ginslva, hea¡c valve (10-15Vo
Endothei;al and ctner ceilula¡ basemenr
r-ernbr¡.ne (>95r,'o

Type

V

Coi-nea,

oi:c:nta, large vessel rvali ( 5fa)

Bone, g:trgr.,'a, heen valve, h;vaüne ci:tiJage
(<5Vo)

Type

VI

Place::ti, aona, dermis (<

De¡:¡'

IVo)

t-¿píder,nal junction (< i %)

Enioúelial ceil prociuct (?)

Type

IX

é:icula¡ camtage

(57c)

Fiype:=ophic caraiage only (? %)

Type

XI

A:ic

ul ar

c:¡rí Is.ge (5Vo)

Te;:don, skin (? %)

e

Xlll

Type

XIV

Ty

te;:ion, fibrobhsi-product

nonc--iilagenous rissue (? %)
cDNa derec:eC

From Losc:lzo e: a!,7992

(? la)
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Table

4"

e(y-glutamyl) Iysine content of, aortas from control and
cholesterol-fed rabbits.

Cho

Aorta
layer

Intim aMed ia

Media

Adventitia

lesiero

I-f ed

Contro ls

Iestero l-Íe d
> 15% aoria
lesioned

Cho

les io ne d
nmoles of cross-línk per 100 mg tissug
(mean i S.E.)
'i.7 + 1.9
14.2 + 3.3
õ.1 +'¿- /
(n=O)
(n=5)
(n=5)
<'i,1À
9.6 + 3.5
7.4 + 2.7
(n=2)
(n=5)
fn=Si
4.5 + 1.2
6.9 + 2.1
7.5 + 2.4'.
(n=4)
(n=5)
(n=4)
lt_tj

p - 0.0L2 for a '!' test of Control t s. >I5Vo le.sioned

intima-rnedi¡.

p = 0.0035 for a 't' test of (Control plu.s <I5Vo iesioned) vs. >ii% lesioned
intima-media

* only one sample of

tissue was taken from each rabbit

Note: T\e st'm of ¡þe ¡rrmþe¡s _of re-plicates (l) for each of tle vascular layers (i.e., intima-¡n"¿¡", media,
adventitia) does not correspond with tle ûotal number of rabbits (19) used in mi" r-toay. The reasóns for íhis
discrepancy are the following :
a) Several adventitia *9
T"d-¡" sagllf were not assayed because the work was focused on investigating
the layer that contains the bulk of the atherosclerotic plaque (intima-media)
b) The ¡"shnique for-isolating the media layer from the other layers was not perfected until the thi¡d test
aorta was dissected; 3 of the thirteen test aortqs are therefore not included in-the table.
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Table

5.

l\anomoles of e(y-glu tarnyl) lysine per mmole oi au:;no acid
in enzyme digests of ao¡.-tas from control and chole-çterol-fed
rabbiti

Aorta layer

lntima-Media
tule d

ia

Adventitia

C o ntro Is

olesterol-

Cholesie i'olfed <'1 5"/o aorta fed >15% aoria
lesio ned
lesione d
Ch

nmoles of cross-link per mmole amino acid in
digests (mean + S.E.)
32.4 + 8.0
22.1 + 5.6
71.2 + 11.3
(n=6)
(n=4)
{n=4)
25.2 + 9.7
20.9 + 13.7
22.9 + 5.i
(n:5)
(n=5)
in=2)
42.6 + 70.7

(n=4)

14.3 + 4.4

(n=5)

31.3 +

7.7

(n=4)

p = 0.01i for a 't' test of Control vs. >75Vo lesioned intima-meCia
p < 0.0025 for a 't' test of (Conirol

plus

<7570 lesioned) vs. > i59á

lesioned intìma-media
Noûe: See Table 4 for explanation in the discrepancy berween number 6f rnimals eutheni2sd a¡<I number of
vascular layers assayed- In addition, some intima-med:ra samples samples from the ion-exchange column
were oot available for amino acid analysis because of multiple repeated runs for rc'.'erse-phase
chromatograms,
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Table

6.

e(y-giutam;'l) lysine content of atherosclerotic and
relafivelynormal âreâs of human aortic intima.

Type of lntima

nmole cross-link
per '1 00 mg t¡ssue

Relatively normal

(mean + S.E.)
I6.I + 2.2

Fatty streak

27.3

nmole cross-link
per mmole amino
acid
(mean + S.E.)
49.2 + 6.3

(n=6)

+J.O

(n=1)
+

Fibrofatty plaque

21.2 + 5.7

Calciiied plaque

1.9

15.8

Decalcif ied
advanceO' plaque

8.6

13.4

82.2

16.7

(n=5)

(n=1)

(n = 1)
p < 0.05 for a 't' test of the fibroíatty plaque YS. ihe relalivel.r' normal
intirna (nmoie cross-link per mmoie amino acid)
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Table

7

"

Influence of fibrinogen on incorporation of tritiated
glu_tarnine jnto culture media protein, cellular protein,
and cross-link.

+ Fibrinogen

Control

(mean +
Total
incorporation
(d.p.m. in 1000s

nmole cross-link ¡n
media protein :
nmole cross-link in

203.8

0.525 + 0.092

0.661 + 0.015'3

O.258 + 0.103

0.362 + 0.113

0.250 + 0.102

0.366 + 0.069t

Þrote¡n

d.p.m. in media
cross-link : d.p.m.
in total cross-link

* p = 0.041

(mean + S.E.)

137.7

per dish)
d.p.m. in media
protein : d.p.m. in
total prote¡n

total

S.E.)

(
t tes¡
for a paired -,

î p = 0-074 ibr a paired

ttt

of control

vs. + Fibrinoqen

test of control vs. + Fibrinogen
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