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INTRODUCTION For many years atherosclerosis was almost 

exclusively a province of the pathologists. The natural 

history of the disease in humans was studied and des

cribed in great detail from observations on postmortem 

material; the increase in severity with age suggested 

that atherosclerosis is an inevitable result of aging 

and the spotty and irregular distribution of the lesions 

made evident the importance of the local tissue factors. 

This concept, that atherosclerosis was an inevitable 

result of aging, has long hindered research on this 

disease entity. It was not until the period from 1908 

to 1912 that experimental atherosclerosis was first suc

essfully induced in the experimental animal. Prior to 

that time, all experimental attempts to reproduce the 

atherosclerotic lesion of man had failed, although ar

terial lesions had been produced by a number of procedures 

in animals (such as treatment with drugs, pathogenic 

bacteria, toxins). However, the resultant changes in the 

vessels resembled the Monckeberg type of human arterios

clerosis (medical calcinosis, senile arteriosclerosis), 

rather than atherosclerosis. In 1908 a group of invest

igators working in St. Petersburg studied the effects of 

various dietary regimens on vascular pathology. They ob

served that rabbits fe d diets containing meat, milk or eggs 
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developed athero sclerosis. It was soon demonstrated, 

particularly by Anitschkow, that the biochemical factor 

responsible for these lesions was cholesterol, Katz (1). 

Atherosclerosis denotes a pathologic change affect

ing the intima of arteries that is chacterized by focal 

thickenings of the intima in which stainable lipids can 

readily be demonstrated in and between the cellular 

elements. The l a rger lesions show, at the one extreme, 

an almost exclusively fibrous composition with only min

imal quantities of lipid. material while, at the other 

extreme, they contain lipid accumulations of massive 

proportions with extensive necrosis of the cent~al parts 

of the lesions commonly culminating in the disruption of 

the intimal lining. The term "atheroma" refers to an 

atherosclerotic lesion of which the center is necrotic 

and occupied by a grumous mixture of lipid material and 

tissue debris. 

CHOLESTEROL METABOLISM Since the great bulk of research 

on ·atherosclerosis has concerned itself with the study 

of experimental cholesterol atherosclerosis, and, since 

the main component of the atheroma has been found to con

sist of cholesterol and its esters, it might be well to 

briefly review t he present concept of cholesterol metabolism. 
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The choleste r ol pre sent in the tissues is partly 

derived from synthesis i n the l:her and partly from the 

diet. There is no evidence for any qualitative dif 

ference in the me t abolis m of endogenous and exogenous 

cholesterol. The two mi x and become indistinguishable 

(except when one i s tagged with an isotopic tracer) to 

a certain extent i n the intestine and to a much greater 

extent in the live r and blood. Endogenous synthesis of 

cholesterol takes place continually in many and probably 

in all the tissue s of t he body except the central nervous 

system. Blood choleste r ol is derived from the liver; 

with the isotope t racer method it has been shown that 

interchange of une sterif ied cholesterol molecules between 

plasma and liver t akes p lace with tremendous speed; pro

bably more than 1 gram per hour moves from one to the 

other. Red cell choles t erol also is very labile and is 

interchanged with plasma cholesterol both in vitro and 

in vivo at a rate of about 50 per cent in one hour. These 

findings show that the cholesterol component in lipoprotiens 

is free to dissociate, p roviding there is another protein 

acceptor molecule available. This suggests that the con

centration of cholesterol may be governed to a consider

able extent by the concentration of the various protein 

acceptors. The half life of blood and liver cholesterol 
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is about six to eight days in hum.ans and in several 

species of experimental animals. In other tissues, 

the half-lives are longer, but the mixing of blood and 

tissue cholesterol makes the significance of these 

turnover times &ifficult to interpret. The chief path

way of cholesterol metabolism is conversion to bile 

acids and eventual excretion in feces. This route ac

counts for perhaps three quarters of all the dietary and 

hepatic cholesterol metabolized. Some is excreted as 

coprosterol, dihydrocholesterol or as cholesterol itself 

in feces, and some is converted into steroid hormones, 

but no detectable amounts are oxidized completely. The 

first effect of increasing the cholesterol content of 

the diet is to decrease the rate of synthesis of cholest

erol in the liver. This effect has been found in all 

species of experimental animals tested and is so striking 

that it can be presumed to occur in humans as well. It 

appears to be mediated by the cholesterol concentration 

in the liver, but whether it is the free fraction, the 

esterified fraction or the total has not yet been estab

lished. A diet containing 1 per cent cholesterol fed for 

one day to rats will produce a considerable increase in 

the esterified fraction, only a slight increase in the 

free fraction, and a concomitant decrease in synthetic 
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rate to a few per cent of the control value. If the 

free cholesterol concent ration in liver is the control

ling factor the me chani sm must indeed be sensitive, since 

an increase of onl y a f ew milligrams per 100 grams of 

liver in this fraction corresponds to a decrease in syn

thetic rate to hal f. The response of hepatic cholesterol 

synthesis to the i ncreased concentration in the liver may 

be considered part of t he homeostatic mechanism which at

tempts to maintain a constant level of cholesterol in the 

liver and plasma despite changes in the dietary intake. 

This defense mechanism i s easily overwhelmed in animals 

on experimental d i ets, s ince the rate of absorption per 

day may be far gre ater t han the normal rate of endogenous 

synthesis. A seoond line of defense is the storage of 

excess cholesterol in e s terified form in the liver. This 

material appears t o be metabolically rather inert and in 

some species, part icular ly the rat, may increase to many 

times its normal concent ration without any marked increase 

in the plasma leve l or i n the concentration of free chol

esterol in liver. Thus the liver cholesterol ester con

centration appears to be the most sensitive index of the 

presence of exces s ive amounts of cholesterol in the body. 

The plasma choles t erol may be considered as being regulated 

by two types of' me chanisms; if the distribution of choles-
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terol between live r and plasma is constant, the rate of 

hepatic synthesis will va ry in such a manner as to keep 

the level in liver and i n plasma constant. The distrib

ution between liver and plasma, however, is affected by 

thyroid function, adminis tration of estrogens or adren

ocortical hormones , the presence of bile, surface-active 

agents in blood (such as Tween or Triton), and many other 

factors, Gould ( 2. ) . 

EXPERIMENTAL ATHEROSCLEROSIS Since the bulk of our early 

knowledge concering the nature of the atherosclerotic 

process stems from the work done on the experimental 

animal, I will consider first the role of experimental 

atherosclerosis on our p resent day thinking. In the rab

bit, lesions are p roduced merely by the force-feeding of 

cholesterol in any form. Deposition of anisotropic lipoids 

occurrs in both t he int i ma and the media. In both situat

ions histologic changes precede the deposition of lipoid 

materials. In t he media these changes are especially 

striking and appea r to be the result of some form of injury. 

The lesions in the intima and media usually occurr together, 

but early lesions in the media are noted on occasion in 

the absence of any change in the overlying intima, and 

the reverse is al s o true , Duff (3). Many similarities 
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and dissimilaritie s with human atherosclerosis exist. 

The most obvious difference lies in the fact that the 

appearance of the experimental arterial lesions is pre 

ceded by a more or less conspicuous accumulation of lip

ids, rich in cholesterol, in the cells of the reticulo 

endothelial system and of parenchymatous organs. No 

such lipid accumulations are found in association with, 

much less preceding, the development of ordinary human 

atherosclerosis. The second gross difference is apparent 

in the distribution of the arterial lesions. In the rab

bit these are found in the aorta , its major and secondary 

branch arteries and in the pulmonary arteries. The cer

ebral vessels are exempt, except under special circumst

ances, and the r e tinal artery is not involved. Moreover, 

the most severely affec ted area is the thoracic aorta. 

In man, while the aort a and its branches are the main 

site of the disea se, a t herosclerosis reaches its maximum 

development in t he abdominal portion of the aorta. The 

pulmonary arterie s are affected to a minor extent only 

and the cerebral and r e tinal vessels are frequently the 

sites of lesions . Pos s ibly if the experimental conditions 

that elicit the l esions in the rabbit were less forced, 
I 

the experimental lesions would resemble the human disease 

even more closely , Duff (4). 
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Atherosclerosis does not occur spontaneously in 

the rabbit and it's induction may be an atypical res

ponse in an animal which was not intended by nature to 

partake of such a diet. Therefore many investigators 

have sought an exper mental animal in which spontaneous 

atherosclerosis accurs. Such an animal is the chick 

which has been used by Ka t z (1), among others. The 

lesions observed in the chick may be more closely re

lated to those seen in the human. Experimantal lesions 

may be produced by cholesteral feeding or by administ

ration of estrogens. Detailed microscopic studies 

indicate that the primary lesion of experimental at 

herosclerosis in the chick is the foam cell itimal 

cushion. This lesion, so - called pure atheroma, is 

almost certainly the first stage of atherogenesis, 

The morphologic patterns of more advanced lesions are 

apparently the result of evolutionarey pathologic pro

cesses secondary to athe roma . It is possible by pro

longed cholesterol feeding to induce in chicks the spect

rum of atheroscle r otic changes seen in human lesions 

including foam ce l l plaques, necrosis and atheromatous 

abscesses, fibros i s and hyalinization, calcification and 

cartilaginous-osse ous me taplasia. Ulceration of ather

osclerotic plaque s with thrombus formation is the only 
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lesion seen in man that has not been observed in chol

esterol-fed chicks. Cholesterol feeding apparently ag

gravates and intensifies spontaneous lesions, It would 

appear that the fibrotic spontaneous lesion is a site of 

predilection for cholesterol and lipid deposition, with 

subsequent evoluntionary atherosclerotic changes. Horlick 

and Katz demonstrated in the choles~erol-fed chick that 

in the weeks following cessation of cholesterol feeding, 

definite regression and healing of cholesterol-induced 

lesions occurred. Previously existing moderately severe 

atheromatous lesions apparently completely healed and dis

appeared. More advanced lesions underwent partial res

olution and evolution. 

Cholesterol atherosdlerosis may also be produced in 

various other animals including those that show some ten

dancy toward spontaneous atherosclerosis as does the dog, 

horse and cow. However, in order to induce a significant 

change some predisposing factor must have upset the home

ostatic mechanism. Steiner and Kendall (5), among maDY, 

have produced arterial lesions in dogs similar in dis

tribution and morphologic character to those seen in the 

human disease, by prolonged hyperchalesteremia induced by 

feeding 10 grams of cholesteral in 40 cc of cottonseed oil 

daily to dogs whose thyroid function was mddified by ad-
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ministration of t h iourac il. 

FACTORS INFLDENC ilJG EXPERIMENTAL ATHEROSCLEROSIS The 

effect on experimental atherosclerosis of innumerable 

substances and condition s has been studied by a miriad 

of investigators. Only a few of the more j mpor± ant 

fact ors will be mentione d here. 

I Hypertension. It would appear that in the presence 

of consistent normochole steremia, hypertension is in

effective as an at heroge nic stimulus, both with respect 

to causing hhe appearance of induced lesions and with res

pect to intensifying spontanaous lesions. This finding 

is in accord with observations by various observers with 

several other spe c ies, i ncluding rabbit, dog, sheep and 

goat, Katz (1). The plaque formation seems to be pro

portional to the severity of the e levation of pressure 

and the length of time that this acts. It is also seen 

more frequently i n animals in which frequent pregnancies 

have occurred, Dill and Isenhour (6). 

I I Local damage to the vascular wall. A variety of 

injuries or other modifications affecting the vessel 

walls, will favor the l ocalization of lipids, in the 

affected areas and will accelerate the local development 

of atheroscleros i s. Previous experimental or spontaneous 
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deposition of plaques of calcium salts in the media 

has been shown t o impede the deposition of lipids in 

the overlying in t iro.a wh ile promoting it at their 

edges, Duff (3), Duff (4), Katz (1), and Hueper (7). 

Sympathetic paral ysis also enhances the effect of 

cholesterol in pr oducing vascular lesions. Harrison 

(8) performed uni lateral lumbar sympathectomy on a 

series of rabbits and demonstrated a marked increase 

in the severity of the lesions on the sympathectomized 

side. 

III Thyroid. Hypothyr oidism in all experimental an

imals tends to cause hypercholesterolemia. In rabbits 

with a hyperchole sterol emia due to long continued chol

esterol feeding, thyro i dectomy causes a marked rise in 

the blood choles t erol. This rise is usaally maintained. 

When long continued cholesterol feeding has failed to 

cause a rise in t he blood cholesterol of rabbits, thy

roidectomy abolishes t his resistance and a hypercholes

terolemia is promptly p roduced. A single injection of 

thyroxin causes a signi ficant drop in the blood choles

terol of rabbits with hypercholesterolemia. This rea

ction is not infl uenced by thyroidectomy. Potassium 

iodide causes an increase in the blood cholesterol of 

rabbits with hype rchole sterolemia. This reaction is 
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not influenced by tb.}1roidectomy in contrast to the ef

fect of KI in preventing a rise in blood cholesterol 

when given concurrently from the beginning of choles

terol feeding, an affect which is abolished by thy

·roidectomy. It is suggested that two different mech

anisms are invol ved, Turner (9), Turner (10), Turner 

(11), Meeker (12 ) , Rosenthal (13). 

As previous l y noted dogs treated with thiouracil 

and fed choleste r ol al s o respond with the development 

of hypothyroidism, hype rcholesterolemia and atheroscl

erosis although t hey a r e resistant to cholest~rol fe

eding alone. 

In the chi ck thyroid hormone significantly dec

reased the incidence and severity of cholesterol in

duced atheroscle r osis. Although dessiccated thyroid 

only temporarily depre s sed the hyperlipemia of chronic 

stilbestrol administrat ion, it was remarkably effective 

in reducing the incidence and severity of lesions in 

the aorta, Katz (1). 

IV Alloxan diabe tes. A comparison was made of the ef

fects of choleste rol f e eding in normal rabbits and in 

rabbits rendered persis tently diabetic by means of al

loxan. In the t wo groups of animals hypercholesterolemia 

of c omparable degree wa s induced by the feeding procedure. 
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Nevertheless, the severity of the atherosclerosis of 

the aorta produced in the diabetic rabbits was much 

less than in the non-diabetic control animals. Indeed, 

a large proportion of the diabetic animals presented 

no atherosclerosis whatever. There was a similar in

hibition of the deposit of lipid substances in the liver, 

spleen, and adrenal glands of the diabetic rabbits. 

The inhibition of the development of experimental chol

esterol atherosclerosis which was associated with the 

presence of alloxan diabetes was independent of the ad

ministration ot alloxan per se. It was not dependent 

on the sex or weight of the animal, nor upon the daily 

dosage of cholesterol, the form in which it was admin

istered, nor the duration of cholesterol feeding. It 

was also independent of changes in body weight and of 

the actual degre~ of hypercholesterolemia induced by 

the administration of cholesterol. In addition, there 

was no gross or histological evidence of a morphological 

basis for the inhibitory effect in the aorta or in the 

other organs in which it was observed. In every case 

it was found that inhibition of the development of 

atherosclerosis was associated with a marked elevation 

of the serum phospholipids and neutral fat that occurred 

concomitantly with the rise of serum cholesterol. On 
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the other hand, if, as sometimes happened, the serum 

phospholipids and neut r al fat were not markedly elevated 

in the presence of hype rcholesterolemia, atherosclerosis 

would occur even in diabetic animals. It was also ob

served that if t he diabe t ic state were adequately treated 

with insulin, the expected inhibitory effect was abolished 

and atheroscleros is developed just as in normal rabbits 

fed cholesterol. In t hese circumstances the ratios of 

the various lipids were found to be like those of chol

esterol-fed non-diabet i c animals, Duff (14), Duff (15). 

In the chick , the same phenomenon of decreased 

atherogenesis of the i nduced variety in the presence 

of alloxan diabe t es was observed. However these same 

animals tended t o show an increased tendancy toward 

spontaneous athe r oscler osis. Stilbestrol-treated, de

pancreatized birds also exhibit a plasma lipid pattern 

essentially simil ar to that of their unoperated controls. 

When a supplement of cholesterol and co±tonseed_di l ~is 

added to the mash of depancreatized cockerels; a plasma 

lipid pattern eme rges t hat is significantly different 

quantitatively f r om that of their paired controls. They 

consistently exhi bit a far more severe hypercholester

emia; this is accompani ed by intensified athorogenesis. 

In contratt, when depancreatized chicks are fed a mash 
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containing cholesterol, but devoid of a cottonseed oil 

supplement, they exhibit a plasma lipid pattern essen

tially similar to their unoperated paired controls on 

a similar diet, Katz (1). 

V Diet. Two groups of chicks were fed a mash contain

ing a large amount of cholesterol. One group was al

lowed to eat ad libitum while the other group was res

tricted to from 60 to 70 per cent as much mash. Chicks 

on this reduced dietary intake received less cholesterol 

than the controls gieen the same mash ad libitum. Never

theless the semistarved birds tended to have a more 

severe hypercholesteremia than the controls. At the 

conclusion of the experiment,incidence and severity of 

atherosclerosis in the undernourished cockerels was as 

great as or greater than in the control birds on an 

unrestricted diet of similar composition. Apparently 

the underfed birds were not readily able either to draw 

upon the elevated plasma lipids as a source of calories 

or to dispose of the exogenous cholesterol load. 

In another experiment using hypercholesteremic 

chicks, one group received intermittent periods of star

vation while the other group was being maintained on a 

regular mash. The intermittent periods of starvation 

apparently hindered, rather than facilitated, the dis-
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posal of exogenous chole sterol load, whereas . intermit

tent periods of r e gular mash facilitated such disposal. 

Over-all adequate intake of balanced diet apparently 

made a key contribution to preventing dietary induced 

hypercholesteremia and a therosclerosis. 

Diets high i n neut r al fat (cottonseed oil) were 

seen to have no e f fect on the degree of lipemia or 

spontaneous atherosclerosis in the chick . In like man

ner cholesterol free, fat poor diets were seen to have 

no effect on the b lood p icture of the normal chick. 

These diets also failed to have any effect on stilbesterol

induced atherogenesis and hypercholes teremia in the 

chick. Lipotropi c factors such as choline and inositol 

were seen to have virtually no effect on any type of 

atherosclerosis, Katz (1). 

VI Surface act i ve agents. Various surface active ag

ents such as Twee n and Triton were administered intra

venously to hype r choles teremic rabbits. The effect was 

very similar to t ha: seen in alloxan diabetes. These 

animals developed hype r lipemia which was characterized 

by a great increa.:re in blood cholesterol and an equiY

a1ent or even gre ater i ncrease in pnospholipids, and 

they had much less athe rosclerosis than did the con

trol rabbits fe d cholesterol alone. It is interesting 
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that these animals showed tremendous foam cell ac

cumulation in the reticuloendothelial system and 

marked lipid infiltration of the renal tubular ep

ithelium, Kellner (16), Payne (17). 

VII Sex adrenal steroids. The discovery of the effect 

of estrogen an atherosclerosis in the chick may be one 

of the most important contributions of experimental 

atherosclerosis to the human disease. At any rate the 

discovery of the differential effect on various arterial 

beds will certainly help steer investigators down the 

right path. The chick, bE_:!ing an egg-laying animal, 

must mobilize lipid and calcium for deposition in the 

egg. The hormone of the ovary accomplishes that mob

ilization; estrogen produces a tremendous hypercalcemia 

and hyperlipemia in chi cks. The hyperlipemia involves 

all 3 major components of the plasma lipid--cholesterol 

(free and esterif ied), phospholipid and neutral fat. A 

unique pattern of hyperlipemia results, in that phosph

olipid rises much more than any other component, including 

cholesterol. Hence the cholesterol/phospholipid ratio 

falls. Thus the endogenous estrogen-induced hyperlipemia 

is quite different from the hyperlipemia of cholesterol 

feeding, wherein elevat ion of cholesterol predominates, 

increase in phospholipi d lags, and the C/P ratio rises. 
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Gross autopsy fi~dings revealed the aortas of the 

estrogen- treated cockerels to be as heavily studded 

with atherosclerotic plaques as the aortas of the 

control birds, r e ceiving no hormone. However, a sy

stematic study of the coronary arteries in these chicks 

was remarkable and startling- -practically no atheros 

clerosis in the coronary arteries of estrogen- treated 

birds, in contrast to multiple lesions in the controls. 

Thus a longstanding assumption of experimental atheros

clerosis- - that findings in the aorta mirror atherogenic 

activity throughout the arterial tree;fell by the way

side. 

After a 3 week period of estrogen treatment, de 

finite but incomplete regression of coronary lesions 

was detectable. After 5 weeks of estrogen administif!ation, 

there was almost complete regression of the coronary 

lesions. Both the lipid and fibroblastic components 

of the plaques were resolved. This was demonstrated 

by multiple spec ial staining techniques, for lipid con

nective tissue, metachromatic material, etc. This re

versal of atherogenes i s occurred despite the fact that 

the estrogen-tre ated b irds had, if anything, a slightly 

greater hypercholesteremia than their paired controls. 

In accord with p revious observations, the hormone effected 
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a lowering of the chole sterol/phospholipid ratio to

ward normal. Aga in, aorta atherogenesis proceeded un

affected by the e stroge n. Estrogen somehow effected 

a marked fall in concentration of Sf 3-8 lipoproteins, 

(See Gofman's wo r k p. 22 ), a phenomenon absent in the 

untreated and the testosterone plus estrodiol treated 

groups. Secondly , the estradiol-testosterone combinat

ion for some reas on had a marked influence on Sf 10-20 

levels, effecting a ten -fold or greater rise, compared 

t o the untreated and t he estrogen-treated groups~ Stamler 

( 18) • 

THEORIES RELATING TO THE ETIOLOGY OF HUMAN ATHEROSCLEROSIS 

A great multitude of t heories have arizen to attempt to 

explain the genesis of human atherosclerosis. The great 

majority of these theor ies had little scientific basis 

and have long since been discarded. The most accepted 

theory prior to the discovery of experimental cholesterol 

atherosclerosis was the senescense theory. Advocates 

of this theory propounded that physico-chemical changes 

inherent in the aging of extracellular colloids in the 

arterial intima p rovided the fundamental alteration 

that led to the accumulation of lipids and thus the 

development of atherosclerosis. The disease was once 
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thought to be the result of a mild chronic inflam

matory proscess. Mechanical trauma such as that 

produced by the constan t pressure of the blood on 

the arterial wal l s supposedly led to intimal fibrosis 

in much the same manne r as a callus would form om the 

hand from repeate d insult. The Toxin theory was once 

very popular. Toxins s uch as those produced by bacteria 

were to have inj uried t he arterial endothelium to a 

sufficient degree to pr oduce a focus for the production 

of an atheromatous les i on. Hueper (7) favored what he 

called the anoxemia the ory. It is the contention of 

this theory that the common fundamental action through 

which the various type s of causal agents and their dif

ferent causal me chanisms affect the vascular walls is 

represented by a severe and short or a moderate and 

prolonged but frequently recurring or persistent inter

ference with the oxidative metabolism and nutrition of 

the vascular wall. He went on to point out that all 

factors concerned in atherogenesis ceuld be boiled down 

to an effect of i nterfering with the me tabolism of the 

arterial wall to produce a relative anoxemia. 

Although the se and other theories may well have 

some affect on the athe r osclerotic proscess, they have 

generally been di s carded in favor of more recent and 
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more scientific theories. It is the purpose of this 

paper to present and evaluate the more tenable theories. 

I Filtration concept o_f atherosclerosis. Today the 

"filtration" concept of atherosclerosis is probably 

the most popular theory attempting to explain its 

genesis. This "filtration" concept is based on the 

view that atherogenesis is due to the tissue reaction 

to substances filtered from plasma as lipoprotein by 

lateral arterial pressure, and deposited in the intima 

as foreign lipid. Most of the filtered materials pass 

on harmlessly to be picked up by the adventitial capil

laries or the lymph. But some may stay behind, whether 

because the vessel fails to function properly as a filter 

or because the size, sha:pe and charge of the lipoproteins 

is such as to allow them to stick. Changes in the ar

rangement, amount and chemical nature of subendothelial 

ground substance conceivably may initiate a focal change 

in filter function. The reaction which ensues depends 

on the nature of the lipid deposited and the responsive

ness of the tissues to it. In this view, factors in 

atherogenesis are: 1. The anatomy, biochemistry and 

physiology of the vessel wall, all of which are heredit

arily conditioned. 2. The composition of plasma. 3. The 

lateral arterial pressure and rate of filtration. 4. The 
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responsiveness of intima l tissues to filtered products 

and their degradat ion p r oducts, normal or abnormal. 5. 

The metabolic capacity of the vessel wall. 6. Changes 

in filtration capacity of the vessel wall, such as may 

result from age, hyperte nsive diseases and metabolic 

disorders, Page (19). 

II The giant lipoprotein molecules as studied with the 

ultracentrifuge. In the past 4 or 5 years much interest 

has centered around Gofman's work with the ultracentrifuge. 

He has demonstrated that all major lipids in blood, in

cluding cholesteral esters, phospholipids, fatty acids 

and glyceryl esters are transported as giant lipoprotein 

molecules of several types. His unit of measure of 

flotation rate, Sf (meaning Svedberg of flotation) re-
-13 

presents a migration rate of 10 - cm. per second per 

dyne per gram. Thus a lipoprotein which migrated in the 

ultracentrifuge, under defined conditions, at four times 

this rate would be identified as a lipoprotein of the 

Sf 4 class. In addition to two specific lipoproteins 

of high density (1.075 gm. per milliliter and 1.145 gm. 

per milliliter), there exists in human serum an entire 

series, or "spect rum", of lipoproteins ranging in flo-

tation rate from Sf 2 t o Sf 40,000 (in sodium chloride 

solution of dens i ty 1. 063 gm. per milliliter at 26 degrees C. 
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Obviously this cannot measure any one specific 

lipoprotein mole cule independantly, but it does 

measure the act i vity of certain small classes such 

as the Sf 10- 30 class . 

The followi ng is a somewhat comprehensive summary 

of his work and conclusions. 1. A variety of serum 

lipid disturbances experimentally induced in the rabbit, 

some of which a r e associated with the development of 

atherosclerosis, have been analyzed. The Sf 10-30 

class of lipoproteins, which develops in the rabbit in 

certain of these experimental procedures, is highly 

associated with and universally concurrent with the 

development of atherosclerosis, independent of the type 

of metabolic di s turbance experimentally induced. The 

normally occurring lipoproteins (Sf 10 and less) even 

when elevated experimentally, show no significant 

positive association with atherosclerosis. Certain 

other cholesterol-bearing lipoproteins (Sf 100 and higher) 

are either not associated with atheroscle~osis or are 

inversely associated with atherosclerosis. 2. In the 

rabbit, total serum cholesterol levels, considering as 

a group all the types of induced lipid metabolic dis

turbances, are either unrelated to atherosclerosis, or 

may be inversely associated with atherosclerosis. Only 

23 



under the special condi tion where the major fraction 

of the cholesterol is in the Sf 10-30 class of lipo

proteins does tot al serum cholesterol correlate well, 

positively, with atherosclerosis. 3. An estimate of 

the quantitative association of the Sf 12-20, Sf 20-35, 

Sf 35-100 lipoprotein classes and of total serum cho

lesterol with atherogenesis in the human has been made, 

studies were done on the same serum sample from a given 

individual. Patients with coronary artery disease have 

served as a criterion group for the atherosclerotics. 

Throughout the entire age range evaluated, from 41 to 

60 years, the Sf 12-20 lipoprotein levels show at least 

a twofold, and up to a possibly tenfold, higher relation

ship with atherosclerosis than does the total serum 

cholesterol. The Sf 20-100 lipoproteins also show a 

correspondingly higher relationship with atherosclerosis 

than does the total serum cholesterol. The Sf 12-20 

lipoproteins and the Sf 35-100 lipoproteins are partially 

intercorrelated; but each shows, in addition, strong in

dependent associations with atherosclerosis. The Sf 20-

35 lipoproteins show a lesser association with athero-

sclerosis than either of the other classes, and, further, 

much of the association that is present depends upon 

partial correlation of the Sf 20-35 lipoproteins with 
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either Sf 12- 20 or Sf 35-100 or both. The Sf 12-20 

and Sf 35-100 l i poproteins show strong association 

with atherosclerosis regardless of age or total serum 

cholesterol level. Thus, even for individuals with the 

same total serum cholesterol, be it low, moderate, or 

high, there is strong ability of the Sf 12-20 and Sf 

35-100 lipoprote i ns to segregate atherosclerotics from 

normals. Total serum cholesterol shows a much lower 

ability to segregate at herosclerotics from normals in 

the 41-50 year age group than the Sf 12-100 lipoproteins. 

In the age group 51 to 60, while the lipoproteins main

tain their strong association with atherosclerosis, 

there is only a borderline ability, if any of the serum 

cholesterol to segregate atherosclerotics from normals. 

4. Follow-up studies have shown that early recurrence 

of myocardial infarction in patients with coronary disease 

is positively and highly related to the Sf 12-20 lipo

protein levels. 5 . The depression of high Sf 12-20 

levels by dietary restri ction of fat and cholesterol 

has been shown to decrease significantly the chance of 

recurrence of myocardial infarction in patients with 

established coronary artery disease. 6. The demonstration 

that the Sf 35-100 lipoproteins, in addition to the Sf 

12-20 lipoproteins are associated with atherosclerosis 
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is of especial s i gnifi cance with respect to the ingestion 

of fat. This cla ss of lipoproteins, the Sf 35-100 class, 

may be raised ac ~tely i n a high proportion of humans fol

lowing ingestion of fat . In patients with a severe de

gree of the lipid metabolic derangement which leads to 

"abnormal" lipopr otein patterns, this Sf 35-1 00 class 

of molecules is sustained even postabsorptively. It 

appears, since i t has been demonstrated that a dietary 

lowering of the Sf 12- 20 lipoproteins has an ameliorative 

effect on coronar y diee ase (based upon atherosclerosis), 

that dietary fat restri ction is equally important, by 

way of depressing the Sf 35-100 level, in the effort to 

control atheroscl erosis , Gofman (20). 

As previousl y ment ioned the Gofman method used 

sodium chloride t o obta in a density of 1.063 grams per 

milliliter for t he flot ation of the lipoproteins, Page 

(19), believed he could increase the number of lipoproteins 

measurable by ul t racent rifugal analysis, notably the alpha 

lipoproteins, by raising the density to 1.21 with potassium 

bromide. Changing the conditions required a change in 

nomenclature. The rough equivalents of Gofman's and 

Page's nomenclat~re are given in fig. 1. along with the 

equivalent elect r ophore tic patterns. Page employs the 

symbol -S to indicate negative sedimentation or flotation, 
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with the subscrip t 1.21 where nedessary, to indicate 

the chosen densi t y. The -S 2.5-40 fraction, which is 

chiefly beta lipoprote i n, is normally low in females 

in the 18- 34 age group and tands to rise with age. 

Beta lipoprotein in young men is almost equal to the 

concentration in femal e s of 34 to 60 years of age. 

These facts aloae sugge st reasons for fhe vulnerability 

of men to atherogenesis as compared with his supposedly 

weaker, but far more durable counterpart, woman. Young 

women have much l ess of the -S 40-70 fraction present 

than do older women. This is the Gofman Sf 10-20 

atherogenic frac t ion. The -S ~20 -25 fraction, which is 

chiefly a1pha2lipoprote in, is present in small amount 

and about equal i n concentration in all normal subjects. 

This fraction car ries a number of important proteins, 

such as renin substrate , vitamins, such as E, tocopherol, 

and hormones, such as e strogen. Women have much higher 

concentration of the -S 2-8 fraction, which is alpha1 

lipoprotein whi ch has a much lower content of cholesterol 

than the beta l i poprote in and is presumably much more 

stable. 

A portion of the serum cholesterol (about 20%) 

filters through excised arterial wall, part is deposited 

in the arterial wall, and the rest remains in the vascular 
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lumen since it cannot penetrate into the arterial 

wall. It is the smallest lipoproteins which pass 

through the vascular wall into the lymph. The largest 

lipoprotein particles cannot enter the arterial wall 

at all, and the groups of intermediate size are caught 

intramurally. I t is highly probable that the lipo

proteins which Gofman and Page consider atherogenic 

fall into the int ermediate group, Engelberg (21). 

Considerable support for the relationship be-

tween the serum l evels of these lipoproteins and the 

incidence of athe roscle rotic lesions was given by the 

findings of Bragdon and Boyle, (22) of the United States 

Public Health Se r vice, National Heart Institute, who 

were able to produce at herosc lerotic lesions in experim

ental animals by the i ntravenous injection of these low 

density lipoprote ins, separated by ultracentrifuging 

from the serum of athe r osclerotics. Similar injections 

of cholesterol or trigl yceride emulsions pr oduced no 

such lesions. 

Because of t he importance of Gofman's abservations, 

the National Advi sory Heart Council recommended to the 

United St ates Public He alth Service the organization of 

a carefully cont r olled study of the problem. Four lab

oratories, Berke l ey (Gofman and Jones), Pittsburgh 
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(Laufer, Hanig and Barach), Boston (Stare and Mann) 

and Cleveland (Lewis and Page) were designated and 

started work in t he winter of 1950. More than a year 

was required before the centrifuge analyses and cholest

erol measurement s agreed sufficiently among the various 

laboratories. This was an important achievement and 

points out how d i fficul t it would have been, had the 

cooperative study not been set up, to have found agree

ment among investigators using the ultracentrifuge. 

All data are sent to Mr. Moore in Washington for statis

tical treatment. Within the next two years it will have 

been gathered and the conclusions will be made known. 

III Alpha and beta lipoproteins. Alpha lipoprotein, 

so unstable that i t has not yet been isolated in pure 

form by chemical f ractionation methods, carries about 

28% of the choles t erol i n normal human _ plasma, as 

judged by studies on lar ge pools of blood from adults 

of both sexes. I t contains about 39% total lipid and 

has a density of 1 .19. The lipid composition is 18.3% 

cholesterol, 21% phospholipids, and no neutral fat; the 

cholesterol/phospholipid ratio is 1.3 on a molar basis. 

Present evidence indicates no atherogenic properties. 

The beta lipoprotein carries about 63% of the plasma 

cholesterol; it consists of 47% cholesterol, 29% phos-
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pholipid and only 23% p rotein. It also contains 60% 

of its own dry we ight a s water of hydration and has a 

density of 1.032, which is considerably lower than the 

value of 1.32 fo r othe r plasma proteins. When the total 

cholesterol concentrat i on increases, the increase is 

entirely in the beta l i poprotein fraction. Gofman et 

al. showed that t he be t a lipoproteins constitute a 

large series of c ompounds differing in neutral fat con

tent and in dens i ty. Gofman's atherosclerosis index 

now includes all beta l ipoproteins but no alpha lipo

proteins. Russ, Eder and Barr (23), determined the 

total alpha and beta l i poprotein by Cohn's chemical 

fractionation me t hods. They conclude that the percent

age of plasma choleste r ol in alpha lipoproteins is in

versely correlated with atherogenesis. They found that 

in diseases predi sposing to atheroma, such as diabetes, 

nephrosis and xanthomatosis, relatively little of the 

total cholesterol is combined with the alpha lipoprotein. 

This implies a r education in alpha lipoproteins and a 

relative increase in beta lipoproteins. Survivors of 

a myocardial infa rct also tended to show this deviation. 

The abnormality may not show up in every individual but 

it is demonstrable in the group. However, these workers 

believe that the percentage present in the alpha form 
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is correlated be t ter wi th atherogenesis than are the 

beta lipoprotein concentration, the total cholesterol 

level, or the Sf 12-20 level. Of special interest is 

the difference i n the percentage of cholesterol in alpha 

lipoproteins between young men (25.2%) and young women 

(34.3%). This di ffere nce is considerably larger than 

that in total choleste r ol level (197 and 187 mgm 

respectively). I t is well established t hat in this 

age group (18-35 ) men have considerably more atherosclerosis 

than women, Gould ( 2), Page ( 19), Leinwand ( 24), Llein 

(25). 

IV Chylomicron.s . Seve ral investigators have emphasized 

the etiological s ignif i cance of the number and size of 

the chylomicrons (large lipid particles) circulating in 

the blood after t he ingestion of fatty foods, which give 

the serum or plasma the appearance of lipemia or turbidity, 

and which can act ually be counted in the dark field micro

scope or indirect ly de t ermined by turbidity measurement. 

Hueper (26) and Moreton (27), hold that the alimentary 

lipemia and its accompanying high concentrations of 

chylomicrons occu.rring in the blood of normal individuals 

are indistinguishable f rom the sustained hyperlipemia 

and hyperchylomic ronemi a of pathological and experimental 

origin which have .been found to be characteristic of the 
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known causative conditions of atherosclerosis. 

Increased chy lomicronemia following fat contain

ing food occurs at every age. Moreton ( 27), theorizes 

that the cumulative effect of many fatty meals over a 

lifetime, by producing t ransient showers of these large 

lipid particles, may be the underlying cause of the 

intimal lipid deposition in human atherosclerosis. 

Becker (28), stre s ses t he frequency of hyperchylo

micronemia in olde r age groups and suggests its_ relation 

to the incidence of athe rosclerosis in older persons. 

In young persons i ncreased chylomicronemia lasts only 

a relatively short time and is only of moderate intensity. 

With increasing age, and particularly above 50 years of 

age, chylomicronemia is of greater intensity and is prac

tically permanent. This is illustrated by figure 2. 

Zinn and Griffith (29) provided further correlation be

tween hyperchylomicronemia and atherosclerosis by dem

onstrating that t he chylomicron indices found in coronary 

patients were substant i ally greater than those of normal 

persons following a fat ty meal in fasting subjects. 

More recent l y Schwartz (30) showed a significant 

relationship between hyperchylomicronemia and myocardial 

infarction by a c ompari son between the postprandial 

serum turbidity of cont rol and myocardial infarction 
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patients at fast i ng, and at 3 and 5 hours after a 

standard fat meal . The se findings are presented in 

figure 3. 

V Cholesterol t o phospholipid ratio. For over a half 

a century it was thought that bload cholesterol levels 

were directly re l ated t o the inc idence and degree of 

atherosclerosis. More recently it was thought that the 

cholesterol/phospholipi d ratio might prove a more signif

icant index. The signi ficance of this ratio has been 

stressed in the section dealing with experimental athero

sclerosis. An e l evated ratio has been correlated with 

atherogenesis in both experimental animals and in humans. 

Gould (2), has not ed tha t the hypercholesterolemia 

of primary biliar y cirr hosis and xanthomatous infiltration 

of the skin which are t hought to be not atherogenic is 

characterized by extremely high cholesterol and phospholipid 

levels and no inc rease in the cholesterol/phospholipid 

ratio. The chole sterol /phospholipid ratio is 1.3 in 

alpha lipoprotein s and 2.1 in beta lipoproteins on a 

molar basis. Thi s woul d explain why this ratio is often 

increased in athe roscle rosis and other conditions pre

disposed to athe r oscle r osis such as diabetes, familial 

xanthomatosis nephrosi s , and hypothyroidism, Pomeraze 

(31) and Gertler (32) • Jackson (33), in a critical study 
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of the validity of the cholesteral/phospholipid ratio 

concluded that t he dete rmination of such a ratio was 

of absolutely no value , and that its correlation with 

atherogenesis was mere l y coincidental in most cases and 

was not directly corre l ated with the disease proscess. 

He pointed out t hat, i f given the total cholesterol 

value, one can pr edict the cholesterol/phospholipid 

ratio within narr ow limits (where liver failure is not 

present). It fo l lows t hat this ratio can be no more 

useful as an index of a therosclerosis than the discredited 

total cholesterol itse l f. This conclusion is supported 

by Pick (34), Hobson ( 35) and others. 

VI Antilipfanogens. "Lipfanogens" are found in all 

sera, partly in free state and partly combined with 

"antilipfanognn" to form a complex. They are observed 

by placing them i n tis s ue culture media where they are 

taken up by the l iving cells and are converted into 

visable fat granules. They may be defined as follows: 

Substances that p roduce visable fat. A special group 

of lipoid substances f ound in blood serum which, when 

in a free state, are t aken up by living cells and con

verted into visable fat . Evidence is presented that 

"antilipfanogen" in blood serum serves as a regulating 

agent that reduce.s or p revents the fat deposition of 
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atherosclero_sis. It may be defined as follows: A 

substance found i n blood serum that reduces or prevents 

the fat depositing act i on of the lipfanogens that are 

present. Antilipfanoge n has been shown to combine in 

part with the lipfanogens, forming a complex that is 

not converted int o visi ble fat. The evidence is sum

marized as follows: 1 . In a species, such as the 

chicken, having <greate r incidence of atherosclerosis 

than humans, the free l ipfanogens in the serum are higher 

and the free ant i lipfanogen is lower than in humans. 

2. Conversely, i n spec ies (dogs, horses, cattle) having 

a lower incidence of a t herosclerosis than humans, the 

free lipfanogens are de finitely lower and the free 

antilipfanogen hi gher t han in human serum. 3. Human 

males seem to have slightly more free lipfanogens and 

less free antilipfanoge n than the human female. 4. In 

diseases typified by hypercholesterolemia and associated 

with high incidence of atherosclerosis (coronary disease, 

diabetes, and nephrotic syndrome) the free lipfanogens. 

were found to be highe r hhan normal and the free antilip

fanogen lower than normal. 5. Segments of chicken and 

of human arterie s incubated in vitro in a suitable medium 

containing lipfanogens developed deposits of sudanophilic 

fat, while control segments remained free from stainable 

35 



fat. These expe r imental deposits in chicken arteries 

closely resembled the spontaneous atherosclerosis in that 

species. 6. Any desired degree of fat deposition can be 

obtained in vitro mere l y by varying the relative concent

rations of antil i pfanogen and of lipfanogens in the media. 

In other words, wherever atheroscleros.is is prevalent, 

free antilipfanogen is low and free lipfanogens are high-

and vice versa. Furthermore, since these fat depositing 

lipfanogens are i n cont inuous contact with the intimal 

surface of blood vesse l s, it is logical to assume that 

they would be involved in any fat deposition that takes 

place. It has been the belief of some workers Antischkow 

(36), Katz (1) and Stamler (18) that cholesterol constitutes 

the fatty materia l primarily deposited in atherosclerosis. 

This does not agr ee wi t h Simm's (3.7) conception of the 

mechanism. This paper presented two ideas: 1. That the 

primary deposit of fatty material in atherosclerosis 

is predominantly sudanophilic fat, and 2. That the high 

fat deposition i n hypercholesterolemia may be due to the 

liberation of free lipf anogens because of the formation 

of a complex between cholesterol and antilipfanogen. 

Primary fat depos ition : 1. Studies on frozen sections 

of very small sc l erotic plaques from the human aorta 

showed that in t hese (presumably early) plaques there 
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were diffuse fat droplets that stained with SudanIV, 

but no histologic indications of cholesterol. (Note: 

This diffuse fat was so easily soluble that care was 

required not to dissolve it while staining. Prolonged 

exposure of the sections to 65 per cent alcohol saturated 

with Sudan IV avoided this difficulty, although the stain

ing was faint.) A.s progressively l a rger plaques were 

observed, cholesterol accumulations were seen, becoming 

increasirrgly conspicuous. Similar results were obt ained 

by Duff and McMillan (4). Furthermore, Meeker and Job-

ling (36) found, by chemical analysis, that neutral fat 

predominated in the smaller plaques and cholesterol in 

the larger ones. These observations have been verified 

by Buck and Rossiter (37) and Fangman and Helling (38). 

2. Experimental feeding or injection of cholesterol 

gives an initial deposition of stainable fat. 3. 

Although hypercholesterolemia is widely accepted as being 

accompanied by hi gh inc idence of atherosclerosis, there 

is no evidence t hat cholesterol itself is the primary 

depositing mater i al. I f we accept the premise that the 

primary fatty deposits are predominantly stainable fat, 

the question ari ses as to the source of this material. 

The evidence indi cates , as explained above, that the 

lipfanogens const itute the source of part or all of this 
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material. If that is t rue, then an explanation. is 

needed of the fac t that high serum cholesterol results 

in the deposition of the lipfanogens in the form of 

' visible fat. The re seems to be only one explanation 

that fits the known facts, namely, that cholesterol 

also forms a complex wi th antilipfanogen and that there 

is competition between the cholesterol and the lipfanogens 

in their combinat ion wi th antilipfanogen. A summary of 

this theory is p r esented on the following page. 

VII Hypercholesterolemia and Kupffer cell phagocytosis. 

Leary (39), has worked out a long detailed theory using 

rabbits in which he suggests that the Kupffer cells re-

move the excess cholesterol esters from the liver, trans

port them through the lungs and thence to the subendothelial 

layers of arteria l intima at the most accessible region. 

He finds support for his theory by leaning on Gordon' .s 

(40) observations that the most probable points of athero

sclerosis are in the arterial regions where pulsatile 

intermissions are the most prominent. Leary (41) further 

suggests that a defense mechanism exists which removes 

cholesterol from the arteries of youth and the ascending 

aorta even in advanced age. Supposedly, the cholesterol 

is transferred from wandering lipoid foam cells to fixed 

fibroblasts in which the cholesterol esters are split, 
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anisotropism is l ost, and the cholesterol is brought 

into solution in an excess of fatty acids; solution is 

followed by its disappearance from the lesions. Although 

this theory offers a convenient solution to the mechanism 

of atheroma production, it has not been born out by other 

investigators and is considered to have no validity. 

VIII Liver dysfunction and protein defects. Defect 

in the synthesis or degradation of the protein moiety of 

the lipoproteins might well be at fault. So little is 

currently known of the chemical and physical constitution 

of these large molecules which transport and keep the 

lipids in solution and how lipid is split off them for 

use in cells, that it would be unwise to assume their 

constant normality and efficiency. As previously mentioned 

quantitative lipid abnormalities are commonly associated 

with certain metabolic disorders such as diabetes, hypo

thyroidism, nephrosis and familial xanthomatosis in which 

the incidence of atheromatosis is increased. This 

quantitative lipid abnormality may be presumed to be a 

failure of those body processes which catabolize the 

lipid elements measured in exces.s. It is a failure of a 

mechanism, a metabolic b lock, that may be a failure of 

a particular or multiple enzyme systems associated with 

the catobolic mechanism of the particular lipid fraction. 

39 



Available evidence points to the liver as the probable 

site of failure of the enzyme systems·. Cholesterol is 

synthesized, excre ted and catabolized in and through 

the liver. Phospholipids are formed in the liver. Any 

serum lipid, prote in or lipoprotein abnormality is 

probably mediated through a liver function and its pres

ence represents l i ver dysfunction. This metabolic block 

associated with a deranged catabolism/anabolism ratio 

of the lipid elements causes a quantitative serum elevat

ion. The role of the l i ver in this, though not clearly 

defined, appears certain . This relationship of a metabolic 

derangement of liver function, quantatively abnormal 

serum lipids and an increased incidence of atherosclerosis 

is an oversimplification of an involved and as yet poorly 

defined process. 

IX Intimal fibrosis., mucopolysaccharides and elastase 

activity. During t he de velopment of so-c~lled intimal 

fibrosis progressive degeneration of the inner media 

frequently occurre s , in which the elastic fibers first 

become fragmented and the n disappear. These changes may 

possibly be initiat ed by a deposit of lipid, which may 

only be temporary, in the intima and the inner layer of 

media. A marked accumul a tion of metachromatic substances 

occurs in the area of me dial degeneration and is intimately 
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associated with fragmentation of the elastic fibers. 

The accumulation of mucopolysaccharides in the 

inner media and i ntima is such a prominent feature in 

many instances of intimal fibrosis that one is forced 

to consider it of pathogenetic importance. Two pos

sibilities are apparent: 1. Either the accumulation of 

metachromatic subs tance interferes with the nutrition 

of the elastic f i bers so that they degenerate, or 2. 

The fragmentation of the elastic fibers is primary, re

sulting in a pool i ng of the mucopolysaccharide in their 

neighborhood. If the f ormer explanation is correct, one 

must search for f actors to explain this primary increase, 

It seems unlikely that i t represents only a redistribution 

of a substance no r mally present since birth. Morphologically, 

there appears to be a de finite increase in the amount of 

mucopolysaccharide s, and Faber (42), by chemical analysis 

has reported an i n crease d carbohydrate-sulfate ester con-

tent of the aorta with age and hypertension. Gersh and 

Catchpole (43) have desc ribed granules positive to the 

periotic acid-Schi ff's r eagent, within fibroblasts and 

suggest that these may r epresent a secretion product which 

is concerned in t he product ion of ground substance. In 

the material stud ied by Taylor ( 44), there was no excessive 

fibroblastic activity to explain the increase in muco-
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polysaccharides, t hough t his would not, of course, rule 

out the possibility of i ncreased secretion by the fibro

blasts that were pr esent . On the other hand, there is 

considerable evidence to suggest that the accumulation 

of mucopolysacchar i des i s secondary to alterations in the 

elastic tissue. Most aut horities today conceive of the 

formed connective t issues (reticulin, collagen and elastic 

tissue) as being de rived from the ground substance. Gersh 

and Catchpole (43) in their detailed investigations seem 

to imply that ground substance and basement membrane, at 

least, may be transformed from one to the other by the 

influence of enzyme systems altering the state of 

polymerization. One cannot help but wonder if such a 

mechanism might pertain to elastic tissue as well. A 

particularly inte r esting development along these lines 

is the recent work on e l astase by Balo and Banga (45) and 

by Lansing (46). Elasta se is an enzyme which acts 

specifically on e l astic tissue protein; it is said to 

convert_this prote in from a fibrous to a molecular form 

and to make it sol uble without hydrolyzing it to amino 

acids. Elastase i s found in the islet cells of the 

pancress, suggesting that it is a systemic enzyme rather 

than a digestive one. The elastase activity of arterios

clerotic patients has been reported as being a great deal 
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lower than tb:a.t of controls. Evidence to support 

this, concept is su plied by the work of Hall, Reed and 

Tu..-rtbridge (47), wh recently reported that, unlike 

previous observers , they found polysaccharide and sulfuric 

acid intimately as ociate d with protein in elastic tissue 

and that polysacch ride i s liberated simultaneously with 

protein whenever t e elas tic tissue is degraded. They 

further suggested t hat t e enzyme elastaser which digests 

elastin, is not a roteol ytic enzyme but rather a mucase. 

With reference tote possible role of th€ muco

polysaccharide accumulat i on in the production of either 

intimal hyalinizat i on or focal atheroma, we are also in 

the field of conje ture. Moon and .Rinehart (48) have 

suggested that hyal ini~at ion of the intima in coronary 

arterioscleros.is m y repr esent an abnormal polymerization 

of mucoid ground substance. In the present study it was 

noted also that when the intima of the aorta was hyaline 

an intimate admixt re of mucopolysaccharide and lipid 

often could be dem nstrat ed. This is similar to the 

findings. of Moon a d Rine hart ( 48) in the coronary arteries 

and is also compar ble t o hyaline arteriosclerosis. It 

is possible that tis may represent a process analogous 

to the formation o the protein-mucopolysaccharide complex 

of amyloid. 
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Wilens (49), has g i ven reasons for assuming that 

intimal fibrosis i s an i ntregral part of the ath~rosclerotic 

process. It is conceivable that an accumulation of 

mucopolysaccharide , by a ltering the permeability of the 

subendothelial ti s sues, may play an important part in 

the localization of lipi d which is the feature of the 

atheromatous plaque. Another possibility has been offered 

by Faber (42). He noted that cholesterol deposition is 

sometimes encounte red i n various tissues rich in metach

romatic substance and suggested that the sulfate esters 

of the aorta might relea se lipid from lipoproteins brought 

to the tissue by t he blood plasma. 

X Heparin defect . Hepa rin, in sub-anticoagulant doses 

demonstrates a profound clearing action on chylomicra 

Block, Barker and Mann (50), Sf 0-12, 12-400 lipoproteins 

Gofman, (51), and beta- l ipoprotein concentrations, Lever, 

Smith and Hurley ( 52), which would indicate a relation

ship between these three factors. Block, Barker and Mann 

(50), f ound that atherosclerotic patients failed to clear 

alimentary lipemia with a small dose (3 mg.) of heparin 

as effectively as normal people. The mechanism of this 

"clearing" action of heparin is not as yet fully under

stood, but several logical theories based on experimental 

data have been elicited which are probably closely related. 
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One such hypothesis is that highly acidic heparin 

attaches itself to the extremely basic choline portion 

of the phospholipid lecithin, forming under enzymatic 

influence, a highly surface active complex, capable of 

placing large lipid particles in colloidal solution 

Ander~on and Fawcett ( 53) • Another hypothesis is that 

an enzyme-like "clearing" factor is formed from a 

precursor among the serum proteins by certain tissues 

in the presence of heparin,Anfinsen, Boyle and Brown 

( 54). Recently this "clearing factor'' was synthesized 

in vitro from an unidentified precursor found in plasma, 

an unidentified tissue factor, and heparin, Brown and 

Kauf £man ( 5 5) • 

The suggested hypothesis, that a deficiency of 

heparin or a heparin-like substance may be a prime under

lying factor in the etiology of atherosclerosis, Gofman 

( 56), is strengthened by a s.eries of recent investigations 

revealing: 1. a high incidence of hypercoagulability and 

low blood heparin leyels in patients with cardiovascular 

disease and atherosclero.sis, 2. a tendency for circulating 

heparin to decrease with age, 3. the existence of an inverse 

proportion between the concentration of giant lipoprotein 

molecules and plasma heparin levels, 4. and significantly 

greater clinical success with heparin therapy in the 

45 



presence of hype r coagul ability than iso - or hypo

coagulability, Anfinsen, Boyle and Brown (54). For 

the most part the reduction in the concentration of 

plasma lipid macr omole cules by heparin therapy has been 

accompanied by s i gnificant subjective and objective 

clinical improv-ement i n disease states associated with 

atherosclerosis, including marked reduction in the re 

currence and occu rrence of myocardial infarcts, Anfinsen, 

Boyle and Brown (54). 

OTHER FACTORS PREDISPOSING TO HUMAN ATHEROGENESIS. 

I Hereditary predisposition. A hereditary predisposition 

toward coronary artery disease has been noted by many 

investigators. I n a study of families with xanthoma 

and a study of un selected patients under 50 years of 

age with coronary artery disease, Adlersberg, Parets and 

Boas (57) came to the conclusion that the number affected 

with hypercholeste rolemi a fits a 1:1 Mendelian ratio and 

that hereditary t r ansmis sion probably as a dominant trait, 

is responsible fo r the distribution of hypercholesterolemia. 

When results obtai ned in both studies are considered to 

gether, it appears that the common factor for most patients 

with coronary athe roscle rosis may be a hereditary dis

turbance of chole s terol metabolism manifested by elevated 
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~erum cholesterol. Familial xanthomatosis is the 

severest form of the inherited disturbance. Xanthoma 

lesions develop only in patients who carry two abnormal 

genes for cholesterol; that is, they are homozygotes. 

Atherosclerosis is frequent in such persons. Many 

patients with uncomplicated coronary artery disease are 

probably affected with a milder form of. disturbed lipid 

metabolism. They carry one abnormal gene for cholesterol; 

that is, they are heterozygotes. Derangement of cholesterol 

metabolism helps explain the familial incidence of coronary 

artery disease and also accounts in part for its develop

ment in many persons under 50 years of age. 

II Diet. Much suggestive evidence has accumulated from 

a multitude of sources that atherosclerosis is minimal 

in certain peoples. of the world, such as Okinawans, 

Chinese and Ceylonese, who subsist on diets differing 

markedly from ours. Yet this evidence has not been en

tirely consistent and it should be pointed out that other 

factors may have been operating to render these obser

vations equivocal. 

Since no direct measure is available for assessing 

the degree of athe roscle ro.sis or its rate of development 

in the living human Gofman (58), has taken one of it's 

most serious seque lae (coronary heart -disease) and has 
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measured the tendancy t o develope heart disease from 

a relation between the s tandard Sf 0-12 and Sf 12-400 

lipoproteins which has been well documented by studies 

on a large series of cl i nical cases of coronary heart 

disease and a corr espond ing study of clinically well 

individuals of the same age, sex, a nd population type. 

From statistical analys i s of these cases he has been 

able to arrive at an "At herogenic Index" or "A. I." 

value which repre sents t he best measure of the tendancy 

of an individual -t o deve lope clinical coronary heart 

disease obtainab l e from ultracentrifugation of lipo

proteins. Thus t he elevated serum lipoproteins may 

now be transposed in te rms of the A.I. values. The 

greater the A. I. value (which represents the best com

bination of the c r itical lipoproteins), the greater the 

progression of cor onary disease would be expected to be. 

Conversely, effort s to minimize the progression of the 

disease would be expressed in terms of efforts to reduce 

the A.I. values. This transposition is important, 

theoretically and practically. If a particular regimen, 

dietary or otherwise, would lower one class of lipoproteins, 

while elevating the other, the clinical effect to be 

anticipated would depend on whether the resulting net 

A.I. value is actually lowered or elevated. 
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The A.I. va1ue has been shown to rise with obesity. 

However, this by no means infers_ that calories per se 

represent the offensive agent in elevating serum lipo

protein levels, and, consequently, A.I. values. Fat 

intake, on the average, rises with caloric intake. Hence, 

overweight in general is associated with both excessive 

fat and excessive caloric intake. It then becomes a 

problem to determine which of the three following major 

poss.ibilities account for the rise in A. I. values in 

overweight people: 1. Excessive fat intake, 2. Excessive 

caloric intake or S. Some unrelated metabolic feature of 

the obese state. 

Gofman ( 58) demonstrated that the lowering of fat 

intake, at an isocaloric level, leads to lowered A. I. 

values. Since obesity is usually associated with exces

sive fat intake, the elevated average A.I. values charact

eristic of obese persons canr at least in part, be the 

result of the excessive fat intake. The fact that over

weight can be due more to excessive intake of nonfat 

calories may indeed, partially explain why the relation 

of overweight to elevated A. I. values is. at times not of 

a very high order. If nonfat calories do not lead to 

excessive A.I. values, then obese persons overeating in 

nonfat calories would not be expected to show the same 
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elevation in A.I. values that might have been produced 

by an equivalent number of fat calories. 

The effect of low calorie diets alone has been in

conclusive since in all cases the low calorie diet has 

been a low calorie - low fat diet and the patients have 

been maintained in a negative caloric balance. No in

ference can be drawn for persons in a steady state from 

individuals in negative caloric balance. The third 

possibility, that of a metabolic disturbance associated 

with obesity itself is essentially unevaluated. 

Studies on the effect of obesity and diet by 

Romeranze (59), French (60), Wilens (61), Keys (62) and 

Keys (63), have all concurred with the findings of Gofman 

( 58). Keys ( 63) in a series of feeding experiments came 

to the conclusion that, other things being equal, the 

serum cholesterol level in adult man is independent of 

the cholesterol intake over the range of zero to at least 

700 mg. daily. But the fat intake is quite another mat

ter and appears to have great importance. However, there 

is not the slightest evidence for a difference between 

animal and vegetable fat in this regard. 

III Local factors in arterial wall. It has been sug

gested that mechanical or hemodynamic strain and trauma 

are responsible for the localization of ~therosclerotic 
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lesionB in relat i on to t he orifices of the intercostal 

arteries, in relat ion t o the points of vascular branching 

and in other areas . Perhaps the best evidence of a possible 

pathogenetic role for s t rain and trauma is to be found 

in cases of local i zed or generalized hypertension for, 

while the data leave much to be desired, there remains 

little reasonable doubt that hypertension can aggravate 

atherosclerotic p r ocesse s on occasion. The most clear 

cut example is the occur rence of atherosclerosis of the 

pulmonary arterie s in a s sociation with pulmonary hyper 

tension. The propensity of syphilis to enhance the 

development of atheroscl erosis of the aorta is a good 

example of the eff ect of a vascular injury in man Duff 

(4), Leary (64), and, a l though the evidence is not so 

distinct, it seems that other kinds of inflammation of 

the vessel wall may act similarly. McMillan (65) examined 

the aortic endothe lium f or evidence of its role in the 

pathogenesis of a t herosc lerosis. He did not succeed in 

demonstrating any morphological change during the early 

phases of the deve lopment of atherosclerosis save only 

the accumulation of a f ew droplets of fat in some endothelial 

cells. Their appearance and that of the intercellular 

cement substance remain essentially normal. There was 

no morphological evidence of damage or porosity that 
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would suggest that either the endothelial cells or their 

cement substance were more permeable than normal. Never

theless, some endothelial cells were rendered capable of 

accumulating colloidal material. While it may be tempting 

to assume that endothelial cells accumulate large amounts 

of lipid from the serum and transfer it into the aortic 

intima, the occurrence of such a phenomenon has not been 

observed. On the other hand, it is even more tempting 

to speculate that the phenomena that have been· observed 

with the use of collo-idal thorium dioxide are associated 

with an increased permeability of the affected cells. 

Duff and McMillan (66) have demonstrated the accumulation 

of injected colloidal thorium dioxide in the foam cells 

of the lesions of experimental cholesterol atherosclerosis. 

It would be tempting to speculate that this phenomenon 

is associated with an increased permeability of the 

affected cells. The conversion of endothelial cells 

into foam cells during the early stages of the develop

ment of atherosclerotic plaques has not been observed. 

However McMillan (65) has observed the initial occurrence 

of lipid droplets in the subendothelial ground substance 

and their subsequent occurrence in the. macrophages that 

are normally present in the intima and which become foam 

cells. Local accumulations of these cells increase in 
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numbers by migrat ion and also by mitotic division. As 

previously pointed out free cholesterol first appears 

in characterist i c site s in both atherosclerotic plaques 

and in the liver lobule s of experimental animals. It is 

detectable by t he technique employed only several days 

after sudanophil i c and anisotropic lipids are already 

demonstrable in t he are as affected. Also as previously 

mentioned the ce l ls comprising atherosclerotic lesions 

are metabolically active and it is possible to investigate 

their enzyme syst ems. 

IV Endocrines. As has been pointed out, diabetes mellitus 

and hypothyroidi sm frequently show increased cholester-

olemia and atherosclerosis. Moreover, there is a high 

incidence of athe roscle r osis in patients with hyperfunction 

of the adrenal cortex (e.g., Cushing's syndrome), and pro

longed cortisone therapy produces increased plasma cholesterol 

levels, Wakerl i n (66). It has also been demonstrated 

that the admin i s t ration of estrogen can convert the highly 

pathologic patte r ns of survivors of myocardial infarction 

to normal adult human values, and that the use of methyl 

testosterone exaggerates the chemical pathology of myocardial 

infarction and may even produce deviant patterns in those 

who have been previous l y normal, Barr (67). 

Kountz (68) made the following comment in the dis-
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cuss ion following Starnler' s 118) lecture. ''We have had 

an experience in elderly individuals with estrogen alone 

and with estrogen with p rogesterone and testosterone. 

For a number of ye ars we have had a group of elderly 

worn.en menstruating and have studied the effect on the 

cardiovascular sys tem of the estrogen which caused the 

menstruation. We have been interested in the arterioscl

erosis present in the aorta and coronary arteries and 

in the renal vesse ls when these patients came to autopsy. 

In this connect i on we have also been interested in the 

protein picture a s dete rmined by the electrophoretic 

method and in the free amino acids in the blood. Compar

atively, we have f ound a lessening of the incidence of 

clinical coronary artery disease in the 60 individuals 

studied. Anatomically, however, it is difficult to ~ell 

whether or not there has been too much of a change. I 

think it is important here to point out that estrogen 

and androgen in man in pa rt depends on the rate of oxygen 

consumption and in order t o obtain a physiological res

ponse it is necessa ry to use thyroid. It would seem. from 

our studies that we are p robably making a mistake to 

simply say that the estrogen as one substance causes a 

diminution or prevention of the scle r osis of the coronary 

arteries but that i t is i n part dependent upon the other 
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glands of interna l secr etion for its activity." 

V Age and sex. The influence of age and sex has been 

noticed by most observers. Indeed, the rationale of 

treatment of coronary a therosclerosis by administration 

of estrogens stems from the markedly decreased incidence 

of atherogenesis in premenopousal women. As noted on 

page 27, young women in the 18-34 age group have a low 

serum concentration of the lipoprotein molecules con

sidered atherogenic by Page and Gofman. These are 

chiefly the atherogenic beta lipoproteins. This same 

age group has an alpha lipoprotein content which is 

much higher than that of her male counterpart. The per

centage of cholesterol found in the alpha lipoprotein 

of these women is reported to be more than that found 

in young men (34.3% vs. 25.2%), Gould (2), Page (19), 

Leinwand (24), Kle in (25 ) and Gofman (20l. Possibly 

the finding by Stamler (18), that estrogen inhibits 

cholesterol-induce d coronary atherogenesis in chicks, is 

a lead to the bas i s for the sex differential in humans. 

An interesting findi ng by Dock is the observation 

that the intima of the c oronary arteries is considerably 

thicker in the mal e, and that this difference is present 

from birth, Wakerl in (6 6 ). 

All of the supposedl y atherogenic factors increase 
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with age. Becker (28), stresses the frequency of 

hyperchylomicronemia with advancing age as a basis for 

the increased atherosclerosis. This is born out by 

fig. 2. Weinhouse (69) has pointed out that the lipid 

and calcium content of the media of the human aorta 

increases with age . Thi s is independent of the degree 

of atherosclerosi s . He also points out that the relative 

concentration of t hese l ipids in the aorta is in direct 

relation with the concentration of these lipids found 

in the plasma. He implys from this, that the lipid 

deposits in the i ntima are the result of nonselective 

infiltration and precip i tation of the plasma lipids. 

SUMMARY Since t he bas i s of our knowledge of the athero-

sclerotic proscess in t he human stems from work done on 

the experimental animal , the first portion of this thesis 

has been devoted t o a r e view of the progress of experimental 

atherosclerosis and to an alliteration of some of its more 

salient aspects. 

Hypertension and al l types of local damage to the 

vessel wall, including sympathectomy, were seen to be 

atherogenic stimuli only in the presence of an abnormal 

blood lipid relationship such as is seen following cholesterol 

feeding in the rabbit. The thyroid hor~,one was seen t o 
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be important in the homeostatic mechanism. Its increase 

tended to decrease hypercholesterolemia beyond the point 

which might be expected from a simple increase in metabolic 

rate. An increased incidence of atherosclerosis has 

long been known to be associated with the hypothyroid 

state in man. 

Contrary to expected results, alloxan diabetes in the 

hypercholesterolemic rabbit was associated with an in

hibition of aortic atherogenesis. This inhibition was 

associated with a marked elevation of serum phospholipids 

concommitant with the increase in serum cholesterol. In 

the chick, the same phenomina of decreased atherogenesis 

of the induced variety occurred. However, there was a 

definate increase in spontaneous atherosclerosis. It 

may be inferred from this phenomenon that the rabbit is 

a poor experimental animal since it does not develope 

spontaneous atherosclerosis. This is one of the main 

reasons why Katz and other investmgators have used the 

chick instead of the rabbit in their experiments. 

The much ballyhooed effect of dietary fat was seen 

to have no effect on spontaneous lesions in the chick. 

A balanced diet apparently made a key contribution to 

the prevention of dietary-induced atherogenesis. Surface 

active agents were seen to have an effect similar to 
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alloxan diabetes. Tremendous foam cell accumulation was 

seen in the reticuloendothelial .system as well as in the 

renal tubules. 

Possibly the most important contribution of experimental 

atherosclerosis was the discovery of the differential 

effect of estrogen on d ifferent arterial beds. Aortic 

atherogenesis wa.s unaffected while coronary atherogenesis 

was almost negligable. Estrogen treatment also caused 

the regression of previously present coronary lesions. 

The remainder of this thesis is concerned with the 

most accepted theories of human atherogenesis and re

lated predisposing factors. The filtration concept must 

be considered the most tenable mechanism for the deposition 

of "foreign" l i po ids i n the arterial intima. This concept 

is embodied in most of the theories to be presented. 

Gofman, Page and others have contended that it is the 

size of the lipoprotein molecule which is the crucial 

factor in the de velopment of atherosclerosis. Supposedly, 

particles which a re too small pass through the arterial 

filter and are not reta ined while those that are too 

large never reach the i ntima. These particles are studied 

by means of the ultracentrifuge and are characterized as 

belonging to di f f erent classes . according to their flotation 

rates. The association of the pathologic classes with 

post-myocardial i nfarc t ion patients has been demonstrated. 
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Gorman has demonst rated a lowering of the pathological 

Sf 12-20 ltpoprote ins by dietary fat restriction. Con

siderable support was g i ven to this theory by the pro

duction of atheros cleros is in experimental animals· by 

intravenous inject ion of theSB low density lipoproteins 

with subsequent de velopment of atherosclerosis while the 

disease was not pr oduced by similar injections of cho

lesterol or triglyceride emulsions. 

Proponents of the chemical fractionation method of 

separation of lipoprote i ns maintain that the beta lipo

proteins are the c lass r esponsible for the disease. 

Gofmans "atherogenic index" now includes all beta lipo

proteins but no a l pha l i poproteins. Investigators have 

found the degree of athe rosclerosis to be inversely re

lated to the alpha lipoprotein level of the plasma. 

Many investigators p ropose that repeated bouts of, 

and/or, sustained hyperchylomicronemia are responsible 

for the atheroscle rotic state. Hyperchylomicronemia is 

seen to increase with age and atherosclerosis. Chylomicrons 

are reportedly composed chiefly of beta lipoproteins. 

The above thre e the ories are the most popular today 

and it would seem that they are all very closely related. 

It is quite probable that all three groups of investigators 

are arriving at t he same basic conclusion from different 

methods of approach. 
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It would seem from recent investigations that the 

cholesterol/phospholipid ratio is no more reliable as 

an index of atherogenes is than the total cholesterol 

and certainly it can bear no direct relationship to the 

pathologic mechanism. It is most likely coincidence and 

poor logic that t he correlation exists in many cases. 

The antilipfanogen theory is a new theory, championed 

by Simms et. al., which appears to have merit. These 

workers do not be l ieve t hat cholesterol constitutes the 

fatty material pr i marily deposited in atherosclerosis. 

They present evide nce t o show that the primary deposit 

of fatty material is sudanophilic fat, and, that the high 

fat deposition in hypercholesterolemia may be due to the 

liberation of free lipfanogens because of the formation 

of a complex between cholesterol and antilipfanogen. A 

good summary of this the o~y is presented in the diagram 

following page 38 . 

Leary's theory of Kupffer cell phogocytosis of cho

lesterol and transportat ion through t he lung to the 

arterial intima i s a convenient theory but one which is 

not substantiated by other investigators. 

Undoubtedly abnormal liver function plays a part in 

the atherogenic pr oscess , but so little is known about 

its function in r e lation to protein metabolism that any 
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tneory of atherogenesis with liver malfunction as its 

basis can be no more than conjecture. 

Another theory which may play a part in the form-
I 

ation of atheromata is the concept of abnormal metabolic 

proscesses of the vessel wall itself. It is suggested 

that the abnormally large pool of mucopolysaccarides is 

derived from the degeneration of elastic tissue of the 

media, under the influence of increased enzymatic activity, 

and that it may play a part in the development of the 

atheromatous plague. This theory is at odds with the 

antilipfanog.en theory in that it considers the muco

polysaccharides p r esent in the atheroma to be the primary 

fatty deposit. 

The concept t hat the underlying defect in the athero

sclerotic process may be due to a heparin or heparin-like 

defect has long been a consideration. However, since the 

degree of heparin neces sary to effect plasma levels would 

cause bleeding de f icienc ies, it was never really considered 

to be a factor in the human disease. The effect of lipo

tropic factors has also long been considered but such 

agents as choline ~ inos i tol and methionine, have proven 

to be of little va lue. Recently this heparin-like "clearing 

factor" has been s ynthe s ized in vitro from an unidentified 

precursor found i n plasma, an unidentified tissue factor, 
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artd heparin. It has also been discovered that when 

heparin is cornbine_d with choline it no longer retains 

its anti-coagulent action but still retains its plasma 

clearing power. This concept might well be an important 

factor in the human disease. 

It has. repeatedly been shown that of the factors 

predisposing to atherogenisis hereditary predisposition 

probably plays the most important role. The tendancy 

toward the disease may well be inherited as a Mendelian 

dominant. 

Much has. been written about the effect of diet on 

atherogenesis but about the only certainty is that obesity 

is a:ssociated with an increased incidence of the disease. 

The relative importance of fat, caloric, and cholesterol 

intake has not been sufficiently assessed. Gofman's 

atherogenic index is lowered by a low-fat, low-calorie 

diet in obese patients. 

Other predisposing factors including local changes 

in the arterial wall, endocrine disturbances and age and 

sex factors all enter in to the problem, but their relative 

importance is very difficult to evaluate. 

It must be emphasized that a correlation between 

deviation from normal of some property of plasma lipo

proteins and atherosclerosis suggests but does not, of 

course, prove that this deviation is the cause of, or 
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even directly related to the cause of, the disease. 

The failure, on the part of a large group of invest

igators to realize the importance of this statement has 

led to an enormous amount of research based on illogical 

premises. This thesis has. attempted to organize and 

present only the more logical data which has been sifted 

from the chaff. 

CONCLUSION An attempt has been made to present and 

correlate the most important factors operating in the 

genesis of the atherosclerotic proscess. The important 

contributions of the experimentally produced disease 

are outlinedr and the major etiological theories are 

presented. It is generally conceded that atherosclerosis 

is chiefly the result of an inborn error in lipid metabolism, 

while innumerable other factors play a secondary role. 

It may be concluded that the atherogenic lipoproteins 

of Gofman et. al., the beta lipoproteins, and the 

chylomicrons are all closely related and represent the 

basic abnormality a.ssociated with atherogenesis. This 

interrelationship is suggested by the dramatic clearing 

effect of heparin on all of these factors. The anti

lipfanogen theory of Simm's et. al., is very convincing 

and may well be another approach to the same basic 
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problem. The precise definition of the nature of 

the disea.se is still unknown, but in the light of 

our present knowledge, one must conclude that the 

answer lies in the not too distant future. 
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