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ABSTRACT

Plasma lipoproteins appear to be major factors in
afherogenesis.

The effects of human serum low density lipoproteins
(LDL) were studied in cultures of human skin fibroblasts
maintained in medium supplemented with human platelet-poor,
lipoprotein-free serum (PPLFS). LDL ihcreased the proliferation,
the'size, and the contents of cholesterol and protein of cells,
and led to an enhanced accumulation of glycosaminoglycans (GAG)
in the medium. The IDL effect on proliferation was abolished
by ult;afiltration of PPLFS. Incréases in cholesterol and
protei% were proportional as were" increases in protein and cell
size. It was inferred that cholesterol and protein accumulated
in structural rather than storage forms. Elevations in cellular
protein édntent were caused by a decreased rate of protein
degradation.

No IDL effect on proliferation was observed in cultures

of porcine aortic smooth muscle cells in PPLFS medium.

No abnormalities of diabetic cell responses to ILDL or

of the compositions of serum lipoproteins from diabetics were

found.
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RESUME

Des facteurs majeurs dans 1'athérogéndse semblent 8tre
lesilipoprotéines plasmatiques.

L'effet des lipoprotéines sériques a faible densité (IDL)
d'origine humaine fut &tudiés dans des cultures de fibroblastes
de peau humaines maintenues dans un milieu addition& de sérum
humain pauvre en plaéuettes et dépourvu de lipoprotéines (PPLFS).
Les effets produits par les IDL furent une augmentation de la
vitesse de réplication cellulaire, une augmentation du contenu
cellulai;e en cholestérol et en protéines, une augmentation de
la grosseur des‘cellules et un accroissement de 1l'accumulation

des glycosaminoglycanes (GAG) dans le milieu de culture. L'effet

‘des IDL sur la proliferation cellulaire fut aboli par 1'ultra-

filtration du PPLFS. Les augmentations de cholest&rol et de
protéine €taient proportionelles ainsi qué les augmentations en
protéines et en grosseur cellulaire. Nous avons dédduit de ces
resultats que les augmentations en cholest€rol et en protéines
etaient de type structural plutdt que d'emmagasinement. Le
contenu protéique €levé de cellules est di 34 une diminution de
leur vitesse de dégradation.

Aucun effet des ILDL sur la prolifération cellulaire des
cellules de muscle lisse de 1'aorte porcine ne fut observé dans
le milieu additiond de PPIFS.

La réponse des cellules diab&tiques au LDL et la composition

des lipoprotéines sériques des diab&tiques apparaissent normales.
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I. SURVEY OF THE LITERATURE



I.A. The Lesions of Atherosclerosis

1. The Lesions in Humans

The lesions of atherosclerosis are situated in the
arterial intima. They are chafacterized by a localized
thickenihg of the intima that appears to be caused by
proliferation of smooth muscle cells‘énd an accumulation
of the extracellular connective tissue matrix. Both the cells
and the surrounding matrix (which comprises collagen, elastin,
glycoproteins, and proteoglycans) contain lipid, most of which
is free and esterified cholesterol (1). For practical purposes,
the lesions have been classified according to the severity
of disofganization of the intimal gtructure. Three types
are referred to most commonly: the fatty streak, the fibrous
plaque, and the complicated lesion. The exact relation among

them, in a developmental sense, remains to be established.

a. The Fatty Streak

Fat£y3Streaks appear on human arterial luminal surfaces
as early as.%hree years after birth (2). These lesions are
yellow, and flat or somewhat elevated relative to the
surrounding infimal surface. The intima is thickened by a
proliferation of cells'and the accumulation of collagen fibres,
elastic fibres, and possibly proteoglycans also. Lipid is
present as fine droplets in association with elastic fibres,
as small aggregates of these droplets, or as larger aggregates

occupying a significant volume of the cytoplasm of stellate



and fusiform intimal cells. 1In its extreme form, the lipid-
laden cell is called a "foam cell”, the origin of which is
accepted generally as being the intimal smooth muscle cell
although some “foam cells" form apparently from mononuclear

hematégenic cells (3).

b. The Fibrous Plague

The fibrous plaque is a more advanced lesion and is
probably unrelated to {he fatty streak. Smith has found that
these two lesions appear to differ in chemical composition
(4). Haust has also found difficulty in relating the fibrous
plaques, that are more numerous iﬁ.the abdominal aorta in
adults, to the fatty streaks, that are predominant in
children in the thoracic aorta (5). The fibrous plaque is
characterized by a band of fibromusculoelastic tissue that
forms a cap .over the lesion. The cells of this cap are
smooth muscle, are generally long and slender with few
cytoplasmié processes extending into the surrounding tissue,
and contain numerous mitochondria, a central endoplgsmic |
reticulum, and peripheral myofilaments (6). "Foam éells"
are seeh often near the luminal surface of fhe cap. The
deeper regions contain smooth muscle cells in various stages
of atrophy and the core of the lesion is composed of electron-

dense debris and clefts presumed to be cholesterol crystals

(5, 6).
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‘c. The Complicated Lesion

The so-called complicated lesion is presumed to be
defived from the fibrous plaque by a progressive involvement
of blood elements. Some authors make a further distinction
between £he complicated lesion (in which there is evidence
of hemorrhage, of ulceration, and of'thrqmbosis with or
without calcium) and the calcified lesion (in which calcium
is visible without overlying hemorrhage, ulceration, or
thrombosis) (7). Complicéted lesions show evidence of intimal
disruption by the presénce of red cells, leucocytes, fibrin,
and calcium inva thin layer that appears to bridge a defect
in the intimal surface. A mass of red cells in the upper
intima that has been covered by a fibromuscular cap indicates
thgt hemorrhage has occurred also. In common with the
fibrous plaques, these lesions contain masses of lipid-rich
grumous material, cholesterol clefts, and flecks of dense
material that is probably calcium. While it is recognized that
the fibrouswplaque in its complicated form is responsible for
the occlusive and life-threatening event, it is uncertain what
promotes the actual development of an occlusion. Tﬁrombosis
is a principal factor although it is sometimes undetectable.
Intimal hemorrhage with rapid expansion of the,lesion;
atheromatous embolism, multiple plaques in major arteries,
and vasospasm may each play a role (2). Uncertain also is
the reason for the unequal development of lesions in the

major arteries: severe atherosclerosis develops more frequently



in the aorta than in the coronary arteries, that in turn
are more susceptible than the cerebral, the mesenteric, and

the renal arteries (8).

2. The Arterial Lesions in Experimental Animals

Much of the present information on arterial disease 1is
the result of work in animals. The obvious advantage of
studying lesions in animal arteries requires no elaboration;
the disadvantage does, hdwever, because of possible confusion.
It is clear that some species develop a type of arterial disease
related only rémotely to human atherosclerosis. The dog,
for ex;mple, develops a degree of medial involvement found
rarely, if at all, in humans. A combination of thyroid
function suppression and dietary cholesterol has produced
proliferétion of medial smooth muscle célls, lipid
infiltration, "foam cell' production, and disruption of elastic
tissue followed by intimal changes. AThe dog is resistant,
however, téithe intimal thickening seen in humans (9a).
Without the addition of cholesterol to the diet, some
frequently-studied animals develop lesions that aré‘quite
different from those observed in human atherosclerosis.

‘Thus, changes in rabbit arteries are similar to thosé

changes seen in Monckeberg's medial sclerosis (9b), and
lesions in rat arteries appear to have resulted from an acute
arteritis (9c). Adding cholesterol to the diet of these

animals produces intimal "foam cells" without apparent



vascular injury or regeneration. Prolonged feeding of
cholesterol at high levels is often fatal in rabbits, but
by alternating diets of high and low cholesterol content,
Constantinides Was able to produce lesions in the rabbit that
resembled the fibrous plaque in humans. The complicated lesion
that resulted in myocardial infarction developed rarely,
however (94).

There are available a few species of animal that are
prone fo a type of arteriai disease which has many features
in common with human atherosclerosis. Among these are the
killer whale and the hippopotamus although, not surprisingly,
other éﬁecies such as sub-human ﬁrimates and swine have
attracted more attention. Atherosclerosis in the monkey and
in the pig inyolves smooth muscle cell proliferation, migration
of the cells into the intima, proliferation of fibrous tissue,
and the formation of plagues. Moreover, the arteries that are
most affected in these animals are the same as in humans
(Section I.Aal.); and in the pig, also as in humans, lesions
in the aorta appear first in the thoracic aorta.. Dietary
cholesterol and/or high-fat diets accelerate the prégress of
the diséase in both.the sub-human primates and swine (9e, 9F).

Atherosclerosis in humans develops usually over‘periods
measured in decades; studies.in animals have to compress the
development into much shorter periods. In consequence, it
remains uncertain how much of the information that is obtained

from this work in animals is useful in the study of the human



disease. With the choice of an appropriate species, however,
it is undeniable that the study of arterial disease in
animals is potentially of great value in offering insights

into human atherosclerosis.



‘::) I. B. The Arterial Smooth Muscle Cell

The predominant cell type in the aortic tunica and media

is the smooth muscle cell (SMC). In the normal aorta, this

‘_ cell is spindleQShaped, and partially or completely wrapped
by a basement membrane. The nucleus is elongated and has an
irregular outline; the cytoplasm contains variable numbers of
mitochondria often situated in the perinuclear area and contains
a variable amount of endoplasmic reticulum. Numerous
myofilaments’(loo X and 40 X in diameter) are lohgitudinally
arranged.in the cytoplésm as are irregularly-scattered
fusiform densities. The latter are resolved as condensed
myofilaﬁents by electron microscopf. Triangular densities
are present, often regularly spaced along the cell membrane
and numerous pinocytic ves}cles are also seen (10, 11).

The SMC in atherosclerotic areas of arteries often have
different fine structure. Parker called these: "modified
smooth muscle cells"” (12). Also referred to as the myointimal
cell, the m&dified version shows fewer myofilaments that
have frequently been displaced to the periphery of the cell;
fusiform densities are decreased; basement membrane is either
discontihuous or absent entirely; and Golgi,vlipid inclusions,
mitochondria, and both the smooth and the rough endoplasmici
reticulum are increased in size and quantity. Increases in the
rough endoplasmic reticulum have been associated with increased

‘::> ~activity in the synthesis of components of the connective

tissue matrix ( 3, 11).
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The focal accumulation and fatty metamorphosis of
intimal SMC are fundamental to atherosclerosis (1, 5, 13,

14, 15). The cause of SMC proliferation in the development

~of human atherosclerosis is unknown; dietary cholesterol

can cause, however, an increased mitotic rate in intimal

cells in pigs within three days (16). This increased
proliferation appears to be accompanied by an increased rate of
cell degeneration (17). This does.not mean that the effect

of the'choiesterol on cell division is necessarily a direct

one sinqe cholesterol may injure the endothelial cells and
therebyfenhance the permeability of the endothelium to other
agents in the blood which may prométe proliferation. Intimal
cell proliferation contributes to a thickened intima, which
arises not only from more cells but from an accumulation of
components of the extra-cellular matrix:*collagen, elastic
fibres, and proteoglycans (13). Several reports héve indicated
that arterial SMC have the ability to synthesize these

components ig vivo (18, 19) and in vitro (20-27) and also

to take up extra-cellular sulphated glycosaminoglycans by
absorptive pinocytosis in witro (28).

In lesions of atherosclerosis, intracellular fat is
éeen in dfoplets, granules, myelin-like figures, and vacuoles.
Droplets are round, ovoid, or irregularly shaped,.and appear
either singly or in a mass which appears to have formed from
a coalescence of single ‘droplets. Many more vacuoles are seen

in the SMC in advanced streaks than in the small yellow
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dots; these cells assume a foaﬁy appearance and are sometimes
referred to as myogenic "foam cells" (10). In advanced lesions,
the cellular border of the foam cell is disrupted and vacuoles
.appear in the portions of cytoplasm in the exXtracellular
space. Haust believes that at this point the lesion is
irreversible (5); some of the "sloughed" cytoplasm is removed,
however, by macrophages (10). A portion of the intracellular
1ipid is observed to be enclosed in membrane-bound bodies;
these have béen identified as lysosomes by their positive
reactioq with acid phosphatase stains (29).

Tpe arterial smooth muscle cell is thus of primary
importaﬁce in the pathogenesis of atherosclerosis as the
major cell type in the arterial intima. that may proliferate
in a localized area, that may accumulate massive quantities of
lipid to form a foam cell, and that is the primary site of
metabolism of the components of the connective tissue matrix.
More details on each of these factors in atherosclerosis shall

appear in 1éter sections of this thesis.



I. C. Plasma Cholesterol and Atherosclerosis

1. Evidence;Linkigg Elevated Plasma Cholesterol Tevels

with Atherogenesis

. A knowledge of the causes of cholesterol accumulation
in arterial walls is essential to a complete history of
atherosclerosis. It is generally accepted that the risk of
developing atherosclerosis increases with elevations in plasma
cholesterol levels. Several lines of evidence support this
theoryé
(s) The addition of a sufficient amount of cholesterocl
to fhe diet of experimental animals increases the
concentration of cholesterol in the plasma and can
produce arterial disease. " In some species the
disease produced is similar to human atherosclerosis
(Section I.A.2.).

_(b)  Mechanical injury to the arterial endothelium results
in the proliferation of smooth muscle cells. This
fbccurs in both normo- and hyperlipidemic animals"
but only in the latter can one obsé;ve the presence
of "foam cells"” and lipid deposited into/the _
extracellular space. A reduction in platelet
survival times and a faster turnover of platelets
are also seen in the hyperlipidemic group. It has
been suggested that a cause of these effects on
platelets is a slower rate of repair of the arterial
endothelium (30), a factor which would promote the

development of atherosclerosis (13).
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(c) Among human populations the incidence of coronary
heart disease (C.H.D.) is highest in populations
with the highest serum cholesterol levels (31).
Conversely, a virtual absence of C.H.D. has been
ﬁoted in a population in which the mean cholestercl
level was relatively low (less than 160 mg/dl) (32).

(d) In any single population a greater risk of developing

C.H.D. is associated with elevated plasma cholesterol

levels (33-36). In one study, the risk to middle-

age men increased four-fold as their cholesterol

levels increased from 180 to 300 mg/dl (36).

(e) Gene-determined disorders that elevate plasma
cholesterol levels are associated with premature
atherosclerosis (37). Individualswho have inherited
the homozygous form of familial hypercholesterolemia
-and who may have cholesterol levels of as high as

. 1,000 mg/dl frequently develop clinically significant
ooronary atherosclerosis before twenty years of.

age (38).

The weight of this evidence provides a firm support for
the theory that plasma cholesterol levels predict the rate of
de%elopment-of C.H.D. It has been pointed out, however, that
C.H.D. occurs throughout the range of cholesterol levels and
that hypercholesterolemié, while undoubtedly a risk factor,
cannot be considered to be an essential precursor of

atherosclerosis (36).
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A direct evaluation of the effect of hypercholesterolemia
on atherogenesis depends on determining the origin of the bulk
of the cholesterol which forms the 1lipid core of atheroma. If
most of the cholesterol in arterial lesions is 'derived from
cholesterol»biosynthesis in arterial smooth muscle cells,
then hypercholesterolemia would be only a coincidental
abnormality and of no interest regarding the events that lead
directly to atherosclerosis. If, on fhe other hand, most of
the cholesterol in lesions comes from plasma, then plasma
cholesterol levels would be expected to influence the rate of

development of arterial disease.

2. Synthesis of Cholesterol by Arterial Smooth
Muscle Cells

When incubated in culture ﬁedium containing no cholesterol,
mammalian cells synthesize cholesterol (39). The rates of
cholesterol synthesis in the arterial walls of several species
in vivo were found, however, to be low and generally
insignificant compared with the rates of synthes1s in the
liver (40). It is not known .if the rate of synthes1s 1s.
increased in atherosclerosis.

It has been suggested that cholesterol esters in some

- types of lesions are formed by local synthesis but the evidence

for this is indirect. Thus, several investigators have

analyzed the proportions of the most abundant fatty acids

- present in cholesterol esters and have compared the results
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from arterial tissue and from blasma. A similar distribution
of fatty écids would imply that the cholesterol esters in the
arterial wall were transported there from plasma; a different
distribution would imply that the cholesterol esters were
formed in situ. Smith found not only an increase in esterified
cholesterol in normal intima with advancing age but observed
also that the distribution of fatty acids in the esters

increasingly resembled the cholesterol esters in the low

'density lipoproteins (ILDL) of plasma (41). Thus, the ratio

of oleic acid to linoleic acid in cholesterol esters from the
normal iptima was 1.5 in children and young adults, and

0.7 in édults over 40 years of age; the ratio in plasma IDL

was 0.5. (These values were calculated from Smith's data).

It was inferred that the proportion of plasma-derived esterified
cholesterol in the intima increases with:age. In fatty streaks,
in which most of the esterified cholesterol is within fat-filled
cells, the oleic acid : linoleic acid ratio was greater than
3.0. Thus in arterial lesions that contain fat-filled cells,

it appears unlikely that the cholesterol esters originated

in the plasma. .Results consistent with Smith's resuits in
fatty"streaks have been reported by Portman (40). Rhesus

monkeys were made hypercholesterolemic by the addition of butter

" and cholesterol to the diet and the fatty acids esterified with

cholesterol were analyzed in plasma and aortic tissue samples

- that were taken at varioué times. The ratio of oleic acid to

" linoleic acid in cholesterol esters increased in both plasma
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and aortic tissue in the hyperéholesterolemic animals.
After the<onset of étherosclerosis this ratio was higher in the
aortic tissue cholesterol estefs than in the plasma cholesterol
esters, a result that suggests that in atherosclerosis |
cholesterol esters are formed in situ.

Rigid conclusions concerning the origin of esterified
cholesterol in atherosclerotic arteries may be drawn from
the results abo&e oniy if it can be demonstrated that the
arterial cells possess no capacity for hydrolysis and
re-esterification of cholesterol esters from plasma. In the
absence}of this evidence it may be argued that the arterial
wall takes up esterified cholester&l from the plasma and
after hydrolysis and esterification with a different fatty acid,
produces a pattern of cholesterol esters unlike that in the
plasma. The evidence for ester hydrolysis and the esterification

of free cholesterol in the arterial wall is summarized below.

3. Cholesterol Ester Metabolism in the Arterial Wall

There is evidence that the vascular wall.has the capacity
for both the eéterification of free cholesterol andffhe
hydroiysis of cholesterol esters. Although the incorporation
of fatty acids into cholesterol esters was not detected in
cell-free preparations of arterial tissue from rabbits (42,

43 ), dogs (42), and monkeys (44 ) that were normal (42-44)
and atherosclerotic (43 , 44 ), incorporation was demonstrated

in isolated arterial cells in culture (45, 46 ) and in intact
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arterial tissue from atherosclerotic rabbits (47), from
normal and atheroscierotic pigeons (48 ), and from humans
(49 ). Lofland et al. reported that the incorporation of
acetate into fatty acids that were then esterified with
cholesterol was greater in perfused aortas from'atherosclerotic
pigeons compared with control pigeons (50 ). These
investigators suggested that the lack of cholesterol-
esterifying activity in homogenates, reported by others,
resulted from both a period of incubation that was too short
and the absence of a structured system which prevented the
sequence‘of labelling of complex lipids necessary in the
formation'of cholesterol esters. Very little esterifying
activity is detectable in the aortas of atherosclerotic rabbits
in vivo or in vitro when 3y- cholesterol is used as a precursor
(51). Since labelled fatty acids are readlly incorporated
into cholesterol esters in these systems, it is apparent
that oholesterol reaches the site of enzymic activity only
with difficdlty (-52). ‘

The hydrolys1s of cholesterol esters has .been demonstrated
in homogenates of aortic tissue from rats and monkeys (53)
and rabbits (54 ), and in intact rat and rabbit aortas (55).
Esterified cholesterol was shown to be hydrolyzed also in
: cnltures of established mouse cell lines (39), and of human
diploid 'skin fibroblasts ( 56 ) but there appears to be no
“report in the literature of cholesterol ester hydrolysis in

isolated arterial smooth muscle cells in culture
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.<::> It is evident, therefore, that a capacity for metabolism
of cholesterol esters exists in the arterial walls. In the
light of this, caution is required in the interpretation of
results of the experiments referred to above which showed
different probortions of oleic and linoleic acids in fatty
streaks and in blasma. Since arterial cells can hydrolyze and
re-esterify chﬁlesterol esters, different ratios of the fatty
acids cannot be used as evidence to rﬁle out plasma as the
origin of esterified cholesterol in arterial lesions. In fact,
as the following shall éhow, results from a variety of
investigations fend to implicate the plasma as the major
source 6f‘cholesterol in the accumulations of 1lipid in

atherosclerosis.

L, Transport of Cholesterol from Plasma into the
Arterial Wall

"The transfer of cholesterol into and out of the arterial
wall has beén demonstrated in vitro in the rat aorta (51), in the
atherosclerotic rabbit aorta ( 51 ), and in the aortas of ﬁormal
and cholesterol-fed pigeons (.57). Influx of cholesterol was
greater in diseased than in normal areas of rabbit (51) and
pigeqn aorta (.57). Dayton and Hashimoto, measuring the
transfer of'free cholesterol into normal rat aortas, found no
difference in uptake after boiling the tissue or introducing

<::> - metabolic inhibitors (58 ). From this observation, they

inferred that part of the transfer of free cholesterol from
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plasma = to aorta was due to a pfocess of physicochemical
exchange. Newman and Zilversmit (51 ) and Bell et al. (57)
found that free cholesterol accumulated more rapidly than
esterified cholesterol in the aocrta even théugh the latter is‘
- more abundant in plasma. While this might implyka pfocess of
uptake of sterql from plasma that is selective, the
physicochemical exchange mechanism referred to above could
acéount for at least part of the additional uptake of free
cholesterol. "Furthermore, it is possible that some hydrolysis
of label%ed cholesterol ester may have led +to an underestimate
of the esterifiéd fraction. Zilversmit suggested that the
normal eﬁdothelium acts as a metabolic barrier to the influx
of cholesterol, that plasma is, however, the main source of
cholesterol in atherosclerotic rabbit aortas, and that
cholesterol 1is delivered to the intima byla mechanism that
involves its separation from plasma lipoproteins (59).

Adams et al. (60) apparently found direct evidence for this
“mechanism bykobserving that radio-labelled cholesterol and
plasma proteins labelled the vascular wall most:heavily on
opposite sides. Thus, cholesterol appeared to enterjfrom.the
lumen‘While the plasma proteins entered from the adventitial
side. In atherosclerotic vesgsels, the labelling of the walls
'byicholesterol and by plasma proteins were parallel and thus
.it was inferred that a barrier to plasma proteins that existed
‘normally at the endothelium was no longer present in

"atherosclerotic arteries. The interpretation that plasma
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proteins normally enter from tﬁe adventitial side has been
questionea, however; by Bratzler et al. who have pointed out
that the methods used may not have eliminated either of the
possibilities that the radiocactivity counted was due to residual
blood in the adventitia or that it was non-protein bound (61).
Other investigators have attempted to determine if cholesterol
can enter the intima while remaining in association with its
liboprotein vehicle by examining directly the transport of

IDL into the intima.

5. IDL as a Vehicle for the Transport of Cholesterol

into the Arterial Wall

Examinations of the entry of LDL- into the aortas of
terminally-ill patients (62, 63) and of rabbits (61) have
revealed that LDL can penetrate the endéthelium and can
accumulate in sub-endothelial sections of the vascular wall

close to ~the lumen. Penetration of the endothelium by LDL

'has been demonstrated also in rat aorta in vitro (64). It is

evident, therefore, that contrary to the results of Adams et al.

referred to above, normal aortic endothelium is perméable to
some plasma proteins and that since IDL is the major vehicle

for cholesterol in the plasma of humans, cholesterol can be

'tfan8ported from the plasma into the vascular wall as part of

a lipoprotein molecule.

Further evidence for the transport of IDL into the intima

has been gathered from successful attempts to detect
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immunologically-reactive LDL pfotein in human aortas. In one
study in édults at autopsy, more immuno-reactive lipoprotein
was detected in fibrous plaques than in normzl tissue (65).

No reactive lipoprotein was found in the aortic wall from é'
three-year old child or in the "gruel! of advanced lesions in
adult aortas. Another study revealed the presence of
lipoprotein in intimal sections buf not in medial or adventitial
sections of human aorta (66). The protein detected in both of
these studies was probably apolipoprotein B, the major protein
of 1LDL, glthough the antisera used were raised against both
VIDL anq 1DL, aﬁd VLDL contains significant amounts of
apoprotéinsrother than apo-B. Walton and Williamson used an
antiserum, monospecific for human}3;lipoprotein, to detect,

rby immunofluorescence, LDL protein in sections of aorta and

of other large arteries from humans (67). In combination with
a histological technique for detecting lipid, immunofluorescence
revealed two distinct 1lipid pools in atherosclerotic lesions.
Positive reéqtions to the lipid stain and to the antiserum were
observed in uncomplicated plaques at all stages of de#elopment
while only 1ipid—staining‘was found in lesions contéining
large, fat-filled cells. No immunofluorescence was detected
in normal sections of the aorta and of the larger arteries of
“children or of young adults. Immuno-reactive IDL has been
isolated from human aortas by Smith and Slater. Aortic tissue
was incubated in saline and the extract was ultracentrifuged

" at the density used to purify LDL (1.063 gm/ml). By using a
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quanti¥ative immunoprecipitatién technique, they found that
intact LDL protein was detectable in fibrous lesions and in
fafty streaks at levels higher than in surrounding tissue in
the férmer but at levels lower than surrounding tissue in the
latter (68). Although these results may reflect nofhing more
than the relative ease of extraction of LDL protein from the
various tissue samples, fhe results are in agreememntwith
those of Walton and Williamson referred to above.

After extracting LDL protein froh aortic intimal tissue
by electrophoresis, Smith and Slater were then able to estimate
the amounts of apo-IDL in the intima of a number of autopsy
cases. A’correlation was found beéﬁeen the value of intimal
~apo-LDL and the serum cholesterol levél estimated in a sample
taken one week before death and it was inferred from this
correlation that a constant amount of plésma enters the intima
and that a fraction of the LDL in that volume is retained (69).
Their data indicated that at plasma levels of 200 mg cholesterol
per mi, abbﬁt one-half of the intimal cholesterol would be
present in association with IDL protein and about one;half would
be free of LDL, present presumably in cells or in exfracellular
lipid deposits. Although 1IDL was isolated from intimal extracts
at its hydrated density of 1.063 gm/ml and in other experiments
" was characterized partially by electrophoresis, the estimate
of IDL-cholesterol in the intima was based, nonetheless, on
an QSSumption that the intimal LDL and plasma LDL were identical

in cholesterol composition. The amount of cholesterol in
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intimél ILDL was not estimated directly and thus the calculated
distribution of intimal cholesterol in the various forms
mentioned may not be correct.

In summgry,‘there is little evidence at present to
support the hypothesis that the bulk of the cholesterol in the
lesions of atherosclerosis is produced from local synthesis.
The arterial wéll appears to be able to hydrolyze cholesterol
ésters and to be able to esterify free cholesterol; the
substrates for these reactions appear, however, to originate
in the plasma.

There is émple evidence to prove that LDL protein enters
the arté}ial wall and, it is assumed although it has not been
conclusively demonstrated, that the molecules of LDL would
transport a certain amount of cholesterol with them. It has
not been determined if the arterial endotheliﬁm is permeable
to LDL at all times. Immuno-reactive LDL protein was not
detected,.for example, in the walls of the arteries of young
children although the method may have been insufficiently
sensitive. A small amount only may have been present because
the arterial endothelium ﬁormally is impermeable to‘iDL or
because of the existence of an equilibrium in which the steady- .
state amount was small. In the light of the relation implied
- by the results of Smith and Slater that associates the intimal
levels of LDL~with those in the plasma, low levels of plasma
LDL that are found in children would be expected to result

in low levels in the intima.
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Intact LDL protein was detected in fibrous plagues but
not in lesions containing large, fat-filled cells, although
Smith and Slater were able to extract some immuno-reactive LDL

from fatty streaks. It is apparent, therefore, in the light

. of the evidence described above that there are three major

pools of cholesterol that are important in the pathogenesis

of atherosclerosis. These are shown diagrammatically below:

(a) A (b)

Plasma Lipoprotein Intimal Lipoprotein
Cholesterol — Cholesterol
) (c)
Cellular Cholesterol PPe Intimal Cholesterol
Synthesis ’///sz——%>~Non-Lipoprotein Bound

The factors that regulate the equilibrium between pools (a)

and (b) moét probably include those factors which influence
the permeability of the endothelium. From the work of Smith
and Slater (69), it may be anticipated that an increase in thé
size of pool (a) would produce an increase in the size of pool
(p). The onset of atherosciérosis occurs, however, when pool

(c) increases to a size that begins to cause disruption in

the architecture of the vascular wall. Some of the factors

- that are thought to cause an overloading of pool (c) shall be

considered in following sections of this thesis.



2L

I. D. The Glycosaminoglycans in Atherosclerosis

1. Structure and Function

The glycosaminoglycans (GAGs), sometimes referred té as
the acidic mucopolysaccharides (AMPs), are unbranched polymers
of héteropolysaccharides consisting of repeating disaccharide
units. Each unit comprises a hexosamine and a hexuronic acid
that are linked by a glycosidic bond. The GAGs combine with.
proteins by covalent linkage to form proteoglycans. These
complexes are predominantly carbohydrate in composition, in
contrast with the glycoproteins that are predominantly protein
and have a more heterogeneous sugar, content. The study of
other types of polymers in biology, sPecifically the proteins
and the nucleic acids, has revealed close relations between
composition, configuration and function; no such relations
have yet been discovered for the polysaccharides and it is not
obvious at‘present what purpose is served by the
glycosamihoglycans in the arterial wall. The GAGs are large,
flexible, chéin-like molecules, often highly charged; and
because of their random configuration in solution, they occupy
large domains of solvent (765.

The GAGs that are listed in Table 1 afe components of
the ground substance of the vascular wall, a viscous gel
comprising carbohydrates associated with proteins, water, and
electrolytes; The ground substance, in combination with cells
and fibre, forms the mesenchyme that is present in all organs

and that is the site in the arteries at which the lesions of



TABLE 1 The Glycosaminoglycans (GAG)

01d Names

Acid mucopolysaccharides

Chondroitin
Chondroitin sulfate A
Chondroitin sulfate C

Chondroitin sulfate B
/3 ~heparin

Heparitin sulfate
Heparin monosulfate

Corneal keratosulfate
Skeletal keratosulfate
Chondromuéoprotein

Protein-polysaccharide
complex . -

Reference: 71

New Names

Glycosaminoglycans

Glycosaminoglycuronoglycan
(Keratan sulfate is thus

~ excluded)

Chondroitin
Chondroitin-4-sulfate
Chondroitin-6-sulfate

Dermatan sulfate
Heparan sulfate

Keratan sulfate I
Keratan sulfate II

Proteoglycan

25
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atherdsclerosis first appear. Mesenchymal tissue, as envisaged
presently, is a coarse reticulum of protein-GAG complexes

that is mechanically stable and of high-viscosity (72).

2. Changes in Arterial Contents of GAG with

Atherosclerosis

The hypéthesis that early changes in atherosclerosis
include an alteration and a loosening of the intimal ground '
substance was proposed over 100 years ago by Virchow (72).
It is probable that changes in the ground substance involve
changes in the GAGs and studies have produced results to
supportcthis idea. Increases in the amounts of GAGs were
reported in areas of human aortas showing elastic fragmentation
but no advanced lesions (73)) a higher ratio of chondroitin
sulphates to hyaluronic acid was found in the arferies most
prone to atherosclerosis (74); the ratio of chondroitin
sulphates to heparin sulphate was higher in the internal iliac
artery in ﬁhich atherosclerosis is frequent than in the
external iliac artery in which atherosclerosis is uncommon
(75); and higher total amounts of GAGs were reporteé'to be
found in the aortas of experimental animals which are most

prone to atherosclerosis (76-78). BOttcher and Klynstra and

" - associates were among the first to examine changes in the

GAGs that occurred specifically in the intima and reported
elevated levels of sulphated and total GAGs in fatty streaks
(79). Increases in chondroitin sulphate C, decreases in

hyaluronic acid, and reduced levels of total GAG were measured
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in more advanced lesions (80).' Kumar et al. (81) and Murata
and Oshima also foﬁnd reduced levels of total GAGs in advanced
lesions but the latter group measured a'decrease in fatty
streaks (82). Stevens et. al. found decréases in total GAG

in the intima as the extent of atherosclerotic involvement
increased. Amounts of chondroitin sulphates B and C increased
and decreased respectively and the amount of hyaluronic

acid was unchanged (83). Wagh gﬁ al. also found total.

GAG to be lower in fatty streaks (84).‘ Others, however,
reported no changes in GAG at any stage in atherosclerosis (85).
Tpe variéty of results is explained possibly by the

variety of techniques used , but once explained, it is no

less difficult to reconcile the seemingly opposite conclusions
that are drawn. Possibly the most frequent finding is that

the amounts of the sulphated GAGs, in particular the chondroitin
sulphates increase in fatty streaks and increase also in
comparison with amounts of hyaluronic acid (79-81, 83, 84).

An increaseaxmetabolism of sulphated GAG was found in
experimental animals which were fed on a high fat, higﬁ
cholesterol diet that produced lipid deposition in fhe arterial
walls of some species. Several reports have indicated that

this diet produces an increased uptake of 358 by the vascular

"~ wall and an elevated rate of turnover of sulphated GAG (86-88).

It has been found, for example, that a species resistant to
atherosclerosis, the rat, when fed cholesterol, accumulated

little 1lipid in the aortic wall and exhibited no changes in the
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rate of synthesis of aortic suiphated-GAG. In contrast, a
marked accumulation-of lipid in the aortic walls of rabbits
fed the high cholesterol diet was accompénied by an increased
incorporation of 35s into GAG (88). On the basis of more

- recent evidence, Telner and Kalant have suggested, however,
thatBSS incorporation may not be a reliable index of GAG
synthesis (89). It is not known at present whether or not
liﬁid deposition and changes in the GAG content of arterial
walls are related causally. For the reasons given below,
however, it is thought that GAGs exert some control over the
movement of plaéma lipoproteins in the vascular wall and that
any chaﬁgés in GAGs which could further restrict this movement

might result in lipid deposition.

3. The Role of GAGs in Lipid Deposition in the Arterial

Wall

a. The Effects of GAGs on Transport and Solubility of
Lipoproteins in Solution

Polysaccharides form a molecular chain network that
acts as an effective sieve when other macromolecules{are
forced through it. This effect has been demonstrated in the
ultracentrifuge and it has been shown that the sieving effect
'.'on plasma proteins is enhanced when polyéaccharides which are
highly charged, are unbranched, and are of high molecular
weight (90). The sieving effect of hyaluronic acid on human

" plasma lipoproteins was examined by Iverius (91). The effect
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was ihcreased by raising the concentration of hyaluronic acid
and was greater with lipoproteins of increasing size. Thus,
the sedimentation rates of high density lipoproteins (HDL)
were less affected by the presence of hyaluronic acid than

~ those of low density and very low density lipoproteins (LDL
and VLDL). |

Iverius‘described another effect of GAGs in solution
with ﬁlasma 1ipoproteiﬁs: that of steric exclusion (91).
Since molecules have finite size and since their centres
cannot approach closer than the contact distance, they will
deny eacﬁ other space in solution (70). The activity
coeffici;nts of plasma lipoproteins” were measured in 1%
solutions of dextran sulphate of increasing molecular weight
and were shown to increase as the molecular weight of the
dextran sulphate increased (91). '

The effects of molecular sieving and of steric exclusion
were both demonstrated in vitro and it is not known how
important tﬁése effects are on lipoprotein transport and
solubility in the arterial wall in vivo. It can be shown on
theoretical grounds that a solute that is transported through
a network at a reduced rate resides within the network at an

increased concentration (91). There is evidence that the

" -major vehicle of plasma cholesterol, LDL, can enter the normal

intima (Section I.C.5.). Once inside the arterial wall and
under hydrostatic pressure, LDL would presumably be sutjected

- to the sieving effect of the GAG and this sieving would result
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in an increased concentration of LDL in the intima. In
addition, the GAGs would be increasing the activity coefficient
of LDL by steric exclusion. These two effects could then-
combine to reduce the solubility of LDL and to increase the
probability of its precipitation. The precipitatioh of
significant amounts of LDL. might then lead to accumulations

of cholesterol in the extracellular space.

b. Lipoprotein-GAG Complexes

Another effect of the GAGs on lipoproteins (excluding
HDL) that has been demonstrated in vitro is the formation of
complexés; both soluble and insoluble. The original observation
that plasma B3-lipoproteins (LDL) may form a stable complex with
sulphated polysaccharides was made by Bernfeld et al. (92).
It was then shown directly by several in?estigators that
sulphated‘GAG from aortic tissue could also form complexes
with plasma LDL in vitro (93-96). The exact natures of the
complexes fsrmed have not been resolved. Iverius found that
a sulphated GAG would form a complex with either LDL or VLDL
(but not HDL) at pH 7.4 if a critical electrolyte céhcentration
was adhered to (97). He proposed a linkage between NH,++
groups on apolipoprotein B and sulphate anions on the GAG.
" * In support of this, the acetylation of LDL (to block the NH,*
groups) or the replacement of LDL by HDL (which contains no
apo-B) or the replacement of sulphated GAG by hyaluronic acid
(which contains no sulphate groups) prevented the forration of

complexes.
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‘Srinivasan et al. envisaged, however, a calcium bridge
that connected sulphate anions in the GAG to phosphate anions
in the lipoprotein phospholipids (96). There is, however,
good evidence that this type of linkage is unlikely: HDL did
not form complexes although this type of linkage would predict
that it should (96); and the removal of up td 58% of LDL
phospholipids did not impair the formation of complexes of LDL
with dextran sulphate (98). It is unlikely also that the
concentrations of calcium (12-20 mg/ml) used by Srinivasan
et al. %n their studies would be comparable to the calcium
concent;ations'in the interstitial fluid of the arterial intima.

S;veral attempts have been made to extract intact GAG-IDL
complexes from arterial tissue. Tracy et al. studied the
electrophoretic mobility of components of a salt extract of
aorta and from the results inferred that intact GAG-LDL
complexes were present in the extract (99). Srinivasan et al.
incubated‘tissue from areas of aorta containing fatty streaks
(100) and fibrous plagues (101) in isotonic saline at 4°C with
gentle shaking. The extracts were examined for uronic acid
in association with plasma lipoproteins and the results from
several methods of analysis indicated that GAG-IDL and GAG-VIDL
complexes were present in the extracts. The mildness of the
extraction procedure indicates that the complexes are not
firmly anchored in the lesion tissue. Camejo et al. have also
isolated a factor from intima-medial sections of human aorta

which formed insoluble complexes with plasma lipoproteins
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in vitro. This "lipoprotein-éomplexing factor" contained very
little uronic acid, however, and thus cannot be a
glycosaminoglycan. A partial characterization suggests, -
however, that it is a glycoprotein (102, 103).

It is not known if changes in GAGs precede or follow the
deposition of lipid in the extracellular space. There is
much evidence to suggest that GAGs can actually cause the
precipitatién of plasma LDL and thus promote the accumulation
of insoluble cholesterol but except in the case of the GAG-LDL
complexgs that Srinivasan et al claim to be able to extract
from apherosclerotic lesions, this evidence has come from
studieé of interactions of GAGs and lipoproteins in vitro.

In summary, there is much suggestive evidence that the
GAGs are involved in atherogenesis. Changes appear to occur
in the proportions of individual GAGs in the atherosclerotic
artery but there is presently no consensus as to what these
changes are. Investigators have frequently found, however,
an increasé;in the content of chondroitin sulphates relative
to hyaluronic acid in the atherosclerotic arterial wall.

The complexes formed between GAG and LDL and the GAé's
'effect on the solubility of LDL support a case for changes
in GAG composition as initiating factors in atherogenesis.
Much of this information is .derived, however, from studies
in vitro and its relevance to atherosclerosis in vivo remains

to be established.
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I. E.  The Use of Cell Culture in the Study of Atherosclerosis

1. Introduction

The task of identifying the factors that initiate and
aggravate the lesions of atherosclerosis is a complex one
that has required the use of a variety of techniques. Among
these techniques, cell culture offers an effective means of
analyzing ceii responses to environments that may be
manipulated‘in a highly controlled manner.

This part of the literature survey shall deal with those
aspects of atherosclerosis which have been studied in cell
cultures. Four main topics shall be discussed: the effects
of seru& components, particularly the lipoproteins, on the
proliferation of cells; the accumulation of cholesterol by
cells in culture; the metabolism of LDL by cells in culture;
and the production of constituents of the arterial connective

tissue matrix, especially the GAG, by cells in culture.

2. Tﬁe Effects of Serum Components on the Proliferation

of Cells in Culture
It is accepted widely that smooth muscle cellsproﬁiEration
is an early event in atherogenesis. 1In consequence, but

perhaps more because of the general interest in biology and

" - medicine in the control of cell proliferation, the effort to

reveal "growth factors"” has been great (104). Some mammalian
cell mitogens that are of importance in the study of athero-
sclerosis are listed in Table 2. It is seen in this table that

there is considerable evidence for a role for exogenous lipid in
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TABLE 2 Factors Possibly Involved in the Proliferation
of Aortic Smooth Muscle Cells in Culture

FACTOR SPECIES REFERENCE REMARKS
Hyper- Rabbit 105 Qualitative methods; increased
lipidemic o ; cell proliferation & degradation
serum Rabbit 106 Increases in cell counts,
, cell size & cell death
Rabbit 107 . No increases in cell rumbers;
(control was fetalbcvine serum)
Rat 108 Increase in area of cultures
VLDL, LDL Monkey 109,110 Increase in area of cultures;
from hyper- effect of hyperlipidemic LDL
and normo- greater than normolipidemic
lipidemic LDL
sera T -
VLDL Miniature 111 Increase in cell numbers;
Pig no differences between

lipoproteins from hyper- &
normolipidemic sera

LDL Monkey 15 Increase in cell numbers when
ILDL was added to a non-
cholesterol containing serum

Miniature 111 As for VLDL in miniature pig
pig
Insulin © Monkey 112 Increases in cell nunbers small
compared with whole serum
Rabbit 113 No increases in culture areas
Growth Rabbit 113 Small increases in culture
hormone area at concentrations
greater than 1 ng/ml
Platelet Monkey 114,115 Increases in cell numbers;
- . factors : major mitogen in serum?
Fatty acids Guinea 116 Inhibition of cloning of
and - pig cultured cells by some fatty
prostaglandins acids and their prostagiandin
‘ derivatives
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the prbliferation‘of~arterial SMC in vitro and that this is
true particularly when the 1lipid is within the low density
lipoproteins (VLDL and LDL). The literature on this subject
goes back to 1965 when Myasnikov and Block reported elevations
in the rates of migration, proliferation, and degeneration

of rabbit arterial cells (of mixed type) when normal rabbit
serum was replaced in the medium by hyperlipidemic serum from
rabbits fed Qith cholesterol (105). A similar effect of serum
from swine fed with cholesterol on the mitotic activity of
cells (again of mixed type) in pieces of aortic tissue was
reported by Daoud et al. Following ultrafiltration of this
serum, thé"growth factor" was found;to remain in the residue
although the ultrafiltrate, while producing no effect by itself
on mitosis, amplified the effect of the high molecular weight
factor (117).

Daoud et al. observed the presence of several distinct
types of cells in these explants which they described in an
earlier repgft (20 ). Among these types the smooth muscle cell
was present in both its usual form and a "modified” version
which was characterized by fewer myofilaments, a 1arée dilated
granular endoplasmic reticulum, a smaller Golgi apparatus, and
few mainly perinuclear mitochondria.

The difficulties of interpretation of results froﬁ
cultures of mixed.cell types were avoided by Ross who, by
removing only the intima and inner media from animal aortas,

obtained cultures of cells that maintained the phenolype oI
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differentiated smooth muscle for up to ten weeks (26).

Simian SMC proliferated in medium containing serum from which
lipoproteins were removed but the rate of proliferation was
enhanced by adding back IDL. This effect was due neither to
the amount of cholesterol in LDL nor to a general property

of lipoproteins as was demonstrated by the failure of an equal
amount of cholesterol in HDL to produce the same degree of
stimulation'(15).

'Later.reports have tended to confirm this observation
althougp the methods used have not always been comparable.
Thus, Eischer-Dzoga and colleagues found an effect of LDL on
the pr&liferation of simian SMC but believed it was produced
by LDL isolated only from hyperlipidemic serum. The ability
of LDL to stimulate proliferation of cells in an explant of
" simian aortic media was assessed by meaéuring the area of the
culture (109, 110). This method has been adopted by others (108)
but it is susceptible to certain errors to which cell-counting
is not. Béth cell migration and the tendency of SMC in culture
to form superimposed layers conflict with the:assumptioh that
cell number and area of culture increase in parallei. Brown
et al, have in fact found no difference in the effect of LDL
on porcine SMC counts when the lipoprotein is isolated from
either normo- or hyperlipidemic serum (111). Nevertheless, while
the'effect of LDL. from the blood of hyperlipidemic monkeys
may not be on cell proliferation, it is clear that a difference

exists in its action on cells compared with the action of IDL
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from normolipidemic monkeys. It would be of great interest to
know both the effects, and their exact causes, of hyperlipidemic
serum lipoproteins on cells in culture.

Hyperlipidemic serum has been shown to produce three
major effects on SMC in cultures increased mitotic activity,
increased cell death, and increased cell size (106). The
constituents of serum which caused‘these changes were not
identified. |

While it is clear that exogenous lipid, particularly in
low denﬁity lipoproteins, promotes the proliferation of arterial-
SMC in gulture,.the effects of some of the other "growth factors”
in Tablé 2 on mitosis is less certain. Insulin produced
increases in cell numbers when added to 2 medium containing 1%
whole serum but the effects of 0.1 mU/ml and 10 mU/ml were not
in general substantially different and in neither case were cell
numbers (in three of five cultures) close to those in 5% whole
serum mediumiﬁiz). The claim that growth hormone promotes the
proliferatiég of aortic smooth muscle is even more questionable
since increases in cell numbers of the order o; 5% were reported.
While this difference was significant.statistically:‘the
significance of such a small effect in viveo is debatable. The
most striking mitogenic activity of all the serum components
listed in Table 2 resides in the platelet factors. One or more
of these factors stimulate proliferation in cultures of 3T3
cells (118, 119), simian skin fibroblasts and aortic SMC (115),
human glial cells (120), bovine aortic endothelial cells (121),
and human aortic SMC (122).
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In contrast, some fatty acids and their prostaglandin

derivatives have been shown to inhibit the proliferation of

guinea pig aortic SMC. It was suggested that the availability
of fatty acids for prostaglandin biosynthesis represents a

control mechanism for cell division (116).

3. The Accumulafion of Cholesterol by Cells in Culture
The accumulation of cholesterol withiﬁ cells and in the
extracellular matrix of the intima is a characteristic feature
of the lgsions in atherosclerosis. The use of cells in culture .
has been of parficular value in the study of the regulation of
cellula£ cholesterol content. Rothblat and Kritchevsky, in a
review of the literature before 1948, came to the following
conclusion (39):
(a) the mean ratio of esterified { free cholesterol in
-cells in culture is about 0.5. All but one of the
. cell types listed were established lines that are
ﬁeterOploid. In the one euploid strain, WI38, derived
“from human embryonic lung, a ratio of 0.3 was found;
(b) cells in culture can synthesize cholestefal but are
unable to degrade it;
- (c) cholesterol biosynthesis is inhibited by cholesterol
in the extracellular medium;
(d) cells in culture can both esterify cholesterol and
hydrolyze cholesterol esters;
(e) free cholesterol, but not esterified cholesterol, is

excreted from the cell;
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‘::> | v'(f) intracellular cholesterol levels are determined by
the form in which cholesterol is presented to the
cells. Thus,

(i) mouse lymphoblasts were found to accumulate more
cholesterol from medium containing rabbit serum
than from medium containing an equal amount of
cholesterol in human serum;

(ii) mouse lymphoblasts maintainedva constant
intracellular cholesterol level even though the
extracellular level was varied from 160 ug/ml
fo 800 ug/ml;

Ziii) non-lipoprotein-bound cholesterol was accumulated
with a greater avidity than lipoprbtein-bound
cholesterol;

(iv) phospholipids appear to reduce the accumulation

of cholesterol by cells in culture.

The'apcumulation of cholesterol by cells in culture
continues téﬁbe of great interest particularly now that
techniques are available to produce from mesenchymal tissue
homogeneous cultures of cells that remain diploid and appear
to preserve their differentiated state in vitro.

Cells that are cultured in medium to which serum has been
added contain more free cholesterol than esterified cholesterol
(39, 123). UWhen the whole serum is replaced by lipoprotein-free

<::§ serum, the total cholesterol content falls and the free :

esterified cholesterol ratio rises. The addition of LDL to the

medium increases the total cholesterocl content but reduces the
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free ;-esterified cholesterol ratio. The amount of cellular
free cholesterol remains, however, higher than the amount of
-esterified cholesterol. These changes‘have been observed in
cultures of cells from a variety of species: mouse fibroblasts
(124), human fibroblasts (123, 125), porcine SMC (126), and
canine SMC (126). Comparable results were reported from
experiments in which fetal calf serum was replaced by .
hyperlipidemic.serum in the medium of cultures of rabbit

SMC (127) and simian SMC (45).

"A role of HDL in regulating the cholesterol content of
cells bi accepting free cholesterol at the plasma membrane was
postula%ed originally by Glomset (I28)f This hypothesis is
supported by the results of studies in which it was shown that
delipidated HDL +that was recombined with lecithin or .
sphingomyelin removed cholesterol from Landschutz Ascites cells
(129) and that HDL removed endogenous sterol from mouse
fibroblasts (130). The removal of cholesterol from cells by HDL
is not, howé?er. the only mechanism by which HDL influences the
cell cholesterol content: HDL appears also to 'inhibit LDL
binding to cells, thus preventing the depositién of cholesterol

from this lipoprotein (131, 132).

~ 4, The Metabolism of ILDL by Cells in Culture
It is believed generally that most of the LDL circulating

in vivo is degraded ultimately in the liver. The experimental
evidence for this theory includes the observations that
following the injection of 125I-LDL into the rat (133) and into
humans (52, 63); 125I-activity accumulated most rapidly in
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the liver. In the light of more recent work it is apparent,

‘however, that the liver is one of many potential sites of LDL

degradation. In the pig, following hepafectomy the fractional
catabolic rate of 129I-IDL was shown to increase rather than
decrease as the theory above would predict (134). This result
suggests not only the existence of non-hepatic sites of IDL
degradation, but it implies also that a function of the liver
is to stabilize LDL. |
It is now evident from a .variety of studies that skin
fibrdblgsts and arterial SMC, among other non-hepatic somatic
cells ip a variety of species are able to degrade IDL.
Furtheriore, the degradation of LDL is part of a plasma
membrane receptor-mediated mechanism that reguldtes the -
metabolism of cholesterol within the cell. 1In essence, the
so-called "LDL pathway" comprises the following steps (135, 136).
(a) - LDL is bound at the plasma membrane at a high-
affinity site which exhibits saturation kinetics
:ét low lipoprotein concentrations. It Qas thought
originally that the binding site was specific for
apolipoprotein B and thus could bind onl& VLDL
and LDL (137). It is now known, however, that a
cholesterol-rich lipoprotein, HDLc,that contains
mainly apo E, apo AI, and apo C but no apo B, and
is found in the plasma of swine and dogs fed with
cholesterol, possesses a binding activity at the

same site that is 10- to 100-fold greater than
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that of IDL (138). It has also been demonstrated
that HDL at a molar ratio higher than 5 : 1 with LDL,
inhibits the binding of ILDL although the mechanism
for this inhibition is not known at present (131,
132) .

The high-affinity receptor bound-LDL is internalized
by a process fhat'requires metabolic energy.

The internalized LDL is degraded Ey lysosomes. Apo B
is hydrolyzed rapidly and cbmpletely and lipoprotein
cholesterol esters are hydrolyzed to free cholesterol.
The receptor-mediated process of internalization

and hydrolysis is saturated in human skin
fibroblasts at LDL concentrations of about 50 ug/ml
medium. Chloroquine, an inhibitor of lysosomal

degradative processes, inhibits LDL degradation and

- causes an accumulation of intact LDL particles

within the cell (125, 139).

The release of free cholesterol from LDL produces

reciprocal effects on the activities of two enzymes
involved in cellular cholesterol metaboliSm. The
activity of 3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMG CoA reductase), a microsomal enzyme
that catalyzes the rate-limiting step in the
biosynthesis of cholesterol, is depressed while that
of acyl-CoA : cholesterol acyltransferase (ACAT),

an enzyme that esterifies free cholesterol, is
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increased. Non—lipéprotein—bound free cholesterol
when added to the culture medium of human skin
fibroblasts has similar but smaller effects on
these enzymes. The release of free cholesterol
from LbL produces also an effect of suppressing
the synthesis of LDL receptors. Non-lipoprotein

cholesterol again has a similar action.

At concentrations of extracellular LDL above the receptor-
saturét;ng level, LDL is internalized by bulk-phase pinocytosis
and degyaded at.a rate proportional to its concentration in
the medium (137). The results of Binding studies (137) and
studies of cholesterol accumulation (123) suggesf that
cholesterol is not accumulated by cells from LDL internalized
by the low-affinity process. After 24 hours, only a small
difference in cholesterol contents was found between cells
incubated.with 150 ug or 450 ug of IDL cholesterol per ml of
medium and it was inferred that cholesterol taken up by the
cells was balanced by that removed (123). 1In an earlier
sectien (I. E. 3.) it was seen that there is evidence that
HDL promotes the efflux of cholesterol from cells. The
culture medium in the experiments just referred to contained
no HDL and thus, since cholesterol is insoluble in an aqueous
medium, some other protein that is not a lipoprotein in the
accepted sense, was removing cholesterol. This point was

omitted, however, in the authors' discussion (123).
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--LDL, internalized by bulk-phase endocytosis, does not
regulate the activities of HMG CoA reductase, of ACAT, or of
IDL-receptor synthesis. This low-affinity binding is, however,
inhibited by HDL (132).

~ Aspects of the LDL pathway have been demonstrated in
human skin fibroblasts, arterial SMC, and leucocytes (135, 140),
in rat aortic SMC (141, 142, '143), in swine aortic SMC (144,

145), in monkey aortic SMC (45 ), and in the lung and kidney of

~the rat (146) as well as in some established cell lines (135).

It appears, therefore, that the "IDL pathway" is a general
mechaniém in somatic cells for controlling cholesterol contents
in envifonments in which the cholesterol levels may fluctuate
extensively. If the LDL pathway operatesvin somatic cells

in vivo, as its demonstration in freshlyéisolated lymphocytes
has indicated (140), then it may be inferred that arterial
smoéth muscle cells have at some stage in atherogenesis lost
their ability to control their cholesterol content. Although
the reasons*for this loss of control are unknown, a similar
inability to’control LDL-cholesterol accumulat;on has been
demonstrated experimentally by incubating skin'fibrdblasts and
aortic SMC with LDL modified chemically so as to earry a net
positive charge. Cholesterol was deposited in both types of
cell.to an extent that produced lipid-laden cells, morphologically
similar to the characteristic "foam cell” of atherosclerosis
(147, 148). The significance of the modification of LIL in
atherogenesis in vivo is, however, unknowvn. As was referred

to previously (Section I.E.3.f.iii), non-lipoprotein-bound
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cholesterol in alcoholic emulsions is accumulated by cells in
culture more readily than LDL-cholesterol. 1In human arterial
cells (of mixed type) this effect has been demonstrated
qualitatively by Rutstein et al. (149), and it has been
confirmed in human skin fibroblasts by Brown et al. (123).
There remains, in consequence, no doubt that the intact LDL
structure is of importance in the regulation of cholesterol
accumulation. It is possible, therefore, that changes in this
structure in vivo are involved in the conversion of intimal

cells into "foam cells”.

5. The Production of Glycosaminoglycans (GAG) by

Cells in Culture

The role of changes in the intimal GAG in atherogenesis
was discussed previously (Section I.D.).

There is evidence that arterial smooth muscle cells

produce the GAG and other connective tissue components in the
arterial wall. Thus, collagen and elastic fibres were shown to
be secretedkfrom aortic SMC in rats in vivo (18), and GAG were
found to be in close association with intimal SMC membranes,
collagen fibrils, and elaétic fibres in monkeys in #ivo (19).
Explants of aortic tissue from swine (20) and monkey (150) yield
a variety of cell types which include endothelial cells,
fibroblasts, and smooth muscle cells. Explants from the aortas
of cholesterol-fed rabbits revealed lipid-laden macrophages also
(151) . Ross obtained cultures of cells from explants of aortic

intima and inner media that maintained the phenotype of SNC for



L6

ten wéeks. In these cultures, he demonstrated the production
of microfibrils that resembled, both in morphology and in their
reaction with histochemical stains, the elaﬁtin seen in
ligaments and blood vessels (26). Aértic SMC have since been
shown by incorporation of radiolabelled amino acids to secrete
collagen in cultures from monkeys (22), rabbits (21), and
humans (23, 24), elastin in cultures from rabbits (21), and
GAG in cultures from monkeys (27). |

Since there is evidence from studies in vitro that
suggests that GAG may impede the'mobility of LDL in the intima
(Section I.F.j.), there is much interest in studying factors
that coﬁ%rol the production and secretion of GAG by intimal
cells. The effect of cell proliferation, for exémple, on the
secretion of GAG is of particular interest because proliferation
of SMC is an early event in atherogenesié’(Section I.B.). Cell
culture is a convenient tool for this kind of study since the
environment of the cells may be controlled and the accumulation
of GAG in the medium may then be related to changes in the
culture conditions that are known. '

The synthesis of collagen, another connective‘%issue
component, by aortic SMC appears to be part of a general
increase in protein synthesis that occurs with an increase in
DNA synthesis before mitosis (22, 25). It is difficult,
however, to make a concise stafement about the relation of GAG
synthesis and cell proliferation at present. The production

of total GAG during the logarithmic phase of growth declines
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in cﬁltures of chick corneal fibroblasts (152) and simian
aortic SMC (27). The synthesis of hyaluronic acid and the
synthesis of DNA occur in parallel in chick embryo fibroblasts
(153, 154) and chondrocytes (155), but sulphated-GAG production
falls in proliferating ‘chick embryo fibroblasts (156). Cells
that are confluent and thus are in a stationary phase of growth
secrete GAG into the medium (152, 157, 158, 159). It was
reported that the addition of fresh serum to confluent cultures
of rat fibroblasts stimulated hyaluronic acid synthesis within
four hours, long before DNA syntheéis and mitosis occurred at
15-22 héurs (160). The mitogenic activity was removed
by ultr;filtration but the residue remained able to stimulate
hyaluronic acid synthesis (160). The results of Koyama et al.
suggested also the existence of separate factors since c-AMP
and dibutyryl-cAMP increased hyaluronate secretion while they
inhibited mitosis. Conversely, bromodeoxyuridine did not
affect cell proliferation but decreased markedly the
accumulatioﬁ;of hyaluronic acid in the medium (161). The
independence of cell proliferation and GAG production has
been reported also in cultures of human skin fibrobiésts (158).
Differences have been reported in the types of GAG
secreted by simian skin fibroblasts and aortic SMC. These
dermal fibroblasts secrete primarily hyaluronic acid
(50-60% of total) with lesser amounts of dermatan sulphate
(10-20% of total) and chondroitin Sulphateé. The simian

aortic SMC secrete very little hyaluronic acid (0-5% of total)
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but much more derﬁatan sulphate (60-80% of total), proportions
which appear to be reflected in the aorta of this species
in vivo (27).

Some other factors that influence GAG production have
been reported. Thus, Kim ahd Conrad found that D—glucose
was limiting for GAG synthesis (162) and Nevo and Dorfman
found that sulphated-GAG synthesis was enhanced by the presence
of sulphated-GAG in the medium (163). Hyaluronié acid synthesis
however, was inhibited by hyaluronic acid in the medium (164).
In addit}on, it has been reported that a platelet factor of
about 9{000 daltons stimulates both hyaluronate and DNA
synthesis in human synovial cells but not the synthesis of
sulphated-GAG (165). '

In summary, it is reasonable to accept that GAG and other
connective tissue components are synthesized and secreted by
SMC in the intima. There is evidence that hyalﬁronic acid is
synthesized in parallel with DNA synthesis and mitosis but
that the suiphated-GAG production is unrelated to cell

proliferation.
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I. F. Diabetes Mellitus and Atherosclerosis

The literature on the association of atherosclerosis
with diabetes mellitus has been reviewed (166, 167, 168).
The main poin{s one may‘draw from tﬁis literature and from
more recent reports on this subject are as follows:
(a) deaths from coronary heart disease (C.H.D.) are
more frequent among diaﬁetics than non-diabetics.
Estimates of the excess mortality from C.H.D. in
the diabetic population havé ranged from 40 to 200%
(166—171);
(b) deaths from cardiovascular diseases dccur earlier
 in diabetics (167);
(c) an accelerated development of vasculaf disease is
probable in diabetes of long duration. The
guestion of whether the progréss of vascular disease
" may be retarded by maintaining normal plasma glucose
levels has not, however, been resolved (166);
(a) 'fhe greater prevalence of C.H.D. among men in the
general population is absent in the.diabetic

population (168, 170, 171).‘

The evidence, therefore, is strongly in favour of the
concept that diabetes mellitus is predisposing to accelerated
vascular disease. This view, however, 1is not held unanimously.
Opposition to it has been expressed because of the absence of

adequate control groups in some of the studies reported, or more
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simpiy, because of a failure to find a special association
between diabetes and atherosclerosis-(172). Other critics,
while they have accepted the concept that the mortality
attributable to cardiovascular disease is greater among
diabetics, have discounted a diathesis. Havel, for example,
has broposed that a greater prevalence among diabetics of
hypertension, that in itself is a risk factor in atherogenesis,
and the frequency of diabetic microangiopathies, which may
impair the development of collateral circulation during
ischemic events; could each account for a part of the increase
in the éumber of deaths from ischemic disease (167). Although
others ﬂave subscribed to the formeér proposal (166), the
accounting for all other major risk factors for C.H.D.* could
not remove completely the excess mortality among diabetics
in the 16-year follow-up study conducted in Framingham (169).
While the explanation for a unique role of diabetes in vascular
disease remains elusive, there is evidence which implicates
giucose intbierance as a risk factor for C.H.D. (173), Many
patients, ostensibly non-diabetics, with C.H.D. have an impaired
tolerance to glucose (167, 168, 172). Moreovef, insulin-
treated diabetics, who, in the absence of good control would

be especially vulnerable to an effect of glucose intolerance

*¥ The risk factors accounted for were hypertension, hyper-
cholesterolemia, obesity, cigarette smoking, and electro-
cardiographic abnormalities.



51

on C.HqD., have been shown, in two widely separated populations
(Framingham, Massachusetts and Warsaw, Poland), to be
particularly prone to fatal vascular disease (169, 171).

It is accepted widely that hyperlipidemia, an independent
risk factor in C.H.D. (35, 173), is prevalent among diabetics.
Elevétions in.the plasma lipids of diabetics have been reported
often (166, 174, 175, 176). These elevations appear to precede
the detection of diabetes by several years (173), and are
manifested most frequently as an elevated plasma content of
very low density lipoproteins (VIDL) (169). Adequate control
groups have not, however, always been included in these studies
(eg.,'léﬁ). Mean serum cholesterol levels found in diabetic
populations are, moreover, often comparable with those in the
general population (166, 169) and some studies have revealed
in fact,rx>abnormaliti?sin the plasma lipoproteins of diabetics
(167 177).

While many studies have focussed on the levels of lipids
and lipoprotéins in diabetics, few have given attention to
the possibility of abnormalities in composition. The major
reason for this is that knowledge of the compoéition’of plasma
lipoproteins has been acquired only recently (178-181). Some
of the more importanf properties of the lipbproteins are shown
in Téble 3. From the few studies in which the composition of
plasma lipoproteins in diabetics was anélyzed, one-may infer
that the‘only differences detected were ones that are accounted

for by the changes accompanying hyperlipidemias (174, 177, 183).
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TABLE 3 Properties of Plasma Lipoproteins

f* Electro- Apoproteins ** ' Lipid
phoretic (% of total lipoprotein dry weight)

densit
IE:Z::{ mobility Triglyceride Free Esterified

Cholesterol Cholesterol

Lipoprotein Hydrated S

I

Chylomicrons 0.95 2> 400 origin ABCE 80-95 ' 1-3 2-4

VLDL 0.95-1006  20-400  pre-f ABCDE 50-70 10 5
LDL 1.019-1.063  0-12 B BDE 10 8 37
HDL 1.063-1.210 o « ACDE 3 15 - 22

* Lipoprotein flotation rate in Svedberg units (10~ 13 cm/sec/dyne/gm) in a
sodium chloride 'solution of density 1.063 gm/ml at 26°C.

k¥ Apo A comprlses two distinct apoproteins, AI and AII
Apo C comprises three distinct apoproteins, CI, CII, and CIII. Apo CIII reveals two bands
following polyacrylamlde gel electrophoresis, CIII and CIII Apo CIII and Apo CIII
differ only in their content of sialic acid .
Apo D is known also as the " :thin-=line " protein.
Apo E is known also as the " arginine-rich " protein .

References 178-182.
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Nonetﬁéless, Schonfeld et al. reported small increases in
 LDL- and HDL-triglycerides among normolipidemic diabetics
(183), and they and Lopes-Virella et al. found lower levels of
HDL-cholesterol in the normolipidemic diabetics (183, 184),
Calvert et al. observed a decrease of HDL-cholesterol only in
diabetics treated with sulphonylurea (185). HDL-cholesterol
has recently acquired a cynosural position.in atherosclerosis
because of an association of subnormal levels with C.H.D.
(34, 35, 186) and because of the smaller accumulations of
cholesterol fouﬂd in cells cultured in the presence of HDL
(Section I.E;B.). It is noteworthy, therefore, that Reckless
et al. féiled to find an association between HDL-cholesterol
levels and vascular disease in a group. of diabetics aithough
they did find a relation between LDL-cholesterol and vascular -
disease (187).

In summary, and as Keen has remarked, there is little
evidence for a characteristic abnormality in the lipoproteins
of diabetics (172).

The suggestion has been made that the acqelerated
vascular disease.in diabetics arises from an inheriféd defect
that causes the degeneration and replacement of somatic
célls to occur more frequently than in non-diabetics (188).
The familial nature of maturity-onset diabetes is established
(189). In addition, studies of dermal fibroblasts in culture
have revealed several abnormalities in cells obtained from

diabetics. Dermal fibroblasts possess a limited capzacity for
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reblidation in vitro and appear to lose the ability to divide
after 40-60 mean population doublings (190). The number of
population doublings a culture may undergo in vitro is
related inversely to the age of the donor when the biopsy was
performed (191). The implicatioh, therefore, is that somatic
cells in vivo posseéss a finite life-span similar to that of

the cells in vitro. When compared with cells from age-matched
controls, a lower number of pre-diabetic cells* formed colonies
(192), and the number of population doublings in culture
before ?he onset of cellular senescence was smaller in diabe{ic
cultures (188, 191). Skin fibroblasts from diabetics tend,
therefo;e, to possess characteristics in culture that are found
normally in donors of a more advanced.age. While it is true
that "older" cells in vivo may arise from the dying and
replacement of cells at a faster pace thén is normal, direct
evidence for this process as a mechanism of accelerated
vascular disease is scarce at present.

In cohclusion, while it may be presumed that deaths from
vascular diseases are more frequent among diabetics, the causes
of this increase are not known. There are conflictihg views
on the prevalence of hyperlipidemias among diabetics, and

the existence of abnormalities in lipoprotein composition has

¥ The authors of this report defined a pre-diabetic as an
individual with repeatedly normal glucose tolerance test results
but who is at risk, genetically, of developing diabetes in
later life. The off-spring of conjugal diabetics and the non-
diabetic monozygotic twin of a diabetic are thus pre-diabezics.
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litfie support from analytical studies. The number of these
studies has been small, however, and it may be premature to
discount a defect in diabetic lipoproteins. While it is
accepted generally that hypertension is found in many diabetics,
the Framingham study has ruled this out as the cause of the
excess mortality from C.H.D. in the diabetic population. In

the midst of this uncertainty, the prevailing speculation

that an inherited defect in diabetic cells may be involved in

a predilection for vascular disease offers a welcome alternative
domain in which to seafch for causes of premature ’

atherosglerosis and perhapé even of diabetes mellitus itself.

-



II. INTRODUCTION
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. Evidence has accumulated to verify a fundamental role
for the arterial smooth muscle cell in atherosclerosis and to
support the hypothesié that abnormalities in rates of
proliferation-and in metabolism, particularly in cholesterol
-metabolism, of these cells are key, and possibly, initiating
factors, in the disease. 0f great interest at present are the
effects of blood components on the initiation and progression
of atherosclerosis and the recent literature contains many
reports of the effects of lipoproteins and platelet-derived
factors on the proliferation and metabolism of mammalian and:
avian cells in culture. These effects may be crucial factors
invathe%ogenesis in vivo. -

This investigation examined aspects of human cellular
responses to serum LDL in the presence and absence of platelet
factors. Fibroblasts from human deltoid and genital skin were
used in most of the studies although an attempt was made to
determine if similar effects of LDL could be shown in cultures
of porciné'abrtic smooth muscle cells. It is known that
fibroblastshand arterial smooth muscle cells differ in morphology
and in characteristics of growth in culture. fhe metabolism of
LDL may however, be similar in these two cell types since both
have specific membrane receptors for LDL, internalize LDL,
degréde the LDL protein, hydrolyze LDL-cholesterol esters,
re-esterify free cholesterol from this~hydrolysis, and suppress
cellular synthesis of cholesterol in response to one or more
of these processes. LDL has been shown to enhance the rate of

replication of mammalian arterial smooth muscle cells in culture
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but this effect has not been demonstrated in cultures of human
skin fibroblasts.

It is recognized that elevated plasma lipoproteins
are associated with atherosclerosis. It is recognized also that
diabetics often are hyperlipidemic and develop atherosclerosis
earlier and more'severely than the general population. The
evidence available suggests however, that other risk factors
in atherosclerosis such as hyperlipidemia and hypertension
cannot account for all of the excess mortality from coronary
heart disease in the diabetic population and in consequence
it has been suggested that diabetes mellitus itself is a risk
factor.b The present investigation.attempted to examine the
relation Eetween diabetes mellitus and atherosclerosis in more
detail by measuring the responses of diabetic cells in culture
to serum LDL to determine if abnormalities in these re3ponses.
exist; anq by analysing the composition of lipoproteins from
diabetics to determine if an abnormality could be found that
was charaétefistic of diabetes. Both a cellular defect in
résponse to iDL and abnormal comﬁositions of lipoproteins
could provide the basis of the predispssition %o atherosclerosis

that is characteristic of diabetics.



ITI. EXPERIMENTAL

-
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III. A. General Methods
| 1. Isolation of Serum Low-Density Lipoprotein
(1.019-1.063 gm/ml)

Low-denéity lipoprotéin was iéolated according to stan-
dard methods (193).. |

Blood was obtained from healthy volunteers after a fast
of at least 12 hours. The blood was collected into 30 ml
glass tubes and allowed to stand for 2 hours at 24°C, The
serum.was separated by centrifugation-(International PR-6,
3000 rpm, 4°C., 15 minutes x 2). EDTA (Na,) was added (0.3 mM)
and 18« 51 mg potassium bromide/ml were added to increase the
non-proteln solvent density to 1. 019 gm/ml.

Cellulose nitrate tubeé‘were filled with the dens1ty-
adjusted serum and centrifuged in a 30.2 rotor at maximum speed
(30,000 rpm) in a Spinco Model L Ultracentrifuge for 16-24
hours at 15°C. Two fractions separated by a clear space were
seen in each tube; the infranatant fraction was collected by
_tube-sliciﬁg and the remainder was discarded. The infranatant
fractions from all tubes were pooled, adjusted to the original
total volume of the serum with a potassium bromide 7 sodium
chloride / EDTA (Na,) solution of demnsity 1.019 gm/ml, and
adjusted to a density of 1.063 gm/ml by addition of 64.40 mg

potassium bromide/ml.

1. Beckman Instruments (33" x 2")
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"Ultracentrifugation was.repeated to yield two fractions
sepérated by a clear layer; the supernatants were orange, were
pooled and replaced into the ultracentrifuge for 16-24 hours.

The "wéshed", concentrated LDi was removed by tube-
slicing and dialyzed (NaCl 0.15 M, EDTA (Na,) 0?3 mM, pH 8.6,
200 volumes x 5, 4°Cc.) over a period of 24 hours. An aliquot
was assayed for inorganic bromide (194 ) and if this was less
than 1 mg/dl, the LDL was passed through a sterile 0.22 um
cellulose acetate filter® into a sterile bottle (3 ml) and was
stored at 4°c.. An aliquot was assayed for protein (195). It
has been reported that LDL retains specific binding activity to
fibroblasts up to 3 months after ﬁkeparation (137); it was
observed, however, that increasing turbidity and precipitation
occur after 1 month, and at this time, fresh ILDL was prepared.

.2. Preparation of Platelet-Poor, Lipoprotein-Free Serum

“(PPLFS)

Platelet-poor serum was prepared according to the method

of Ross et al. (114).

Freshly-drawn whole blood, collected into acid citrate -
dextrose (USP Formula A) was obtained from the Diagﬁostic Unit
of the Jewish General Hospital, Montreal. The donors were out-
patients undergoing therapeutic phlebotomies.

The blood was centrifuged in 250.ml plastic bottles

(International PR-6, 3000 rpm, 4°C., 20 minutes x 2). The

1. Millipore Corporation
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plasma supernatants were centfifuged in 30 ml stainless steel
tubes (Sorvall SS-2, 20,000 G, 4°C.,30 minutes). Careful
removal of the plasma revealed a "button” of platelets at the
bottom of the tube. The platelet-poor plasma was dialyzed
(Ringers solution, 8 volumes, 4°C.) overnight and the coagu-
lated contents of the bag were emptied into a beaker. Serum
was foréed from the clot with a giass rod and paésed through
sterile gauze. A second dialysis under the same conditions
was pérformed.

jhe platelet-poor serum was made lipoprotein-free by
adjusting the non-prote%n solvent density to 1.250 gm/ml with
the adéition of 398.37 mg potassium bromide/ml serum and by
centrifuging as in the isolation of LDL above. ‘

The turbid lipoprotein supernatants were removed by tube-
slicing and the lipoprotein-free fractidns were:collected:-and
dialyzed (NaCl 0.15 M, 4°C., 200 volumes x 6).

The serum was heated at 56°C. for 30 minutes, filtered
“through paﬁer (Whatman #1), and subsequently passed through a
sterile filter (0.22 um) into sterile bottles.

Aliquots were taken .for estimation of proteink(195) using
bovine serum albumin, fraction V1 as a standard, of total
cholesterol (196), and of inorganic bromide (194). A pre-
liminary study indicated that no differences in residual

cholesterol levels were detectable in sera centrifuged at

1. Sigmz Chemical Company
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densities of 1.210 and 1.250 ém/ml for 24 and 48 hours in each
case; All preparations were centrifuged for 24 hours at the
higher density, however, to ensure the maximum removal of
cholesterol.. | '

No batch of PPLFS was used if the cholesteroi concen-
tration was higher than 8 mg/dl, if inorganic bromide exceeded
1 mg/dl, or if the serum failed to maintain cultﬁres of human
skin fibroblasts for at least one month.

.An amount of PPLFS was added tobDulbecco‘s modification
of Eagle's minimum essential medium (DME) to yield a final
protein concentration of 6 mg/ml, which is about 10% of a
normal protein concentration in hdman serum.

In one experiment of 6 days' duratlon, 10% PPLFS reduced
the number of labial skin fibroblasts to 69% of the final couht
(average of 4 dishes) of the same cells.cultured in 10% whole
human serum. This may be compared with a 21% reduction in cell
numbers ofhmonkey dermal fibroblasts grown in 5% human platelet
.poor serumxrelative to whole human serum at the same concen-
tration (115). The experiments are not directly copparable,
however, since the sera in the simian cell culturesrwere at
lower concentrations and contained lipoproteins.

3. Cell Culture Methods

Mass culture of cells was carried out in plastic flasks
(Corning). The surface areas were 75 and 150 cm2 and these

flasks shall henceforth be referred to as T-75 and T-150

respectively. The culture medium was DME (Flow Labs Inc.) and
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was supplemented with fetal célf serum (10% v/v, Reheis
Chemical Company and Microbiological Associates), non-essential .
amino acids (1 mM, Gibeco), sodium pyruvate (1 mM), streptomycin
(60 m1/1), pehicillin G (105 units/i), and sodium bicarbonate
(2.25 gm/1) according to the formulation used by Ross (26).
This medium shall be referred to as 10% FCS. Medium was
sterilized by passage through a sterile 0.22 um filter, stored
at 24°C. for three days to confirm sterility, and stored at
4oC, thereafter. |

Medium in culture vessels was changed three times every
week (2775 ¢+ 20 ml; T-150 : 40 ml) until the cells had reached
confluency (i.e., had formed a siﬂéle layer of cells which
covefed the entire surface of the culture vessel). The cells
'were released with trypsin (Difco 1 : 250, 2.5 gm/dl) and EDTA
(Nau), (60 mM) according to standard techniques. The cell sus-
pension was added to 10% FCS to inhibit further proteolysis and
was centrifuged (150 x g, 4 minutes). The cell pellet was
_resuspende&:in a volume of 10% FCS to yield approximately

0.5 x 106

cells.ml-l, and the cells were counted. A volume
containing 1.5 x 106cellS‘Was pipetted into a new T;75 or a
volume containing 3.0 x 106 cells was pipetted into a new
T-150 flask. Each flask contained medium that had been pre-
viously "gassed” with air : CO, (19 : 1) and incubated at 37°C.
If the cells were to be used for an experiment, 2 ml of 10%

FCS were added to each of the appropriate number of plastic

petri dishes (P-35, 35 mm diameter, Corning) and the dishes
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were incubated at 37°C. in a humidified atmosphere of air : Co,
(19 : 1). After counting the cells, the suspension was diluted
with 10% FCS to yield the desired number of cells to be plated
in a volume of 0.2 ml. A i1 ml graduated pipette was used to
pipette the cell suspension into the dishes. The coefficient

of variation of plating was found to be less than 5%.

4, Cell Counting

Cell counts were perfofmed with one of two instruments:
the Coulter Model F (threshold 2.5, attenuation 2, aperture
current 512) or the Cytograf 6300 A (Biophysics Systems Inc.,
threshold 14, ﬁedium gain ).

Ereliminary studies on each instrument showed that the
counts were linear with increasing cell density, weré precise
" (coefficient of variation 2-6%) and were in close agreement with

simultaneous counts using a hemacytometer. The accuracy of
counting electronically is superior to that with a hema-
cytometer because of the much larger number of cells actually
counted. These instruments do not allow, however, the operator
to distinguish between cells and debris as dogs the hemacy-
tometer. The problem of debris was reduced to a mihimum by
filtering all solutions Dbefore washing, releasing, and
suspending the cells for counting (Whatman #1 paper). The
counting of cells during routine culture has been described.
The counting of cells during experiments required a procedure
that would allow estimafion of cholesterol and protein in the

same sample. The medium was removed by aspiration and the
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cells were washed five times with 1 ml warm phosphate-buffered
saline (calcium- and magnesium-free, PBS). Incubation for
5-10 minutes with trypsin (iml) and EDTA (Nau) (1.5 ml) was
sufficient té release the éells. fhe suspension was carefully
transferred to a clean, siliconized (Siliclad) centrifuge tube
(12 ml). The suspension was centrifuged (100 x g 4 minutes)
and the pellet washed twice with 1 ml PBS. The pellet was
suspended in 6 ml PBS and aliquots were taken for counting
each éample in duplicate. Four ml ofvthe cell suspension
were transferred volumetrically into a clean glass centrifuge
tube (12 ml); the cells were pelleted by centrifugation as
before, and prepared for extracti;n as follows.

5. Estimation of Total Cholesterol in Cell Pellets

Cholesterol was extracted from the cells into a mixture
of chloroform and methanol (2 : 1, V/V)'and the extract was
washed (197 ). Both solvents were of reagent quality and were
redistilled‘prior to use. Warming the cell pellet in 1.5 ml
.of extract:lcn mixture by suspending the tube in a boiling-water
bath, or allowing the pellet to stand overnight at/24°0 in the
same wlume of extraction mixture yielded identical fecoveries‘
.0of cell cholesterol.

The mixture was centrifuged to pellet the disrupted cells
(3000 rpm, International PR-6, 20°C) and the residue was washed
with 1 ml of the extraction mixture which was removed after
centrifugation and combined with the first extract. Distilled

and deionized water was added (0.6 ml) and the mixtures were
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shakeh. Two phases were sepafated by centrifugation: the upper
phase was discarded and the surface of the lower phase was
carefully washed with "pure upper solvents" (197). The lower
phase was dried under nitrégen. Chélesterol was estimated in
the dried residue by a fluorometric method (196). A fluoro-
meter equipped with filters of 528 nm for activation and

565 nm for emission was used (G. K. Turner Associates). The
fluorescence yields of cholesterol, cholesteryl palmitate,
cholesteryl oleate, and cholesteryl linolenate are identical
with this method. Coprostanol and lanosterol produce

fluorescent yields lower by a factor of ten.

6f Estimation of Total;Prb%ein in Cell Pellets

The lipid-extracted pellet, dried under nitrogen, was
dissolved in 0.5 ml NaOH (1 N) during incubation for 1 hour.
A solution of bovine serum albumin (0.75 mg/ml, 0.15 M NaCl,
1 N NaOH) was incubated simultaneously and used to prepare
standards for the assay. Aliquots (0.1 ml) were analyzed in
.duplicate i‘r’-om each sample using the method for insoluble

material of Lowry et al. (195).
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III.MB. Effects of LDL bn the. Proliferation, Cholesterol

Content, and Protein Content of Human Skin Fibroblasts

1. Introduction

The study of the effects of ILDL on cells in vitro has
an advantage in enabling the investigator to select conditions
such that any effect observed may be attributed specifically
to LDL. When studying the effect of a specific agent on cell
proliferation, it is essential obviously to ensure that no
other factor becomes the limiting one for proliferation. As
long as knowiedge of factors that control cell replication
is incoﬁplete,'%his condition cannot be satified with absolute
confideﬁce. The medium used in the following experiments
was chosen to ensure that no known essential nutrient
was likely to be exhausted during the.course of the experiments.
DME is enriched substantially in amino acids and vitamins. |
Glucoée is present at 22 mM as supplied and the medium was
supplemented further with pyruvate and non-essential amino
acids. To eﬁsure that an approach to physiological protein
'métabolism By these cells was possible, human serum, free of
lipoproteins, was added. Furthermore, since piatelet factors
possess potent mitogenic effects on cultured cells, it was
desirable to remove these as much as possible in order that
any'effect of LDL on proliferation was not obscured by a much
larger effect of platelet factors. |

This investigation included an analysis of cholesterol

accumulation in ILDL-treated cells and of the effect of LDL

on protein accumulation. Although little information exists
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about the latter effect in atherogenesis, there is an abundance
of evidence to show that cholesterol accumulation, both within
arterial cells and in the extracellular space, is an integral

part of the development of atherosclerotic disease.
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2. Materials and Methods

The effects of LDL on cell proliferation,  total
cholesterol content per cell, and total protein content per
cell were exémined at two ievels of LbL in strains of deltoid
skin fibroblasts from diabetic and non-diabetic subjects. The
study of these effects was continued with cells from genital
skin of young subjects using the higher level of~LDL. Control
cells were incubated in medium containing PPLFS aloné. LDL,
PPLFs; and culture medium were preparéd by methods described
in the General -Methods section.

@uman skin fibroblasts were obtained from cultures

-

"initiated and maintained in the iaboratories of Dr. R. G.

Germinario and Dr. L. Pinsky at the iady Davis Institute for
Medical Research of the Jewlish General Hospital, Montreal.
Only those cultures which had been passaged less than 12 times
were used. Methods of culturing and counting cells are
described ;n the General Methods section (III.A.).
Cellxstrains are identified in the Results section,
Table % . Methods of extracting cholesterol from the cells and

its estimation, and the method of estimating the total protein

content of the cells are described in the General Methods

section (III.A.).

The statistical analysis of the results was performed
as follows. The data consisted of the total number of cells in
each of the triplicate plates (three replications) for each

treatment group (three treatment groups for cells from mature
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TABLE 4 Details of Cell Strains Used

S ) Levels of LDL
Biopsy Health Number of (ug protein/ml
Experiment Strain Site Passages Status Age Sex Cells Plated Low High

1 AJD d 6 D 54 M 30,000 19 190
2 LIC d 6 N 55 F 33,000 19 190
3 FAD d L N Lo F 40,000 24 192
b JRD d L D ks ™ 37,000 24 192
5 FAD d 6 N Lo F Lo, 000 22 177
3 JRD d 6 D 43 M 42,000 22 177
7 LIC a b N 55 F 33,000 20 203
g AD 4 LD 5% M 32,000 20 203
9 - AJD d L D 54 M 32,000 20 136
10 CID d 3 D~ 50 F 33,000 20 . 136
11 1ic 4 4 N 55 F _ 38,000 20 136
12 YXF f 11 N 10 M Ls,000 - 130
13 FRE £ L N 14 M 41,000, - 143
14 RMF £ 5 N 26 M 49,000 - 143
15 PAL 1 8 N 20 F 46,000 - 143
Sites of Biopsy: d - deltoid
X f - foreskin
1l - labia majora
Health Status: D - diabetes mellitus of the maturity-onset type
' ' N - normal,.non-diabetic f

- Cell S?raing . )
from -Diabetics: AJD: very obese, treated for 9 yrs. with insulin,
' family history of diabetes.

CID: treated with insulin,no family history of diabetes.

JRD: treated with an 6ral agent + diet, mother and a
brother also diabetic.
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donéfs; two treatment groups for cells from young donors) for
each of the counts performed every two days (0-8 days), after
adding the experimental media on day O. The data were left
unchanged in the case of total cell cholesterol but the cell
counts and the total protein per cell were transformed by
computing the percentage of the corresponding average value
of three dishes on déy 0. This was done to eliminate any
variability attributable to differences in 0 day values among
experiments.

The sets of data were each subjected to a three-way
analysis of variance with replications using a computer prbgram
(Balan&ya 5) which accepts designs with missing values as long
as there is at least one value in each cell. Missing values
are indicafed in the tables of Means of Triplicates in the top .
right-hand corner of each cell. Where this number is 3, this
indicates,K that all three values were missing and an estimate has
been made (198) . Linear regression by the method of least squares
was carried;but on a Texas Instruments TI-55 calculator which
‘yielded the slope and intercept of the regression line and
the associated correlation coefficient. |

3. Experimental Protocol

Cells (3-5 x 104) were pipetted into 40 P-35 dishes.
Dishes were assigned to appropriate groups by selecting
consecutive numbers from a table of random numbers (199);

The cultures were incubated for 2-3 days and three dishes

were counted for cells. If the counts were close to the number
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pipéfted, the experiment was started; if not, the 10% FCS
medium was changed and counts were made at later times until
the original number was reached. At this time (day 0) the
medium was removed from thé dishes and the cells were washed
twice with serum-free DME (1 ml). DME containing platelet-poor,
lipoprotein-free human serum (PPLFS, 10% v/v) was added to each
dish (2 ml), and LDL'at the level(s) indicated in Table 4
was added to the experimental dishes. The lower level of IDL
ranged from 19 to 24 ug protein per ml medium and the higher
level ranged from 130 to 203 ug per ml medium. The latter
range was determined by the amount of IDL obtained from each
of theidonors. )
Medium and LDL were changed at 3 days and at 6.days.
Three dishes in each group were taken at 2, 4, 6, and 8
days and the cells were released for counting, extraction, and

estimation of cholesterol, and for estimation of total protein.

These procedures are described in detail in the General Methods

section,(fiI;A.).

An attempt at matching diabetic and non-diabetic strains

for age and sex was made, but this was unsuccessful because of

the limited number of strains available. Close matches for

age_and passage number were possible; thus, experiments 1 and 2
were run at the same time, as were experiments 3 and 4, 5 and 6,
7 and 8, and 9, 10, and 11. In the young donor group,
experiment 12 was run alone, and experiments 13, 14, and 15

were run together,
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"4, Results

a, Effects of IDL on Cell Proliferation

Changes in cell numbers in all experiments with cells
from mature donors are shown in Table 5. No differences
in the proliferation rates of diabetic cells compared with
normal cells in the presence and absence of IDL were found
(Tableé ). Diabetic and normal strains were subéequently
treated as one group. The results from all experiments were
subjeéted to an analysis of variance,'the major results of
which are presented in Table 7 . Differences in the effects

of one.or more of the three treatments on cell numbers were

-found to be highly significant. Afhe effect of time was also

significant. The variability of results among experiments
was large and it is clear from the interaction terms that the
main effects are not independent of each other.

Several sources of variation are unavoidable and to be

expected in experiments of this type since the factors and

_events which result in cell proiiferation are complex and

largely unknown. It was thus anticipated that the magnitude

of any response to LDL by different cell strains would vary,

and variability in cell counts was found even among

experiments with the same strain. It was anticipated also
that LDL would not produce the same increment in cell number
during each interval in each experiment as progressively less
LDL became available to an increasing number of cells. The

magnitudes of the interaction terms in the analysis of variance



TABLE 5 Strains from Mature Donors: Effect of LDL on Cell Proliferation

Treatments

. (ug LDL protein/ml medium):

Days:

Experiments

(D)
(N)
(N)
(D)
(N)
(D)
(N)
(D)
(D)
(D)
(N)

Mean:
Standard Error:

S 0O O On FWwW e

=
H

Number of Culture
Dishes:

2

1150
1359
158
259
139
105
258
121
178
395
307

197
18

27

"

131

- 175

170
263
201
165
273
180
187
514
k20

24k

20

33

0

188
172
213
202
266
246
365
218
188

599
bis

279
22

33

198

22L

243
372
348
248
418

253

201

529
478

319
20

33

% of Cell Count on Day O

1163
1543
174
247
133
128
253
120
138
459
2821
200
20

26

133
208
198
279
,203
160
327
182
191
577
372

257
22

33

21

234
248
260
285
296
267

h29

2u2
214
643
h23

322
23

33

253

270

29

548
y18t
269
Lo7
270
246
743

1496 .

391
30

30

1123
1163
176
353
153
141
295
149
153
505
306

224
23

27

124

. 230

210
u59t
2145

227

339
189
223
565
475

299
24

32

303
244

233

Lho
247
291
hi7
243
239

555
542

341
22

33

302
317
2149
L96
300
238l
413
303
297
762
652

393

32

30

Gl
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Table 6 Non-Diabetic compared with Diabetic Cell Strains

LDL Treatment

" Level : ZERO LOW HIGH
N* D¥*¥ N D ' . N D

Cell Count
(% of that on day_0)

ni 5 6 5 6 5 6
2 days 200(2037 196(28) 199(19) 201(33) 210(21) 235(38)
y v 248(25) 240(32) 262(20) 254(37) 300(27) 298(40)
6 " 286(25) 274(36) 331(22) 314(39) 336(33) 345(29)
g 3k2(27) 300(29) 395(28) 388(52) 386(42) 400(49)
Total Cholesterol .
(ug / 100,000 cells) _

n 2 3 2 3 2 3
2 days - - - - - -
Lo 2.1(.2) 2.4(.4) 2.7(.1) 3.2(.3) 4.2(.6) 3.6(.4)
6 " 3.1(.3) 2.1(.1) 3.6(.1) 3.1(.2) %.3(.5) 4.3(.6)
g 2.9(.4) 2.8(.4) 3.3(.3) 3.0(.2) 4.6(.5) 5.1(.9)
Total Protein
(%of that on day_0)
n 3 3 3 "3 3 3
2 days 106(7)  102(8) 105(8)  93(9) 126(6) 110(8)
L 166(7)  156(32) 189(14) 158(26) 247(13) 214(26)
6 " 213(20) 220(36) 201(24) 201(33) 279(7) 300(38)
g 242(24) 246(45) 214(19) 235(50) 294(15) 334(69)
* Non-Diabetic™ cell strains

* % Diabetic cell strains
¥%¥% Number of experiments (Triplicate dishes,Table 5)
##%% Standard Error of the Mean



Table 7 ‘Analysis of Variance :

Source of Degrees of
Variation Freedom :
Numerator

(a) Mature Donors

A, Levels of 2
LDL

B. Days 3
C. Experiments 10

Interactions t

Ax3B 6
AxC 20
BxC 30
AxBxC 60

Replications 243:

(26 missing values)

(b) Young Donors

A. Levels of - 1
LDL -

B. Days 3

C. Experiments 3

Interactions :
A x B

AxC

BxC
AxBxC
Replications 60
(6 missing values)

O O W W

77

Cell Count (% Of that on day 0)

Sum of Meén F Ratio Level ofl
Squares Square Significance
176468 88235 94,37 <0.001
1118526 372842 398.77 <0.001
4905690 490569 524,68 <0.001
83953 .13992 14.96 <0.001
166563 8328 8.91  <0.001
250604 8353 8.93 <0.001
230546 3842 L.,11 <0.001
227200 935
154587 154587 245,31 <0.001
231165 77055 122.28 <0.001
322951 107650 170.82z:" <0.001
17095 5698 9.04 <0.001
5364 1788 2.84 <0.05
23943 2660 4,22 < 0.001
11592 1288 2.04 <0.05
37811 630
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confirm that these factors have considerable influence on the
results of this type of experiment.

The effect of each level of IDL is seen more clearly wheh
the means of all experiments in each treatment group were
plotted against time (Fig.l1 ). The greatest increase in cell
number occurred between days O and 2 in all three treatment
groups. The rate of increase in cell number diminished with
time in a similar fashion - in all treatment groups except
that the“low level of IDL:in contrasi with the high level,
maintaiped a greater rate than controls after 4 days . Cell
numbers were always greater in the high IDL group than in the
controi group. The low level of ﬁDL exerted a small effect on
cell numbers in the early part of the experiment, but by 8 days
it had equalled the effect produced by the high level of IDL.

The results from four experiments with cells from young
donors are presented in Table 8 and the results from the
analysis“of.variance appear in Table 7. The effect of LDL and
the effect?of time on cell numbers in these experiments were
essentially the same as in the experimenfs with cells from
mature donors and the interpretation of the analysig of
variance is similar to that given above.

The means of all experiments in each treatment group were
plotted against time in Fig.i1 . The greatest increase in cell
numbers occurs between days 0 and 2 in control medium and with
the addition of LDL. After day 2, the rate of increase

diminishes in both cases. ILDL exerted an effect which was



Fig. 1 - increase in cell number of skin fibroblasts
without (e) and with the addition of LDL to a
medium containing PPLFS. (o) 20 ug LDL protein/ml
medium; (A) 160 ug LDL protein/ml medium.

A, Cells.from mature donors.

B. Cells from young donors.

Cell count. -
— — — — Percentage increase in cell count over-

preceding count.
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Table 8 Cell Strains from Young Donors

LDﬁesgfatmen?- < ZERO HIGH

Days 2 by 6 8 2 by 6 8

Cell Count

(% of that on day 0)

Expt. 12 217 237 280 3667 263 360 337 4p5d
"o13 116 167 241 250 181 271 280 323
"1l 211 203 301 353 266 391 388 469
" 15 . 122 133 144 156 148 192 234 282

Mean 166 185 242 281 214 303 310 387

n* 12 12 12 9 12 12 12 -9

Standard
Error 15 13 20 28 17 24 20 29

Total Cholesterol

(ug / 100,000 cells)

Expt. 12 0.7 0.9 0.7Y 0.7 0.8 1.31 1.0 1.23
"13 2.0 1.9 1.5 1.4 1.8 2.8 2.8 2.8
"1k o.4 0.3' 0.9 0.8 0.8 1.6 1.3 1.6
" 15 1.3 1.3 1.4 1.6 2.2 2.8 2.4 2.4

Mean ¢ 1.1 1.2 1.2 1.3 1.4 2.2 1.9 2.2

n 12 11 11 9 12 11 12 9

Standard
Error 0.2 0.2 0.1 0.1 0.2 0.2 0,2 0.2

Total Protein Per Cell

(% of that on day 0)

Expt. 12 112 196 208% 963 2651 356 272 3673
" 13 o178 102 84 152 228 119} 220 310
"1l 197 214 318 172 340 396 570 518
"5 190 132 172 171 362 320 350 461

Mean 169 161 195 148 299 298 353 L1l

n 12 12 11 9 11 11 12 "9

Standard
Error 16 15 31 9 30 39 Ll Ls

* Number of culture dishes
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measufable at the earliest time of counting cells and
maintained this effect throughout the experiment. After
day 4, however{ the difference between cell numbers in medium
with and without LDL did not grow larger.

The qualitative effect- of control medium, .alone
or with the addition of LDL, was cimilar in cﬁltures of cells
from mature and young donors. The mean percentage'increases
in cell numbers for both groups are presented in Table 13
where it is seen that the effect of adding the high level of
ILDL is identical. The control medium alone produced an effect
which was about 30-40% greater on cells from mature donors

although this was . apparent at 2 days and appeared not to

change during the experiment.

b. Effects of LDL on Total Cholesterol Content of Cells

The cholesterol contents per cell'in strains from mature
donors are shown in Table 9 . The method for measuring
cholestero;-was available from the time of experiment 7. It
was insuffidiently sensitive to yield reliable results before
day 2 in experiments in the mature cell groups Resultslfrom
experiments 7-11 were from 2 experiments with 1 non;diabetic
and 3 experiments With 2 diabetic strains. No difference in
the cholesterol content of diabetic cells was found either in
the presence or in the absence of LDL (Table 6). The diabetic
strains and the normal strains were subsequently treated as
one group and the combined results were subjected to an

analysis of variance, the major results of which appear in



Table 9 Strains from Mature Donors: Effect of LDL on

Total Cholesterol per Cell

Cholesterol (ug / 102 cells)

0
6

3.8
2.3
2.2
1.6
2.4

2.5
15

Treatments
(ug ILDL protein/ml
medium) :
Days: b
Experiments
7 (N) 2.1
8 (D) 2.7
9 (D) 3.5
10 (D) 1.0
11 (N) 2.1
Mean: 2.3
n¥ 15
Standard ;
Error: 0.2

0.2

3.9
L.o

2.3
2.0

2.0

2.9
14

0.3

20

L6

2-8 3-8

3.3 3.5
Lo 374

2.0° 2,5~

2.7 3.4

3.0 3.3
14 15

0.2 0.1

3.9
3.9
2.9
2.6

2.7

3.2
14

5.5
h.5
b.1
2.2

2.9

3.9
15

5.2
6.7
3.7
2.5
3.4

4.3
15

5.6
9.0
b.o
3.5
3.7

5,2
14

* Number of culture dishes

82
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Tablé‘lo. Significant differences in cholesterol content per
cell were found with treatments and with days; thus ILDL and
tiﬁe were both producirg effects. As expected from the
previous_analysés of variance on changes in cell numbers,
the variability among experiments and the interaction among
the main effects were also significant. The interpretation of
these was given abo&e. ‘The mean values of all experiments
with mature strains in each treatment group were plotted
against time (Fig.2). During the 4-day period of measuring
cholesterol content, increases occurred in all groups except
in thatiwhich was given the low level of LDL. Early in the
experim;nts there was a relation bétween the total cholesterol
content per cell and the amount of cholesteroi in IDL in the
medium, but at 8 days the control and the low LDL groups had
similar contents.

Results from the experiments with cells from young
donors were essentially the same (Table 8). As seen in
Fig.2, LDLiiﬁcreased the cholesterol content per cell while
the cholesterol content per control cell was virtually
unchanged. |

Under the light microscope, the cells from the young
donors appeared to be smaller than those from the mature donors.
It was expected therefore, that the cholesterol content of the
young cells would be lower than that of the older cells. This
is seen to be the case in Table 13. Cells from young donors
in control medium after 8 days contained 1.3%0.1 pg of

cholesterol; cells from mature donors contained 2.9t0.3 PE.
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(::; Table 10 Analysis of Variance : Total Cholesterol (ug/lO5 cells)
Source of Degrees of Sum of Mean F Ratio Level of
Variation Freedom : Squares  Square Significance

Numerator

(a) ' Mature Donors

A, Levels of

) 1DL 2 8191 4095 287.449 <0.001
B. Days 2 1038 519 36.443 <0.001
C. Experiments 4 8528 2132 149.648 <0.001
Interactions :

Ax3B L 536 134 9.405 <0.001
AxcC 8 3317 o b1k 29.105 <0.001
BxC 8 2343 292 20.562 <0.001
AxBxC 16 1470 ‘91 6.450 <0.001
Replications 86 1225 14

(4 missing values)
(b) Young Donors

A. Levels of

IDL 1 1055 1055 158.816 <0.001
B. Days - 3 163 54 8.214 <0.001 -
C. Experiments 3 2508 836 125.795 <0.001
Interactions :
A xB 3 142 47 7.136 <0.001
AxC 3 152 50 7.657 <0.001
BxC 9 61 6 1.034 N.S.
AxBxC 9 177 19 2.966 <0.01
Replications 57 378 6

(9 missing values)

C



Fig. 2 - Effect of LDL on total protein per cell and on

total cholesterol per cell. (e) Control;

(o) 20 ug 1IDL protein/ml medium; (4A) 160 ug IDL

protein/ml medium.

Cells from mature donors.

- — - ——

Cells from young donors.
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"Total cholesterol contents per cell after 8 days'
incubation with LDL were 69% higher in the young cells and
79% higher in the mature cells than the cholesterol contents
of cells in coﬁtrol medium. Thus the two groups appeared to
respond similarly to LDL although the level of cellular
cholesterol was maximum at 4 days in the young cells, whereés
it was still rising at 8 days in the mature cells.

c., Effects of ILDL on Total Protein Content of Cells

‘The changes in the total proteiﬁ per cell in cultures
from mature donors are shown in Table 11. It may be seen in
Table § that there were no differences in the changes in
protein content of diabetic cells‘and, as before, the two
groups were subsequently treated as one and the combined
results subjected to an analysis of variance. The results
of this analysis (Table 12) are similar to those found with
cell counts and cholesterol contents: the addition of LDL
produced -a significant effect on protein contents per cell and
there was éxsignificant effect of time. The meanings of the
variation among experiments and of the interaction ﬁerms4were
explained above. As indicated in Fig.2 , the high.ievel of LDL
produced a clear effect on the protein content of cells;
however, the low level did not.

A similar effect of LDL was found in experiments with
cells from young donors (Table8 ). The results of the analysis

of variance indicated that the effect of LDL was significant

but that the effect of time was not (Table 12. As seen in
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TABLE 11 Strains from Mature Donors: Effect of LDL on Total Protein per Cell

Treatments

(ug IDL protein/ml medium):

Days:
Experiments
3 (N)
L (D)
5 (N)
6 (D)
7 (N)
8 (D)
Mean:

Standard Error:

Number of Culture
Dishes:

2

114
76
123
127
81
103

104

18

I

155

56
187
181

158

262

167

15

18

0

Total Protein per Cell (% of That on Day 0)

174
114

174

210
292
334

216
19

17

188
123
206
195

332

L2o

2L
24

18

107
72
130
112
78
96

99

18

165

60
213
180
190
235

174
14

18

145
105
165
195

293

301

201
19

17

183

96
173
321

=

274
359

234
2L

15

131

82
142
129
106
118

1118

18

201
101
288
231
253
273

224
14

17

254
170
286
298
297
432

289
19

18

271
176
270

o

321

332
582

325
31

15

48



Table 12 Analysis of Variance :
that on day 0)

Source of Degrees of  Sum of
Variation Freedom : Squares
Numerator

(a) Mature Donors
A. Levels of

IDL. 2 160625
B. Days 3 L5404
C. Experiments 5 659255
Interactions :
AxB 6 36901
AxC 10 23041
BxC 15 315290
AxBxC 30 68457
Replications 135 54949
(9 missing values)
(b) Young Donors
A. Levels of

1DL. B 1 610144
B. Days 3 43850
C. Experiments 3 298634
Interactions :
A X B 3 62159
AxC 3 58807
B xC 9 129964
AxBzxC 9 25199
Replications 57 311190

(9 missing values)

88

Total Protein per Cell (% of

Mean F Ratio Level of
Square Significance
80312 197.313  <0.001
248468 610.440 <0.001
131851 323.934  <0.001
~ 6150 15.110  £0.001
2304 5,661 <0.001
21019 51.641 < 0.001
2282 5.606  ¢0.001
Lo7
610144 111.759 < 0.001
14617 2.677 " .N.S.
99545 18.233 - < 0.001
20720 3.795 < 0.02
19602 3.590 < 0.02
14440 2.645  <0.02
2800 0.513 N.S.
5459



Table 13 Mature compared with Young Cell Strains

LDL Treatment

Toeol | ZERO HIGH
Days : 2 L 6 8 2 4 6 8
Cell Count ‘
(% of that on day 0)
Mature 197 244 279 319 224 299 341 393
(n=11)* tigex Tp0 Y2 Ipp to3 tay fxp tap
Young 166 185 242 281 214 303 310 1387
(n=4) Y15 t13 Izo  fes T fay fao Iz
Total Cholesterol
(ug / 100,000 cells)
Mature - 2.3 2.5 2.9 - 3.9 4.3 5.2
(n=5) ' t2 f2 1t 3 ty %5
Young 1.1 1.2 1.2 1.3 1.4 2.2 1.9 2.2
(1’1=Ll') t.z t-z t-l t.l tnz -l--z t-z t-z
Total Profein
(% of that on day 0)
Mature 104 167 216 244 118 224 28 325
(n=6) tsg tis ti1g9  fpy Y5 oty fig 0 iy
Young 169 161 195 148 299 298 353 A1l
(n=L) 116 fis I3t I 130 I39  fuy  Iys
Total Protein
(ug / 100,000 cells)
Mature 23.4 34,8 45.2 50.4 26.4 49,0 61.8 66.3
(n=6) 1.5 t2,1 ti1.5 a2 1.6 2.6 t1.y I2.6
Young 9.8 8.3 9.6 10.0 17.4 16.2 18.3 25.0
(n=0) 11,6 o7 1.1 t1n fzp f23 t2.3 t3g

¥ Number of experiments

3

Standard Error of the Mean
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Fig.é; the protein content of cells remained unchanged in
control medium but appeared to change with ILDL in the medium.
Thé protein content of cells in LDL-containing medium was
higher than that in control medium at all times. At the
higher level, a clear effect of LDL on protein content per
cell is evident in cultures of both young and mature cells.
Cpanges in protein content in each group are summarised in
Table 13. A 50% increase in the young control cells is in
contrast with the 150% increase in protein content in mature
control cells. The effect of LDL was however, smaller in the
mature ;ells both in the change with time in LDL medium and in
the cha;ge in protein content relative to that in control cells.
The absolute values of protein content per cell afe shown in
Table 13 and confirm the observations referred to earlier
that the mature cells were larger. It is seen that although
the relative effects of IDL on protein content were smaller
in the mature group, the net increases in protein content
per cell (dq@pared with control cells after 8 days) were
150-160 pg in cells from both groups of donors:

d. Correlation of Cell Protein and Cell Cholésterol

Pairs of values of cholesterol and protein (expressed as
ug/lo5 cells) from all experiments in which both measurements
were made are presented in Table 14. Cell protein was not
measured on day O in experiments 9-11, and thus these

experiments could not be included in the results in the



91

Table 14 Total Protein and Cholesterol (ug / 10° cells)
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precéding section (III. B. 4..0.).

The results are presented on a graph of Total Protein
versus Total Cholesterol (Fig.3 ) from which it is evident that
a good correlation exiéts Between protein ahd cholesterol
content in these cells. The equations for the regfession lines
and the assoclated correlation coefficients were calculated
for the pairs of values in each treatment group in each of the
mature and young donor cell groups, for all pairs of values
in eaéh of the two donor groups, and for all pairs of values
pooled from all groups. These are presented in Table 15.

Only the correlation of cholesterol and protein of the
young donor cells treated with thé high level of LDL was not
significant at the p< 0.05 level. When these results were
pooled with those from the cultures treated with control medium
alone, the correlation was significant at the p<0.01 level.
The correlation of cholesterol and protein was highly
significant.for the mature donor cells in all treatment groups.
When all~tﬁe results were pooled, the correlation was
significant at the p<€0.001 level, indicating:a definite
association between the levels of cholesterol and pfotein in
human skin fibroblasts that was independent of the age of the

donor and the availability of LDL cholesterol in the medium.



Fig. 3 - The relation between total protein and total
cholesterol per cell in cultures of fibrobiasts

in the presence and absence of LDL.
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Table 15 Regression of Cholesterol per Cell on Protein

per Cell
Donor Level of Regression Correlation Level of
Group LDL Equation Coefficient Significance
Mature 0 y=10.816x + 13.011 0.85613 <0.001
(n*=15)
%atur§ Low y= 9.321x + 9.272 0.68265 <0.01
n=15 .
Mature High y= 7.005x + 17.840 0.91608 £ 0,001
(n=15)
%oung) 0 y= 4.082x + L4.767 0.57969 < 0.05
n=15
Young . High y= 3.742x + 12.019 0.29984 N.S.
(n=15)
Pgatﬁrﬁ A1l y= 6.969x + 19.144 0.83288 < 0.001
n=45 . A
Young Both y= 6.227x + 4.991. 0.52580. - £ 0.01
(n=30) '
Both A1l y=10.063x + 4.975 0.86367 < 0,001
(n=75) : :

¥ Number of pairs of values (Each pair is the average of
triplicate culture dishes).



95

c .5. Discussion

Major events in the development of atherosclerosis
include the accumulation of cholesterol within arterial
smooth muscle cells, the death of these cells, and the
deposition of cholesterol in The extracellular space in the
arterial wall (Séctions I.A, and I.B.). While it is accepted
generally that diabetes mellitus is a risk factor in athero-
sclerosis, the reasons for this are presently unknown. Among
the many possible causes of a greater susceptibilty to arterial
disease is the intracellular accumulation of cholesterol at a
rate hiéher than normal.

&he accgmulation of cholesterol by diabetic cells in
culture was examined. As the results in Table 6 show, no
difference in the cholesterol content of diabetic and normal '
cells could be found. An abnormal number of necrotic cells was
not observed in the diabetic cultures on routine inspection-
during the experimental periods; as the results in Table 6
indicate; the numbers of cells were in fact, virtually the same
in the diabetic and normal groups at all times during the
experiments. Tt is concluded, therefore, that:the diabetic
cells do not accumulate an abnormal amount'of cholesterol and
that there was no observable increase in the rate of'cell
deafh in diabetic cultures that may have resulted from an
excessive accumulation of cholesterol ﬁithin these cells.

The metabolism of LDL by skin fibroblasts and by

(::) arterial smooth muscle cells is similar (Section I.E.4.).

It is reasonable to suggest therefore, that it is unlikely
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that diabetic aortic smooth mﬁscle cells would respond to LDL
differently from normal cells. This, of course, remains to be
verified. There is, however, no proof at present that the
effects of LDL on cells ;g.ziigg are representative of the
effects of ILDL in vivo and the bresent results can only suggest
that an abnormality in the cellular response to IDL is not a
cause of premature atherosclerosié in diabetics.

IDL increased the proliferation of cells from both mature
and ydung donors. Both levels of LDL'used in the experiments
with cells from the mature donors produced this effect although
increaged proliferation was measurable at an earlier time with
the higher level; after 8 days, waever, cell numbers with
the two levels of LDL were identical.: This demonstration of an
effect of serum LDL on cell proliferation agrees with the
results of Ross and Glomset with mohkeyhsmooth muscle cells
(15 ) and with those of Brown, Mahley, and Assmann (111) with
swine aortic smooth muscle cells. The present work does not
support the claim of Fischer-Dzoga and Wissler that LDL
enhances cell proliferation only when prepared from hyper-
lipidemic serum (109,110) since LDL in these experiﬁents with
skin fibroblasts was prepared from normolipidemic subjects.
Fischer-Dzoga and Wissler used monkey aortic smooth muscle

cells; Ross and Glomset used cells from a different species of

" monkey and found an effect of LDL (presumed to have been

prepared from normolipidemic animals); and Brown, Mahley, and

Assmann found no difference in ILDL-stimulation of cell
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proliferation in cultures of éwine aortic smooth muscle cells
when the LDL was prepared from hyperlipidemic serum.

It is seen in Figure 1 that cell proliferation is
most rapid during the firsf two days of the experiments. This
is evident in both control and LDL-treated cultures, and the
slower proliferation that follows possibly reflects an
increasing insensitivity to mitosis-promoting agents present
in the PPLFS as cell density increases. It is also possible
that fhe rapid increase in cell numbefs in the first two days
reflects a carry-over of the effect of mitogens present in the
fetal calf serum in which the cells were incubated prior to
day 0. This is unlikely, however,.because Ross and Qlomset
found the same diminishing rate of pfoliferation after pre-
incubating their cultures in 1% whole monkey serum, which is
generally considered to produce little effect on cell
proliferation (15 ). Ross et al. found the same effect when
monkey aortic smooth muscle cells were pre-incubated with 1%
whole monké&fserum foll&wed by incubation with 5% whole monkey
serum which should have produced a maximum effect on cell
proliferation (114). The maximum effect on prolifefétion of
young and mature cells of the LDL relative to the controls
appeared to have been established at four days.

The effect of the higher level of LDL after eight days
was to have increased the cell number to 393% of that on dey O
in the mature cell cultures and to 387% of that on day 0 in the

young cell cultures. The control medium had a greater effect
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on proliferation of the maturé cells than on the young cells
but the difference appears to have been established during the
first two days and remained fairly constant throughout the
experiment. It is generaliy,believed that younger cells
proliferate more rapidly in culfure; thus it wés unexpected that
the mature cells proliferated more rapidly.

Although IDL has been shown to stimulate proliferation
in human cells in vitro, it is not known 1f this result is
appliéabie to aortic smooth muscle cells in vivo, and if it
is, whether this in itself can cause atherogenesis. Smooth
muscle.cell proliferation probably occurs in normal arteries
following endothelial injury without necessarily initiating
atherosclerosis ( 13). It is possible, however, thaf if
proliferation is accompanied by a process that favours
cholesterol accumulation, then formation of an atherosclerotic

lesion is' the result.

Ce;lé;from maturé donors contained more cholesterol
than cells from young donors (Tablel13) . The increased content

in the older cells was probably due to a larger cell size

which is the result of aging in diploid fibroblasts (200),

although an alternative, or possibly additional, cause is an
inherent difference in the cholesterol content of the tissues
of origin of the two groups of cells (mature cells were from
deltoid skin and young cells were from genital skin).

IDL elevated the cholesterol levels in both mature and
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youné-cells and in general, tﬁé cholesterol content per cell
reflected the amount of LDL-cholesterol in the medium. These
results are in agreement with the results of previous studies
that have shown that serum lipoproteins in the medium are -
the major source of cholesterol in cultured cells (39,123,126
144 ). An inverse relation is apparent between the rate of
increase in cell numbers and the amount of cholesterol per
cell in the cultures from mature donors. As seen in
Pig.1l ~the effect of LDL on proliferation is greatest during
the first two days after which it rapidly declines; the effect
of LDL én cholesterol content per cell is maintained, however,
and qhoiesterol levels were still Pising when the experiments
were terminated at eight days. In contrast, a declining
effect of IDL on the proliferation of cells from young donors
was accompanied by a disappearance after two days of the IDL
effect on cholesterol content although the overall increase in
cholesterol per cell was similar in the two groups: relative
to controlé}ia "9% increase was observed in cultures of mature
cells and a 69% increase was measured in cultures of young
cells. |

Intracellular cholesterol synthesis operates only in the
ébsence of serum lipoproteins in the medium (201). The
addition of IDL to the medium results in a series of events
initiated by LDL binding to a high-affinity, saturable, plasma
membrane receptor that includes: the lysosomal hydrolysis of

internalized IDL, the release of cholesterol from IDL by this
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hydroiysis, a suppression of fhe synthesis of the rate-limiting
enzyme in cholesterol biosynthesis (3-hydroxy-3-methylglutaryl
coenzyme-A reductase) as a result of cholesterol release, and
the suppression of the synfhesis of the plasma membrane IDL
receptor which then causes a redﬁction in the amount of IDL
internalized by the high-affinity mechanism (Section I.E.4.).
The low-affinity mechanism appears to be under no control
since the amount of LDL bound to cells, internalized and
degraded, is~proportiohal to the extracellular LDL concentration
(137) . .The formation of "foam cells" in culture was not
observed when levels of up to 400 ug ILDL-cholesterol per ml
of medium were used for periods of~24 hours (Section I.E.4.).
In the present work, levels of LDL eduivalent to up to 260 ug
LDL-cholesterol per ml of medium were used and the cells from
mature donors continued to accumulate cholesterol up to eight
days when the experiments were terminated. It is not known
if foam cells would have been produced in experiments of longer
duration. Jin the cultufes of cells from young donors, cell
cholesterol levels reached a plateau at two days and remained
virtually unchanged until the experiments were terminated on
day 8. This difference in the pattern of cholesterol
accumulation may be attributable to a relative loss of control
of cellular cholesterol content with aging but it may also
be due to the different tissues of origin of the two groups

of cells.
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‘The data in Tablel3 indicate that considerably larger
amounts of protein are associated with the mature cells
compared with the young cells. As mentioned previously, cell
size increases in aging dipioid fibroblasts, and one would
expect that this would require additioﬁal structufal protein.

An effect of LDL on increasing the pfotein of cells from
mature and young donors was demonstrated. This effect, however,
is dependent on the amount of LDL to which the cells are
exposed: the lower level of ILDL did nof produce any change
in cell protein content different from that produced by the
control medium.

- The young cells in control m;dium alone, increased their
protein contents during the first twd-days but maintained it
at this level for the remaining six days resulting in an
overall increase of 75% over the eight—déy period. The mature
cells increased their protein per cell by about 120% after eight
days in control medium but this increase was a steady one after
two days, ﬁéfore which,“in contrast to the young cells,
virtually no protein increase per cell was observed. Relative
to controls, at eight days the effect of LDL was anﬁ81% increase
in protein per cell in the mature group and a 266% increase
in the young group. While this is a large difference between
the two groups, it is interesting that. the absolute amounts
of protein these figures represent are similar; LDL produced
an effect of increasing the protein of each cell by 150-160 pg

(Table 13). Since all of this increase could be accounted for
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by théluptake of LDL-protein from the medium, experiments were
designed to examine the source of this protein, initially with
the purpose of determining if it was, in fact, LDL-protein
accumulating in the cells. .Results of_this'work are reporfed
in a later section (Section III.C.).

Compared with the numbers of studies in the literature
dealing with proliferation and cholesterol metabolism of
cultured cells, relatively few have focussed on variations in
proteih levels and their causes. The estimation of replication
rates in cultured cells by measuring the total protein of the
culture has quite recently been recommended in a text on
tissue culture methodology (202). .It is evident from the few
reports dealing with cellular proteiﬁ'levels in proliferating
cultures, however, that only‘under certain conditions would
this method be free of significant érror; The general
conclusions from studies on protein contents of HeLa (203),
Chinese Hamster (204), and mouse L cells (205) in proliferating
cultures ar;fthat protein content is maximum durihg lag phase,
‘declines during the exponential phase of proliferation, and
varies considerably from cell to cell even at mitosié. These
studies, in addition to the previously mentioned changes in
cell size in aging diploid fibroblasts (200), do not support
an argument for a unique value for cellular protein content
even within presumably homogeneous cultures such as the
established lines (Hela cells, mouse L cells, etc.)

The data from experiments with human skin fibroblasts
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indicdte no consistent relation between the rate of increase

in cell number and the protein content of these cells: a) the
high level of LDL increased both the rate of proliferation and
the protein content of mature cells compared with those in"
control medium alone, while the low leﬁel increased the fate

of proliferation but not the protein content; all three
treatments produced their greatest effects on cell proliferation
during the first two days when virtually no effect on protein
per ceil'was observed; b) the increases in cell numbers and
protein'contents were parallel in the first two days in the
young cgll cultures with both treatments and maintained this
patterﬂ‘in the LDL-treated cultures until the end of the
experiments; but while the numbers .of cells were increasing
in the control medium, the protein contents remained fairly
constant until the end of the experiments. This lack of a
relation between prolifération and cell protein is in agreement
with the results of Salzman from cultures of Hela cells ('203)
and Kimbali §§,§;. from cultures of Chinese hamster cells (204).
The loss of protein during the latter stage of, exponential
proliferation found by these workers and by Tsuboi‘éj al. (205)
could not be verified with human skin.fibroblast cultures
because a logarithmic phase of proliferation was never
observed. In contrast, however, an increasing cell density

in the fibroblast cultures in the present study was generally
accompanied by an increase in protein content per cell rather

than by the decrease found with the established lines. Whether
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this represents an inherent difference between cell lines
(with an apparently infinite capacity for replication) and
cell strains (with a limited capacity for replication), or
whether it is a characteristic of all cell cultures after a
logarithmic increase in numbers remainé to be determined.

As discussed previously, the high level of LDL produced
an increase in cholesterol in human skin fibroblasts. The
relation between the effects of LDL on cholesterol and protein
conteﬁts'was examined. A correlation was found between
protein and cholesterol contents when all treatments were
combineg which suggests that LDL-cholesterol is incorporated
into -the cell structures (probably‘the membranes). If a
relation had not been found and the cholesterol prétein
ratios were higher in the cells treated with LDL, this would
have implied that the cells were stéring.cholesterol in a
non-structural form such as within lysosomes or vacuoles.

Linear regression analysis was performed on the combined
data from éil treatmehtéin the young and mature cell experiments
separately and then on the pooled data from both groups. The
results are presented in Tablels . ﬁach of the anaiyses of
results from mature and young cells yields a highly significant
correlation of cholesterol and protein content per cell. The
slopes of the lines of regression are similar (6.969 for. the
mature cells; 6.227 for the young cells) and as expected from
the higher absolute amount of mature cell protein that was

reported earlier, the regression line intercept on the ordinate is
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highér (19.144) than that forlthe young cells (4.991). The
difference between the two conceivably represents an amount
of cell protein that is nét associated with cholesterol and
accumulates with aging in vivo. When the data from these two
groups were combined, the intercept was essentially the same
as that for the young cells alone ( 4.975), the slope had
increased to 10.063, and the correlation between cholesterol
and protein was significant at the p€0.001 level. This
result'suggests that although LDL increases the cellular content
of cholesterol, it also produces an effect of increasing the
proteinfcontent by an amount that maintains a constant ratio
of chol;sterol : protein (of 0.1) after subtracting an amount
of protein which may represent functional rather than structural
protein. This observation may be relevant to the failure to
find a report in the literature describing the production

of 1lipid-filled cells following incubation with serum LDL.
Furthermore, it adds to the current information on the
regulation bf cholestercl accumulation in mammalian cells in
‘culture by éuggesting that a mechanism exists to incorporate
the ILDL-derived cholesterol into the structurelof the cell
rather than into lipid-filled dropiets or lysosomes in the
éytoplasm. These droplets accumulate readily when cultured
cells are incubated with non-lipoprotein bound cholesterol
(123,149 ) or with LDL modified to alter the net charge on

the molecule to a positive one ( 147,148).
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III. C. Source of the Increased Protein Content per Cell

It was shown in the previous section that ILDL elevated
the protein content per cell. The increase amounted to 150 pg
per cell after eight days when the high level of IDL was added
to the medium. The increase relative to controls was 81% in
the mature cells and 266% in the young cells, although the
additional protein in the medium resulting from the addition
of ILDL was only 3%. This effect of IDL has not been reported
in the literature. Thus an examination of the possible sources
of the additional protein was carried out to determine the
exact effect of LDL on cellular protein mefabolism. Several
processes were examined: synthesis, degradation, internalization
of extracellular proteins, and export of proteins to the
extracellular space.

-

1. Accumulation of 125I—LDL Protein by Human Skin

Fibroblasts in Culture

a. Introduction

The maximum number of cells coﬁnted after eight days df
incubation with LDL in any of the previously described
experiments was approximately 3 x 105. The maximum amount of
IDL added was 203 ug protein per ml which was added_three times
during the eight-day period. The volume of the medium was
2 ml at each time and thus the total amount of ILDL. to which
the cells were exposed was 1.2 mg. The minimum amount of LDL

available to each cell was, therefore, 4 x 103 Pg, which is
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more then 26 times the absolute protein increase of 150 pg.
It was possible then, that the increase was due to undegraded
LDL protein taken into the cells.

Skin fibroblasts and aortic smooth muscle cells
have been shown to degrade LDL- protein (46,137, 144). The rate
of degradation of LDL protein is constant after a lag period
of approximately 2 hours. Since the amount of cell-associated
LDL was seen to have reached a constant level at this time,
it was proposed that a steady state had been established in
which the rates of internalization and of removal of LDL
protein were equal (144). The amount of LDL used was similar
to the lower.level used in the present work, a level that
produced no increase in protein content per cell. A steady
state has not béen reported in cells exposed to high levels
of LDL similar to the ones used in this work,” and the
possibility that cells were unable to degrade completely
LDL protein at these levels was examined.

Cells were incubated for up to 6 days in'medium'containing
125I—LDL. At 3 and 6 days the cell protein was precipitated
and cell lipid was extracted With chioroform/methanol.
125I-activity was counted in the precipitate and the specific
activity of the 125I—LDL originally added was used to estimate
the intact LDL protein associated with the cells. The
accumulation of intact LDL protein by fibroblasts was further

examined by radial immunodiffusion.
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b. Materials and Methods

Methods of preparation of LDL from human serum, of cell
culture, of cell counting, and of estimation of cell cholesteral
and protein contents have been described in the General
Methods section (III. A.).

i, Iodination of IDL with 221

ILDL was iodinated using the iodine monochloride, IC1,
method of McFarlane (206) as applied to LDL by Dr. D. Bilheimer
to whom I am indebted for the details (207). This method
was recommended by Shepherd, Bedford, and Morgan (208) who
compared four methods of iodinating LDL and found that by using
this technique they could prepare Y25I-LDL that:

= was immunologically indistinguishable from native LDL;
- eluted as a single peak from a gel filtration column;
- was removed~ in a mono-exponential ménner from plasma
after injection into the vascular compartment of the rat.
Less than 5% of the label was extracted with ethanol : ether.

Glycine buffer (0.75 ml, 1 M, pH 10.0) was added to 0.4 ml
LDL solution (at least 10 mg LDL protein/ml, NaCl 0.15 M,

EDTA 0.01%, pH 7.4); sodium 125:i.odide (1.5 uCi per mg LDL
protein) was added to 0.5 ml glycine buffer, which was then
added to the above solution; ICl (0.033 M) was diluted with
NaCl (2 M) to a concentration which wduld yield an average of
1 atom of iodine per molecule of LDL. (The molecular weight
of apo-LDL is uncertain: Dr. Bilheimer's method.assumed a

molecular weight of 105 and this was used here.) Diluted
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IC1 (0.4 ml) was rapidly mixed with the LDL solution and
incubated on ice for 5 minutes. The mixture was dialyzed for
24 hours (NaCl 0.15 M, EDTA (Naz) 0.01%, pH 7.4, 500 ml x 6),
sterilized by passage through a sterile cellulose acetate
filter (0.22 um) into a sterile 3 ml bottle, and stored at 4°C.
All of the above operations were performed at 4°c.,
| The efficacy of the ICl reagent and the method were
established by iodinating BSA and subjecting the 125I-BSA
and native BSA to simultaneous electrophoresis on separate
polyacrylamide gels. The migrations of 1251—activity and
Coomassie Brilliant blue-staining material corresponded, and
the relative'activities and densities of staining were similar
for each band.
Although 125T-IDL has been reported to retain
characteristic immunologic and cell-binding pfoperties-for
up to one month (137), it was prepared immediately before
use in the following experiments. The specific activities
ranged from 5742 to 8071 cpm/ug LDL pfotein (a&erage: 7075) .
More than 98% of 1251—activity was precipitated by TCA
(10%) and less than 10% of the 125I-activity was extracted into
a mixture of chloroform/methanol (2 : 1). 1257 11 co-migrated
with nativebLDL during elébtrophoresis %n polyacrylamide gels
(10%) (209). |

The liberation of free 125;

iodide from °I-LDL by FCS has
been reported (142), 125I—LDL was added to PPLFS and incubated

for 3 days at 37°C. More than 95% of the original 1251—activity
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was recovered from the TCA precipitate. It was thus concluded
that no active de-iodinase was present in the PPLFS that
could cause an underestimation of IDL protein in the cells.

ii. Counting of 125I-activitv

All samples were counted in a gamma counter (Nuclear
Chicago) with an efficiency of approximately 50%. All tubes
were pre-counted for background and were rejected if more than
60 cpm were obtained. The average value of background counts
was subtracted from the total counts of each sample prior
to calculating the final count to be used to estimate the
amount of 125I-LDL protein present in the samples. In all
experiments;'except for #5, at least 10,000 counts per sample
were obtained, and in this experiment, at least five times the
background numbér were counted.

iii. Preparation of gels for immunodiffusion

The procedure for radial immunodiffusion was originally
developed by Ouchterlony (210) and has been applied to the
study of serﬁmvlipoproteins (193). Gels were prepared from
agarose instead of the more frequently-used agar because of
the latter's interaction with IDL (193).

Agarose (Sea-Kem, 2.5 gm) was added to 250 ml barbital
buffer (pH 8.2) in a boiiing—water bath. The suspension_was‘
filtered while hot and was poured into élass petri-dishes, the
surfaces of which had been previously smeared with the agarose
solution and allowed to dry in air. Wells were cut with

the fire-polished tip of a pasteur pipette connected to a
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vacuum aspirating flask. Gels were stored in a humidified
container at 4°C until required. The capacity of each well
was approximately 4 ul.

iv. Anti-human-IDL antiserum

The antiserum was obtainéd from Miles-Yeda Ltd. It had
been raised in goats and was monospecific by immuno-
electrophoresis with human serum. It did not precipitate
human HDL. Seven mg of antibody per ml were present
and a preliminary experiment showed reaction at full strength
with 60 ug LDL protein per ml but not with 6 ug per ml.
Reactions were observed at a four-fold dilution of antiserum
but not at a sixteen-fold dilution.

c. Experimental Protocol

i. Measurement of cell-associated 125I—LDL

Cells (4.5-7.0 x 104) from each of two strains of human
skin fibroblasts were plated into each of 20 petri-dishes
(3.5 cm diameter) containing 2 ml FCS medium. After incubation
for three days at 37°C in a humidified atmosphére of 002 : air‘
(1 : 19), three dishes were counted for cells. If the number
was below that plated, the medium was changed and the cells
were counted at a later date. If it was similar to the number
plated, the medium was reﬁoved, the cells were washed twice.
with serum-free DME (1 ml), 2 ml of ?PLFS were added to all
dishes, and 125I—LDL (156 ug LDL protein/ml medium, range:
130-170 ug/ml) was added to the experimental dishes.

Three dishes in each of the two groups (+ LDL) were -
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taken at 3 and at 6 days; medium was removed, the cells were
washed 5 times with warm PBS, released with trypsin and versene,
and pelleted by centrifugation (General Methods, Section

III. A. 4.). The trypsin-versene supernatant was removed,

and was pipetted into an equal‘volume>of TCA (20% w/v). This
was allowed to stand at 4°C for 1 hour and was then centrifuged
(International PR-6, 3,000 rpm, 4°C, 15 minutes). The
supernatant was discarded, the pellet was washed twice with
cold TCA (10% w/v) and was dissolved in 1 ml NaOH (1 N). An
aliquot was counted for 125I-activity to yield an estimate of
cell-bound, but not internalized, LDL (143). The cell pellet
was washed twice with PBS and was suspended in 6 ml PBS for

cell counting, gxtraction and estimatioh of cholestercl, and
estimation of protein as described in the General Methods
section (III. A. 4., 5., and 6.). An aliquofiof the dissolved,
lipid-free residue (after incubation at 37°C with NaOH) was
counted for 125I-activity to yield an estimate of

internalized, intact LDL protein.

ii. Measurement of cell-associated LDL by radial

immunodiffusion

In one of the above experiments, native LDL was added
(193 ug/ml medium) to thfee additional dishes of cells and}
three more dishes were included as cdntrols. All six dishes
contained 2 ml of PPLFS. This was changed after three days;
the experimental dishes also received the original amount of

ILDL. At 6 days, medium was removed from all dishes. Cells



113

were released with trypsin and EDTA (Naz) and were centrifuged.
The cell pellets were washed with PBS (1 ml x 2). The final
volume of the cell pellet was estimated to bg 50 ul. An
equal volume of sodium deoxycholate (2%) was added and the
pellets were incubated overnight at 37°C (137). A small amount
of material remained insoluble after adding a further 50 ul of
sodium deoxycholate and was sedimented by centrifugation.
Aliquots of the supernatants from the three LDL-treated samples
and of the supernatants from the control samples were placed
in the appropriate wells of an immunodiffusion gel. An amount
of native LDL equivalent to the increase in protein content
of cells incubated with LDL was added to portions of the
supernatants Irom control cells and was»placed in wells of
the immunodiffusion gel. The gel was allowed to stand at 22°¢
overnight in a humidified chamber. |

d. Results

Five experiments were performed and as the results in
Table 16 show, the effects of l25I—]'.,DL on cell ﬁroliferation;
cholesterol content per cell, and protein content per cell
were sgimilar to those found previously with native LDL.

Trypsin-releasable and trypsin-resistant, protein-
associated 125I—activities are showq in Table 17. The specific
activities of 125I—LDL in each experiﬁent are indicated and
were used to calculate the 125I—LDL protein associated with the
1251 _activities.

Although the protein content per cell relative to-
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Table 16 @ Effects of ‘2JI-LDL

114

Expt. Time LDL-Treated IDL-Treated LDL-Treated
(Days) Cell Number Cholesterol . Protein
Content per Content per
(% of control) Cell (% of Cell (% of
- control) control)
3 183 85 142
. (177-191)* ( 66-101) (136-152)
6 157 111 124
(142-173) ( 78-167) (115-133)
3 143 125 109
” (125-154) (107-138) (103-112)
6 150 : 166 129
(145-154) (164-172) (120-136)
3 146 191 136
~3 (126-139) (170-220) (126-147)
‘ 6 . 130 150 148
(118-137) (138-163) (145-153)
3 151 141 i 108
" (140-168) (124-150) (108-109)
6 150 162 126
(142-158) (156-167) (116-131)
3 130 128 109
p . (125-134) (124-133) (106-114)
6 214 93 122
(148-330) ( 73-108) (121-124)
dishes.

¥ The range of values from 3 culture
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Table 17 Trypsin-Resistant and -Releasable 127I-activity

¥*

Time Protein Increase Specific
in LDL-treated Activity
Cells (ug/lO5 ofteS1.
cells) LDL
Exgt. (Days) cpméng
protein
‘ 3 12.0 .
1 (10.1-14.9)* 5.7
6 6.8
o 4.4- 9.3)
. 3.3
2 ( 1.2- 4.3) 6.7
10.2.
. ( 7-2_13-2)
3 11.2
3 ( 8.1-14.5) 6.7
15.8
(14.7-17.4)
3 2.1
L -~ (1.9-2.3) 8.1
6 9.7
: ( 5.9-11.8)
. 3 3.2
5 ' ( 2.1- 5.1) 8.1
6 B 10.4
( 9.7-11.4)

Trypsin-Resistant

125y 1257 g,
Activ1§y Prote
cpm/10°  ng/ 10
cells cells
200 35
(191-210)
245 43
(213-267)
669 100
(624-730)
836 125
(738-957)
865 129
(746-1025)
1276 190
(1243-1323)
699 86
(649-774)
1204 149
(1176-1259)
258 32
(244- 267)
712 88
(541-984)

The range of values from three culture dishes.

Trypsin-Releasable

O

125I 125I _IDL
Activ1§y Prote
cpm/10 ng/lO
cells cells
562 99
(394- 719)
900 158
(664-1137)
1054 157
(708-1265)
1222 182
(1147-1334)
1360 203
(1211-1585)
1377 205
(1240-1600)
1652 204
(1397-1904)
1825 225
(1702-1905)
2196 271

(1564-2828)
11835

1461

(5329-15746)

S1T
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controls was higher in the LDL-treated cultures by 63.6
(21.0-120.0) pg in three days and by 105.8 (68.0-158.0) pg

in six days, no more than 1.9 pg of this could be attributed
to LDL protein at any time. An average increase of 68%
occurred between days 3 and 6 in the amount of 125I-LDL
protein that was resistant to trypsin indicating that
undegraded ILDL protein was indeed accumulating in these cells
although its contribution to the total cellular protein was
insignificant.

Trypsin-releasable 1251

-LDL increased on average by a
smaller amount between days 3 and 6 (22%). The atypically
large increaée in experiment #5 was excluded from the
calculation. The explanation for this unusually large increase
is not obvious;’ all other results in this experiment were
consistent with tﬁbse from the other four experiments. It is
possible that a small number of injured cells were present
in the cultures since injured cells are known to hind a
disproportionafely large amount of protein (Zii).

The results of the immunodiffusion experiment were
as follows. In one quadraﬁt of the gel, solﬁbilized cells
from each of the three dishes to which LDL had been added
were allowed to diffusehagainst the antiserum atlfull strength;
in another quadrant, one sample of Séiubilized, IDL-treated
cells was allowed to diffuse against each of thres

concentrations of antiserum (100%, 50%, and 25% v/v in NaCl

(0.15 M)); in a third quadrant, solubilized cells.to which
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native LDL had been added were allowed to diffuse against
antiserum (100%);:; and in the fourth quadrant, the antiserum

at three concentrations was allowed to diffuse against native
IDL (6 mg protein/ml). LDL-treated cells did not react with
the antiserum to IDL at any dilutions of cell solution or
antiserum used. The antiserum did form lines of precipitation
With native LDL and with solubilized cells to which native

IDL was added. The additional protein content per cell in

the LDL-treated cultures was 97 pg (Experiment #4). Cells

(0.5 x 106) were dissolved in 150 ul of which 4 ul were placed
in each well of the agarose gel. Thus if all of this additiénal
protein were IDL protein, each well would contain 1.29 ug

of IDL protein. A comparable amount (1.60 ug LDL protein)

was added to 4 ul of the solubilized control cells, which
reacted with the antiserum, indicating that the antiserum

was effective in precipitating IDL protein at these
concentrations and under these conditions. The gel was washed
overnight in NaCl (0.15 M), stained with Céomaésie Brilliant
Blue G 250 in acetic acid : isopropanol : water (2 ¢+ 51 13),
and de-stained in acetic acid (10%). The background staining,
however, was too intense fo permit a photograph.. |

e. Discussion

The purpose of these experiments was to determine if
an amount of IDL protein comparable with the increase in
total protein per cell previously demonstrated, could be

detected in human skin fibroblasts exposed to LDL for up to
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6 days. Except for two cholesterol results (at 3 days in
Experiment #1 and at 6 days in Experiment #5), the effects of
IDL on cell proliferatioﬁ, cholesterol content per cell, and
protein content per cell were similar to fhose found previously.
This shows that L27T-IDL was producing similar effects to
those of native IDL.

The first set of experiments showed that although
increases in cell-associated 125I-activity were measureable
from 3 to 6 days, the absolute amount of 125I—LDL protein that
these represented was insignificant when compared with the
absolute increase in total protein per cell. This result was
confirmed by.the second type of experiment which did not reveal
any immunologically detectable LDL-protein in these cells after
6 days when the‘total protein per cell had increased by 50%;
An amount of native IDL protein comparable to:the net increase
in cell protein was added to the solubilized control cells and
was shown to form a precipitate with the antiserum, indicating
that the sensitivity of the method was adequate for the purpose.

The inference of these results is that accumulation of
undegraded LDL protein in humén skin fibroblasfs cannot account
for more than a small ffaction of the increased total protein
content per cell which foilows the addition of a sufficiently

high level of IDL to the culture medium.
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2. Accumulation of 125I—Human Serum Albumin by Human

Skin Fibroblasts in Culture

a. Introduction

LDL protein does not accumulate in cultured fibroblasts
to an amount which approaches the net increase in cell protein‘
content produced by a high level of LDL in the medium. This
increase might be produced, however, by an effect of LDL on
increasing the internalization of serum proteins which might
then be followed by an inability of the cells to aegrade
completely these proteins. In fact, some evidence that high
levels of ILDL in the medium may promote a greater raté of
endocytosis ﬁasvappeared: the volume of medium estimated by
counting cell-associated 125I—activity which was taken up
by human skin fibroblasts in 3.5 hours was 4.1 ul/mg cell
prdtein when 125I—‘-BSA (250 ug protein/ml) was: added to Eagle's
MEM, but was 9.4 ul/mg cell protein when the ‘same amount of
12SI-LDL protein was added (137). This result could be |
explained by a-specificity of protein internalization which
favours IDL over BSA but may also be explained by a stimulation
of non-specific endocytosis of medium proteins by LDL.

The purpose of the following experiments was to determine
if the addition of a high level of LDL produced an increased
amount of cell-associated 125I—Human Serum Albumin (HSA).
Albumin is the major protein in human serum... Because of the
greater specific activity that would result, albumin, rather

than all serum proteins, was iodinated. The duration of the
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experiments was 10 hours, which was considered adequate for

the expression of an effect of IDL on stimulatiﬁg endocytosis.,

In fact, differences in the stimulation of cellular uptake

of BSA by basic polymers have been measured aftef 2 hours (211),.
b. Materials and Methods

Human Serum Albumin (Factor V, Essentially fatty acid-
free) was purchased from the Sigma Chemical Co. The iodination
of HSA was carried out with the same method used for iodinating
IDL with appropriate changes in the amounts of ICi to ensure
an average of 1 atom of iodine per moieculg of HSA. The
molecular weight of HSA was taken as 60,000 and a labelling
efficiency of 60% was assumed (206). The specific activities
of 125I-—HSA preparations are shown in Table 18. The specific
‘activities of 125I-HSA in the culture medium were lower
because of the albumin in PPLFS. MNore than 99% of the -27I-
activity was precipitated by TCA (10%). All other methods
have been described in preceding sections. .

c. Expefimentai Protocol

Cells (4.8-10.1 x 104) were plated into each of 40 petri
dishes (3.5 cm diameter) contéining 2 ml of FCS medium. Three
cell strains were used (two from foreskin and one from labia
majora) . Tﬁe medium was changed after 3 days and was removed
after a further 3 days. The cells were washed with serum-free
medium and 2 ml of PPLFS were added to each dish. After
24 hours IDL was added to 15 dishes and an equal volume of

control solution was added to another 15 dishes. The“control
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solution was a sterile preparation of the solution in which
IDL was dialyzed. L25T-HSA was added to each dish after 1 hour.
(The amount added is shown in Table 18.) At the indicated
time periods (Table 18 ), medium was removed from.3_dishes in
each group, the cells were washed 5 times with PBS, -and cold
TCA (10% w/v, 1.5 ml) was added to each dish. The dishes were
allowed to stand at 4°C for 1 hour before scraping off the
cells which were then transferred to a 12 ml centrifuge tube.
The dishes were each rinsed with 1 ml TCA twice aﬁd inspected
under the light microscope for-compléte removal of cells. The
TCA rinsing solutions were combined with the original 1.5 ml
and centrifﬁged to dissolve completely the pellets. Aliquots
were taken for estimation of pfotein (0.1 ml x 2) and for
" counting of 125i-activity (0.2 ml). The total, cell-associated,
TCA-insoluble 125f-activity was calculated and divided by ;
the protein estimate for each sample to correct for different
recoveries of cell protein. .

d.  Results

The results given in Table 18 show no increase in the
amount of cell-associated 125I-HSA up to 10 hours after adding
the LDL. The]25I-HSA associated with the cells at 5 minutes
probably rebresents simple adsorption of the HSA to the cell
surface (212). In 2 of the 3 experiments only slightly greater
amounts were seen at 7 of at 10 hours. It cannot be determined
from these experiments alone whether these'small increases

indicate a slow rate of uptake of HSA or a steéady state in
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Table 18 Accumulation of 125I—HSA by Human Skin Fibroblasts

cpm
mg cell protein .
Time: 5 1 3 > 7 10
mn R B o ke hbr
Expt - .
1
+1DL, 214 161 - 250 236 -

179
(188-2553 (138-184) (164-190)

-LDL 144 212 197
(119-163)(172-243) (148-250)

2
+I1DL 2564 1932

3947
(189323236) (1728-2137) (2861 -

-1DL 1923

3 -
+1DL 2964 3461 -

4356
(1430- 4213)(2678 4111)(3500-5215)

-LDL 2517  Lo9k -

5348
(1794-3367) (3684-L431) (4137-6821) -

- 2222 - L4290
(1378~ 2569)(2137 2380) (3948-4631)

(198-300)(211-280)

- 210 184 -
(180-239) (174-203)

- 2456 2042
5342) (2111-3077)(1890-2195)
- 3412 2864

(2488-4649) (2500-3381)

5104 -
(4210-6257)

6954 .
(L464L4-9263)

*¥ The range of results from triplicate dishes.

Specific activities of 125I—HSA=

Expt.#1: 3 cpm/ng HSA (0.9 x
Expt.#2 & #3:

106 cpm added in total)

27 cpm/ng HSA (8.1 x 106 cpm added in total)
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which the rate of internalization is equal to the rate of
degradation, or both. In Experiment #3 where the cell-
associated 125I—HSA did increase in 7 hours, the amounts were
similar in the presence and absence of LDL.

e. Discussion

These results do not support the hypothesis that IDL
enhances the rate of endocytosis of serum proteins. 1In
Experiments #2 and #3 the amounts of 125I—HSA that were
associated with cells after the firsf 5 minutes were slightly
lower in LDL-containing medium than in the control medium.
Ryser has shown that negatively-charged polypeptides reduce
the amount of albumin taken up by tumour cells in 2 hours (211),

Since IDL carries a net negative charge, Ryser's results might

.possibly be extended to diploid fibroblasts. No attempts were

made, however, to examine this in more detail. The purpose
of these experiments was to determine the cause of the LDL
effect on increasing the cell protein content; these resul£s
indicate that LDL does not promote the-accumulétion of serum

proteins within the cell.



124

<::> 3. Effect of IDL on Cellular Protein Synthesis

a. Introduction

The previous experiments showed that neither a specific
accumulation of ILDL protein nor a non-specific aécumulation
of other serum proteins could account for the increased protein
content per cell after exposure to IDL.

The following experiments were designed to determine
if IDL increased cellular protein synthesis. Cellular protein
synthesis is conveniently measured b& the incorporation of a
radio-labelled amino acid into macroﬁolecules precipitable
by TCA (213). An amino acid commonly used is L-leucine
which is distributed widely in cellular protein. -

b. Materials and Methods

Methods of preparation of IDL from human serum, of cell
culture, of cell dbunting, and of estimation of protein have
been described (Section III. A.).

L—leucine—l-Clu (28.7 mCi/mmole) and L(—4,5-3H(N))-iéucine
(5 Ci/mmole) were purchased from New Ehgland Nuclear.
Immediately prior to use, the labelled léucine was diluted
to 0.25 uCi/ml with Eagle's MEM (leucine-free, Gibco). The
radioactivity in each cell sample was counted in 10 ml of
a solution éomprising: 2,5-diphenyloxazole (PPO, scintillation
grade, 4 gm/1); 1,4-di-(2-(5-phenoxyazoylyl)) benzene (POPOP,
scintillation gfade, 0.2 gm/1); napthalene (60 gm/1);
ethylene glycol (B. Pt.: 196-198°C, 20 ml/1); methanol"

(::> (redistilled, 100 ml/1); and 1,4-dioxane (Speéfra grade,
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to complete the volume).

Each counting vial was pre-counted for background with
10 ml of a solution containing PPO (4 gm/1); POPOP (0.2 gm/1)
in toluene (A. R. grade) to a final volume of 1 iitre.

The samples were counted in the single-channel mode of
‘a2 Unilux II-A or Intertechnique SL30 scintillation
spectrometer. At least 10,000 counts were obtained from each
sample and disintegrations per minute (dpm) were calculated
using the appropriate set of standérds and the external
standards in the spectrometers. Dpm ﬁer 105 cells for each
sample was then calculated from the cell number counted in
a culture thét was treated identically. Five experiments

were performed with four strains of fibroblasts from genital

‘skin.

c. Experimehtal Protocol

Cells (4-7 x 104) were pipetted into each of 60 petri
dishes (3.5 cm diameter) and were incubated at 37°C in 10% fCS
for 3 days. The medium was removed and the cells from 3 dishes
were counted. If the average count equalled the number that
was plated, the medium was removed from the other dishes
and the cells were washed twice with serum-free medium.

PPLFS (2 ml) was added to each dish and IDL (144 ug protein/ml,
range 129-160 ug) was added to each of the experimental dishes.

At 3 days; cells from 3 dishes in each group were counted
and thg protein content per cell was estimated to determine

if IDL had produced an increase. If not, the medium was
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removed from all dishes and fresh medium and IDL were added
where appropriate. An effect of IDL was then looked for dn ‘
day 5 and if found, the medium was removed and 2 ml of Eagle's
MEM containing radio-labelled leucine was added to 6 dishes

in each group whichAwere then replaced in the incubator.

The medium was aspirated from duplicaté disheé in each group
at 30, 60, and 90 minutes. The cells were washed 5 times with
cold PBS, were allowed to stand at 4°C for 1 hour with 1 ml

of TCA (10% w/v), and were scraped into 12 ml centrifuge
tubes. The dish-surfaces were rinsed with TCA (2 x 1 ml)

and the washings were added to the centrifuge tubes. The
precipitated\material was sedimented by centrifugation, the

pellets were washed again with TCA (2 x 1 ml), and were then

‘dissolved in 0.5 ml of NaOH (1 N) at 37°C. Aliquots were taken

for estimation of protein (0.1 x 2) and for counting of
140_ or 3H-activity (0.2 ml). A preliminary ‘experiment was
performed to determine the linearity of incorporation of -
radio-labelled leucine with time. | |

d. Results

As shown in Fig. 4, the incorporation of leucine into
TCA-precipitable material was linear during a 2-hour period.

Cell numbers and protein content at the indicated times
after addition of IDL are shown in Table 19. An average
increase in protein content per cell of 34% (4-57%) was

produced by ILDL. In contrast with previous experiments minor

increases or actual decreases in cell numbers with LDL were



Fig. 4 - Incorporation of radiolabelled-leucine into
TCA-inscluble material with time.
Each point represents the mean result of

triplicate dishes.
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Table 19 LDL Effect on Cell Protein Synthesis:
' Cell Numbers and Protein Content per Cell

Expt. Treatment Cell Number Cell Protein - Time after
# Group (x 10-3) (ug/lOBCells) Addition of
_ -IDL (hrs)
1 +IDL, 189% - 47 2% 72
~-LDL 209 ' 38.5
2 +IDL, 182 Lhs.,1 72
~-1DL 177 : 43,3
3 +IDL 364 75.5 120
~IDL 528 | 48.2
L +IDL . 326 52.6 120
-IDL 469 37.3
5 +IDL 305 o obb1 72
-IDL 563 30.7

* Mean result from triplicate dishes
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seen. Observations of the cultures under the light
microscope revealed no obvious signs of a toxic effect of the
IDL. The incorporation of radio-labelled leucine into
TCA-insoluble material was linear with time in the control
cultures. Addition of IDL to the control medium'produced

a rate of incorporation.that was lower than that in the
controls initially but that aﬁproached the control rate

after the first 30 - minute period of leucine iﬁcorporation
(Fig. 5). This effect of the LDL was seen in all experiments
and there was no evidence of an increase in the rate of
protein synthesis in LDL-treated cells.

e. Discussion

The rates of protein synthesis in the presence and
.absence of LDL.Were examined at a time when'the protein
content per cell in IDL-treated cultures had ;ncreased relative
to that in the controls. The rate of_synthesie was not increased
by LDL. Cells previously exposed to LDL incorporated less -
radio-labelled leucine into TCA-insoluble material, particularly
during the first 30 minutes of the labelling period. This
effect of LDL could be explained by a larger intracellular
pool of leucine in LDL-treated cells that would produce a
greater dilution of the isotepe than in the ¢ontfels and
result—in less incorporation of label. The absence of "cold"
leucine in the labelling medium may then have caused a rapid
depletion of the intracellular pool so that the rate of

incorporation would then have risen to the level of the controls.



Fig. 5 - Incorporation of radiolabelled-leucine into
cell protein in the presence .(e) and absence
(0) of IDL (160 ug protein/ml medium).
The figure shows the mean DPM/cell (fs.e.m.)
of five experiments. DPM/cell was determined in
each experiment in duplicate dishes in each
gfoup at each time point. R
The means of results from 5 experiments are
expressed as a percentage of the radiolabelled-
leucine incorporated into protein in the

control cells at 90 min.
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The numbers of cells in cultures exposed to IDL were
in general lower than in control cultures. An obvious toxic
effect of LDL was not observed and the reasons for these
lower counts are not known. The effects of IDL on cell-
proliferation and on protein content per cell have been shown,

however, to be independent (III. B. 4. c.). The results of

‘the present work indicate that the effect of LDL on cell

proliferation is also independent of the rate of protein
synthesis. A comparison of results in Experiments #2 and #3
for.example, shows different effects of ILDL on cell
proliferation but similar effects, relative to controls, on
incorporatioﬁ of leucine. |

It is concluded, therefore, that the increased protein

‘content per cell in cultures exposed to IDL is not due to

-

an increase in the rate of protein synthesis.:
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4, Effect of LDL on Intracellular Protein Degradation

a. Introduction

The previous experiments demonstrated that the effect
of IDL on protein content per cell could not be accounted for
by accumulation of protein from the medium or by an increased
rate of intracellular.profein synthesis.

0f the possiblelsources.of céllular.protein listed in
the introduction to this section, only a decreased rate of
protein degradation and/or a decreased rate of export of
intracellular proteins remain to account fgr the LDL effect.
The purpose of the following experiments was to determine
whether IDL was affecting either or both of these.

Cellular protein was labelled for several days by
“incubation in medium containing radiolabelled leucine. The
medium was removed and the cells washed several times to
remove radioactivity unincorporated into cellular protein.
The release of free radiolabelled leucine frem the degradation
of labelled protein was then monitored at various times
by removing the culture medium and counting the supernatants
after precipitation of proteins with TCA and centrifugation,
and by counting the TCA-insoluble radibactivitybremaining in
cellular protein..  Using a~similar method, Poole and Wibo’
have labelléd two classes of proteins in rat fibroblasts in
culture: one class with a rapid turnover and another ciéss
with a slow turnover (214). The present work eliminated the
cohtribution of rapidly turning-over proteins from the final

estimate of protein degradation. Previous results showed
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that LDL was producing an effect on structural protgins which
would be expected to be.more stable and have longer half-lives
than the rapidly turning-over proteins that release radio-
labelled leucine into the medium during the first.hour after
removing the medium containing the radioactive leucine. The
rapidly turning-over proteins would conceivably contribute
a'significant fraction of free leucine to the medium and
possibly mask any effect of the LDL.

The method used contains theoretical sources of error
which arise from the oxidation and from the reincorporation
of labelled leucine released by protein degradation, each of
which might fesult in an undereétimation of the degradation
rate. Glucose,pyruvate, and other amino.acids in DME have
been shown however; to eliminate the oxidation of leucine to
002 by mouse fibroglasts that occurs when these cells are
incubated in Krebs-Ringer buffer alone (215).'The reincorporation
of leucine has been shown to be insignificant in cultures of
WI-38 (216), 373 (217), and HeLa (218) cells provided that
the extracellular concentration of leucine during the "chase"
period was several orders of magnitude.greater than the intra-
cellular concentration and that the flux between the two pools
was rébid. In consequence,‘only a small fraction of the “
intracellular leucine was found to be labelled. The work with
HeLa:cells indicated also that transfer-RNA was aminoacyiated
with leucine from the'extracellular<pool with little dilution
from the intracellulaf §061 (218). The medium present during the

"chase” period in the following experiments contained a large
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excess of unlabelled leucine relative to the intrace}lular
labelled-leucine and since these cells were humaﬁ fibroblasts
(as are the WI-38 cells referred to above), it was assumed

that the flux between the two pools would be rapid enough

to prevent the accumulation of a significant fraction éf
isotopic leucine available for reincprporation. Losses of
rédio—labelled leucine by oxidation and the reincorporation of
label into protein were assumed, therefore, to be insignificant.

b. Materials and Methods

Methods of preparation of LDL, of cell culture, of cell
counting, and of estimation of protein have been described
(III. A.). Tﬁe method of counting radioactivity has been
described also (III. C. 3. b.).
. L—leucine-l-Clu (28.7 mCi/mmole) andrL(—4,5-3H(N))-1eucine
(5 Ci/mmole) were ﬁhrchased from New England Nuclear.

Four experiments were performed using one strain of
fibroblasts.

c. Experimental Protocol

Cells (7-10 x 104) were pipetted into each of 60 petri
dishes (3.5 cm diameter) containing 2 ml of 10% FCS and were
incubated at 37°C for 2 days. »

in the first experimeﬁt 6nly, the medium was changed toi

fresh 10% FCS containing L-leucine-l—lu

C (0.1 uCi/ml) and the
cells were labelled with this for four days. The medium was
removed and the cells were washed with serum-free medium (2 m1)

containing 0.8 mM leucine. PPLFS (2 ml) was added to each
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dish for 60 minutes. The purpose of this was to "wash out”
labelled leucine from degraded proteins with a verj rapid -
turn-over period. The medium was removed, the cells were.
washed with serum-free medium (2 ml) containing 0.8 mM leucine
and PPLFS (2 ml) was added to each dish. IDL (144 ug protein)
was added to dishes in the experimental group. At 0.5, 1,

3, 5, 7, 24, and 48 hours the medium and cells were analyzed

for 14

C-activity as described below.

In the subsequent 3 experiments, cell proteins were
labelled by incubation for 2 days in 10% FCS containing
L(-4,5-5H(N))-leucine (1 uCi/ml). The labelling medium was
removed, the cells were washed as before, and PPLFS (2 ml)

was added for the 1 hour "wash out" period. This was removed,

"the cells were washed, and PPLFS was added. IDL (145 ug

protein, range: 138-157 ug) was added to the ‘experimental
dishes. Medium and cells were analyzed for QH—activity at
24, 48, and 72 hours.

Triplicate cultures in each group in éach experiment were
treated identically except that labelled-leucine was omitted;
cells were counted and their'total prbteinvcontent was
estimated at 0, 24, 48, and 72 hours. Thus, three dishes were
used in each of the 2 groups for counting cells and protein
estimation, and 2 dishes were used in each group for analysis
of radiocactivity. |

For the analysis of radiocactivity, medium was removed ‘

completely, added to 0.5 ml of TCA (50% w/v) with mixing,
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and allowed to stand at 4°C overnight. After centrifugation
radioactivity was counted in 0.2 ml of the supernatant. The
precipitate was washed twice with TCA (10% w/v) and dissolved
in NaOH (1 N, 0.5 ml). In all but the first experiment,
radiocactivity was counted in these’éolubiliZed-precipitates
(0.2 ml of the NaOH solution was used).

| The cells were washed 4 times with cold PBS (1 ml),

were allowed to stand at 4°C overnight in TCA (1 ml, 10% w/v),
and were scraped from the dishes with 2 washings into 12 ml
centrifuge tubes. The disrupted eells were sedimented by
centrifugation, were washed twice with TCA (10% w/v), and were
dissolved in‘0.5 ml NaOH (1 N) of which aliquots were taken
for estimation of protein (2 x 0.1 ml) and for counting of
radioactivity (0.2 ml). In the first experiment only, the

1L'LC—ac-l:iv:'L‘l:y

TCA-soluble fraction of the cells was counted for
and was found to contain less than 1%‘of the total counts in
cells and medium. This agreed with the results of Poole end
Wivbo (214) and'was disregarded in the subsequeﬁt experiments.

d. Results

Table 20 shows a general increase in cell numbers in
cultures to which LDL was added although the increases in
.Experiments #3 and #4 are emall and probably insignifieant.

LDL increased the protein content per cell in all experiments

except that the initial increase in Experiment #2 during the

first 24 hours was foilowed by a relative decrease. The

explanation for this is not obvious and although the LDL
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Table 20 Protein Degradation in LDL-Treated Cultures.
’ Cell Numbers, and Protein Content per Cell and

per Culture.

Expt. Time after Cell Number Protein Content
# Addition (% of Control) (% of Control)
] of LDL _
(hrs) : . per Cell per Culture
1 24 98* 102% 102#
48 112 107 119
72 , 140 110 153
2 24» 117 114 133
48 159 : 99 157
72 ‘ 198 81 160
3 24 . 70 91 64
48 102 118 - 122
72 105 - 115, 121
4 24 98 - 106 ' 104
48 105 : 104 109

72 ‘ 102 117 119

*¥ Mean result from triplicate dishes
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éffect on cell numbers was greater than average in this
experiment, it was shown previously that fhe effecfs on cell
numbers and on protein content were independent (Sectiop
ITI.B.4.c.). The proteih content of the IDL-treated cultures
increased relative to controls in a1l 4 experiments.

IDL caused a consistgntly higher proportion of radio-
activity to be retained iﬁ cellular protein (Fig.6) and a
consistently lower proportion to be released as free leucine
into the medium (Table 21). These results demonstrate that
IDL reduced the rate of protein degradatiop in these cells.
Radioactivity in the TCA-insoluble fraction of the medium was
always less fhan 5% of the total and was similar in the LDL
.and control cultures. Since this represents exported protein
" (and possibly déad cells) there was no indication tﬁat LDL
increased the pro£ein content per cell by inhibiting the
export of proteins from the cells. ° ‘

e. Discussion

After 72 hours about 25% more radioactivity remained in
the protein and the protein content was 39% higher in the
IDL-treated cultures than in.the controls. Although an enhanced
rate of protein synthesis could have accounted for both the |
additional radioactivity (by diluting the labelled protein) and
for the additional protein, it was shown previously that LDL
produced no increase in the rate of protein synthesis (Secﬁién
III.C.3.). The results presented in this section support
therefore, the conclusion that IDL reduces the.rate of protein

degradation.



Fig. 6 - Radiolabelled-protein remaining in cells in the
presence (o) and absence (o) of LDL (145 ug protein/
ml medium). |
The figure shows the mean (¥ s.e.m.) percentage
of the total radiocactivity in the cultures in
four experiments that was found in TCA-insoluble
celiular material. ‘Each experiment contained

triplicate cultures in each group at each time.
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Table 21

Time(hrs):

+IDL

Protein Degradation in LDL-Treated Cultures:
TCA-Soluble Radioactivity in the Medium

TCA-soluble activity in medium as a percentage

-0of the total activity in cells and medium

v oy 48 72
(n=1)* (n=4) (n=L) (n=3)
10 28%y 4ote uats
11 30ty yote s6te

140
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It was unlikely that reincorporation of radio-labelled
leucine was occuring in these experiments (Section ITI. C.
4. a.). Unlabelled leucine was present at levels 105 times
greater in the first experiment and 2 x 106 timeé greater in
the other three experiments than the initial amounts of
labelled leucine used to label cell proteins. (The difference
is due to the.use of 1LLC-:Leuc:'Lne in the first experiments
and to 3H—leudine in the other three ekperiments.) Eurfhermore,
in the absence of an effect of ILDL on protein synthesis
(Section III.. C. 3.), it is unlikely that the higher amount
of labelled protein in LDL-treated cells could be explained~
by a greater.degree of reincorporation of labelled leucine.

Rates of protein catabolism in cultured cells have been

"shown to be sensitive to the composition of the medium.

Addition of serum'iowers the rates of proteolysis in 3T3
cells (213,217 ) and in human fibroblasts (219,220 )K
Insulin alone has a similar effect in 3T3 cells (213) and in
a variety of tissues in vivo and in vitro, (reﬁigwed by
Kanter, 221 ). These results have been interpreted as part
of a"pleiotypic response” to changeS in the environment
which promote cell proliferation (213). Lower rates of
protein catabolism have beén found in proliferating cultures
compared with density-dependent growth-inhibited cultures

of 3T3 cells (215 217) and of human fibroblasts of the MRC-5
stfain (222), Bradley has claimed that the two growth states

produce no difference in rates of proteolysis in cultures of
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human fibroblasts of the WI-38 strain (219). In the figures
presented, however, it is evident that a study longer than one
of the 25 hours reported may have revealéd a difference.

Significant contributions of decreases in'rates of
protein catabolism to net protein gain have been reported
in compensatory renal hypertrophy, regenerating liver, and
isoproterenol-stimulated salivary gland (223) as have similar
results in skéletal musple hypertrophy énd other fissués
(reviewed by Goldberg and St. John, 224). 1In some of these
cases, a lower rate of protein degradation during stimulated
growth was shown to be accompanied by minor or no changes |
in the rates‘of synthesis. The present work showed a similar
pattern of events in cultures of human fibroblasts exposed
‘to LDL: cell growth is stimulated (as shown by increases in
protein content) ahd this was shown to be caused by a decrease
in the rate of protein degradation with no increase in the
rate of synthesis. |

None of‘these effects of LDL has been réported previously.
The literature.of protein degradation in mammalian cells is
relatively new and is sparse compared with that of protein
synthesis (225)., It is generally believed that the site of
pfotein degradation is thevintracellular lysosome which has
been shown to degrade a wide variety of cell constituents (223).
Some evidence suggeéts that LDL too, is degraded in lysosomes.
In cultures of human skin fibroblasts, chloroquine, a drug

which inhibits intralyéosomal degradation, significantly
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reduces the degradation of LDL (139) and greatly increases
the amount of ILDL found to be associated Qith the cell (125).
At present, it is not known whether all proteins are degraded
in lysosomes or whether other sites of pfoteol&sis‘exist
within the cell. It is also unkﬁown if the total capacity
for protein catabolism is limited and if an acute challenge
from a "prefefred“ substrate would reduce the rates of
degradation of other proteins. A "preferred" substrate
(according to Goldberg,hquoted in reference 225 ) is large
and negatively-charged; LDL is large and negatively—charged
but one may only speculate that it reduces the rate of generél
degradation of cellular proteins by overloading the capacity
of the lysosomal system. An alternative explanation, again
'speculative, is that the deposition of cholesterol into the
cell by IDL is followed by a requirement for additional protein
~to incorporate the lipid into integral cell structures such

as membranes, and that this protein is made available most
readily by conservation of existing proteins. In a previous
section it was shown that even though the-prétein content

per cell is increased in the presence of LDL, it maintains

a constant ratio with cellular cholesterol content over a

wide range of values (Section III. B. 4. d.).
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ITI. D. The Effect of IDL Added to Ultrafiltered PPLFS on

Cell Proliferation, Cholesterol Content, and

Protein Content per Cell

1, Introduction

The effects of LDL described above were measured against
a baékground of platelet-poor, lipoprotein-free human serum.
It was unlikely that the method of preparlnO PPLFS would
have completely ellmlnated platelet factors because the
centrifugation and washing procedures are thought to damage
some platelets and to cause the release of factors involved
in blood coagulation (226, 227). |

One pértially-characterized constituent of platelet
lysates stimulates the proliferation of 3T3 cells (118, 119).
Uncharacterized constituents of platelets promote the
proliferation in éulture of monkey skin fibroblasts and aortic
- smooth muscle cells (115), of human glial cells (120), of bovine
aortic endothelial cells (121), and of human aortic smooth
muscle cells (122). Platelet factors may Proﬁide most of
the effect of whole serum on céll proliferation (122). It
is not known if platelet facfors iﬁvolved in promoting cell
mitosis are the same as those involved in bloqd.coagﬁlation,’
but it is likely that damége to platelets in any case releases
not only coagulation factors but also mitogens. One of these
mitogens is heat-stable (228) and has a molecular weight of

13,000 (118). This factor is probably retained in the serum

during dialysis of PPLFS because the dialysis membranes that
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were used had an exclusion limit of 11,009 daltons. In order
to determine what effects the removal of this factor from
PPLFS would have on proliferation and on ‘cholesterol and
protein contents of cells in the presence and absence of 1DL,
PPLFS was subjected to repeated ultrafiltration.

2. Materials and Methods

?latelet—poor, lipopretein-free serum was divided intb
equal volumes. One volume was added to DME as before and
the other was subjected.to membrane ultrafiltration and then
added to DME. Final protein concentrations‘in PPLFS and
PPLFS-f (ultrafiltered) media were identical.

Ultrafiltration of PPLFS was carried out in an Amicon

Model 52 cell at room temperature and under nitrogen (50 psi).

The membrane (PM-30) has a retention factor for molecules of

13,000 daltons of about 50% (Amicon Publication #403). The

-volume of serum was reduced from 60 ml to 30 ml and the initial

volume was restored with NaCl (0.15 M). This was carried
out 6 times to reduce the concentration of solutes of 13,000
daltons to less than 13% of the original.: PPIFS—f was
sterilized by passage through a sterile filter (0.22 um) and
an aliquot was taken for estimation of protein. The maximum
amount of protein lost during ultrafiltration was 3%. .

In two experiments the ultrafiltrate (180 mi) was
collected, dialyzed against distilled water, and lyophilized.
The so0lid residue was dissolved in 1.5 ml water, and in one

experiment only, was boiled gently for 2 minutés-(228).
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A volume that would contain twice the amount of the factor
of 13,000 daltons that was present initially in the PPLFS'
(assuming losses were negligible) was added to eech of 3 plates
to which PPLFS-f medium and IDL.had also been added. This

amount of platelet factor was added at each time of changing

PPLFS-f and LDL.

All other methods have been described in the General
Methods section (III.A.).

3. Experimental Protocol

Cells (5.8-10.0 x 104) were plated in each of 60 petri
dishes (3.5 cm diameter) containing 2 ml of 10% FCS. The
medium was changed to serum-free medium after 1 day. Cells

were counted in 3 dishes after 2 more days and at a later time

if the count was lower than the number pipetted into each

-

dish. Dishes were randomly allocated to one'ef 4 groups,

the medium was removed, and 2 ml of PPLFS of PPLFS-f were

added to each dish in each of 2 groups. IDL (155 ug protein/ml,
range: 128-169 ug protein/ml) was added to haif.the dishes

in each group. In two experiments there was a fifth group

in which the concentrated ultrafiltrate was added to PPLFS-f
and LDL medium. At 3, 5, and 7 days, dishes in triplicate

were taken from each groﬁp; cells were counted and their
cholesterol and protein contents were estimated. Four

different strains of genital fibroblasts were used.
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L, Results

Each set of results (cell counts, cholesterol content
per cell, and ppotein content per cell) was subjected to an
analysisfof variance, the results of which are presentéd in
Table 22. In each analysis, fhe differences among treatments
and among days were fouﬁd to be significant and as in an earlier
group of experiments (Section III:B.) the variability of response
among expefiments was reflected in the magnitude of the
interaction terms. Thé interpretation of the interaction
terms was presented in Section III.B. Clear differences among
treatments are seen in Fig.7. Ultrafiltration did not affect
the rates of'replication, or the cell content of cholesterol

or protein in cultures in PPLFS medium alone. Cell contents

" of cholesterol and protein were increased by the addition of

IDL but the increases were similar in PPLFS and in the

- ultrafiltered serum. Ultrafiltration virtually abolished

however, the effect of LDL on the rate of cell replication.

The addition of the concentrated ultrafiltrate to PPLFS-T
containing IDL restored some but not all of the LDL effect on
replication. Thus after 7 days, the mean population doublings
of triplicate cultures in PPLFS-f + LDL and in PPLFS + LDL
were 3.7 and 4.3 respectively; addition of fhé ultrafiltraté
to PPLFS-f + LDL produced 3.8 population doublings. Boiling
the ultrafiltrate did not eliminate this small increaéé in

cell numbers.
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Table 22 Analysis of Variance : Effects of Ultrafiltration

of PPLFS
Degrees of _ _
Source of Freedom : Sum of Mean F Level of
Variation DNumerator Squares Square Ratio Significance

(a) Cell Counts (% of count on day 0)

A.Treatments 3 2194593 - 731531  109.796 < 0.001
B.Days . 2 5566180 2783090  417.714 <0.001
C.Experiments 7 7275680 1039380 156.001 - <0.001
Interactions : ‘

AxB 6 578126 96354 14,462 <0.001
AxC 21 3346250 159345 - 23.916 <0.001
BxC 14 1561890 111563 16.745 <0.001
AxBxC 42 1960640 46682 7.007 <0.001
Replications 188 1252580 6663 (4 missing values)
(b) Cholestersl Content per Cell (ug/10°cells)

'A.Treatments 3 10255 3418 249.151 <0.001
B.Days 2 228 114 . 8.342 <0.001
C.Experiments 4 1406 351  25.632 <0.001

| Interactions : '

AxB 6 152 25 1.857 N.S.
AxC © 12 1363 113 ~ 8.283 <0.001
B x C 8 1030 128 ©  9.383 <0.001
AxBxC 24 602 25 1.830 <0.02
Replications 108 1481 13 (12 missing values)
(c) Total Protein per Cell (% of that on day 0) ’
A.Treatments 3 94112 31371 99.446 <0.001 °
B.Days 2 67270 33635. 106.625 <0.,001
C.Experiments 5 741991 148398  470.428 <0,001
Interactions : ) - |
AxB 6 15587 2597 8.236 <0.001
AxC 15 83343 5556 17.614 <0.001
B 'x C 10 25270 2527 8,011 <0.001
AxBxC 30 23158 772 2.447  <0.001

Replications 143 45109 315 (1 missing value)



Fig. 7 - Effects of LDL on cells in media containing PPLFS
(O) or PPLFS-Tf (0) .
Medium alone.

— — — — Medium containing LDL.
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5. Discussion

The proliferation of several cell types in culture .
is stimulated by an agent released by platelets (Section .
I.E.2.). This aéent, a cationic polypeptide of 13,000
daltons, initiates DNA synthesis in 5-10 x 103 confluent
mouse fibroblasts when present in an amount of 1-2 ng (229).
The results of Antoniades and Scher indicate that a medium
containing platelet-poor human serum (10% v/v) would have
about 0.7 ng of platelet factor per ml (229). Two ml of
this medium would thus contain about 1?4 ng, an amount
sufficient to promote DNA synthesis. Ultrafiltration would
however, reduce this amount to 13% of its original value,
which would leave less than 0.2 ng in 2 ml of medium, an
~amount insuffiéient apparently to promote DNA synthesis.
It was anticipated therefore, that PPLFS-f mgdium would not
~ support the proliferation of human skin fibrqflasté.. The
results show however, virtually no difference in cell numbers
in cultures incubated for 7 days in PPLFS and PPLFS-f. The
cholesterol and protein contents per cell were also similar.
Diffefent cell types from the same species appear to vary
in their dependence on platelet factors for proliferation.
Thus, dermal fibroblasts from the pigtail mgcéqﬁe increase in
number in platelet-poor serum to about 90% of the number
attained by these cells -in whole serum: aortic smooth muscle
cells during the same period of 14 days, proliferate to.

only 25% of the number reached by these cells ih whole serum
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(115). Both the relative and the absolute effects of platelet
factors on cell proliferation were greater in the smooth |
muscle cell cultures than in the fibroblasts. Some months
after the completion of the present work, Witte gj-gl

reported that human serum prepared in essentially the same

way as PPLFS produced no change in cell numbers in cultures

of human smooth muscle cells in a period of 11 déys (122).

In comparison with the present results with skin fibroblasts,
it appears that smooth muscle cells from human aortas are

more dependent on platelet factors for proliferation. Although
ultrafiltration produced no effect on cell'numbers in PPIFS '
alone, it produced a marked decrease in the response of
fibroblasts to the addition of IDL. As Fig.7 shows, the mitogenic
~effect of LDL was virtually abolished although the LDL

effects on cholesferol and protein contents per cell were
unaltered. The effect of ILDL on proliferatiqn'was.restored
partially by the addition to the medium of the concentrated
ultrafiltrate of PPLFS. These results support the hypothesis
that LDL acts in concert with another, or other, serum
factor(s) to promote proliferation. Furthermore, the results
corroborate evidence presented earlier that the effect of

IDL on proliferation was independent of the gffécts on
cholesterol and protein contents. While the results of

the present work are consistent with the conclusion tﬁéf

IDL requires the presence of a platelet-derived factor of

13,000 daltons to exert an effect on cell replication, one
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cannot rule out the possibilities that the required co-factor
is neither platelet derived nor mitogenic by itself. No
attempts were made, however, to resolve this question. The
requirement for éerum factors of low molecular weight in
order for the IDL effect on cell replication to be expressed .
is a new finding. Since several batches of serum were used
in the preparation of PPLFS, it is conceivable that at least
some of the variability in magnitude of the LDL effect on
proliferation may be attributed to variations in the amount

of the required co-factor in different sera.
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I1II. E. The Effect of 1LDL on the Accumulation of

Glycosaminoglycans in Culture Medium

1. Introdpction

Several cell types in culture secrete glycosaminoglycans
(GAG) into the medium (Section I.E.5.). Synthesis and secretién
by cultured cells are stimulated in some cases by factors
which are known from other work to stimulate cell division.
Examples of these are: serum (153, 156; 159, 160); insulin
(154, 155); and epidermél growth factor (158). 1In addition,
a factor derived from platelets stimulates‘both the synthesis
of hyaluronic acid and the incorporation of methyl thymidine
into DNA in human synovial cells (165). It is not possible
from the available data, however, to make a general statement
‘about the relation of cell proliferation to secretion of GAG:
monkey aortic smooth muscle cells (27 ), chick corneal
fibroblasts (152 ), and rabbit corneal fibroblasfs (157)
produce GAG at maximum rates during stationary phases of
growth; rat fibroblasts are reported, howevér,'to produce
more GAG during logarithmic growth (156). Changes in the GAG,
as yet undefined, are thought to occur in the arterial intima
during the development of atherosclerosis (Sectiqn I}D.Z.).
Since the proliferation of arterial smooth muscle cells is
recognized to be an early event in atherosclerosié andvbecause
IDL has been shown to stimulate the proliferation of thése
cells in culture (15), it was of interest to examine theé
effect of IDL on the accumulation of GAG in the medium of

cultures of human skin fibroblasts. It has been shown in the



present work that ILDL produces an enhanced rate of proliferation
in cultures of human skin fibroblasts (Section III. B.).

Medium was taken from dishes of cells during exﬁerimentsv
where cells were periodically counted for other pﬁrposes.
Advantage was taken of the elimination of the IDL effect on
cell proliferation by ultrafiltration of PPLFS to determine
if the accumulation of GAG in éhe medium was affected 5y
proliferation in the presence of IDL. . |

2. Materials and Methods

Total GAG was estimated in pooled media from triplicate
dishes in each group during experiments primarily designed
to examine tﬁe effect of LDL on. protein degradation and the
effects of ultrafiltration of PPLFS.

Total GAG Qas estiﬁated as total uronic acid by Mr. L.O.
Wosu. GAG were précipitated with cetyl pyridinium chloride
after pronase digestion of the culture medium:(230). GAG were
recovered as sodium salts and estimated as uronic acid by the
modified carbazole method of Bitter and Muir‘(231).

All other methods are described in the General Methods
section (III. A.). The results are expressed as ug of uronic
acid found in 2 ml of culture medium.‘ The average cell numbef
over the indicated number of days is shown.

3. Results

As.shOWn in Table 23, LDL increased the total content
of GAG in the culture medium from an average value of 5.8 to

15:4 ug per 2 ml. Since ﬁo relation was found between the
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' Table 23 Effect of LDL on GAG Accumulation in the Medium

Expt Time Interval Total Uronic Acid Avefage Cell

(Days after in Medium (ug) Number during
addition of LDL) » Interval (x 10_3)
+IDL  -LDL +#LDL  -IDL
1 0-1 - 12.0 4.0 318 321
0-2 8.9 5.1 390 369
0-3 13.2 b2 o ho2 392
2 0-1 12.8 L.9 '342 313
0-2 19.4 3.6 549 391
0-3 Ly,2 3.4 836 L66
3 0-1 . 5.3 o*% ' 102 118
0-2 19.2 13.4 o127 - 1ho
0-3 26 .4 15.4 179 172
L 0-1 8.9 5.1 . 390 369
0-2 7'3. - 3,8 607 596
0-3 7.7 7.2 594 573.
Standard Error: 3.2 1.2
Number of
Analyses-: 12 12

¥ None detected



[WSY
(U
ON

GAG content of the medium and the time the medium was in -
contact with the cells, each pair of results was treated aé
being independent of any other pair and all twelve pairé were
subjected to the Student t test for paired samples. The
difference in accumulated GAG in the medium‘in control culturés
and in those exposed to IDL was significant at the p< 0.001
level. The results in Table23 also indicate that the effect
of IDL on GAG production did not require a.concomitant
expression of the LDL effect on cell proliferation.

The results of experiments which examined the effect of
ultrafiltration on accumulation of GAG are shown in Table 24.
There was again no relation between proliferatibn and the

accumulation of GAG in the medium, and IDL increased the

accumulation of GAG. IDL produced an effect that was slightly

greater in ultrafiltered serum than in control serum;
the difference was significant at the p<0.025 level (Student
t test).

4., Discussion

The results in Tables 23 and 24 show a variable content
of GAG in the medium with time. This may be attributed both
to the changes in cell numbers which mightkinfluence the
production of GAG and to varying rates of pinocytosis of medium
GAG. As.was pointed out in the introduction to this section,
production of GAG appears to vary in rate with the growth
phase of the culture although the relation between the th

varies with cell types. Sulphated GAG are removed from the



@)

157

Table 24.Effect of Ultrafiltration of PPLFS on Accumulatidn‘

of GAG in the Medium

Expt ‘Time Interval Total Uronic Acid

(Days after -

addition of

in Medium (ug)

Average Cell
Number -during

Interval (x 10;3)

LDL)
PPLFS PPLFS-f . ~ PPLFS = PPLFS-T
+LDL -LDL +LDL .-LDL +LDL -LDI, +LDL -LDL
1 10-3 10.1 3.4 11.8 2.8 99 98 96 93
5-7 7.0 2.0 9.0 2.5 300 248 218 245
2 0-3 L.,8 2.0 5.1 3.1 74 77 69 72
3-5 5.9 1.6 7.0 2.2 128 144 124 129
3 0-3 }9,0 7.7 19.3 7.7 114 100 93 78
3-5 16.2 8.6 16.2 7.6 282 168 205 132
5-7 16.2 8.1 16.2 8.5 470 192 314 157
Mean: 11.3 4.8 12.1 4.9
Standard ~
Error : 2.2 1.2 2.0 1.1
- Number of
Analyses: 7 7 7 7
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medium by absorptive pinocytosis in cultures of human skin
fibroblasts and aortic smooth muscle cells but hyaluronic acid
is not (28 ). Thus the measurement of total GAG at different -
time intervals does not indicate the total amounf of GAG
synthesized and secreted by the cells during-those intervals
but rather the amount remaining after a number of metabolic
ﬁrocesses which probably proceed at different rates for each
type of GAG. . It is eviqent, however, that IDL produces changes
in one or more of these processes since at all times the total
GAG accumulated in the medium is greater than in the controls.
No relation was found between proliferation of cells and the
accumulated GAG in the medium.  The results in Tablezu'show,
hoWever, that th? effect of ultrafiltered PPLFS ofreducing

the effect of IDL on cell proliferation is accompanied by a
small but statistiéally significant increase in the accumulation
of GAG. This difference is probably too small, however, to
have any physiological meaning. No differences were foundA
between the twd sera in the absence of LDL. Thé mechanism of
the LDL effect on accumulation of medium GAG cannot be-
elucidated from these experiments alone. It is conceivable,
however, that since ILDL has been shown to.form soluble comple%es
with sulphated GAG at neutral pH ( 97 J, sulphated GAG secreted
by fibroblasts in culture may be prevented by this association
with LDL from.being internalized by the cells. Not only would
this result in an accumulation of sulphated GAG iﬁ the medium,

but it might also prevent a feedback-inhibition of new synthesis
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of sulphated GAG (which after secretion into the medium would
add to the increase). Although feedback regulation of sulﬁhated'
GAG synthesis has not been reported, Handley an@'wather have
demonstrated a decrease in incorporation of acetate into GAG
which is dependent on the concentration of hyaluronid acid in
the medium (164).

. In summary, LDL was found to increase the accumulation

of GAG in the medium during periods of ﬁp to three days. This
is a novel finding and adds to the number of effects of 1DL

on cultured human skin fibroblasts already described in this

thesdis.
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IIT. F. The Effect of IDL on Cell Size

1. Introduction

The increases in cholesterol and protein cohteﬁts of
cells exposed to LDL suggested that an additional effect of
LDL might be to increase the cell sizes. In the experiments

in which the effect of ultrafiltration of PPLFS and in those

"in which the effect of IDL on protein degradation were examined,

the frequency distributions of cell size at various times with
and without LDL were analyzed.

2, Materials and Methods

The Cytograf 6300A particle counter equipped with a
2100 distribution analyzer:simultaneously counted and sized
the cells (Biophysics Systems Inc.).

Cell size'is measured as a function of light loss at a
photo-detector caﬁsed by a cell passing through a beam of
monochromatic laser light. The light loss is recorded as an
electronic signal in one of a hundred channels by the
distribution analyzer and the complete distribution is shown
on an oscilloscope display after the cell counting has finished.
The results may be stored by‘photographing this display or
by using the printer to fransfer’the numbers of counts pér
channel to tape. The information on -the tape was analyzed
in the following way: the counts in the first 60 channels,
which were usually greater than 90% of the total cells counted,

were summed; this figure was taken to be 100% and the percentage

- of this in each channel was computed; this percentage was
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multiplied by the channel number to yleld the product
for each channel; the sum of the products was then taken as
a cell size index.

All other methods used were described preViouSly in the
General Methods section (III. &4.).

3. Results

The results in Table 25show that with few exceptions LDL
produced a shift in the distribution cdrve to a larger average
cell size. The distribﬁtion curves are shown in Fig. 8 .
In both the presence and absence of LDL the frequency
distributions are bimodal although separation of the two peaks
is greater when IDL cultures are anélyzed. While the peak at

low channel numbers appears in the same channel in all samples,

‘the other peak appears in higher channel numbers in LDL

cultures than in céntrols. There was a high correlation
between the relative increase in protein content per cell and
the relative increase in cell size produced by LDL: linear
regression analysis yielded a correlation csefficient of 0.772
which was significant at the p<fo.001 level (Fig.9 ). No
differences in the distributions of cell sizes in PPLFS and
PPLFS-f were found. iDL produced the same effect on cell size
in both sera. |

L., Discussion

The results show a positive effect of IDL on cell size.

Although Chen et al. (106) found that hyperlipidemic serum

‘produced larger rabbit'aortic smooth muscle cells, the present



<::>' Table 25 Effect of IDL on Cell Size

Protein Content Cell Size Index
per Cell (% of (% of control)
control) , ‘
Expt. Time PPLFS PPLFS-f . PPLFS PPLFS-f
(Days) +1DL +LDL +LDL +LDL.

(a) Ultrafiltration Experiments

1 3 138 141 137 131 .
5 144 136 113 115
7 146 134 130 119
2 3 126 114 130 115
: 5 131 140 141 158
7 157 166 4 149 175
3 5 129 106 109 99
7 130 114 126 119
4 3 116 98 120 108
5 91 111 109 95
5 3 87 9k 111 117
5 8l 111 95 100
7 87 105 93 100
(b) Protein Degradation Experiments :
1 2 107 ) - 106
3 110 : 101
2 1 114 - 107
2 99 96
3 - 81 96
3 2 118 ' 106
-3 115 : 112
L 1 106 133
2 104 105
3 117 115

N

}..x



Fig. 8 - Size distributions of cells in PPLFS with and
without the addition of 160 ug LDL protein/ml
mediuﬁ. This figure was drawn from the results of
a single experiment but is representative of the
relativé distributions obtained in other

experiments.
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Fig. 9 - Relation between increases in cell size and total
protein per cell relative to the values obtained
for each of these variables on day O of the

experiments. Each point represents the mean value

from triplicate dishes.
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results are the first to show an effect of LDL.

The frequency distributions of cell size were bimodal:
the areas at lower channel numbers represent a populafion of
relatively small cells and because of the appearence of the
peaks in the same channel number with LDL and‘with control
cultures, it is suggested that these cells are~formed'froh
recent divisions; the areas at higher channel numbers appear
to be shifted in IDL cultures indicating not only a larger .
average size than in céntrols, but also the presence of a
population of very large cells which does not exist in the
control cultures.

As diﬁloid fibroblasts age';g vitro, large cells appear

which seem to have limited capacities for replication. These

‘cells bear comparison in morphology to macrophages and may

represent a populéfion of terminally-differentiated cells (232).
It is possible that the very large cells seen in cultures
exposed to IDL also represent a population of terminally-
differentiated'cells althoﬁgh since no attempt was madé to
clone them, no proof of this hypothesis is offered.

The correlation foundlbetween the increase in protein
content and in cell size suggests that the accumulated
protein is present in cell struétures. Since cﬁolesterol
and protein contents were sh&wn previously to be also
correlated, the preSént finding supports the assertion‘made
earlier, that cholesterol and protein increases in cells

exposed to LDL are incbrporated into structural. forms.
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ITI. G. Studies of IDL Effects in Cultures of Porcine

Aortic Smooth Muscle Cells

1. Introduction

The cell type of choice for studies of gtherosclerosis
in vitro is undoubtedly the arterial smooth muscle céll.
Several investigators have successfully cultured theée cells
from tissue obtained during corrective surgery for coarctation
and atherosclerosis, and during renal}transplantétion (24,.
233). Fetal arterial tissue has also been used (24 , 148 ).
Attempts were made during the course of the current work to
culture cells from tissue obtained during aorto-coronary bypass
surgery¥*, Tﬂe average age of thé patients was 58 years

(range: 47-66 years). Arterial segments from ten patients

‘were obtained and prepared for culture. Although cells

-

migrated from tissue pieces in eight cases, proliferation was
always insufficient to form a monolayer of cells which could
be sub-cultured and used in experiments to examine the'effects
of IDL that were investiéated previously in cuitures of dermal
fibroblasts. .In comparisén with fibroblasts, the arterial
cells were substantiélly larger and had very granulaf
cytoplasms. Rauterberg et al. have also experienced
difficulties in maintaining cultures of arterial smooth muscle

cells from tissue of older individuals (24 ). Both age and

*¥ T am indebted to Drs. N. Sheiner and J. Rothschild of the
Department of Surgery at the Jewish General Hospltal for their
constant cooperation in providing tissue.
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tissue appear to determine the success of culturing rat cells:
cells usually migrate from explants of liver and spleen
although the time of appearance after incubation increases
with the age of the donor; heart and brain cellé on the other
hand, migrate only from tissue of hewborn rats (234 ).
Furthermore, the highly successful culture of mbnkey'skin‘
fibrobiasts from tissue taken at autopsy is in contrast with
the failure to obtain cells from arterial tissue'taken at the

same time (150 ). A report which appeared after the completion

of the present work has indicated, however, that human smooth

muscle cells from aortas at autopsy proliferate in human serum
(23).

Following the unsuccessful attempts with arterial segments

from surgical patients, the thoracic aorta was removed from

-

each of eight newborn farm pigs and cultures 6f smooth muscle
cells were established in all cases. The pig'is a particularly
appropriate species since it develops a type of atheroscléroéis
which is similér to that which appears in humaﬁs (Section I.A.2).
Experiments were carried éut with these cells to determine

if the effects of IDL found in cultures of human skin

fibroblasts were also to be found in arterial smooth muscle

cells.

2. Materials and Methods

The method of obtaining explants of arterial tissue for
culture of smooth muscle cells was that of Bierman et al. (142).

This method was based on the original work of Ross (126).
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‘::> Newborn pigs, less than 1 week 0ld, were anesthetized
with ether, shaved, surgically scrubbed, and draped. The ‘
thoracic aorta was removed from each animal and placed in
medium (DME, buffered at pH 7.4 by addition of'Tfis, 3 mM, and
containing twice the amount of antibiotics indicated in the
General Methods section). Each aorta was cleaned bf:adherent
tiésue, opened longitudinally, and the endothelial surface
scraped gently with a surgical blade to remove blood and
endothelial cells. A well-defined cleavage plane was often
present less than half-way across the thickness of the wall
and this was used to strip off intimal-medial sections of the
artery. These sections were cut into 1 mm squares and were
placed, two to a’dish, into several petri dishes (35 mm
diameter) containing an amount of FCS medium (10% v/v), just
sufficient to form‘a thin layer on the. dish surface (about
1 ml). The dishes were placed into a humidified incubator
in an atmosphere of air : co, (19 s+ 1) at a temperature‘of.37oc.
Medium was addéd daily in increments of 0.5 ml fo avoid
dislodging the adherent tissue.

Cells appeafed from the tissue pieces after 2 days in a
few cases but generally. after L-8 days. The surface of the |
dish was usually covered with_cells'after 3 weeks, at which
time cells were collected from several petri dishes and

- transferred to T-75 fiasks. (Removal of cells and all other
<::> techniques of cell culture are described in the General Methods

section.) The initial density was 1.0-1.5 x 104'cm"1; below



this density of plating, cells often became large and did not
divide. The early cultures were heterogeneous: the majority
of cells were irregularly-shaped (spindle-like of polygonal),
and the minority were smaller and formed circular clusters.

The latter type were very similar to human umbilical:vein-
éndothelial cells (235) and disappeared from thé cultures after
1-2 paésages. Electron-microscopy of cells at the second\
passage showed myofilaments, attachment plagues (dense bodies),
and extracellular microfibrils were presenf (Fig.10). These
characteristics, in addition to the pattern of growth which had
the appearance of "hills and valleys"”, have been reported by
others to be fypical of cultures of smooth muscle cells (26,
126 127, 142),

Human LDL and PPLFS were prepared as descrlbed previously
in the General Methods section. Porcine IDL and lipoprotein-
free serum were prepared from blood obfained ét slaughter®,

The blood was collected into polyethylene buckets and was
immediately transferred tq‘glass tubes (30 ml) packed in ice.
After transfer to the laboratory, the tubes were allowed to
stand at room temperature for 2 hours before the serum was
separgted by centrifugation. ILDL was isolated using the method
for isolating human I1DL (General Methods section).and appeared

turbid and white. Porcine lipoprotein-free serum was prepared

¥ T am indebted to Canada Packers Ltd. for allow1ng me to use
their facilities.



Fig.10 - Thin section of porcine aortic smooth muscle cells

| cultured in 10% FCS medium. Celis were fixed in
1% glutafaldehyde; post-fixed in 2% osmium
tetroxide; dehydrated in ethanol,dimethyl sulphoxide;
and embedded in Epon. Thin section was post-stained
with:-lead citrate and examined on a Hitachi HU 12
microscope at 75,000 Kv and at an initial magnification
of 1500-20,000.
Dense bodies associated with thin'filamentsvare
visible in the top centre portion of the micrograph
and the substratum shows a large quantity of extra-
cellular materials, that are produced characteristically

by smooth muscle and other connective tissue cells.
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by ultracentrifugation of porcine serum at a density of
1.250 gm/ml using the same methods used in the preparation
cf lipoprotein-free serum from human platelet-poor serum
General Methods section). .
All other methods have been described in the General
Methods section (III.A.).

3. Experimental Protocol oo

Cells (6-8 x 104) were pipeﬁted'into plastic petri dishes
(3.5 cm diameter). Eacﬁ dish contained 2 ml of FCS medium and
was replaced into the incubator (37°C, humidified atmosphere
of air : co, (19 + 1)) for 1-3 days until the cell number was
similar to that pipetted (day 0). On day 0, medium was removed,
the cells were washed twice with serum-free DME, and 2 ml of
DME containing tﬁe concentration of various sera indicated in
the Results section was added. LDL (162 ug LDL protein per ml,
range: 146-172 ug/ml) from human or porcine sera was added to
half the dishes; Medium and LDL in each experiment were changed
at 3 and at 6 days. Three dishes were taken from each éroup
at 2, 4, and a? 6 days an& cells were released for counting,
estimation df cholesterol confent, and estimation of protein
content. Six of the eight strains of cells were used in the
fdllowing experiments.

L, Results

Changes (as>a percentage of cell coﬁnt on day 0) in
numbers of porcine aortic smooth muscle cells after 6 days were

found to be related iinéarly to the concentration of fetal



172

calf serum in the medium (Fig.11). The proliferation of these
cells in PPLFS or in porcine lipoprotein-ifree serum (PLFS) was
substantially lower (Fig.12).

Little effect of concentration of serum oh cell numbers
was found with 1% and 5% PLFS. Higher concentrations (10% and
20%) resulted in a decrease in numbers and cells Weré visible
floating in the medium. The deleterious effect of PIFS-at high
concentrations was irreversible: despite changing the medium
at 4 days to 10% FCS, tﬁere was complete detachment of all cells
from the dish surface.

Observations with the light microscope revealed
morphologicai chahges in cells incubated in PPLFS and PLFS
relative to those in FCS. In the first two, the cells were
rounded and intefcellular junctions were less defined.

The PPLFS used was tested for toxicity in a culture of
human skin fibroblasts and since cell numbers-'increased at a |
usual rate and no cell detachment was observed, it was conéluded
that the medium contained no toxic factors. ‘

The effgcts of human IDL on cell proliferation,
cholesterol, and protein content per cell were examined in
5 experiments using 10% PPLFS medium. The results at 6 days.
are presented in Fig. 12 and are representgtive of those at
2 and 4 days. Slightly lower numbers and.protein contents were
present in the LDL—treated cultures whiie the cholesterol
contents were somewhat higher. None of these differences was

significant.



Fig.li - Changes after 6 days in numbers of porcine aortic
| smooth muscle cells in medium containing fetal

calf serum at various concentrations.
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Fig.12 -~ Effects of LDL on porcine aortic smooth muscle cells.
LDL (3) added to PPLFS and FCS was from humans
and that added to PLFS was from swine.
The ordinates show values as a percentage of those

son day O.
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No significant differences were found in cell numbers and
protein content per cell in cultures treated with LDL during
experiments using PLFS medium (1% and 5%) and FCS medium
(2% and ). Results of these experiments at 6 days are shown
in Fig.12 and are representative of those at 2 and 4 days.

5. Discussion

Porcine aortic smooth muscle cells proliferated rapidly
in medium containing fetal calf serum. A much poorer rate
of proliferation was observed, howe&er,‘when the serum was
changed to human PPLFS and this rate was not improved by the
addition of IDL. As was reported in the General Methods
section, aftér 6 days, the number of human skin fibroblasts
cultured in whole human serum (10%)was reduced by 31% by
incubating the célls in medium containing PPLFS (10% v/v).
The present resulté show that the number of pércine aortic
smooth muscle cells after 6 days was about 75% lower in PPLFS
than in medium containing a similar concentration of fetal
calf serum. While this difference may be attributed in part
to differences between human and fetal calf serum it is likely
that the results also indicate a greater dependence of aortic
smooth muscle cells (compared with dermal fibroblasts) on
platelet factors for proliferation. Rutherford andrﬁosé, forv
example, have found a substantial difference between dermal
fibroblasts and aortic smooth'muscle cells in the effect on
cell numbers of platelet-poor serum (compared with whole serum):
dermal fibroblasts in platelet-poor serum numbefed 90% of those

in whole serum after 14 days whereas the smooth muscle cells had
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reached only 25% of the number in whole serum ( 115). After
the completion of the present work, Witte et al. reported that
human aortic smooth muscle cells remain in a quiescent state
for up to 11 days in medium containing PPLFS (10% v/v), which
agalin suggests a critical role for platelet factors in the
proliferation of aortic smooth muscle cells (122). In the light of
these results, the incubation of porcine aortic smooth muscle
cells in medium coﬁtaining lipoprotein-free swine serum from ‘
which platelet factors had not been.remo§ed, was expected to
result in a degree of proliferation significantly greater than
that found with PPLFS, and it was further anticipated from the
previous work with human skin fibroblasts that this rate of
proliferation would be augmerited by LDL. Nelther of these
expectations was‘realized and at concentrations of PLFS
greater than 5%, it appeared that the serum was toxic to the
cells., The explanation for this result is not obvious. Brown
et al. have reported an effect of swine LDL on cell
proliferation when added to PLFS (111). They used the
miniature pig but it is thought unlikely that differences in
species of swine could account for the different results.

More likely is the possibility that since the blood was
obtained from animals at slaughter, when immediately before
exsanguination they were in an eitreme'state of panic, the
serum could have contained some factor(s) which inhibit(s)
the proliferation of cells, Daoud et al. have ;n fact found

a fraction of swine serum which inhibits the incorporation of



thymidine into DNA in explants of porcine aorta but they have
not characterized the active agent (236).

LDL augmented neither the proliferation of cells nor

the cholesterol nor protein contents per cell durihg incubation

in PPIFS or in PLFS. 1In one experiment, swine LDL appeared

to enhance the proliferation of smooth muscle cells already
proliferating quite rapidly in fetal calf serum. It is
possible, therefore, that the‘effect of IDL on the proliferation
of aortic smooth muscle cells is to amplify the proliferation
already initiated in a culture by other factors. Others have
reported that IDL alone or with PPLFS 1s unable to promote

the proliferation of human aortic smooth muscle cells (122)
while the addition of IDL to monkey lipoprotein-free serum does
augment the prolifq;ation of monkey aortic smooth muscle cells
(15). Fischer-Dzoga and Wissler found an effect of 1DL,

when added to whole serum, on increasing cell‘proliferation in
cultures of monkey aortic smooth muscle cells but claimed that

LDL had to be prepared from hyperlipidemic serum to exert this

effect (109, 110).

" In summary, porcine aortic SMC proliferated rapidly
only in fetal calf serum . The absence of any effectg of LDL
( human or porcine ) on proliferation , cholesterol accumulation,
and protein accumulation , and the morphological‘changes of
cells in +the. cultures was related perhaps to théir'poor
adaptation to medium containing PPLFS or lipoprotein-free

porcine serum .
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ITI. H. Composition of Serum VIDL and HDL in Diabetes Mellitus

1. Introduction

A predisposition to the development of atherosclerosis
is widely accepted as a part of the didbetic condition. While
it is suspected that a factor in this predisposition is abnormal
lipid metabolism, elevated levels of serum lipids although
frequent, are not always measurably more so than in the general
population (Section I.F). A characteristic feature of 1ibid
metabolism in diabetes has yet to be found (172 ). Few studies
have examined, however, the composition of 1ipoproteins in
diabetic patients. The results of such a study are presented;
Serum VIDL and HDL were isolated.from the blood of diabetics
and healthy controls by ultracentrifugation and their
cholestercl and épolipoprotein contents were analyzed.

2. Materialé and Methods

Thirty-seven subjects (ages: 37-88 years) were randomly
selected from a group of non—obesé, maturity-onset diabetic
patients beingvtreated by diet and either insulin or oral
hypoglycemic agents. The control group compriéed 17 healthy
volunteers (ages: 30-92 years). Blood was collected after a
fast (12-24 hours) and was mixed immediately with a 1.5%
solution of thimerosal (pH 8.0, 0.4% v/v of blood). The blood
was allowed to coagulate at room température for 2 hours.
Serum was collected by centrifugation. Cholesterol and
triglycerides were estimated by automated enzymatic methods

and lipoprotein electrophoresis on thin agarose gel was



performed on an aliquot of serum¥*. EDTA (Naz) was added to the
remaining volume of serum (3 mM). Any chylomicrons present
were removed and VLDL (density 1.006 gm/ml), IDL (1.006-1.019),
ILDL (1.019-1.063), and HDL (1.063-1.210) were separated by
sequential ultracentrifugation using KBr for density adjustments
(193). Each fraction was purified by recentrifugation at the
appropriate density, dialyzed against NaCl, 0.15 M; EDTA,

0.3 mM; pH 5.6; 200 volumes x-5; and made up to a known vélume.
Cholesterol and protein were estima%ed on an aliquot, and the
remainder was lyophilized. Lipids were extracted from the
lipoproteins with ethanol-diethyl ether (3 : 1) following the
procedure ofrBrown et al., (237). The protein residue was
stored in an evacuated dessicator at -20°C until gel
electrophoresis Qas performed. Samples of VIDL and HDL were
dissolved in Tris buffer (0.2 M), SDS (0.1%), PH 8.2, and
subjected to electrophoresis in duplicate in 10% acrylamide
gels in the presence of 8 M urea (238). Urea (10 M) was
deionized on columns of Rexyn I-300 immediatelyAbefore use and
checked for a conductivity of less than 5 uﬁhos. Electro-
phoresis was carried out at 2.5 mA/gel for 4 hours. The gels
were removed and placed into a solution of amido black (0.2%)
in acetic acid (7%) for staining. The following day; gels

were removed and ‘destained in acetic acid (10% v/v) which

* T am indebted to Dr. R. Schucher and Mr. J. Gabor of the
Blochemlsury Department of the Jewish General Hospltal for
performing these analyses.
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was changed every 4 hours.
Gels were scanned at 623 nm in a Beckman Acta V recording'
spectrophotometer and the scans were recorded. Areas under
the peaks were measured by plaﬁimetry énd expressed as a
percentage ofrthe total for the gel. No correction was made
for differences in chromogenicity among the apoproteins (239).
The relation between the amounts of VIDL peptides‘andAthe
densitometer reséonse was linear. Apo AI and apo AITI in HDL¥
were found to have different chromogenicities but each
produced a linear response (Fig.13 ). One hundred ug of
VLDL protein_were applied to each gel. Seven ug of HDL
protein were applied to obtain relative amounts of apo AI
and apo AII and 50 ug of HDL protein were applied to obtain
amounts of minor components in relation to apo AII. The |
combined information yielded the relative amoﬁnts of all
peptides. Samples of apo-LDL were dissolved By boiling for
3 minutes with SDS, 1%; EDTA, 2 mM; and dithiothreitol (DTT),
5 mM; and allowing to stand at 37°C for 18 hours.
Electrophoresis was performed in polyacrylamide gels (3%
stacking gel, 73% running gel) prepared according to the
procedure of ILaemmli (209). A current of 0.2 mA/gel:for
18 hours was used. Gels were removed and stained withl .

Coomassie Brilliant Blue G250 (0.05%) in acetic acid :

isopropanol : water (2 : 5 : 13) overnight followed by

*¥ I am indebted to Dr. Y. Marcel for samples of purified
apolipoproteins.



Fig.13 - Densitometric response (area of peak) of apoAl
‘and apoAII. Increasing amounts of protein were

applied to gels invduplicate.
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diffusion destaining in acetic acid (10%). Protein and
cholesterol in lipoproteins were estimated by standard method;
(195, 240). Apo B in VLDL was measured as the difference
between total and isopropanol-soluble brotein* (241).

3. Results

a. Glucose, Lipid, and Lipoprotein Levels in Serum

Serum concentrations of glucose, cholesterol, and
triglycerides are shown in Table 2§. The mean value of each
was higher in the diabetic group. Fifteen of the diabetics
had normal lipoprotein levels, 3 had increased VLDL, 4 had
increased LDL, and 3 had increases in both.

b. Diétribution of Cholesterol among the Lipoproteins

The relat;ve and absolute amounts of cholesterol
distributed in each of the lipoproteins Were the same in |
normolipidemic diabetics as in controls (Table 27). Both the
relative and absolute amounts of cholesterol were increased in
VIDL in those diabetics with elevated VILDL, and were increased
in IDL in thosé diabetics with elevated IDL. .biabetics with
elevated VILDL and LDL levels also had relatively iower
amounts of cholesterol in the HDL fraction; only in the
elevated IDL group was the absolute amount lower. |

Cholesterol to protein ratios were normal in normo-
lipidemic diabetics but were slightly'higher in HDL in the
diabetic group as a whole., This difference was significant

(Table 28).

* Mr. F.Shareck, Ms. E. Tel, and Mr. R. White assisted at
various times in the separation of lipoproteins and in the
analyses of their compositions.
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Table 26 Serum Glucose and Lipid Levels in Diabetic and

Non-Diabetic Subjects

Serum Concentration (mg/dl)

Glucose Cholesterol Triglycerides
Control (17) 91%a* - 202%12 80%6
Diabetic (25) 152%9 - 2u4*10 169%16
Normolipidemic (15) 154%1n 208t g 102% 7
Elevated VIDL (6)** 141%10 271%17 293%23
Elevated LDL (7)** 167125 309% 8 238%39

* Standard Error of the Mean _
* 3% 3 subjects had an increased VLDL, 4 had an increased LDL,

and 3 had increases in both.



Table 27 Distribution of Serum Cholesterol among Lipoproteins

Relative Distribution
(% of total)

VIDL IDL LDL, HDL

Control (17) 60 2.0t.3 65tz 27%2
Diabetic (25) 12%3 5.0%1 63%2 21%p%%

Norm?}ﬁgidemic 7t1 3.8%.7 632 261

EOVESE N otwex  n.ots 56t3  20%8

Elev?;ﬁg HoE 13%3 3.of1 72imn 4%

Absolute Distribution
(mg/dl serum)

VLDL 1DL HDL

+ +

13%2 135%9  57ts
255y 155%10  53%5
1472 131t7 58ty

u8ti2%x  1m6T26  59%20

B1ti10  221T11%%xnotexs

*  See Table 26
I Differs from control value,ﬁ?( 0.02

Fdk Differs from control value, P < 0.001

heT



®,

Table 28 Cholesterol:Protein Ratios in Serum Lipoproteins

(w/w; meanis.e.m.)

VIDL IDL LDL HDL
Control (17) 1.00%.02 1.21%.12  .84%,06 29,01
Diabetic (25) 1.09%.07 1.02%.08  .92%.06 L34% o2%
Normolipidemic . ’
(15) 1.00%.06 1.12%,12  .85%,1 .31%.09

* Differs from control value, P< 0.05

185
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O c. Apolipoprotein Composition of VIDL

' The electrophoretic pattern of the soluble fraction of
apo-VLDL shows 5 major bands, a minor but still.prominent band
near the origin, and several minor and less prominent bands
(Fig. 14). This agrees with the results of others (239,242).
The electrophoretic patterns also indicate that relative amounts
of apolipoproteins are quite variable among subjects (Fig.l15 ).
This variability was previously reported by Eisenberg et al.
(243) and. by Shore and Shore (242).

No major difference was found in the apoprotein
compositions of VIDL of diabetics and of normals. Small but
statistically significant differences were'revealed, however:
the minor components accounted for about 6% of total
apoproteins in the normal but.for less than 1% in the diabetic;
and apo CII was inéreased slightly and the sum of apo CII,
apo CIII;, and apo CIII, was higher in the diabetics (Taﬁle 29).

Apo B accounted for 62 + 8% of the‘apo VLDL in normals
and for 65 * 5% in diabetics. B

d. Apolipoprotein Composition of HDL

The electrophoresis pattern of HDL showed 2 major bands
(AI and AII) and minor bands (Fig.il). The diabetic.
HDL was.slightly poorer in apo AI buf richér in‘minOr coﬁponents
(apo AIII and the apo C apoproteins).. No differences existed
among the diabetics sub-grouped according to serum‘lipoprotein

levels .(Table 30).

(::) The distribution of cholesterol among the lipoproteins



Fig.1h - Gel patterns obtained with apoVLDL, apolDL, aprDL
" (50 ug), and apoHDL (7 ug). The 5 major bands in

VLDL are CI, E, CII, CIII,, and CIII,; similar

bands are seen in IDL. The two major bands in

HDL are AI and AII.
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Fig.15 - Gel patterns from . samples of VLDL from the serum
of 2 different normolipidemic subjects. The
variability in VLDL apoprotein composition among

individuals is seen clearly.
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Table 29 Apoprotein Composition of Soluble VLDL Protein

% of total soluble VLDL protein (%fs.e.m)

: Minor*#¥ CI1r/
(1)* CI E CII -  CIII, CIII, Components CIII
Control (12) 5.2 10.6 32.4 114 18.2 15.8 6.1 0.63
(£.8)  (*1.7) (%3.1) (f1.1)  (*1.9) (%f1.3) (*1.8)
Diabetic (27) 3.7 11.0 28.1 14 . 3%%% 244 17.9 & 1.0%%*
(£.7) (2w (f2.1)  (%0.8)  (%1.9)  (%0.9)
Normolipidemic ’ }
(14 3.8 13.1 28.6 13.4 21.9 17.5 0.61
(*.9) (£1.8) (*2.9) (*1.1) (%5.8) (%1.5)
Elevated VLDL S
(6) 3.6 8.7 24.7 15.2 29.2 18.6 0.52
o (f1.0) (%2.2) (*3.8) (*1.9) (Z4.5) (%0.9)
Elevated ILDL - . ‘ TS :
(7) - 3.6 6.5 31.5 16.5 23 .4 18.4 0.70
(t.7)  (f1.2) (}3.8) (*1.2) (%f2.1) (%f1.2)
* ‘Band 1 on the electrophoretic gel, near the origin; identity undetermined.
*% Includes AI, AII and one unidentified band.

*33%

differs from control value, P < 0.025.

Differs from control value, P<0.025. The sum of CII, CIIII, and CIIIZA also

681



Table 30 Apoprotein Composition of HDL-

% of total HDL apoprotein (¥s.e.m.)

AT A

X aggregate cI AT ATT ATTI CII CIII,  CIII,
Control (12) 3.2 1.8 0.7  83.6 9.3 0.2 0.3 0.4 0.3
: ot 3t t o 0.9 oo ta T T T
Diabetic (27) 3.8 2.0 1.2 79.7 10.1 0.9 1.0 0.7 0.6
Tty to T 1.0 Ty ta T t T

P . £0.025 <0,01 <0.005 <0.005 <0.005 <0.005

067
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and the apoprotein electrophoresis were both studied in 12
control and 11 diabetic sera. A correlation was found befwéen
the absolute amount of cholesterol and of apo E in VLDL
(Fig.16 ). By linear regression analysis, the correlation
coefficients were 0.593 in the control sera (p< 0.05), 0.711 .
in the diabetics (§ €0.02), and 0.697 in the combined group

(p €0.01). | .

Analysis of IDL was carried out a few tiﬁes but the
volume of serum usually obtained was insufficient for accurate
quantitation. The époprotein pattern resembled that of
VIDL (Figlh),

Apo-IDL was completely soluble in SDS after reduction
with DTT. A large number of bands was resolved by electro-

bhoresis; no apparent differences in diabetic LDL were found.

L, Digcussion

In agreement with other studies (174, 177, 183), major
differences were not found in the composition of'serum
lipoproteins of diabeti&s. Abnormalities which were found
could usually be attributed to hyperlipoproteinemia and were
absent from the diabetics with normal serum lipid.levels.
A greater proportion of serum cholesterol, for example, was
distributed in VLDL when the-level of VIDL was high and |
likewise, in ILDL when the level of IDL was high. Ballantyne
et al. have reported a normal distribution of cholesterol among

serum lipoproteins in diabetics (177 ); Schonfeld et al. (183 )



Fig.16 - The relation between cholesterol and apoE in the

VLDL of normal (X) and diabetic (e) subjects.




162

80 -

o
() -1 ©
X
o
. o
<
‘x
x .
[
‘x
x x®-«
0@
X
ol
b, 4
| 1 ]
o o (»] (]
(o] <t N

(lwool/Bw) 10¥31SITOHD 1A1A

apoE (mg/100 ml)



and Lopes-Virella et al. ( 184) measured a lower amount of
HDL-cholesterol in normolipidemic diabetics; and Calvert gﬁ al.
found a lower HDL-cholesterol only in those diabetics treated
with sulpﬁonylurea (insulin-treated patients had normal levels)
(185). HDL-cholesterol was also lower than normal in a group
df diabetic women but on average the group was moderately
hyperlipoproteinemic (174); the présént study also showed

that when the diabetics had én elevated IDL, HDL—cholesterol
was significantly reduced. It is of great interest to
determine whether a reduced level of HDL-cholesterol is
frequent in diabetes because of the association of each of
these with cdronary heart disease ( 34, 35). .

In agreement with Schonfeld et al. (183), cholesterol :
protein ratios wére normal in the LDL and VLDL 6f nornpliﬁidemic
diabetics. The ra%io was also normal in HDL in these patienté,
but was significantly higher in the diabetic group as a whole.
Since the absolute amount of cholesterol in HDL was normal,
these results suggest a relative deficiency'inAHDL apoproteins,

The analysis of VIDL apoproteins showed similar patterns
in normals and diabetics. Thé major apoprdteins reported by
others were present alfhough relative amounts differed from
those reported by Kane et al. even after corrections were
made for differences in chfomégeniciti'(239)- Larger
proportions of apo E, apo CIIIl, and apo B were found in the
present work. Estimates of apo B in VLDL have varied quite

widely: values of 27% (183) and 40% (244) were obtained with
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immunoaszay methods and 37% (239), 55% (245), and 58% (246)
were found with other methods. The value of 62% for:normél
VLDL obtained in the present study agrees best with that from
a gravimetric method (246). Aside from technical differences,

it is possible that variation among individuals'aCCOunts for

‘at least part of the discrepancy in the relative proportions of

VLDL apoproteins; Shore and Shore; as indicated earlier, found
this source of variation to be considerable (242).

A relation between the triglyceride content and the
apo C composition of VLDL has been observed by Carlson and
Ballantyne: increasing triglycerides accompany a decreasing
ratio of apo CII to apo CIII, (247). Triglycerides were not

measured in lipoproteins in the present work but it was found

L3

' that as mean serum triglyceride levels increased from the

-

normal group to the normolipidemic diabetic group to the
diabetic group with elevated VLDL, the mean ratio of apo CII

to apo CIII., decreased from 0.63 to 0.61 to 0.52.

1
The apoprotein éomposition'éf HDL was'foﬁnd to be similar
to that reported by Ffedrickson.(ZMB). Small but statistically
significant differences were found in thg‘relative,amounts of
apo AI and some of thé minor componénts in diabetics and
normals. Apo AI is the major polypgptide in HDL and is
associated with lower thah normal amounts of HDL-cholesterol
in survivors of myocardial infarction (249 ). The ﬁresent

results show that as a whole, the diabetic group has a higher

ratio of HDL-cholesterol to apo AI than the control group
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which suggests a greater complement of cholésterol per apo Al
molecule. The mean absolute amount of HDL-cholestefol ih the
diabetics was, however, normal whereas that in the coronary
heart disease patients studied by Albers et al. was
significantly lower than normal (249).

- An incidental observation of interest is the relation
between the concentrations of apo E énd VLDL-cholesterol.
Shore and Shore suggestea thét an arginine-riéh apoprotein

( which is identical to apo E, (180)) preferentially binds
cholesterol-rich pafticles (250).\ Apo E is increased in
hyperlipoproteinemias of type III (180, 250) and of type V
(180), and in hypothyroid patients and.cholesterol—fed rabbits
(250). An enhanped binding activity (compared with LDL) has
been found for an apo E-containing lipoprotein in cultureé

of human skin fibrgblasts (138). The lipoprotein, which is
isolated from the serum of cholesterol-fed dogs, also enhances
the rate of esterification of cholesterol in these cells,
possibly because it deiivérs to the cells more.cholesterol per
mole of apoprotein coméared with LDL. ‘

The demonstration of higher concentpafions of apo E
accompanying increases'in VLDL-cholesterol may suggest a role
for VLDL in the cholesterol meﬁabolism of cells which could
have significance in atherbgeﬁesis. There is, however, no
indication from the present study that a differencé in this

regard would exist in the diabetic.



IV. GENERAL DISCUSSION
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Iv. A. Introduction

Progress to a complete understanding of the development
of atherosclerosis would be accelerated if it were possible
to sample continuously the area in which a lesion was developing
in such a way that no disturbance to that development was
caused. Examination of the morphoiogy, ultrastrucfure; and
chemical composition of the cells and of the chemical
composition of the intercellular matrix would then reveal
changes during athefogenesis that could provide the framework
for a complete natural history of atheposclerosis.

The techniques available at present do not permit this

type of‘study and, therefore, alternative methods are used,

each, it is clear, with its own peculiar limitations. For
example, much of the current information on a%herosclerosis
is the result of many studies on experimental‘arterial disease
in animals; few of the;e animals develop, however, a type of
disease similar to human'atherosclérosis (Séction I.A.2.).
Among the more popular techniques at'present is céll culture,
in which éomatic cells_(often from arterial tissue) are studied
in conditions that are thought to be atherogenic in vivo,
(for example, in medium containing high levels of 1lipid).
Cultured cells are often dedifferentiated and, therefore,
may not carry out the specific funcfions of the differentiated
cell in vivo. There is no organization into specialized

structures that exist in vivo and the cultured cells are often
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proliferating and experiencing cell-to-cell interactions that
are changing constantly (39). In aortic SMC maintained in
culture for periods of a month or less, changes have been
reported'in enzymic activities, centrifugal properties of
organelles, and morphology (251) and in the amounts of.
intracellular myosin (252). These changes do not prove,
however, that all functions of the cell are altered in vitro
although it is held genérall& that any résults_obtained from
cell culture experiments must be verified utimately in vivo.
The cell type of choice for studies of atherosclerosis
in vitro is, of course, the arterial smooth muscle cell. The
dermal fibroblast has been used frequehtly by others and in

the present work for reasons explained in a previous section

(III.G.1.). This discussion shall examine the results of the

~

present work in the context of atherosclerosis, taking into
account the results of relevant work that has been performed
in vivo and in similar and different cell types in vitro.

B. The Effect of IDL on Cell Proliferation

The proliferatidn of arterial smooth muscle cells 'is
an early event in atherosclerosis (Sectibn I.A.1.). It has
been demonstrated that the addition of cholesterol to the
diet of swine elevates both plasma cholesterol and plasma LDL
levels (253) and it is likelj that the levels of cholesterocl
and LDL in the vicinity of intimal "SMC increase aléo (Section.
I.C.5.). The addition of cholesterol to the diet of swine has

been shown to cause increased mitotic counts in the aorta within
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three days (16) and cholesterol was shown, moreover, to cause
a higher frequency of cell death in the aorta (17). |

The results of observations of the effects of ILDL or
hypercholesterolemic serum on the proliferafion of arterial
SMC in culture have been consistent with the results of .the
éxperiments in vivo. Thus, not only did LDL and hyper-
cholesterolemic serum enhance the préliferation of animal SMC
in culture, but it was observed that hypefcholesterolemic serum
increased the rate of cell death (Section I.E.2.).

The results from the present work indicate that human
skin fibroblasts also proliferate more when human LDL is added
to medium containing lipoprotein-free sérum pfepared from
platelet-poor human plasma (Section III.B.4.a.). This is the

first time that LDL-stimulated mitosis has been demonstrated
in a system in which the components were derived entirely from
humans. Similar experiments were to have been performed using
human arterial smooth muscle cell but were precluded because
of the shall numbers of cells obtained from artérial explants
(Section III.G.1.). Thé results obtéined with swine SMC -
indicated that IDL was producing little effect_on cell
proliferation although it appeared that these cells adapted
poorly to the experimental media (Section III.G.5.). It was
found, however, that LDL éugmented slightly- the proliferation
of swine SMC already dividing quite rapidly in low |
concentrations of FCS and this result suggested a requirement
for other serum factors.in order for LDL to exert an effect

(Section IIT.G.4.).
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In general, observations in vivo are consistent with
the hypothesis that platelets are involved intimately with’
the processes of tissue injury and repair that are thought to
precede the development of atherosclerosis (13,254). In addition,
the disturbed flow of blood around vessel orifices, bifurcations,
and points of stenosis is thought to promote the conditions
favourable to local accumulation of platelets, aggregation of
platelets, and release of coﬁstituents, and it is at these
sites that atheéroma are observed most frequently (254). The
prominent role of platelets in the cellular proliferative
response to arterial endothelial injury has been suggested
by the results of work with platelet factors in cell cultures

(Section I.E.2.) and with drugs that affect platelet function

';g vivo. Among the drugs used, dipyrimadole, which inhibits

platelet aggregation, was shown by Harker et al. to prevent
the formation of smooth muscle cell lesions i1h baboon arteries
that were subjected to endothelial desquamation (255).

Intimal eells in vivo are not proliferating continuously
(256), are not exposed‘normally~to platelet factors (257),
but are probably exposed continuously tovplasma IDL (Section
I.C.5.). From the present work and that of others (see above),
it is known that LDL can augment the proliferation of SMC and
skin fibroblasts in eulture. ‘It is also known that low
molecular weight constituents of platelets are potent mitogens
in culture although the dependency on these factors for

proliferation is variable among cell types (Section III.D.1).
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The results of the present work showed that the remcoval
of serum components of low molecular weight from PPLFS by
ultrafiltration produced no change during one week in the
increasevin cell numbers when LDL was absent, but ébolished

the increase in cell proliferation expected when LDL was

added to the medium (Section III.D.@.).‘ This is a new finding.

While it is not possible to rule ouf a co-factor for LDL-
stimulated proliferation—thaf is neiﬁher platelet-derived

nor mitogenic by itself, the results are consistent with the
hypothesis that fibroblasts have no absolute requirement for
the platelet factor for cell division but that it is required
in order for.LDL to exert its stimulafing effect on
proliferation. .

Arterial éMC in culture are more dependen% on platelet
factors for prolifération than are fibroblasts as shown by
the absence of any significant proliferation in cultures of
simian SMC and human SMC in medium containing plateletépoor
serum (Section III.D.5). The addition of LDL to this medium
failed to increase sigﬁificantly the cell number in cultures
of human SMC (122) although LDL has been'shown_by others to
have an effect of enhancing animal SMC proliferation when
added to serum from which only lipoproteins had been removed
(15). |

These results suggest, therefore, that the felease of .

platelet factors is both necessary and sufficient for SMC

proliferation but that.the degree of proliferation may be
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elevated by LDL. In vivo, this effect of LDL could amplify

the normal response to injury of the arterial wall and could
possibly compromise the subsequent repair.

It is improbable, however, that cell proliferation in

itself can cause atherosclerosis (30). At some point in the

early stages of atherosclerosis the cholesterol balance of
the intimal cells must be disturbed so that cholesterol
accumulates and produces the typical "foam cell”,.

C. [The Effect of IDL on Cellular Cholesterol Content

The results of studies in vivo show that cholesterol
in the intima originates almost entirely in the plasma (Section
I.C.). About.two-thirds of the piasma cholesterol is found in
the LDL (Section'III.H.B.). It is likely, therefore, that
ﬁuch of the cholesterol that accumulates in intimal "foam
cells"” originates in the LDL.

Lipoprotein-bound, free cholesterol in éulfure medium
becomes associated with the cell either by a process of
exéhange with éholestérol in the plasma membraﬁe (39, 123),
or by a process of uptéke'that involves the internalization
of the lipoprotein at a specific receptor‘site, or by bulk-
phase pinocytosis (123). Free choleéterol may be incorporated
into membrane, may be esterified and stored, or may be excreted
by the cell (possibly by the exchange mechanism mentioned
above) (136, 258). Esterified cholesterol does not appear
to exchange with membrane cholesterol and must enter the cell,

therefore, by endocytosis (239, 136, 258). Cholesterol esters



are either hydrolyzed or are stored within lysosomes (39,
135, 258).
Cells that are cultured in medium supplemented with animal -

Sera contain several times as much free cholesterol as

esterified cholesterol (39). The results of replacing whole

éerum by lipoprotein-free serum are to reduce the total content
of cholesterol in the cells and to iﬁcrease the ratio of free
cholesterol : esterified chﬁlesterolh<123). If LDL is then
added to this medium, the total cholesterol content per cell
increases and relatively greater elevations occur in the
esterified fraction. These changes have been observed in
cultures of canine SMC (126), poréine SMC (126), mouse
fibroblasts (124), and human fibroblasts (123, 125). Similar
results were obtained when hyperlipidemic serum feplaced fetal
calf serum in cultdres of rabbit SMC (127) and monkey

SMC ( 45). When homologous sera were used, absolute increases
in free cholesterol were always higher, however, than absolute
increases in eéterifiéd cholesterol (123, 126);

Even though subsfantial increaées»have been measured in
the cellular cholesterol content, neither»LDL nor hyperlipidenmic
serum has been shown to convert cells in culture into "foam
cells”. The increases 1in cholesterol content per fibroblast
found in the presént work were shown to be related to the
concentration of LDL in the medium and were furthef correlated
with increases in protein content per cell produced by LDL

(Section III.B.4.b.). Cholesterol accumulation was, however,
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unrelated to cell proliferation (Section III.D.4.). Although
substantial increases occurred in cellular cholesterol lévéls:
a constant ratio of about 0.1 was maintained at all times with
cellular protein levels. It was inferred from this that
cholesterol was being incorporated into cellular structures
and was not accumulating to any significant degree in a
storage form such as within lysosomeé or within vacuoles. The
accumulation of cholestefoi in a éto?age form that causes an
increase in the cholesterol : protein ratio of fibroblasts

has been demonstrated by Stein et al. (125). Human skin
fibroblasts were incubated with high levels of LDL and
chloroquine, a drug that inhibits the degradation of LDL
within lysosomes without affecting LDL binding and
internalization ﬁy the cell (139). A similarly'substantial
increase in the ceilular cholesterol : protein ratio is
apparent in the data of Brown and Goldstein and associates
who- observed the formation of multiple cytoplasmic droplets
apparently composed mainly of esterified choleéterol, when
fibroblasts and SMC were exposed to LDL modified so as to
carry a net positive charge (147, 148). Brown and

Goldstein have presented the hypothesis that two functionally
different types of cell are present in tissues: one

type is protected by the "LDL'pathway" (Sectioh I.E.L.)

from accumulating excessive amounts of cholesterol; another
type, the "scavenger cell", is phagocytic, accumulates

cholesterol in an unregulated way, and becomes the "foam cell"”
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of atherosclerosis (259). It 1s reasonable, however, to expect
that the "scavenger cell' would appear in cultures and sinéé
"foam cells" have not been reported in cultures of skin
fibroblasts or SMC (136), it is equally reésonable to suggest

another explanation for their absence. The polycationic IDL

used by Brown and Goldstein and associates produces "foam

cells" readily in cultﬁres of fibroblasts and SMC whereas
high levels of native IDL do not. It is implied, therefore,
that a factor which may determine the accumulation of
intercellular cholesterol is the form in which cholesterol is
presented to_the cells. When non-lipoprotein-bound, free
cholesterol is added in alcoholic'emulsions to fibroblasts in

culture, the chqlesterol is accumulated to levels which are

'unapproachable by the addition of native LDL (123). This

result agrees with the earlier findings of Rutstein et al.
who detected by a qualitative method, similar levels of 1lipid

deposited in human aortic cells that were incubated with

'ILDL-cholesterol and much smaller amounts of non-lipoprotein-

bound cholesterol in ethanolic solutions (149). It is
significant perhaps that cells from patiénts with the homozygous
form of familial hypercholesterolemia (patients who develop
severe atherosclerosis very early in 1life) accumulated
non—lipoprotéiﬁ—bound cholesterol to a level about twice that
of the control cells (123).

The form in which cholesterol is present in the intima

may vary. Some cholesterol is likely to be associated with
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free LDL molecules while some may be present in IDL molecules
that have formed complexes with GAG or glycoproteins (Section
I.D.3.Db.). Since some of these complexes are insoluble and
since GAG may reduce the solubility of free ILDL by steric
exclusion and sieving (Section I.D.3.a.), a part of the intimal
‘éxtracellular cholesterol may in consequence be in an insoluble
and immobile form which7may be taken-up by cells by a process
of phagocytosis and resuit:in cholesterol accumulation. It
remains to be determined also what effect the formation of a
soluble complex with GAG has on the metabolism of IDL
particularly regarding the effect of these complexes on
cholesterol aﬁcumulation. '

-The results of the present work and of published work
have indicated, %herefore, that in the presence’of native LDL
fibroblasts and SMd-;g vitro accumulate a limited amount of |
cholesterol and that the amount accumulated is related to the
extracellular concentration. The present work showed also that
the cholesterol‘was accumulated in a form that was probably
structural. On the basis of these results and others which
showed that these cells accumﬁlate an uncontrolled amount of
cholesterol when it is presented in a non-lipoprotein or
modified lipoprotein form, it 1s suggested that the presence
of cholesterol in the intima in a non-intact lipoprotein
structure could lead to its accumulation in SMC and; in
sufficient amounts, to the conversion of these cells to

"foam cells",



D. The Effect of IDL on Protein Content and Size of
" Cells -

In the present work, it was founq that LDL increased
both the protein content (Section III.B.) and the size of
human skin fibroblasts (Section III.F.) and that because
these increases are correlated with each other (Section III.F.),
it is likely that the accumulated pfotein is structural. The
additional protein in LDL-treated cells was found to be the
result of a drop in the rate of protein degradation (Section
III.C.u.);

It was suggested previously that LDL may be a "preferred
substrate" for protein degradation and could thus delay the
degradation of some cellular proteins and cause their
accumulation. Aiternatively, a lower rate of degradation
may be the most efficient way of providing more protein to
incoporate internalized LDL-cholesterol into c¢ellular structures
(Section III.C.4.e).

It was observed that LDL caused increases in the average
and the maximum cell size in the fibroblast cultures (Section
III.F.3.). The appearance of large celis, that are similar
morphologically to macrophages, has been reported in-cultures
of human skin fibroblasts (2 32). Martin and Sprague have also
observed clones of large cells in cultures of simian aortic
SMC and of dermal fibroblasts (150). It remains to be
established that these large cells are present in tissue

‘ 15 in vivo. The finding of a correlation between cell protein
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and cell cholesterol contents implies, however, that the
"large cells" observed in the present work did not accumulate
an abnormal amount of cholesterol.

E. The Effect of LDL on GAG

Changes in the amounts of GAG in the intima of
atherosclerotic arteries have been reported (Section I.D.2.).
There is indirect evidence, obtained mainly from studies
in vitro that changes.in—the relative amounts of individual
GAG may alter the ﬁobility of LDL in the arterial mesenchyme
either by increasing the probability of forming LDL-GAG
complexes (that may vary in their solubility) or because of
the effects of steric exclusion or molecular sieving (Section
I.D.3). Changes in the GAG also might alter the accessibility
of SMC to LDL thét has infiltrated the intimé since sulphated-
GAG have been showﬂ'to compete with cells in culture for LDL
(260) .

The causes of alterations in the amounts of GAG in the
intima are not known. Some studies have revealed that cells in
culture produce amounts of GAG that vary with phases in the
growth cycle of cells. However, in some cell types the
production is maximum while the cells prepare for division
whereas in‘others GAG production is greatest during
proliferation (Section I.E.).' |

One of the many questions remaining unanswered in
atherosclerosis research concerns the sequence of changes in

GAG composition and cholesterol deposition in the intima:
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Are changes in GAG composition the cause of conditions that.
promote LDL precipitation and cholesterol accumulation or'dées
the presence of insoluble cholesterol or precipitated ILDL
provoke an inflammatory-reparative responsé in which the
production of GAG differs from that under normal conditions?
The present work yielded two results that are relevant to these
questions: LDL was found to increase-the accumulation of GAG
in the medium and thé prﬁliferation of cells was not a factor
in the accumulation of GAG in the medium (Section III.E.3.).
The first of these results is a novel finding that reveals an
effect of LDL on GAG metabolism which could be significant in
the early stéges of atherogenesis; Since the GAG may immobilize
LDL and may compete with the cell surfaces for LDL, an increased
amount of extracéllular GAG could restrict tﬁe access of LDL
to the cell. While this may be thought of as'a protective
action of the cell to prevent the overwhelming of its capacity
to degrade LDL, a possible hazard is that IDL may change into
a form that promotes the accumulation of cholesterol
extracellularly (such és insoluble complexes of LDL-GAG or
precipitates of LDL caused by-stefic exclusion or molecular
sieving) or intracellularly (it is not known, for example, if
IDL in LDLfGAG complexes is internalized and degraded in the
same way as free LDL). |

The second result showed that the proliferation of cells
(that would occur in an inflammatory-reparative response) did

not influence the totai amounts of GAG recovered from the
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<::} medium. This result is consistent with the absence of a
relation between cell proliferation and GAG production thaf has
been reported by others (Section I.F.5.). It is possible that
changes occurred in the relative amounts of individual GAG

but these were not measured.

F. The Effect of Diabetes Mellitus on Atherosclerosis

The results of a variety of ciinical and post-mortem
studies have shown that atherosclerosis is frequently more
severe and appears earlier in diabetics (Section I.F.).
Although hyperlipoproteinemia is an established risk factor
in atherosclerosis, there is no conclusive evidence st present
that a greater frequency of hyperlipoproteinemia exists in
the diabetic poPulation (Section I.F.). Maturity-
‘onset diabetes mellitus is inherited; the.exact nature
of genetic transmission is, however, unknown‘élthough there
is support for a multigenic pattern (189). Tt is suspected,
but remains to be proved, that premature atherosclerosis is

" a part of the syndrome of diabetes mellitus. |

In the present Work,‘the responses of skin fibroblasts
in culture from maturity-onset diabetics-and normal controls
were compared for differences in proliferation, cholesterol
accumulation, and protein accumulation. In another study, the
compositions of plasma lipoproteins in the serum of maturity-
onset diabetics were analyzed. These two investigations were
carried out to examine further the relation between diabetes

O . i

and atherosclerosis.
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The literature at present contains several reports of
differences in aspects of growth in vitro of pre-diabetic-and
diabetic fibroblasts compared with fibroblasts from age-matched
normal controls. Thus, a lower number of individual cells
were able to form colonies (192) and the replicative life-span
of diabetic cells was shorter in the cultures of diabetic
cells (188, 191). The number of coiony-forming cells diminishes
with cell age in i;zgg (192) and human skin fibroblésts possess
a limited capacity for replication in vitrg that is related
inversely to the age of the donor (191). The diabetic cells
appear, therefore, to have growth characteristics in culture
of cells from normal donors of a greater age (191). The
abnormal behaviour of diabetic cells in culture has been
‘attributed hypofhetically to an acceleratedjbrocess of cell
death and cell repiacement in vivo that results from an
inherited intolerance to cellular injury, and that is manifested
in, among other pathological processes, a premature onset of
- vascular disease (188).

The results of the present work revealed no differences
between diabetic and normal cells in their proliferative
capacities in control medium (PPLFS) alone or with either
level of LDL (Section III.B.4.a.). This finding concurs‘witﬁ
that of Rowe et al. who found no difference in the
proliferation rates of skin fibroblasts from age—métched
diabetics and controls when these cells were incubated in

medium containing fetal calf serum (261).



™
-
Ny

‘::) A possible cause of premature atherosclerosis is an
abnormally rapid accumulation of cholesterol within the ihfima.
The similar cholesterol contents of diabetic and control cells
found in the present work gave no indicatioh that the diabetic
cells accumulated cholesterol with an abnormal avidity in
éulture (Section III.B.4.b.). Additional proof of the normality
of the diabetic cglls was found in the effect of LDL on protein
content which was virtually identical in the two groups, even
though substantial differences were found in the effects of
different levels of LDL (Section ITII.B.4.c.).

It wasAconcluded,therefore,_that the proliferafion,
cholesterol accumulation, and protein accumulation of diabetic
cells exposed tolvarying amounts of LDL were normal. In
éonsequence, the evidence for a cellular defect that bredisposes
the diabetic to atherosclerosis remains, at bést, circumstantial.
At present, this evidence is based solély on findings of
lower numbers of mean population doublings and of
reduced plating efficiencies of diabetic cells-in culture.

The association of theée with premature atherosclerosis in vivo
remains to be established and explained.

The examination of the compositions of VLDL and HDL in
the serum of diabetics revealed no major abnormalities:
differences that were found could be attributed usually to
hyperlipoproteinemias. Furthermare, Keen has expressed the view

. that there is no characteristic abnormality in the levels of
!lli .

lipoproteins of diabetics (172).
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Much attention is being given at present to HDL in
serum because of the association of depressed levels with 4
coronary heart disease (3%, 35, 186). It was found in the
present work that cholestefol was diétribufed among the
lipoproteins identically in normolipidemic diabetics and
éontrols. The diabetics with elevated LDL were found, however,
to carry a smaller amount of cholesferol in IDL (Section
ITII.H.3.b.) and this reéult was in agreement with that of
Howard et al. from a study of moderately hyperlipoproteinemic
diabetics (174). These sub-groups of diabetics would thus be
considered to be at a risk that is greater than normal of
developing coronary heart‘disease.

An incidental observation of interest in a wider context

of coronary heart disease in the general population was the

-

correlation found between the cholesterol andfapo E contents
of VLDL (Section III.H.3.). This finding adds support to

the suggestion of Shore and Shore that apo E (the arginine-rich

'protein) is associated primarily with cholesterol (250).

An apo E-containing liboprotein was shown to raise the
cholesterol esterifying activity in human skin fibroblasts

to a higher level than LDL (138). These investigators did
not examine, however, the ability of the apo E-containing
lipoprotein to produce "foam éells" in culture. Their results
and the results of the present work suggest, never%heless,

a role for VLDL in the cholesterol metabolism of cells that

may have significance in atherogenesis.



In summary, nheither the existence of a cell defect nor
- abnormal compositions of lipoproteins that would suggest'a'

cause of a predisposition to atherosclerosis in diabetes
mellitus could be found in the studies described in this
thesis. Although some reports tend to refute the idea (eg.,177),
it is reasonable to assume for the present that the premature
atherosclerosis among diabetics is rélated to a higher
frequency of elevétions in the low density lipoproteins
(vLDL and.LDL) or to some unrelated factor such as a higher
frequency of hypertension (Section I.F.) in this group. It
is not established that hyperlipoproteinemia, in itsélf, is
a cause of atherosclerosié but evidence from a variety of
sources indicates that plasma cholesterol levels play a major

-

role in determining the incidence and severity of the disease
(Section I.C.1.). )

It was suggested above that an important factor in the
accumulation of cholesterol in the intima was the physical
state of cholesterol in the arterial wall. Native LDL does
not produce "foam cells" in cultures of skin fibroblasts and
arterial SMC and the results of the preéent work supported the
suggestion +that these cells can accomodate an increased lqad
of cholesterol by reducing the rate of protein degradation and
using the additional protein made available. by this process
to incorporate cholesterol into cell structures. Ih this way,

it would be possible for the intimal cell to accomodate

<::> moderate elevations in plasma LDL.
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The results of the present work also showed that LDL
promoted the accumulation of GAG in the medium in cultures of
human skin fibroblasts. Some, but not all, investigators
find an increase in the total GAG in the intima during the
early stages of atherosclerosis (Section I.D.2.). GAG appear
to affect the solubility of LDL by complex formation, molecular
sieving, and steric exclusion (Sectién I.D.3.). Elevations in
plasma LDL probaﬁly causé elevations in intimal LDL
concentrations and, by being present at higher concentrations
in the intima and by stimulating the SMC to produce more GAG,
IDL may increase the probability of its precipitation. LDL
precipitated in the intimé may then present the cells with a
form-of cholesterol different from that in intact native LDL.
Since cholesterol that is not in intact native LDL has been
shown to accumulaté'in an apparently uncontrolled way in cells
in culture, it is proposed that an excessive precipitation of
LDL in the intima may be an initiating event in atherosclerosis.
It is also possible that soluble GAG-LDL complekes modify the
metabolism of LDL so as to promote cholesterol accumulation.

In conclusion, several observations made during this
work suggest future studies that‘may be profitable to the
understanding of atherosclerosis. The results in general, must
be confirmed in cultures of huhan arterial SMC and ultimately,
if possible, in vivo. Of particular interest, woula be a
confirmation of the finding that native LDL reduces the rate
of protein degradation in SMC and that the cholesterol : protein

ratio of these cells remains constant (as it. does in skin
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fibroblasts) over a range of concentrations of extracellular
LDL. Of equal interest, would be the demonstration that LDL
promotes GAG accumulation in the medium in cultures of human
arterial SMC as it does in the fibroblast cultures used in the
present work. The effect of each of the various GAG on
cholesterol accumulation of cells in culture that are incubated
with LDL would be valuable information'since some of the GAG
appear able to forﬁ compleiés with LDL and the effect of these.
complexes on the cellular metabolism of LDL is presently unknown.
It may be speculated that "foam cells" arise in vivo partly
because of the inability df the cells to degrade LDL when it is

internalized as part of an LDL-GAG complex.
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CONTRIBUTION TO KNOWLEDGE



The work described in this thesis yielded the

following contributions to knowledge:

(1)

(ii)

(1ii)

(iv)

(v)

(vi)

(vii)

LDL was shown to augment the proliferation of human
skin fibroblasts in culture;

LDL-augmented proliferation was shown to be dependent

-on a low molecular weight component of human serum;

LDL produced an increase in the content of pfotein

per cell;’

The elevated protein content per cell was shown-to

bé caused by-a diminished rate of protein degradation;
LDL increased the average and the makimum size of cells;
The cell size index (defined in Section III.F.2.) was
shown to be proportional to the protein content per cell
in all céll cultures;

The cholesterol content per'cell was shown to be
proportional to the protein content per cell in all

experimental cultures. Increases in cholesterol contents

"of cells incubated with LDL were accompanied by.

proportional increases in the protein content per cell.
This result supported the proposal that LDL-derived
cholesterol was incorporated into cellular structures.
It was suggested that "foam cells" in culfure have not
béen observed when mammalian cells are incubated with
intact, unchanged LDL because LDL-cholesterol is‘hot

accumulated in a storage form; -



(viii) LDL was shown to cause an elevation in the amounts
of GAG that accumulated in the culture medium;

(ix) I1DL effects on cell protein accumulation,cell
cholesterol accumulation, and GAG accumulation in
the medium were shown to be independent of cell.>

proliferation;

',’]_‘9

(x) LDL effects on cell proliferation, protein accumulation,

and cholesterol accumulation were quantitatively

similar in cultures of skin fibroblasts from diabetics

and non-diabetics. These results indicated that the

response of diabetic cells to IDL was normai;
(xi) No abnormalities were found in the compositions of

serum lipoproteins from normolipidemic diabetics;

"(xii) A correlation was found between the amounts of apo E

and cholesterol in VLDL. This finding -supports the

suggestion in the literature that apo .E preferentially

binds cholesterol-rich particles.
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