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FOREWORD

“But medicine has long had all its means to hand, and has
discovered both a principle and a method, through which the
discoveries made over a long period are many and excellent,
and through which full discovery will be made, if the enquirer
be competent, conduct his researches with knowledge of the
discoveries already made, and make them his starting point.”

On Ancient Medscine,

A Hippocratic Trace, Author Un-
known, Circa 450 B.C.
Cited by B. Farrington,

Greek Science, Itz Meaning for Ur
(Thales to  Anstoile), Penguin
Books, Harmondsworth, Middlesex,
England, 1944.

“Their obscurity [of the internal diseases], however, does
not mean that they are our masters, but as far as is possible
they have been mastered, a possibility limited only by the
capacity of the sick to be examined and of researchers to con-
duct research. . . .

“When this information is not afforded, and nature herself
will yicld nothmg of her own accord, medicine has found
means of pul herehy nature is d, without
being harmed, to gwc up her secrets; when these are gncn up
she makes clear to those who understand the art what course
ought to be pursued.”

The Ast,

A Hippocratic Tract, Author Un-
known, Circa 450 B.C.






I INTRODUCTION

ATHEROSCLEROSIS AND ARTERIOSCLEROSIS

'I‘ms MONOGRAPH DEALS ONLY WITII ATHEROSCLEROSIS. A
discussion of other types of arteriosclerosis is beyond its
scope.

‘This subject delineation is not an arbitrary or artificial

one. We empt the pt that the designation, arte-
niosclerosis, refers to several distinct pathologic entities, It is
a generic term, It encomp 2 number of diff morbid

processes, all of which produce thickening of the vessel wall.
It includes alterations not necessarily associated with nar-
rowing of the lumen, e.g, Monckeberg’s sclerosis.

‘When Lobstein first invented the term arterosclerosis in
1833 (1), he used it precisely in this generic way. In his
initial report on medial calcinosis (1903), Minckeberg
stressed that it was a pathologic entity separate and distinct
from intimal artenoscl (ath ) {2). In 1906
Klotz re-posed this problem of definition and classification:
“What is arteriosclerosis? (a} is it an entity; or (b) are
several distinct morbid conditions included under this one
heading . . . ?” (3). He gave a clearcut answer to his ques-
tion: “Let us preserve the broader meaning, and regard all
scleroses or hardemngs of the arteries as included under this
general term, recognizing, if need be, distinct vanehes 3)-

This view is still d by
pathologists and experimentalists (4-11). It has been re-
enforced by the data of Sappington and Cook (12). These
workers studied various types of arteriosclerosis (diffuse in-
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“Knowledge and Human power are synonymous, since the
ignorance of the cause frustrates the effect. . . .

“Now the true and lawful goal of the sciences is none other
than this: that human life be endowed with new discoveries
and powers.”

Novum Organum,
Franais Bacon, 1620.

**Tis Works, not Words: Things, not Thinking: Pyrotech-
nic, not Philology: Operation, not merely Speculation, must
justify us Physicians. Forebear then hereafter to be so wrong-
fully Satyrical against our Noble Experimentators, who ques-

tionless are entred into the right way of detecting the Truth
of things.”

George Thomson,
Yendon, 1871
Cited by B J Stern,

Society and Medical Progress,
Princetors University Press, Prince-
ton, New Jersey, 1941,
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At the time Monckeberg, Marchand ard Klotz wrote,
atherosclerosis had not yet been produced experimentally
in any animal species. Experimental attempts with adren-
alin, digitalis, barium chloride, pathogenic bacteria and
other agents had produced arterial lesions, but not athero-

lerosis. The changes in the animals’ vessels resembled

rather the Minckeberg type of arteriosclerosis (medal cal-
cinosis, senile arteriosclerosis) of man (3, 4, 14, 15).
« In 1908, Ignatowski (16, 17) and Saltykow (18) first suc-
cessfully induced true atherosclerosis experimentally by
feeding rabbits diets of meat, milk or eggs. In these initial
studies it was not clear wiich dietary factor was responsible
for the lesions. Protein was particularly implicated. Stukkeu
(19-21) and Wesselkin (22) soon demonstrated that only
cholesterol-containing foods were atherogenic. Anitschkow
(23-26) and Wacker and Hueck (27) mnduced typical
lesions by giving mabbits pure cholesterol in oil, thereby
proving conclusively that the sterol was in fact the athero-
genic stimulus. Early reviews of this pioneering work were
assembled by Dewey (28), Bailey (29), Chuma (30) and
Schinheimer (31).

Experimental atherosclerosis as a field of research en-
deavor dates from these discoveries.

SIGNIFICANCE OF ATHEROSCLEROSIS

The importance of this tesearch is emphasized by statis-
tics on clinical morbidity and mortality resulting from
atherosclerosis. Such data are not readily culled. Thus
atherosclerosis is not included as an entity in the Intemna-
tional Lists of Diseases and Causes of Death (32). Statistics
on death rates due to “Arteriosclerosis” are exclusive of
coronary and renal sclerosis (33). Coronary atherosclerosis
is included under the heading, Diseases of the Coronary
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timal thickening, Ménckeberg’s medial sclerosis, focal in-
timal atherosclerosis) in the radial, coronary, splenic, renal
and cerebral arteries at different ages. Neither Monckeberg’s
medial sclerosis nor diffuse intimal thickening was related
to the presence or absence of atherosclerosis in the various
arterial beds. Boyd recently emphasized such facts and in-
dicated the errors arising from their neglect: “One reason
why a perusal of the discussions in the literature is so con-
fusing is that a number of different lesions are included
under the one name of arteriosclerosis, so that now one,
now another condition is being alluded to. Many authors
use the term as synonymous with atheroma. This is quite
justifiable as long as the reader is familiar with this usage.
It is not really a disease but 15 rather what Clifford Allbutt
calls an omnibus name including several main divisions, the
anatomical result of several morbid processes . . . Accord-
ingly we shall not consider the general condition known as
hardening of the arteries, but the subject will be divided into
three sections: atherosclerosis, Manckeberg’s sclerosis, and
diffuse artenolar sclerosis” ().

Hueper has recently presented a more detailed breakdown
of the various pathologic types of arterial “hardening” (4).
Obviously final decision concering the merit of one or
another of these classifications must await more precise
elucidation of the pathogenesis and etiology of each process.
Nevertheless, sufficient knowledge is currently extant to
validate our identifying several distinct entities among the
arterioscleroses. And for the sake of clarity the use of the
plural term, the arterioscleroses, may not be without value,

In 1904 Marchand coined the term, atherosclerosis, to
designate the type of intimal arteriosclerosis which is the
subject of this monograph (13). The prefix athero (Greek
athere, ing mush) was selected to designate the amor-
phous lipid accumulation _in the intima which is the hall-
mark of the developed lesion.
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INTRODUCTION

Arteries and Angina Pectoris;* cerebral atherosclerosis,
under Intracranial Lesions of Vascular Origin; renal athero-
sclerosis, under Chronic Nephritis (a) Arteriosclerotic Kid-
ney (33). The listing, Diabetes Mellitus, almost certainly
includes many diabetics who succumb to atherosclerotic
complications of this discase. The number of deaths and the
death rates due to the foregoing causes during the years
194648 are listed in Table T (33).

Diseases of the coronary arteries and angina pectoris alone
consistently account for over 1055 of deaths annually. At
least 85% of these victims of coronary disease succumb to
coronary atherosclerosis (6-8, 34-37). Hence coromary
atherosclerosis alone Hy takes a toll nearly as large as
all malignant tumors (33). Further, a rough appraisal is
possible of the number of deaths actually due to athero-
sclerosis among the other listings in Table I. Katz and Dau-
ber made such an estimate from the 1940 mortality statis-
tics (38). We have repeated this analysis for the years
1946~48, making even more conservative estimates of the
incidence of atherosclerosis {Table I1I). These figures indi-
cate that atherosclerosis is the leading cause of death, claim-
ing at least 200,000 victims annually in the United States of
America, or a minimum of one-seventh of those dying from
all causes. Almost certainly the true figure is higher (38-41),
as is indicated by a recent National Heart Institute estimate
(Table I1I) (575).

“AGING—INEVITABILITY” DOGMA

Obviously advances in the prevention and treatment of
atherosclerosis are of great import for mankind. Therr

*This Yising of angina pectons as a cause of death persists, despite the
general recognibion m chmical medicine that angina pectons is a symptom,
not a disease. It is a symptom of coronary attery msufficiency, which may
result from a variety of morbid processes, the principal one being athero-
sclerosis (607).
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INTRODUCTION

product of senescence. The fact that young people may fall
victim to its lesions demonstrates that aging is not essential
for ath is. S ce and atherc is are two dis-
tinct and not necessarily interrelated pmccsscs Data from
the experimental laboratory re-cnforee these conclusions.

The persistence of this dogma stems partially from a fail-
ure clearly to recognize the significance of the fact that
arteriosclerosis is a generic term, embracing 2 number of dis-
tinct entities, among them atherosclerosis. This fact is to-
day acknowledged by some proponents of the sencscence
“theory.” Thus Moschowitz in a recent paper entitled
Hyperplastic Arteriosclerosis Versus Atherosclerosis, labeled
a2 “misconception” “the alleged identity of arteriosclerosis
with atherosclerosts” (11). He then went on to advance a
modified senescence theory, mamely that “hyperplastic
arteriosclerosis” (. . . ct ized by hyperplasia of the
intima, the mtcmal elastic layer, and hypertrophy of the
media . . ") is the “inevitable destiny of all animals that
possess a vascular system such as the human one and who
live long enough” (11).

In maling this qualification, Moschowitz unfortunately
did not fully clarify his concept of the relationship of athero-
sclerosis to this senescent process, hyperplastic artenosclero-
sis. Certainly all investigators agree that the arterics, along
with all living tissue, are subject to the biologic processes of
senescence. Possibly “hyperplastic arteriosclerosis” is the
morphologic end-product of these aging processes, as Mos-
chowitz maintains. However, among the artenioscleroses, it
is mot hyperplastic arteriosclerosis that is the great human
killer. It is atherosclerosis. It 1s the hipid-laden intimal
Plaques of atherosclerosis which impinge upon the lumina of
the larger arteries, impairing the blood supply to heart,
bram and kidney and bringing in their wake chronic illness
and death. In focussing attention on hyperplastic arterio-
sclerasis, Moschowitz glosses over this prime fact. Further,

.n
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achievement would appear to be a high priority project for
medical research. This, however, has by no means been the
case. Until very recently, experimental atherosclerosis was
a “stepchild” of medical research. It commanded very
lirmted resources of personnel, equipment, plant and money.
This situation, only partially improved upon at present, is
a consequence of several circumstances. Among them, one
of the most important is a fundamentally erroneous concept
developed 1n the medical profession itself—the senescence
“theory” of the genes:s of arteriosclerosis. The thesis of this
“theory” is a simple one: arteriosclerosis is the inevitable re-
sult of physiological aging processes. As such, it occurs un-
avoidably with advancing years As Askanazy put it, fully
developed artenosclerosss 1s the senile face of the arteries
(42).

The stagnating influence this “theory” exercised on medi-
cal research 15 not difficult to 1magine. In the words of
Aschoff, “If artenosclerosis were merely a phenomenon of
aging, netther remedies nor prophylactics would be of any
avail, for no one can escape age and death” (43). This at-
mosphere of helpl and haopel gendered
the senescence “theory” was for many years a serious brake
on investigation. Why attempt to prevent or cure the “in-
evitable”! Even today this sense of defeatism and futihity,
borne of the senescence “theory,” ins to handicap and
retard us This dogma, hike others, dies hard!

It persists today 1n certamn quarters even m the face of
indisputable postmortem evidence demonstrating that clini-
cally significant, marked atherosclerosis (among the arterio-
scleroses) undoubtedly occurs in some very young people
and undoubtedly is minimal in some very old people (4, 33,
37, 38, 40, 31, 4451, 227, 576). This is true for certain other
types of arteriosclerosis as well (4, 12, 36): The fact that
aged persons may be almost free of its lesions at autopsy
demonstrates that atherosclerosis is not an inevitable by-

10
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product of senescence. The fact that young people may fall
victim to its lesions demonstrates that aging is not essential
for atherogenesis. S ¢ and atherogenesis arc two dis-
tinct and not necessarily interselated processes. Data from
the experimental laboratory re-enforce these conclusions,

The persistence of this dogma stems partially from 2 fail-
ure clearly to recognize the significance of the fact that
arteriosclerosis is a generic term, embracing a number of dis-
tinct entities, among them atherosclerosis. This fact is to-
day acknowledged by some proponents of the sencscence
“theory.” Thus Moschowitz in a recent paper entitled
Hyperplastic Arteriosclerosis Versus Atherosclerosis, labeled
2 “misconception” “the alleged identity of arteriosclerosis
with atherosclexasis” (11). He then went on to advance a
modified senescence theory, namcly that “hyperplastic
arterjosclerosis” (“. . . cl ized by hyperplasia of the
intima, the intemnal clastic layer, and hypertrophy of the
media . . ) is the “inevitable destiny of all animals that
possess a vascular system such as the human one and who
live long enough™ (11).

In making this qualification, Moschowitz unfortunately
did not fully clarify his concept of the relationship of athero-
sclerosis to this senescent process, hyperplastic asteriosclero-
sis, Certainly all investigators agree that the arteries, along
with all living tissue, are subject to the biologic processes of
senescence. Possibly “hyperplastic arteriosclerosis” is the
morphologic end-product of these aging processes, as Mos-
chowitz maintains. However, among the arterioscleroses, 1t
15 not hyperplastic atteriosclerosis that is the great human
iller. It is atherosclerosis. 1t is the Tipidiaden intimal
Plaques of atherosclerosis which impinge upon the lumina of
the farger arteries, impairing the blood supply to heat,
buain and kidney and bringing in their wake chronic iness
and death In focussing attention on hyperplastic arterio-
sclerosis, Moschowitz glosses over this pnme fact. Further,
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by stressing his senescence theory of the pathogenesis of
hyperplastic arteriosclerosis, he neglects the probability that
atherosclerosis (admttedly a different entity from hyper-
plastic arteriosclerosis) is not a senescent process and hence
is not inevitable.

Moschowitz’s evalnation of the pathogenesis of athero-
sclerosis and of the significance of experimental cholesterol-
induced atherosclerosis is equivocal: “There is no question
that both grossly and histologically these experiments re-
produce some of the characters of human arteriosclerosis,
especially in respect to distribution of the lipid deposits.
However, there are many points of difference®. . . In sum-
mary, no proof has been forthcoming that cholesterol
‘arteriosclerosis’ is identical with human arteriosclerosis . . .
Nevertheless Anitschkow deserves credit for having done
much to clarify the mechanism whereby lipid deposition or
atheroma anses m human artenosclerosis . . . At best
Anitschkow has produced atherosclerosis but not arterio-
sclerosis” (11).

Undoubtedly Amtschkow produced atherosclerosis. Un-
doub J‘I EXPFI. tal chol ,‘_' E d ﬂf“ N 7
clarifies the mechanism of lipid deposition and atheroma
formation in man. How does it clarify it? By demonstrating
that atherogenesis is consequent upon an alteration in lipid
metabolism. It is not a mere byproduct of senescence per se.
As we shall demonstrate in this monograph, the evidence
currently available indicates that without an altered lipid
metabolism, little or no atherosclerosis will develop, regard-
less of any other alterations in the arterial wall, including
senescent changes.t But it is precisely atherosclerosi: (not

*Subsequently we shall consider the criticisms of expenmental work and
of the conclusions drawn from 1t concerning the pathogeness of human
atherosclerosss (cf. pages 134, 258, 280, 290) (LNX, and JS.).

{This concept does mot ignore the fact that in the older age groups
atherosclerosss 15 present wth increasing frequency and seventy (cf. pages
65-67, 71 79)+
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the other arterioscleroses) that is responsible for tremen-
dous morbidity and mortality. If these atherosclerotic
lesions are the result—or even only in part the result~of al-
tered lipid metabolism, then they are not inevitable. The
whole foundation of the senescence “theory” is rendered
untenable. A hopeless situation is changed to one full of
promise. A productive concept is substituted for one abso-
lutely sterile, The posnb'hty, nay inevitability presents itself
that preventing or reversing the altered lipid metabelism
will eliminate atherosclerosis. Hyperplastic arteriosclerosis
may perhaps persist,* but tremendous morbidity and mor-
tality certainly will not—for these are sequelae of athero-
sclerosts (586).
The key task of mmrch in this field then is preciscly to
Jeemamen -1 Y47t lations between altered
Thereby we will forge
" rinating atherosclerosis.
We have devotcd considerable attentlon to thc senescence
“theory,” precisely b this achi t is impossible
until this dogma is finally 1aid low.

METHOD AND PURPOSE OF RESEARCH
Over and above its m|smterpretabons of factual data, the

“theory” is fund. d theoretically
and methodologically. It is grounded ona conceptual fallacy
which porary h must be on guard

'.Th,; too must be classfied for the present as 2 moot question, particularly
e o elonenn - it 8 o, particy

may eventually be rendered amenable to rational prophylaxis and/or therapy.
.
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against, particularly in dealing with the so-called degenera-
tive diseases. This Tallacy is the view that the task of science
is merely to observe nature and record her workings, rather
than to intervene actively m nature’s processes and intelli-
gently mold them according to man's designs.

Medical research finds stself not long out of the era of
therapeutic nihilism Its thinking, particularly on the “de-
generative” diseases, is still influenced by the negativistic
doctrine that they are all “inevitable natural processes of
aging.” This viewpoint, strengthened 1n part by the slowness
of research progress, is the contrary of the whole Baconian
spirit of modem science. It is analogous to the ancient and
medieval belief about epilepsy, bnlliantly castigated by an
unknown Hippocratic physician m the sth century B.C.,
2500 years ago: “It seems to me that the disease is no more
divine than any other It has a natural cause, just as other
diseases have. Men think it divine merely because they do
not understand it But if they called everything divine which
they do not understand, why, there would be no end of di-
vine things” (52).

If one were to substitute the word, mnevitable for divine in
this quotation, 1t would be fully applicable to the senescence
“theory.” Undoubtedly at the present stage of our knowl-
edge the arterioscleroses, including atherosclerosis, are “in-
evitable” processes of aging, at least in the United States,
for they are today inewitably found with increasing fre-
quency and severity n the older age groups. But this con-
temporary “inevitability” is one of scientific ignorance, and
must be regarded as temporary. Just as the medical “inevita-
bilities” of 1goo have been negated, so will those of 1952.
At that time, at that stage of medical progress, it was “in-
evitable” that the acute infectious diseases should be among
the first causes of death, taking a toll of tens of thousands
annually. Until Banting and Best discovered insulin, it was
“inevitable” that thousands should die of the acute meta-
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bolic derangements of diabetes mellitus. Today, in the in-
sulin cra, it is “incvitable” that thousands of chrome
diabetics, maintained for ycars on insulin, die due to the
atherosclerotic “complications” of this disease. Tomormow
this “inevitability” too will be cancelled out by the advances
of medical science. Similarly, until 1949 it was “incvitable”
that millions be debilitated, cnpp]cd and bedridden by the

ive” disease 1t d arthritis—until medical
research dev veloped cortisone and ACTH and seemingly
negated another “inevitability.”

Does not medical science in fact take this same positive
historical approach even to the problem of true senescence
itself, and its “inevitability”l

Man differs from other animals precisely mn this ability
consciously to transform nature according to lus will. And
this ability is itself limted at any given moment only by the
level of man’s scientific grasp of nature's processes. For it is
this scientific understanding that enables him wittingly to
manipulate nature according to his own designs.

‘Thus have human science, ingenwity and technique trans-
formed the face of the earth. Nor has this process been con-
fined to the inanimate world. In the course of his scientific
activity, man has transformed himself as well—through tech-
nology in general and medical science m particular.* The
whole written hustory of medical science, and partticularly
the epochal advance of the last 100 years, is essentially a
process of man’s altering his own “natural” biology, of tran-
scending “inevitables.”

In the “halcyon” days of ancient Rome man’s life span
was 20~30 yeas, In the decade 1879-1889 1t had lengthened
to 34 years. By 1911 it was 46.6 years. In 1944 it was 64 years]
Scientists calmly project a ife span of 100, and possibly even
140 years for the not-far-distant future!

*This transformation has of course had 1ts negative unwitting aspects Wit
ness the so called “diseases of civilization

15
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against, particularly in dealing with the so-called degenera-
tive diseases. This Tallacy is the view that the task of science
is merely to observe nature and record her workings, rather
than to intervene actively m nature’s processes and intelli-
gently mold them according to man’s designs.

Medical research finds itself not long out of the era of
therapeutic nihilism Its thinking, particularly on the “de-
generative” diseases, is still influenced by the negativistic
doctrine that they are all “inevitable natural processes of
aging.” This viewpomt, strengthened in part by the slowness
of research progress, is the contrary of the whole Baconian
spirit of modem science. It is analogous to the ancient and
medieval belief about epilepsy, brilliantly castigated by an
unknown Hippocratic physician in the 5th century B C.,
2500 years ago: “It seems to me that the disease is no mose
divine than any other It has a natural cause, just as other
diseases have. Men think it divine merely because they do
not understand it. But 1f they called everything divine which
they do not understand, why, there would be no end of di-
vine things” (5z)

If one were to substitute the word, inevitable for divine in
this quotation, it would be fully applicable to the senescence
“theory.” Undoubtedly at the present stage of our knowl-
edge the arterioscleroses, including atherosclerosis, are “in-
evitable” processes of aging, at least in the United States,
for they are today inewitably found with increasing fre-
quency and severity in the older age groups. But this con-
temporary “mevitability” is one of scientific ignorance, and
must be regarded as temporary. Just as the medical “inevita-
bilities” of 1goo have been negated, so will those of 1952.
At that time, at that stage of medical progress, it was “in-
evitable” that the acute infectious diseases should be among
the first causes of death, taking a toll of tens of thousands
annually. Until Banting and Best discovered insulin, it was
“nevitable” that thousands should die of the acute meta-
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II HUMAN CLINICO-PATHOLOGY:
BACKGROUND AND FOUNDATION OF
EXPERIMENTAL ATHEROSCLEROSIS

IN THEIR CURRENT STATUS AS RESEARCH PROBLEMS, BOTH
experimental and clinical atherosclerosis are indissolubly
linked with the problem of cholesterol, lipid and lipoprotein
metabolism.* Both the considerable expenmental work
done during the last four decades and the most recent ad-
vances of clinical research emphasize the validity of this
viewpoint, Evidence from m\eshgatwns on man have a
fourfold source: {1) histo-pathologic; (2) biocl )-
pathologic; (3) ethno-pathologic; (4) chinico-pathologic.
These findings constitute the firm background and founda-
tion for experimental atherosclerosis. Hence they will be
reviewed prior to the discussion of experimental atheroscle-
Tosis per se.

HISTO-PATHOLOGIC EVIDENCE

The pathologists of the second half of the nineteenth cen-
tury recognized that extensive lipid deposition was a char-
acteristic feature of atherosclerosis (70). In writings pub-
lished almost 100 years ago (1856), Virchow, the father of
cellular pathology, already used the term atherosis to de-
scribe this process (71). Even before this, Vogel identified
cholesterol in atherosclerotic plaques (72) In 1837,
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In 1850, only 8.9% of the American population was over
50 years of age; in 1930, 17.2%. In 1900, there were only
8,500,000 Americans in the age group 50~74; in 1940, 24,
©00,000; in 1980 1t 15 estimated that there will be 42.000,000.
Incidentally, it 15 precisely these self-transformations that
have made atherosclerosis man’s greatest medical problem,
since—as already indicated—atherosclerosis is more fre-
quent and severe in the older age groups.

The only real inevitability is the inevitability that in dec-
ades, centuries and millennia ahead man will continue this
process of self-transformation. Science—guided by its Ba-
coman creed—undertakes to make this a wilful, purposeful
process, for the benefit of humamty. Inevitably, therefore,
science must reject concepts like the senescence dogma,
which are the very antithesis of this purposeful, humanistic
activity. Inewitably science must come to grips with the
major roadblocks to this process of fruitful self-transforma-
tion:—among the diseases, atherosclerosss, cancer, the true
senescent processes themselves and others. Inevitably, the
judicious application of the scientific method must—sooner
or later—bring these under control. Inevitably, man must
thereby further alter his own natural history and further
transform himself biologically.

For us working in experimental atherosclerosis, confidence
in this inevitable triumph of science is a most profound
conviction and mainstay. To the achievement of this tri-
umph over atherosclerosis particularly, our research and this
monograph are dedicated.

16
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EXPERIMENTAL ATHEROSCLEROSIS

Mettenheimer noted that the lipoidal mass was doubly
refractive due to the presence of cholesterol esters (73)-
This fact was rediscovered by Aschoff in 1907 (74). Virchow
advanced the concept that atherosis was a degenerative
change (fatty imbibition and metamorphosis) secondary to
inflammatory necrobiotic processes in the connective tissue
cells and ground substance of the intima (75). The patho-
genic sigmficance of lipid deposition in the vascular wall has
been a subject of sharp controversy ever since (4) (cf. also
pages 76-86). The careful histo-pathologic studies of Leary
have accumulated considerable data indicating that the
intimal foam cell cushion (atheroma) is the initial lesion of
atherosclerosis in man (7, 8).

BIOCHEMICO-PATHOLOGIC EVIDENCE

Early in the twentieth century, the findings of the pathol-
ogists were supplemented by biochemical studies, Windaus
demonstrated that atheromatous aortas contain six to seven
times as much free cholesterol, and 20-26 times as much
cholesterol esters, as normal aortas (76). These observations
were subsequently confirmed and extended by numerous in-
vestigators (38, 73, 77-86). Recently Morrison and Johnson
further showed that the average cholesterol content of the
coronary arteries of a group of patients dying from an acute
coronary thrombosis was four times as great as the average
cholesterol content of the coronary arteries in a comparable
group of control patients (Table IV) (585). This finding
constitutes further objective evidence in support of the con-
cept that most cases of coronary disease are on an athero-
sclerotic basis. It also confirms the judgment that a group of
people with &linical coronary disease have more athero-
sclerosis than a clinically normal group of similar age, sex
and background (cf. the discussion of this problem in refer-
ence 567; see also reference 607 for definitive data}.
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rosclerosis was seen in males or females. Only seven
among 150 cascs exhibited any aorta sclerosis, and in no case
was it severe, Coronary atherosclerosis was scen in only five
older persons, and only one had calcification. The brains and
hearts were devoid of atherosclerotic sequelae. Similar au-
topsy findings on Okinawans have also been reported by
Benjamin (g1).

These Okinawans were well-nourished and well-de-
veloped. They had subsisted on a good diet prior to the mili-
tary action on their island. Their fare was predominantly
vegetarian, being high in carbohydrate (sweet potatoes, rice,
vegetables) and low in fat. They consumed little meat and
milk; vegetables (soybeans) furnished most of the protein
in their diet (50).

A numbser of reports are available concerning atheroscle-
rosis among the Chinese. Autopsy data led Oppenheim
to conclude that it is rare (51). Rosenthal's review con-
firmed this conclusion (8c). More recently Snapper has
further substantiated it (9z). In general, all investigators
described a diet among the Chinese that was low in protein,
animal fat and calories.

A recent report by Cullumbine on cardiovascular disease
in Ceylon is i with the foregoing observations
(571). Cullumbine found an extremely low death rate from
cardiovascular disease in Ceylon (20-30 per 1,000 deaths;
cf, Tables I, II and III). “There iga racial difference in in-
cidence of cardiovascular disease. The Dutch burghers are
largely responsible for the incidence of deaths from cardio-
vascular disease. The more indig races, the Sinhal
and the Malays and Tamils don’t die as readily from cardio-
vascular thrombosis as do the burghers. Economic status is
very important. We find the higherithe economc status of
the people, the greater the death mate from cardiovascular
disease” (571). The low death rate from cardrovascular dis-
ease in Ceylon is accounted for only in small part by the low

2
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ETHNO-PATHOLOGIC EVIDENCE

Over the years considerable data have been accumulated
indicating that differences exist among peoples in incidence
and severity of atherosclerosis. These differences tend to cor-
relate with culturallyconditioned variations in nutrition and
diet, rather than with racial, chimatic or other factors, Thus
Rosenthal’s analysis of 28 reports up to 1934 generally
showed: “. . . . In no race for which a high cholesterol in-
take (in the form of eggs, butter and milk) and fat intake
are recorded is atherosclerosis absent . . . . Where a high
protein diet is consumed, which naturally contains small
quantities of cholesterol, but where the neutral fat intake is
low, atherosclerosis is not prevalent” (80).*

A. Costa Ricans, Chinese, Jopanese, American and African
N Kirghiz Plai Eski Ceyl , Oki
Evidence accumulated since Rosenthal’s review is in gen-
eral confirmatory (4) For example, both Anitschkow (89)
and Wilens (go) noted that the inhabitants of Costa Rica
showed few or no atheromatous plaques in the aorta, coro-
nary or other arteries. This colonial people is generally mal-
nourished, subsisting on a diet low in animal protein and fat.
Steiner has recently reported on necropsy findings in
Okinawans (50). He found these people were amazingly
free of “degenerative” disease of the cardiovascular system.
No hypertensive cardiovascular disease or malignant neph-

*The report of Rogers is an exception (87). He could find no defimte

evidence that atherosclerosis was less frequent in Calqutta than in London,

b oob T3 eme Lotiad oo S onte ot - gnimal protein and faf.

LR and Rai observed 50%

' ' . (80, 88). The Indians

. httle butter, milk and

o . reflect caste and class

.o ‘This possibility merits

exploration, Pl2sma lipid findimgs 1 Indians are discussed in a subsequent
section of this monograph (pages 33 and 40).
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rosclerosis was seen in males or females. Only seven
among 150 cases exhibited any aorta sclerosis, and in no case
was it severe. Coronary atherosclerosis was seen in only five
older persons, and only one had calcification. The brains and
hearts were devoid of atherosclerotic sequelae. Similar au-
topsy findings on Okinawans have also been reported by
Benjamin {g1).

These Okinawans were well-nourished and well-de-
veloped. They had subsisted on a good diet prior to the mili-
tary action on their island. Their fare was predominantly
vegetarian, being high in carbohydrate (sweet potatoes, rice,
vegetables) and low in fat. They consumed little meat and
milk; vegetables (soybeans) furnished most of the protein
in their diet (30).

A number of reports are available concerning atheroscle-
rosis among the Chinese. Autopsy data led Oppenheim
to conclude that it is rare (51). Rosenthal’s review con-
firmed this conclusion (80). More recently Snapper has
further substantiated it (92). In general, all investigators
described a diet among the Chinese that was low in protein,
animal fat and calories.

A recent report by Cullumbine on cardiovascular disease
in Ceylon 15 consistent with the foregoing observations
(571). Cullumbine found an extremely low death rate from
cardiovascular disease in Ceylon (20-30 per 1,000 deaths;
cf. ‘Tables I, II and II1). “There iy a racial difference in in-
cidence of cardiovascular disease. The Dutch burghers are
largely responsible for the incidence of deaths from cardiOA
vascular disease. The more indigenous races, the Sinh
and the Malays and Tamils don’t die as readily from cardio-
vascular thrombosis as do the burghers. Economic status is
very important. We find the higher.the economuc status of
the people, the greater the death rate from cardiovascular
disease” {571). The low death rate from cardrovascular dis-
ease in Ceylon is accounted for only in small part by the low

21




EXPERIMENTAL ATHEROSCLEROSIS

life expectation. Cullumbine further reports that fat intake
is small in Ceylon, as is animal protein and total caloric con-
sumption. Vegetable protein intake is fairly high. Level of
fat intake varies with economic status, as does the death rate
due to cardiovascular disease (571 ). Finally, De Zoysa (587)
reports a low incidence of atherosclerotic sequelae of dia-
betes mellitus, an “extremely rare” disease in Ceylon (571).

The apparent lack of susceptibility of these peoples to
atherosclerosis is not attrbutable to racial factors. Thus
significant atherosclerosis occurs not infrequently among
Chinese in the United States, subsisting on diets similar to
that of the American people as a whole (92). Similady,
Negroes in the United States are frequent victims of athero-
sclerosis, whereas Negroes inhabiting the Kenya Colony in
Africa rarely extubit this disease (94). Like data are avail-
able concerning Japanese and Nisei (4, 80, 93).

In studies on an Asiatic people at the opposite end of the
dietary spectrum, Kuczynski recorded a high incidence of
obesity, premature extensive atheroselerosis, contracted kid-
ney, apoplexy and arcus senilis in the nomadic Kirghiz
plainsmen (95). These people consumed unusually large
amounts of milk and meat. Their kinsmen, who had been
urbanized and subsisted on a more moderate and varied diet,
did not exhibit such severe vascular disease

Considerable interest has also focussed upon findings in
Eskimos. Almost 30 years ago, Krogh and Krogh studied the
dietary habits of Eskimos in southern Greenland (96).
These people, as well as Eskimos in other locales (g7-101),
subsist manly on Jarge quantities of raw meat and fish. Con-
siderable controversy exists as to the amount of fat in such
diets. Thomas stated that the Eskimos of North Labrador
and Greenland eat little fat and blubber, since the lipid is
used for light and fuel (97). Krogh and Krogh estimated
that the raw meat eaten by South Greenland Eskimos con-
tained 6-10% fat, and their daily diet in times of plenty
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consisted of about 280 grams of protein, 135 grams of fat
and 54 grams of carbohydrate {96). Heinbecker observed
that the “lean meat” eaten by Baffin Island and Greenland
Polar Eskimos contains considerable quantities (approx-
imately 1/7th) of fat. These people consume four to eight
pounds of such meat daily when it is available (g8). On
such diets Eskimos remain free of ketonuria; they apparently
develop an unusual capacity to oxidize fat {98). Their basal
metabolic mtes are high by the usual standards. Recently
Alexander described the dict of Aleuts as consisting chiefly
of fish and seal meat, sealion meat, duck, geese, reindeer
meat, blubber and very little vegetables, green foods, fruit
or milk. It is a diet relatively high in protein, low in carbo-
hydrate and moderate in fat, with a low total caloric intake
ranging from 800 to 1400 calories per day (588).

In summary, it would appear that Eskimos ingest mod-
erate amounts of cholesterol contained in animal muscle
and wviscera. In addition, they consume not inconsiderable
quantities of neutral fat, although their reputed intake of
huge quantities of “blubber” is erroneous. Finally, the fore-
going facts are valid for periods when food is plentiful. Such
times almost invariably alternate with periods of semistar-
vation.

Little data are available conceming the incidence and se-
verity of atherosclerosis in Eskimos. Thomas stated that
they exhibited no unusual prevalence of vascular or renal
disease (g7). Perusal of hus paper reveals that he focussed
attention on blood pressure levels and urinary findings as
criteria of cardiovascular-renal disease. The actual incidence
and severity of atherosclerosis in Eskimos cannot be esti-
mated from Thomas® observations. Alexander found hyper-
tension to be practically non-existent among Aleuts (588).
His electrocardiographic and clinical studies of 26 male and
female Aleuts of all ages, including =3 above age 6o (13
males and 10 females), revealed almost no cardiovascular-
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renal disease. Gamn and Gertler’s report is similar (589).
More complete data are not available from other sources.
To our knowledge, no workers report autopsy findings in
Eskimos. Apparently further data are essential before overall
valid estimates can be made of the comparative incidence
and severity of atherosclerosis among different tribes and
groups of Eskimos. At present, therefore, it would not ap-
pear justified to regard findings in Eskimos as exceptional
to those in other peoples, wherein a general relationship is
demonstrable between level of caloric and lipid ingestion,
and frequency and severity of atherosclerosis.

B. World Wars | and I

Several studies on people living in Western countries
furnish further leads on the possible relationship of diet to
atherosclerosis. Among these are reports of the effects of
wartime dietary austerity on incidence and degree of athero-
sclerosis. Aschoff observed a lower incidence of atheroscle-
rosis in Central Europe after World War I. He attributed
this to the low level of dretary fat ingestion (102). Beitzke
noted a like finding in autopsy material duning these years
of fat-poor nourishment in Germany (103). Similar data
are becoming available on the effects of World War IL
Thus Malmros has recently analyzed pre-war and wartime
death rates due to arteriosclerosis in several European coun-
tries (104). His salient findings are summarized in Figures
1 and 2, taken from his paper These data indicate clearly
that peoples suffering from fascistimposed dietary restric-
tion exhibited a definitive decrease in deaths due to arterio-
sclerosis. Recent reports from Norway, Finland and Russia
iurthe;' confirm and extend these observations (Figs 3, 4
and 5) (537 5378 579, 599 591).

Consistent with these observations implicating dietary
Tipid in the path is of atl leross is Dock’s impres-
inabat “the incidence of coronary disease in men under
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15 years of age appeared to be relatively high in the Ar
can military population, in training in the United State
compared with the British in Britain, whose intake of ¢
butter, ice cream, milk and cream was muth lower” {
This impression implicating exagenous lipid as a dec
factor in atherogenesis in young men remains to be ves
(<f. footnote, p. 31).

C. Under- and QOvernutition
In studies on a general European population, Grot
al. found that the degree of atherosclerosis parlleled
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quality of nutrition (105). Atherosclerosis was most severe
in people who ate excessively, particularly of foods rich in
cholesterol. The accumulated findings of American life in-
surance companies lend further weight to this conclusion.
The data of Dublin are particularly revealing (40). Table
V has been abstracted from his paper. Dublin concludes:
“Considering the overweights first, because their excess
mortality is very large for all causes, we find that at all ages
combined, they show exceptionally high death rates from
organic heart disease and angina pectoris, arterial diseases,
diabetes, nephritis and cerebral hemorrhage. . . . (40). *
The extreme overweights show even higher death rates due
to these discases. Further, all age groups exhibited these
trends. However, they were significantly more marked
among older overweights. Several other studies report essen-
tially similar findings (592-594)-

Wilens’ recent analyses of autopsy data also d rate
*In the Introduction, we reviewed the reasons vahdating the concept that

a high percentage of deaths listed under the above official headings are
actually attributable to atheroscleross.
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the influence of general nutritional state on atherogenesis
(go, 106). In one investigation, he found that less athero-
sclerosis is present postmortem in people dying after a pro-
longed debilitating illness than i people succumbing
acutely (106). The data of his second study on obesity and
atherosclerosis indicate that advanced atherosclerosis is
about twice as common in obese as in poorly nounshed per-
sons. Almost twice as many of the poorly nourished group
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had little or no atherosclerosis at autopsy. In both these
1espects, the group with average nutrition was intermediate
between the poorly nourished and obese groups. This rela-
tionship between state of nuttition and atherosclerosis was
independent of age, sex, hypertension, heart weight and dia-
betes (go). Clearly, data from several sources indicate a
relationship between obesity and atherogenesis. However,
contradictory findings have been reported by several mvesti-
gators. Thus Faber and/Lund analyzed the infuence of
obesity on aorta athemgenesw, utilizing aorta dry weight,
caleium and cholesterol content as objective indexes of
sclerosis (595). With these criteria, they noted no correla-
tion between besity and atherosclerosis, when account was
taken of the presence of hypertension. Similar negative re-
sults were also obtained by Rosenthal (80), by Levy, et al.
(396}, and by Garn, et al. (597). The last group of workers
compared g7 males under the age of 40 with 2 myocardial
infarction and 146 comparable normal controls. The coro-
Tnaty group was no more overweight than the control group
(597). Finally, contrary to French and Dock’s initial repott
(44}, the more complete study of Yater, et al, of coronary
atherosclerosis in American soldiers of Weorld War 1 led to
this conclusion: “Therefore, it appears that obesxty cannot
be said to be an etiological factor of any importance” (35).*

Patenﬂy, éthno-pathologic data relating diet, nutritional
state and atherogenesis are circumstantial, incomplete and
in part contradictory. Nevertheless, at least a tentative con-

*A number of these studies yicldimg negative results were done on young
persons with  coronary ¢ athcrosclcmm (35, 597) As Faber and Lund point



9¢ ¥ 6 = SRR s2laqei]
ott ’ ol 4 fxopdody pue sfequowsp] [e1ge)
jial g t9 dmoxyd pue ande ‘suuydapn
gt «. 11 Lx SIIY B JO sosEAs(E
s¢ 9t 143 suopdg eufuy
1z og S9 19 o seseasiy owediQ
13331 thy svs e IV
S0 WP WIAQ $SE[D) JqFiom [BULION sse[y JySrasuspupy
yEa(Y JO SIUED
oco‘oot sad so3ey (eI

{oy) 1 7 ‘wiqgng—ssssod
WM, Ag—poutquio) seby |lV—uyioaq 40 sesn0) poydadg Jop Q00'a0L 19d sapy wiad nmui._uv:u_m

~A ATEV.L



HUMAN CLINICO-PATHOLOGY

had little or no atherosclerosis at autopsy. In both these
respects, the group with average nutrition was intermediate
between the poorly nourished and obese groups. This rela-
tionship between state of nutrition and atherosclerosis was
independent of age, sex, hypertension, heart weight and dia-
betes (go). Clearly, data from several sources indicate a
relationship between obesity and atherogenesis. However,
contradictory findings have been reported by several investi-
gators. Thus Faber and ‘Lund analyzed the influence of
obesity on aorta atherogenesis, utilizing aorta dry weight,
caleivm and cholesterol content as objective indexes of
sclerosis (595). With these criteria, they noted no correla-
tion between obesxty and atherosclerosis, when account was
taken of the presence of hypertension. Similar negative re-
sults were also obtained by Rosenthal (80}, by Levy, et al.
{596), and by Gam, et al. {597). The last group of workers
compared g7 males under the age of 40 with a myocardial
infarction and 146 comparable normal controls. The coro-
nary group was no more overweight than the control group
(597)- Finally, contrary to French and DocK’s initil report
(44), the more complete study of Yater, et al,, of coronary
atherosclerosis in American soldiers of World War I1 led to
this conclusion: “Therefore, it appears that obesnty cannot
be said to be an etiological factor of any importance” (35).*
Patently, éthno-pathologic data relating diet, nutritional
state and ath g is are ci antial, incomplete and
in part contradictory. Nevertheless, at Jeast a tentative con-
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EXPERIMENYAL ATHEROSCLEROSIS

Toplenthaan

osclerosis 15 generally more frequent ana severe m ol
nourished, particularly over-nourished, people subsisting on
diets rich in animal fat. Certainly, as Weiss and Minot
wamed m 1933, “Caution is necessary at this point lest
we fall into the so often dangerously apphcd post hoc

Vamn avil

compel a revision of their opinion, " 1here 15 10 prove v
overnutrition leads to arteriosclerosis in man” (112).

D. Diet ond Cholesterolemio

How docs nutntional state infiuence atherogenesis? The
cholesterol concept hypothesizes that diet induces altera-
tions in lipid metabolism which plays a key role in the devel-
opment of arterial lesions.* Unfortunately, few of the fore-
going ethno-pathologic reports contain data on lipid me-
tabolism. For example, data on plasma cholesterol levels
in the Chinese and Okinawans, or in underweight and over-
weight persons, were not published, although Snapper
stated that plasma cholesterol levels are low in Chinese
(92). Adolph described the Chinese duet as being essentially
vegetarian, with about go% of the caloric intake in the form
of cereals (660, 661). The amount of meat or animal food
is generally very small; only about 5% of the protein intake
is animal protein. Practically no milk or milk products are

T Vs me =3l Tananese subsist-
P ' or many years,
led a plasma chol I ievel ot «qo +ug.%, and low

S¢ 12-20 levels (657) (cf. pages 42 and g2, et seq.).
Only limited, contradictory data are available on plasma

*As mdmted in thc pxccedxng foomo!e, the chu]steml concept does not
that 1) is the only factor in athero-

VP
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cholesterol concentrations among the peoples of India.
Ghose (113), and Boyd and Ray (114) report that the
plasma cholesterol levels of Indians are significantly below
values accepted as normal standards for Europeans and
Americans. In contrast, Bose and De conclude that “the
cholesterol content of the blood (plasma) in healthy nor-
mal Indian subjects does not differ materially from the
standard European and American figures” (115). Here
again, overlooking class- and caste-conditroned differences
in dietary habit may have contributed to contradictory re-
sults.

Plasma lipid studies on Eskimos have also yielded incon-
sistent data. Corcoran and Rabinowitch studied two groups
of Canadian Eskimos, one on a mixed diet, the second sub-
sisting exclusively on meat {99). The latter tended to have
higher plasma lipid levels. However, both groups exhibited
plasma lipid and cholesterol concentsations lower than the
normal values recorded in Americans with the analytical
methods used (g9, 126, 117). Corcoran and Rabinowitch
suggested that this phenomenon may be related to the high
BMR. of Eskimos (g9, 118). Sinclair, et al,, published
plasma lipid findings in Eastern Canadian Arctic Eskimos
that parallel closely values regarded as normal in Americans
(54, 100, 117). In contrast, Wilber and Levine found the
plasma lipid levels of Eskimos residing in Point Barrow,
Alaska to be moderately elevated, compared with accepted
normal values for the methods employed (101, 117). Alex-
ander reported mean plasma cholesterol levels of 176 and
197 mg.% in two groups of Aleuts (588); Garn and Gertler
obtained a value of 204 mg.% in Aleuts over 30 years of
age (589).

What other data are available on the effect of nutritional
state m general, and cholesterol ingestion in particular, on
cholesterol levels and lipid metabolism in man? Fortunately,

a3
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enough data are extant to permit at least a tentative answer
to this question. In an extensive review, Weinhouse con-
cluded that the plasma cholesterol concentration is not in-
fluenced by diet (55). Peters and Van Slyke also stated that
it is not readily affected by variations in cholesterol intake
(54). Within defimte limits, these conclusions would ap-
pear to be valid. Thus recent studies of Steiner (g), Keys
(119) and Gertler, et al. (111), are all confirmatory. Ger-
tler’s studies of men under 40 with and without coronary
atherosclerosis led to the conclusion that in neither group
was there a relationship between the amount of cholestero!
ingested and the Jevel of cholesterolemia (111).* Steiner
and Keys did acute and subacute studies in man. In about
6o acute experiments, Keys found that ingestion of 10 grams
of cholesterol with ample fat resulted in only a slight tem-
porary hypercholesterolemia. Steiner observed no alimen-
tary hypercholesterolemia following a lipid-laden breakfast
in which 20 grams of cholesterol were included.t In further
experiments Steiner placed patients alternately on diets
containing 5o or 300 grams of fat for six-week periods. In
five of nine patients no increase m total serum cholesterol
occurred on the high fat diet; in four subjects shight hyper-
cholesterolemia was noted. Subsequently three patients were
given the high fat diet plus 10 grams of cholesterol in 200
cc. of milk Serum cholesterol levels were not significantly
affected. Similarly, persons with coronary arteriosclerosis
showed no significant alterations in serum cholesterol con-

#These workers found that a group of men under 40 with a history of
myocardial infarction tended to exhibit moderately gleva!cd plasma r{pld
and cholesterol levels, compared to a normal control group. This difference
was present although the two groups ingested simlar quanthes of cho-
leskuol_wcﬁlglx (388 = 1'4‘6 grams anc'i 33pE 14 g'a'f‘“{ (127,-"‘: );
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centration when placed on high (8 grams daily) and low
cholesterol diets for six-week periods (g).

Steiner's high cholesterol diets contained more sterol than
even extreme gourmands ordinarily ingest. Keys assessed the
effects on plasma cholesterol of ordinary dietary variations
in sterol ingestion (119).* He concluded that “the serum
cholesterol level of ‘normal’ men as represented here 1s not
significantly related to differences in the habitual cholesterol
intake over a range of something like 250800 mg. per day”
(119). Consistent with this finding is Gofman’s report that
the pattem of plasma cholesterol-bearing Yipoprotein mole-
cules is not significantly influenced by dietary alterations
within the usual range of the American diet (see below,
pages 42 and g2, et seq.) (567).

Although this conclusion is apparently incontrovertible,
it should not be taken to indicate the absolute unrespon-

i of plasma cholesterol to diet. On the contrary,
further data suggest that other dietary alterations, somewhat
different from the foregoing in type, degree or duration, raise
plasma cholesterol levels of normal persons. Thus Sinclair,
et al, found that exclusive cc ption of p ican, con-
taining 75% beef fat, resulted in a rise of all plasma lipids
(100), Similarly Tolstor observed an increase in plasma
lipids, including cholesterol, in man subsisting on an exclu-
sive meat and fat diet for one year (124). Recently, Messin-
ger, et al,, showed that addition of egg yolk powder to the
diet caused a significant rise in cholesterolemia in humans
(338).t Egg yolk powder was more effective than pure

*Keys estimated that the American diet varies in cholesterol content from
alow of 200-300 mg. daily, to 700-80o mg, depending on foods ingested
(119). Gubrer and Ungerleider (57), ¢itmg Cook (131), gave the follow-
ing figures for daily cholestero] mtake- low fat diet—39-109 mg.; mixed
diet—200-360 mg; fat-nch diet—up to 1400 mg, For data on the cho-
lesterol content of foods, see seferences 8o, 122, 223,

1The amounts of egg yolk powder needed to raise plasma cholesterol levels
were well above those consumed in the ordimary diet (338).

ne
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cholesterol in elevating plasma cholesterol levels. This sug-
gested to Messinger, et al., that egg yolk contains an as yet
unidentified factor which increases chalesterolemia.

Keys’ study also demonstrated that the plasma cholesterol
level may be lowered by more ive dietary ct
(119) Hypertensive patients on a cholesteral-free, fat- free
rice diet exhibited regular and rapid marked declines in se-
rum cholesterol. Thus, in four subjects, the mean control
total cholesterol value was 232.5 mg.%. After three weeks
on the rice diet it had declined to 151.8 mg. %. Kempner's
similar results are detailed in Table VI (125). Starke (126)
and Watkin, et al,, (127) recently reported a like effect of
the rice diet on cholesterolemia. Mellinkoff, et al., report
the same serum cholesterol response to a synthetic choles-
terol- and fat-free diet composed of a protein hydrolysate
and dextrimaltose (128). Keys’ data are particularly signifi-
cant in demonstrating that the fall in serum cho]esterol is
dependent on the ab of both chol 1 and neutral
fat from the diet (119) ‘When cholesterol-free vegetable fat
was added to the rice diet, plasma cholesterol rose to control
levels (cf. Gofman’s similar observations, p. 42).* These
observations need to be extended, since the relationship of
neutral fat to cholesterol metabolism and atherogenesis is a
key problem, inadequately understood at present {10, 53,
54, 57, 80, 86, 89). The combined tools of biochemistry,
physiology and pathology need to be applied in both man
and experimental animals for the unraveling of this im-
portant problem. Its significance is emphasized by the fact
that—based on observations such as the foregoing~—low fat-

concentration (545). ' et
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EXPERIMENTAL ATHEROSCLEROSIS

low cholesterol diets ate being used clinically to an increasing
extent in the prophylaxis and therapy of human athero-
clerosis (cf. also, ref 556, 567, 658, 663, 708-710).
As a recent review by Davidson indicated, further work is
essential before the merit of such regimens can be finally
ascertained (663).

Additional data are available indicating that plasma cho-
lesterol levels are not unresponsive to nutritional factors.
Man and Gildea found that malnutrition, in contrast to
mere thinness, caused both plasma cholesterol and lipid
phosphorus to fall (129). In their extensive study on The
Biology of Human Starvation, Keys, et al. reviewed the ex-
tant data on the effects of chronic semistarvation on choles-
terolemia (130). Their findings are summarized in Table
VII, from their book. Data on people in Germany, France
and Belgium during World War II, and on Indans during
a Bengal famine are surveyed. The conclusion was reached,
“The prepond of evid indicates that the concen-
tration of cholesterol in the blood decreases during semi-
starvation. Such a change was conclusively established in the
Minnesota Experiment” (130).

The findings in obese persons are more complex. Peters
and Man reported that cholesterol did not parallel weight
consistently (147). Further, obesity and hypercholes-
terolemia were not related. “The lipids of a group of obese
adults lay in every respect within the normal range and were
as often low as high” (147). Keys, et al, made a similar
observation in a group of 200 middle-aged men (130). Ex-
cept for the thinnest members of the group, who tended to
have lower levels of plasma cholesterol, no correlation was
noted between weight and cholesterolemia,* However, in a
group of 180 young men, cholesterolemia did vary with

*Similarly, Gofman noted no correlation between cbesity and patterns of
p?a‘::nﬂ:xc’;mlestcmwming lipoprotein molecules (sce below, page 99, et

seq.) (567)-
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relative obesity (130). Further, in obese persons repeated
plasma cholesterol determinations revealed a tendency for
the serum cholesterol to fluctuate considerably (147).* In
contrast, other normal persons usually show little variation
over long time periods in their serum cholesterol concentra-
tions (54). Further, Keys, et al,, and Peters and Man noted
that plasma cholesterol levels of obese persons fell following
rigorous dietary restriction for reducing purposes (130, 147).
These tendencies probably reflect the operation of en-
d regulatory mechanisms, as well as the influence of

diet,

Obviously, the foregoing data on nutritional factors af-
fecting cholesterolemia are far from complete. In such an
ethno-pathologic survey, we would particularly Tike to ana-
Iyze reports on plasma cholesterol levels and lipid metabo-
lism in various peoples living under different socio-economic
and cultural conditions. Only limited data of this kind
are available, We would like to test further the possibility
suggested by Gubner and Ungerleider, “that the so-called
‘normal’ cholesterol is in reality a high cholesterol, and that
the cholesterol level of the average American population is
of such an order as to predispose to the development of
artenosclerosis” (57) For the present, this review may be

ized, perhaps inadequately, in the words of Peters
and Man: “Although serum cholesterol is frequently re-
sistant to the immediate effects of food, it does not appear
to be altogether unaffected by diet—or perhaps it would be
more correct to say [by] the state of fat metabolism” (147).

Finally, it must be recognized that dietary and nutntional
factors may influence cholesterol metabolism and atherogen-
esis without necessarily affecting the plasma total cho-
lesterol concentration Recently we suggested- “It is not

*This tendency toward vanability of the serom cholesterol level was found
by Steiner, Marnson and others to be frequently associated with athero-
sclerosis {9, 148, 149).

41



EXPERIMENTAL ATHEROSCLEROS!S

only the level of cholesterol in the plasma that is important
for atherogenesis, but also the quantity of exogenous cho-
lesterol the body must transport, turn over and metabolize”
(53). The latest studies of Gould and Taylor lend weight
to this point. They showed that the level of exogenous cho-
lesterol ingestion influences the rate of endogenous choles-
terol synthesis from acetate in dog and rabbit (150, 151).

The findings of Gofman, et al., are particularly significant
in this regard (152, 153). By ultracentrifuge techniques,
these workers identified a class of plasma cholesterol-bearing
lipoprotein molecules (S; 10-20 class) associated with
atherosclerosis in man. The presence of these molecules was
not directly correlated with the plasma total cholesterol
concentration. Thus, groups of people with low plasma total
cholesterol levels tend to exhibit low concentrations of
S; 10-20 hipoprotein molecules; however, for individuals the
level of total cholesterol yields no information concem-
ing S; 10-20 molecule concentrations. These workers
also showed that the levels of S; 10-20 molecules may be
influenced by diet. Gofman, et al, placed persons ex-
hibiting significant concentrations of these lipoprotein
molecules on a diet partially restricting fat and cholesterol.
The serum level of such molecules gradually fell over a pe-
riod of weeks and months. This decrease occurred whether
the total cholesterol concentration fell or not. With the
addition of vegetable oil without cholesterol to the dict,
concentration of S, 10~20 molecules again rose, further in-
dicating the metabolic interrelationships between neutral
fat and cholesterol These effects were mot functions of
under- or overnutrition, since these patients were kept at
constant weight during changes in dietary regimen (152,

).
S%’hesa findings would appear to give further support to
the concept, derived from the bulk of ethno-pathologic evi-
4 ater At a3 b ttinea] factors related to choles.
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terol and lipid metabolism play an important role in athero-
genesis.

CLINICO-PATHOLOGIC EVIDENCE

Alterations in cholesterol metabolism occur in 2 number
of disease states, among them diabetes mellitus, hypothy-
roidism, the nephrotic syndrome, biliary obstruction, essen-
tial (familial) xanthomatosis Hypercholesterolemia is a
finding common to all of these. So is premature, severe
atherosclerosis. Moreover, evidence has recently accumn-
lated indicating that patients with coronary atherosclerosis,
without gross hypercholesterolemia, have subtle alterations
in cholesterol metabolism (107-111, 152, 153).

These findings constitute the clinico-pathologic back-
ground and foundation for experimental atherosclerosis.
Laboratory research has been most fruitful when related to
these clinical facts. Undoubtedly this close interplay be-
tween investigation 1 humans and animals will continue to
be a key basis for progress in this research field.

A, Digbetes Mellitus

Diabetes mellitus is statistically the most important chni-
cal entity associated with disturbed lipid metabolism and a
hyperchol i dency.* Coincidentally, control of
“degenerative” vascular disease is the key therapeutic prob-
lem in diabetes today (53, 155). The data on the occurrence
of atherosclerosis in diabetes have been recently collated by
Liebow and Hellerstein (156). They are summanzed in
Tables VI and IX, taken from their paper. The mass of
evidence demonstrating a markedly increased incidence and
severity of atherosclerosis in diabetes is incontrovertible.
Provided they have the disease long enough, diabetics will

*Thus fact is dnven home by data mdicating that the number of persons
wath diabetes m the United States 1s nearly 2,000,000 (154).
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only the level of cholesterol in the plasma that is important
for athcrogenesis, but also the quantity of exogenous cho-
lesterol the body must transport, turn over and metabolize”
(53)- The latest studies of Gould and Taylor lend weight
to this point. They showed that the level of exogenous cho-
lesterol ingestion influences the rate of endogenous choles-
terol synthesis from acetate in dog and rabbit (150, 151).

The findings of Gofman, et al., are particularly significant
in this regard (152, 153). By ultracentrifuge techniques,
these workers identified a class of plasma cholesterol-bearing
lipoprotein molecules (S, 10-20 class) associated with
atherosclerosis in man The presence of these molecules was
not directly correlated with the plasma total cholesterol
concentration, Thus, groups of people with low plasma total
cholesterol levels tend to exhibit low concentrations of
S: 10-20 lipoprotein molecules; however, for individuals the
level of total cholesterol yields no information concern-
ing S; 10-20 molecule concentrations. These workers
also showed that the levels of S, 10-20 molecules may be
influenced by diet. Gofman, et al, placed persons ex-
hibiting significant concentrations of these lipoprotein
molecules on a diet partially restricting fat and cholesterol.
The serum level of such molecules gradually fell over a pe-
riod of weeks and months. This decrease occurred whether
the total cholesterol concentration fell or not. With the
addition of vegetable oil without cholesterol to the diet,
concentration of S, 10~20 molecules again rose, further in-
dicating the metabolic interrelationships between neutral
fat and cholesterol. These effects were not functions of
under- or overnutrition, since these patients were kept at
constant weight during changes in dietary regimen (152,

153).

5%‘11&5& findings would appear to give further support to
the concept, derived from the bulk of ethno-pathologic evi-
o abat diotare and nutritional factors related to choles-
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HUMAN CLiNICO-PATHOLOGY

almost invariably be atherosclerotic. Thus Warren found
only four patients free of arteriosclerosis among 484 autop-
sied cases with diabetes for five years or longer (165). This
“universality of atherosclerosis in diabetes” (166) 1s true for
young and old, female and male.* Diabetes eliminates the
relative immunity of women to atherogenesis (Table X)
(599). It condemns the young to premature “degenerative”
vascular disease {60o~602).

Studies on plasma hpids in patients with diabetes have
not yielded entirely consistent results (54). Most studies
demonstrate the frequent occurrence of hyperlipemia in dia-
betics. In the pre-insulin era it was noted that elevation of
plasma lipids was most frequent and marked in severe, long-
standing diabetics who were prone to acidosis and ketosis
(54)-

Experiences in the insulin era have been less uniform.
Some investigators assert that with adequate treatment of
the defective carbohydrate metabolism, a normal plasma
lipid pattern may be established and maintained in many
diabetic patients (54, 167-170). Other workers fail to find
any correlation between plasma lipid levels and degree of
diabetes control (171).

Extensive work is only now beginning, correlating de-
ranged plasma liptd patterns and atherogenesis in diabetic
humans, A study of controlled diabetics by Man and Peters
led them to conclude, “The level of serum cholesterol did
not appear to be related to the severity of diabetes, the fat
in the diet or the degree of arteriosclerosis™ (167). Rabino-
witch arrived at an almost opposite judgment: “Excess
blood cholesterol is an important etiologic factor [in arterio-
sclerosis] in the young drabetic” (170). Recent studies tend
to agree with Rabmowitch’s conclusions {171-179}). Thus
the latest edition of Joslin’s book stresses that the frequency
“Contrast, hawever, the ranty of atherosclerotic complications of dusbetes
m China (92) and Ceylon (587) (cf. page 22).

a
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HUMAN CLINICO-PATHOLOGY

tlonshlps among hpld metabohsm, hypertension, arterio-

hrosclerosis and atherosclerosis in these people {cf. ref-
erence 608)? The data of Joslin and Wilson suggest that at
least in diabetic children the renal lesion is the primary and
chief problem (601) Obvxous]y much addmonal work will
be required to d le this plex skein of

PP Y

causes and effects.

B. The Nephrotic Syndrome

Plasma cholesterol and the other lipids are markedly ele-
vated in the nephrotic syndrome.* This hypercholes-
terolernia frequently occurs 1n cases of renal disease with
edema and hypoproteinemia, “whether they have a tue
nephrotic syndrome or not” (184). Elevation of plasma
lipid has not yet been pathogenically correlated with other
features of the syndrome, e g N edema, depressed basal met—
Rt .

\ By .. . S
hypexcholesterolemxa, so that the plasma ——-——ltl ;tlzl 1::::;‘::31
ratio is not altered. The frequent and striking participation
of neutral fat 1n the hyperlipemia accounts for the marked
lactescence of plasma mn these patients (54, 184). Page and
Farr were unable to mnBuence this nephrotic hyperlipemia
by varying dietary fat intake or by administering thyroid or
choline (185). In their recent paper Gofman, et al, report
the ultracentrifuge identification mn nephrosis of exceed-
ingly high concentrations of the particular plasma lipopro-
teins (S, 20-20 class) which they associate with atherogene-
sis (152).

'Thc nephrotic syndrome—""the combination of gross edema, hy‘poprotem

Zp:xchoks\cm\emm, hpemia and heavy protenuma, 1 the ab.
scnce of congestive heart fmlure” (1%3)——oct\m ot only during the

course of chronic diffuse glomerulonephritss, but also i renal amylodosis,
syphilis, i pallary and renal ven
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and severity of arteriosclerosis in diabetes is correlated with
long standing uncontrolled glycosuria and hyperglycemia,
with concomitant hyperlipemia and hypercholesterolemia
(178). Similarly, a recent study of 5co patients by Root and
‘Wilson led them to conclude that premature atherogenesis
and degree of diabetic control wete intimately related (179).
Further, Pomeranze and Kunkel found a close correlation
between hyperlipemia and atherogenesis in 273 diabetic pa-
tients. Of the entire senes, 50% exhubited elevated serum
lipid levels, irrespective of diabetes control (171). Of those
with severe atherosclerosis, 72% had hyperlipemia, with
complete hipid fractionations revealing some lipid abnor-
mality in g2 %. Finally, the ultracentrifuge studies of Gof-
man, et al., demonstrate that the plasmas of diabetic males
and females frequently contain abnormally high concentra-
tions of the particular cholesterolcontaining lipoproteins
(S¢ 10-20 class) whose appearance they associate wath ather-
ogenests (152). Certainly, therefore, considerable data are
extant demonstrating an association between disturbed lipid
metabolism and atherogenesis in human diabetes mellitus.
1f the correlations in diabetics are not always consistent, this
probably reflects the complexity of this discase state in man
and the present inadequacy of our knowledge (54, 155, 180~
182). The difficulties involved are readily illustrated by
focussing attention upon the renal vascular lesion in diabetes
mellitus and the associated hypertension (6co-606). We
have already noted recent evidence indicating that lipids
may be key factors in the pathogenesis of this lesion (cf.
page 13) (568, 577-581). Further note should be taken of
the observation made by Man, et al,, that plasma choles-
terol levels tend to nse coincident with the development of
clinical manifestations of intercapillary glomerulosclerosis
(603). Is this a renal hyperlipemia (cf. pages 49, 59, 224,
249)? Why is it not consistently observed (cf. ref. 607)7 Is
the hypertension a renal hypertension? What are the rela-
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Relatively few studies have been done on the incidence
and severity of atherosclerosis in nephrotics. All students of
the subject, however, agree that the prolonged hyperlipemia
of the nephrotic syndrome is associated with intensified
atherogenesis (4, 8o, 183, 186-193). Hueper has reviewed
much of the extant literature (4). He cites several authors
who have described cases of juvenile nephrosis with mod-
erate to extensive coronary and aorta atheromatosis at au-
topsy. Gofman reports a case of marked atheromatosis in
a nephrotic child (152). Schwarz and Kohn record g autop-
sied cases of nephrosis in children. In their experience,
“Atherosclerotic changes, though occasionally occurring in
cases of short duration, are found more frequently in those
of longer duration” (19z). As in diabetes, therefore, the
time factor appears to be important for atherogenesis in
nephrotics.

Steiner and Domanski report lipid and autopsy findings
in 54 young patients dying of chronic renal disease (193).
The incidence of aorta and coronary atherosclerosis in these
patients is indicated in Table XI, abstracted from this
paper (193). In brief 6% of patients age 1-39 years dying
of chronic glomerulonephritis had gross aorta atherosclerosis,
70% had gross coronary lesions. A comparable control group
exhibited significantly less atherosclerosis (Table XI). In
17 of 30 patients coming to autopsy, Steiner and Domanski
found serum cholesterol values exceeding 300 mg %, in 12
they were over 400 mg %. In another group of 18 living pa-
tients followed during a two year period, hypercholesterole-
mia was observed in all on one or another occasion (193).*

- - -

disease, h ion, plasma chol and 3 v
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HUMAN CLINICO-PATROLOGY
berg (198), Rosenthal {199), Means (200), Bruger and
Rosenkrantz (333), and Marine (533).

In the light of this not i iderable body of 5
the contention would appear ble that “the incidence
of arteriosclerosis in patients with long-standing hypothy-
voidism . . . . is not remarkable” (201). Hypothyroidism,
myxedema and cretinism may be reasonably added to the list
of clinical entities wherein an association has been demon-
strated between hypercholesterolemia and ath 1

D. Biliary Qbstruction

In diseases of the liver, various alterations of lipid metabo-
lism occur with associated derangements of plasma lipid
patterns (54, z02). These reflect the cntical role of the liver
in lipid metabolism. It serves as a principal organ for choles-
terol synthesis, turnover and excretion (via the bile), and is
a key way-station in the hemato-entero-hepatic circulation
of this sterol (54).

A discussion of the complex changes in plasma lipids oc-
curring in hepatic diseases is beyond the scope of this mono-
graph (cf. 54, 202). Our concemn is only with those hepatic
diseases associated with hypercholesterolemia. Both hyper-
cholesterolemia and hyperlipemia rapidly supervene follow-
ing obstruction of the commeon duct, from whatever cause,
The alterations in plasma lipids persist in cases of prolonged
obstruction, often mamtaining themselves until the pre-
terminal period of the disease. The pathogenesis of this hy-
pethipemia remains obscure (4, 54).

This hypercholesteremia of biliary obstruction is associ-
free cholesterol
total cholesterol
ratio. Further, hyperphospholipemia oceurs concomitantly
with hypercholesteremia, so that the plasma total cholesterol cholesterol

lipid phosphorus

.

ated with a significant rise in the plasma
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In summary, the conclusion appears valid, on the basis of
the available data, that the hypercholesterolemia of renal
disease is associated with intensified atherogenesis.

€. Hypothyroidism

Numerous observers have repeatedly demonstrated that
the plasma cholesterol and the other plasma lipids tend to
be elevated in hypothyroidism and myxedema (54). Peters
and Man report that the ratios of free to total cholesterol,
and total cholesterol to lipid phosphorus are not affected by
thyraid disease. Similarly, the level of neutral fat in the

- . PN fa

[ I ORISR POy S, SN

tients, found the plasma tu‘tgl cholesterol ratio to be in-
Tipid phosphorus
free chalesterol

Total cholesterol d
Total cholesterol 200 to be decrease

creased, and the
(195)-

The altered plasma lipid pattern of hypothyroidism is as-
sociated with a low level of serum precipitable iodine, re-
flecting the deficiency of circulating thyroid hormone in
these patients (196, 197). Further, Gofman, et al., have
found appreciable concentrations of S; 10-20 lipoprotein
molecules in the plasma of hypothyroid patients. Adminis-
tration of thyroid hormone sometimes lowers their concen-
tration (152, 153, 567).

Hueper has reviewed much of the literature concerning
the increased incidence and severity of atherosclerosis, par-
ticularly of the coronary arteries, in hypothyroidism and
myxedema (4)- He cites several workers who have recorded
marked atherosclerosis in cretins, among them Hoelzer's
case of a three-year-old girl with congenital athyreosis. Other
reports of a confirmatory nature have emanated from Fish-

N
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These findings led Ahrens and Kunkel to conclude that
intensified atherogenesis is not a cl istic feature of
biliary obstruction, despite attendant hypercholesterolemia.
The authors related this absence of marked atherosclerosis
to the normal ratios among the plasma lipids, and particu-
larly to the normal C/P ratios. They regarded the nterrela-
tions among the plasma lipids as of greater significance for
atherogenesis than the absolute level of cholesterol per se.

These data of Ahrens and Kunkel have been supple-
mented recently by the findings of Gofman and associates.
They accomplished ultracentrifugal analyses of plasmas
from cases of biliary obstruction with marked hyperlipemia.
Unique plasma lipoprotein patterns were revealed (567). In
some cases, S; 10-zo cholesterol-bearing lipoprotein mole-
cules were only slightly elevated, despite hypercholester-
emias in excess of 1000 mg.%. Gofman predicts that such
patients should be relatively free of atherosclerosis (567). In
other patients, S, 10-20 class molecules were present in
appreciable amounts, although less than would be expected
in view of the total cholesterol level. As in Ahrens and
Kunkel's study, a larger series of cases and an attempt at
biochemical-pathologic correlation are ndicated here.

The findings of other investigators are not fully in accord
with those of Ahrens and Kunkel concerning the incidence
and severity of atherosclerosis in patients with chrome
‘biliary obstruction. In addition to the reports cited by Hue-
per (4), several recent studies of both primary and second-
ary biliary obstruction are to be found in the literature
{58, 206, 207). Significant atherosclerosis was frequently
noted in these hyperlipemic patients. Hence the biochemr-
cal-pathological correlations noted by Ahrens and Kunkel
would appear to require confirmation in larger series of cases.
In any event, the data available from all sources support a
tentative conclusion that the hypercholesterclemia of
chronic biliary obstruction is associated with intensified
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(C/P) ratio cither remains normal or decreases (54, 203).
The neutral fat is often altered only moderately, hence the
neutral fat
Iipid phosphorus
this plasma lipid pattern, frank lactescence often is absent,
despite severe hyperlipemia. This contrasts significantly with
nephrosis and resembles pnmary hypercholesteremic xantho-

matosis.

At present it is difficult to state definitely whethe the hy-
percholesterolemia of biliary obstruction is associated with
intensified atherogenesis. Rosenthal regarded the hyperlipe-
mia of biliary obstruction as of too short duration to permit
significant atherogenesis (80). However, not a few cases
exhibit hyperlpemia of many months® duration. Hueper has
reviewed the earlier literature on the concurrence of chronic
jaundice and xanthomatosis (4). Since these reports deal
chiefly with skm and tendon lesions, the incidence of
atheroma is difficult to establish. However, atheromatous
lesions were undoubtedly present i some of these patients

Extensive studies on the lipid disturbance in biliary ob-
struction have recently been reported by Ahrens and Kunkel
(203-205). These investigators emphasized the significance
for atherogenesis of the unique pattern of hyperlipemia fre-
quently observed in this syndrome, particularly the predomi-
total cholesterol
Tipid phosphorus
(C/P) ratio and the absence of lactescence. Clinical evi-
dence of coronary atherosclerosis was conspicuously absent
in their 21 cases of long standing biliary obstruchon with
prolonged hyperlipemia. Seven of these patients came to
autopsy, none with antemortem evidence of atherosclerosis.
b

plasma ratio is low. As a consequence of

nance of phospholipid, the normal plasma

tensive atherosclerosss. 111s 1ALLEL gluup, Bluse Lie Lulluc,
had exhibited elevated plasma C/P ratios antemortem.
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atherogenesis, at least in those cases exhibiting elevated
plasma C/P ratios,

E. Essential (Familiel} Hypercho!l lemic Xanth

In this familial disturbance, the plasma exhibits a lipid
pattern characterized by an increase in total cholesterol, 2
slight rise in phospholipids, little or no alteration in neutral
fat, 2 normal ratio of free to total cholesterol, and 2n ele-
vated ratio of total cholesterol and free cholesterol to phos-
pholipid (54, 58, 208). Since neutral fat is not increased,
frank lipemia (creamy plasma) is not seen. The postabsorp-
tive plasma is usually translucent, or on occasion somewhat
opaque. Gofman and associates report markedly elevated
Tevels of class S, 10-20 lipoprotein molecules in such plasma
(152, 556, 567).

Essential hypercholesterolemic xanthomatosis is appar-
ently an endogenous disturbance of lipid metabolism.
Thannhauser suggests that cholesterol production exceeds
cholesterol excretion, and this imbalance is responsible for
the altered plasma lipid pattern (58, 209, z10). This con-
cept is hypothetical, since demonstrative experimental data
are lacking.

The hypercholesterolemia of essential xanthomatosis is re-
sistant to present methads of treatment. Efforts to lower the
plasma cholesterol level by the administration of lipotropic
factors have met with indifferent results (58, 208, 211).
Some authors assert that low fat diets may effect considerable
depression of the hypercholesterolemia; others report incon-
stant responses {58, 208, 21z, 213). Keys recently obtained
marked falls in plasma cholesterol concentration in cases, of
idiopathic hypercholesterolemia treated with the chalesterol-
free, fat-free rice diet (11g). Thyroid hormone has also been
reported to reduce the hypercholesterolemia (58), although
this has been denied recently (208).

Atheromatous involvement of the arteries is frequent in
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50. Incidence of hypertension was low in these patients and
cannot be considered a factor in atherogenesis (223).

Although we have cited the statistics of Adlersberg, Parets
and Boas in some detail, similar data are present in the writ-
ings of other workers (214-224). These numerous reports
demonstrate conclusively that the hypercholesterolemia of
essential (familial) xanthomatosis is associated with a high
incidence and early onset of vascular xanthomatosis in
general and coronary atherosclerosis in particular.

F. Hypertension

The problem of the mterrelationships among hyperten-
sion, lipid metabolism and atherosclerosis 1s one of the most
complex in investigative medicine. A comprehensive review
of the available data is beyond the scope of this monograph.
The interested reader is referred to references 4, 10, 35, 54,
57, 80, 186, 187, 225~236. Present knowledge may be ade-
quately summanzed m a few sentences: Hypertension in man
is typically associated with increased incidence and severity
of atherosclerosis. Conversely many people with athero-
sclerosis have hypertension. However, long standing hyper-
tension may be unaccompanied by atherosclerosis.* And
atherosclerosis may develop i normotensive persons. Some
investigators report that a hypercholesterolemic tendency
is common among patients with hypertension (54). Others
maintain that normocholesterolemia prevails m essential
hypertension. They state that hypertensives exhibit hyper-
cholesterolemia only when nephntis or another process is
present to induce the nse m plasma cholesterol concentra-
tion (54). In view of contemporary unclanty concerming the
pathogenesis of hypertension, and particularly the role of
the kudneys and the adrenals in its causation, such contra-
dictory findings and conﬂicting views are not surprising.

*Suapper teported that 1 1
rare i China (92) (cf page z.) y s
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persons with primary hypercholesterolemic xanthomatosis
(4, 208, 214-224). Precise data on incidence of coronary
atherosclerosis in patients with this metabolic disease have
recently been collected by Adlersberg, Parets and Boas
(223). These workers observed a series of 64 patients with
xanthomatous stigmata, They were able to study the families
of 35 of these patients, Data were accumnulated on a total of
201 persons. Some of the findings in these 201 cases are sum-
marized in Tables XII and XIII The high incidence of coro-
nary atherosclerosis in these hypercholesterolemic persons is
evident, In addition, these data demonstrate that the inci-
dence of artenal disease directly parallels the degree of hyper-
cholesterolemia (Table XIII). Further, analysis of the
patients with coronary artery disease reveals that 86% of
them had hypercholesterolema (plasma cholesterol greater
than 300 mg.% ).* Fmnally, an early onset of coronary athero-
sclerosts was noted in this senies Of the patients with cardiac
symptoms and signs, 60% developed them before the age of

TABLE XIII
Plasma Chol ! Levels and Incid of Coronary Athero-
sclerosis in 201 Members of Fomilies with Primary Hypercho-
I lemic Xanth is—aAdlersberg, D. et al. (223}

Range of Plasma Ch Incid of Cortanary Ath )

mg % %

> 300 45

> 400 53

> 600 67

“Bloor’s oxdstive method for cholesterol (216, 117).
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esterol, in patients receiving cortisone (240). Less consistent
‘hanges have been observed during ACTH administration
(240, 241). The mechanisms of these pituitary-corticoster-
oid effects on cholesterolemia remain to be elucidated.
Significant contributions to our knowledge of lipid metabo-
lism and atherogenesis may be anticipated from clinical and
laboratory studies of this problem.

H. Coronary Atherosclerosis

Our survey of diseases associated with sustained hyper-
cholesterolemia d rated that ath lerosts is a fre-
quent byproduct of this disturbance in lipid metabolism,
regardless of cause. A further climical question remains to be
posed: Is a hyperchol olemic or xanth
present in patients wath atherosclerosis?

Until recently, this question was answered in the negative
by most students of the subject. Thus Ophiils wrote in
1933, “One important difference between the condition
in man and in rabbits is that it usually requires a very
marked cholesterolemia to produce the characteristic
changes in the rabbit, while 1n most cases of human arterio-
sclerosis 1t is not possible to demonstrate the presence of
an excess of cholesterol in the blaod during the course of
the disease” (242).* In the same monograph Wells stated,
“The evidence as to the relation of blood cholesterol to
human arteniosclerosts or hypertension is conflicting” (73)
In 1946, Peters and Van Slyke wrote, “No general dis-
turbance of lipid metabolism has been demonstrated in
patients with atherosclerosis” (54).

As Davis, Stern and Lesnick point out (231), the equiv-
ocal data in the older literature (cf. 186, 231) reflected lack
of careful consideration of criteria for the diagnosis of

“Later (p (pages x;;. 280) we shall deal in detail with this criticism of ex.
penmental we
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Further careful studies on cholesterolemia and lipid metabo-
lism in various forms of human hypertension are certainly in-
dicated. Along these lines, important data have recently
been collected by Gofman and his assocrates (152, 153).
They found that some hypertensives exhibit elevated plasma
concentrations of S, 10-20 lipoproteins, even in the presence
of normocholesterolerma These changes in the S; 10-20
class levels are not correlated with the degree or duration of
hypertension. The significance of these alterations for
atherogenesis in hypertensives remams to be definitively
established However, Gofman, et al. further reported that
hypertensive patients with coronary artery disease tend to
have higher §; 10-20 levels than do individuals with uncom-
plicated hypertension (538) (cf. page 106). These findings
call to mind Aschoff’s statement, “From plasma of low
cholesterol content no deposition of hpoids will occur even
though the mechanical conditions are favorable” (102).

G. Hyperadrenocorticism

Clinical states of hyperadrenocorticism, e.g, Cushing's
syndrome, are associated with inordinately severe athero-
sclerosis (4, 237-239). While these diseases are rare, the
recent introduction of adrenocorticotrophic hormone
(ACTH) and corticosteroids (cortisone, et al.) into clinical
therapeutics requires directing attention to the possibility
that atherosclerosis may emerge as a complication of chronic
treatment with these hormones

Humans with clinical hyperadrenocorticism exhibit no
consistent abnormalities in plasma lipid patterns or con-
centrations (54). The plasma cholesterol level is more often
elevated than reduced. Peters and Van Slyke attnbute this
finding to the diabetes and/or renal disease frequently ac-
companying hyperadrenocorticism (54). However, recent
data bring this interpretation into question. Thus Adlers-
berg, et al,, report a Tise in plasma lipids, including cho-
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EXPERIMENTAL ATHEROSCLEROSIS

atherosclerosis, Failure to distinguish between athero-
sclerosis and hypertension was particularly frequent.

A succession of significant clinical and experimental in-
vestigations compel at least a modification of the viewpoint
cited above. In recent years several groups of workers have
compared plasma cholesterol levels in normal persons and
patients with coronary disease. Some of their findings are
summarized in Table XIV. Other studies have yielded simi-
lar data (107~111, 148, 149, 247-253). Gertler, et al,, have
recently published detailed findings on plasma lipids in
coronary atherosclerosis (107-111)., We have abstracted
Table XV from one of their reports (107).

These data and others in the literature consistently
demonstrate a higher mean plasma total cholesterol concen-
tration in groups of people with coronary atherosclerosis
than in control groups.* Moreover, atherosclerotic patients
as a group also have higher plasma phospholipid and fatty
acid concentrations and an elevated ratio of plasma total
cholesterol to phospholipid, Thus the normal interrelation-
ships among the plasma lipids are altered in the athero-
sclerotic group. These differences are particularly prominent
if comparison is made between a group of atherosclerotics
under 40 or 50 and a normal group of the same age (107~
111, 246, 249, 250). .

The data of Boas, et al., further demonstrate that 2 hyper-
cholesterolemic (xanthomatous) tendency is an important
factor in atherogenesis, particularly in young persons (246).
‘These investigators collected a consecutive series of 122 un-
selected patients with coronary artery disease beginning
before age so. Fifty-eight percent of these had a serum
cholesterol concentration above 300 mg.%, the average for

*Among tecent reports, only the findings of Lande and Sperry do not sup-
port this conclusion {83). They could demonstrate no correlation between
plasma cholesterol levels and either aorta grading for atherosclerosis or aorta
cholesterol content.

#Notmal range: 180-220 mg % (116, 117).
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these 71 patients being 365 mg.%. Boas and his colleagues
also evaluated the siblings of 5o of thesc patients. In 15 of
these 5o families, all or most of the siblings had a plasma
cholesterol level above 300 mg.%. In nine other families,
one-half of the members available for study exhibited hyper-
cholesterolemia. Many of these siblings gave evidence of
xanthomatous stigmata, including coronary atheroscl

A further problem merits consideration at this point—the
problem of the increasing incidence of coronary athero-
sclerosis with age (cf. Table X, page 46) (599). Is the cho-

TABLE XVI
Changes in Cholesterol Level with Age—Keys, A. 1254)

Age (y1s.} Cholesterol {mg %)
Number

Mean Range Mean S.D.
19 17-20 109 1732 * 302
225 21-2§ 92 1795 *367
32 27-35 17 1982 *153
43 29-44 16 2224 +254
46 45747 87 2425 =375
49 48-50 98 2494 *428
525 5155 102 2519 =430
68 63-7¢ 20 2339 * 374
Al Ages 541 2187 %3506
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HUMAN CLINICO-PATHOLOGY

tion by 30 years of age is reached by the female during the
50 to 6o year decade” (556).

Jones, Gofman, et al., interpret the presence in plasma of
Tipoproteins of classes S; 12 and above as a reflection of a
lipid metabolic error significantly related to atherogenesis
(cf. below, page 99) (556). Hence they regard as signifi-
cant the correlation between rising $; 12-20 levels with age
and rising incidence of coronary atherosclerosis with age.

The foregoing data bring us to another key problem—the
problem of the sex differential in incidence of coronary
atherosclerosis. This sex differential is particularly marked in
the younger age groups. Males under 40 years of age are vie-
timized by coronary atherosclerosis 10~24 times more fre-
quently than females (556, 599, 610). In the older age
groups this differential becomes progressively less and Js
probably obliterated {cf. Table X, page 46) (599, 611~
613). Is the cholesterol concept of atherogenesis consistent
or inconsistent with these phenomena? Data on plasma lipids
in men and women at different ages are presented in Tables
XVII and XVTII (609, 614). It is evident that women have
either essentially the same or higher plasma cholesterol levels
than men. The plasma m——%‘:—s (C/P) ratios are
not significantly different. These findings suggest that the
sex diffcrential in coronary atherogenesis is not attributable
to differences in absolute concentration of plasma chales-
terol and phospholipid. This suggestion is given additional
support by data indicating a hypercholesterolemic tendency
in pregnant women (54, 55).

However, the foregoing facts by no means exhaust this
problem. Thus Exlert showed that estrogens tend to depress

C/P ratios in menopausal women, principally by elevating
plasma phospholipid {274) (cf. also, references 711, 712).
Black, et al., found that, compared to women. both normal



EXPERIMENTAL ATHERQOSCLEROSIS

lesterol concept of atherogenesis consistent or inconsistent
with this phenomenon? Several recent studies afford data
relevant to this question. Thus Gertler, et al. (110), Keys
(254) and Komerup (60g) all found a tendency for the
plasma cholesterol level to increase with age (Table XVI).
This is true of a healthy group and of a coronary disease
group (110). In the latter, the normal physiologic rise is
superimposed upon the initial pathologic rise. Hence at
every age level between the third and sixth decade the coro-
nary discase group has markedly higher and more variable
serum cholesterol levels than the healthy group {110).*
The possibility presents itself that the tendency for the
plasma cholesterol to nise with age is related to the increased
incidence of atherosclerosis with age. This possibility re-
ceives further support from the data of Gofman, Jones and
colleagues (556, 567). “Both young men and young women
show similar patterns of lipoproteins and low levels of
S, 12—20 lipoproteins up to 25 years of age, although there
has been some increase from the levels of the o-15 year old
group. The male population from 25 to 30 years undergoes
a stuking transformation which elevates the S; 1z—zo level
from a median concentration of 28 mg.% to 39 mg.%.
Beyond 30 years of age the clinically normal male population
shows almost no further sigmficant change even through the
sixtieth year. The normal female does not show the striking
change from 26 to 30 years of age that is seen in the male.
The female population increases slowly and steadily in
S 12-20 level over the entire 25 to 6o year age span. A level
essentially identical with that attamed by the male popula-
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HUMAN CLINICO-PATHOLOGY

clusions of Jones, Gofman, ¢t al., concerning the basis for
the sex differential in incidence of caronary atherosclerosis.
Nevertheless, their findings indicate that this sex differential
may be explicable within the general framework of the
cholesterol concept of atherogenesis.

At this point it may be necessary to re-emphasize the basic
tenet of the cholesterol concept of atherogenesis, i.c., that
atherogenesis is consequent upon an alteration in lipid
metabolism. In approaching such problems as the age and
sex differentials in incidence of coronary atherosclerosis, we
posed the following question, based on the cholesterol con-
cept: Are there age and/or sex differences in plasma lipid
patterns? The presently available answers to this question
would appear to be fruitful for our understanding of athero-
genesis. Based on the cholesterol concept, several further
questions related to the age-sex problem require elucidation,
among them: What are the accumulated influences of vari-
ous diets on lipid metabolism in the two sexes over the years
(cf. page 32)? What changes occur in endocrine function
with age in the two sexes, influencing lipid metabolism and
atherogenesis {610, 615-623)7 Are the relationships be-
tween age-sex and atherogenesis mediated via alterations in
lipid metabolism which develop via the influence of age
and/or sex on organs such as the liver, thyroid, adrenals,
gonads, kidneys, pituitary? Or is the older concept valid, 1¢,
of age and sexanfluenced changes in the arterial wall—
h in its lipid metabolism, in its penetrability to lipids,
in its ability to dispose of lipids? Under what conditions (of
lipid metabolism, age, sex, etc.) are atherosclerotic lesions
primaty, ie, developmg in hitherto normal vessels—and
under what conditions are they secondary to previous non-
atheromatous senescent and/or morbid processes 1o the
intima and media (cf. pages 76-86, 229, 251)?

‘We emphasize that these problems arise from a careful
consideration of the full implications of the cholesterol con-
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EXPERIMENTAL ATHEROSCLEROSIS

and atherosclerotic males develop a significantly greater
lactescence of plasma after a fatty meal (614). As already in-
dicated, Jones, Gofman and colleagues found significant sex
differences in levels of class S, 12—20 plasma lipoproteins
during the fourth, fifth and sixth decades of life {556).
These differences, they maintain, are the basis for the sex
differential in susceptibility to coronary atherosclerosis.
“This is adequate explanation for the fact that the male
under 40 years of age shows approximately a twentyfold
greater occurrence rate of myocardial infarction than does
the female of the same age. Assuming a level of 6o mg.%
S, 12-20 as prognostic of rather active atherosclerogenesis,
and comparing the males and females at 31 to 4o years of
age, the female has only 2% of all its normals above 6o
mg.%, whereas the male population of the same age has
20% of its members above this same level. This tenfold
difference in numbers above 60 mg.% is in good agreement
with the approximately twentyfold difference in occurrence
rate of myocardial infarction at this age. At 4o years of age
8% of females are above 60 mg.% while 22% of males are
above this value at this age. The normal female has shown a
rise from 3% above 6o mg.% at average age 35 years to 28%
above 6o mg % at average age 55 years. This ninefold in-
crease in the percent of the female population above 6o
mg.% is consistent with the marked advance in frequency
of clinical sequelae of atherosclerosis in the 5o to 70 year
age category. The female at 5o to 6o years of age is essen-
tially equivalent to the male of that age in S; 12-20 Tevel,
or in atherosclerogenests, so that each year that passes re-
duces the relative protection of her relatively lower athero-
sclerogenicity of earlier years. Thus it is not surprising that
the ratio of clinical sequelae of atherosclerosis drops from
approximately zo:1 below age 40 to approximately 1:2 above
age 6o years for males compared with females” ( 556). Only
further work will determine the final validity of the bold con-
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clusions of Jones, Gofman, ¢t al, conceming the basis for
the sex differential in incidence of coronary atherosclerosis.
Nevertheless, their findings indicate that this sex differential
may be explicable within the general framework of the
cholesterol concept of atherogenesis.

At this point it may be necessary to re-emphasize the basic
tenet of the cholesterol concept of atherogenesis, ie., that
atherogenesis is consequent upon an alteration in lipid
metabolism. In approaching such problems as the age and
sex differentials in incidence of coronary atherosclerosis, we
posed the following question, based on the cholesterol con-
cept: Are there age and/or sex differences in plasma lipid
patterns? The presently available answers to this question
would appear to be fruitful for our understanding of athero-
genesis. Based on the cholesterol concept, several further
questions related to the age-sex problem require elucidation,
among them: What are the accumulated influences of vari-
ous diets on lipid metabolism in the two sexes over the years
(cf. page 32)? What changes occur in endocrine function
with age in the two sexes, influencing lipid metabolism and
atherogenesis (610, 615-623)? Are the relationships be-
tween age-sex and atherogenesis mediated via alterations in
lipid metabolism which develop via the influence of age
and/or sex on organs such as the liver, thyroid, adrenals,
gonads, kidneys, pituitary? Or is the older concept valid, i e.,
of age and sex-influenced changes in the arterial wall—
changes in 1ts lipid metabolism, mn its penetrability to lipuds,
in its ability to dispose of lipids? Under what conditions (of
lipid metabolism, age, sex, etc.} are atherosclerotic lesions
primary, ie., developing in hitherto normal vessels—and
under what conditions are they secondary to previous non-
atheromatous senescent and/or morbid processes in the
intima and media (cf. pages 76-86, 229, 251)?

‘We emphasize that these problems arise from a careful
consideration of the full implications of the chol 1 con-
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cept of atherogenesis. The answers cbtained to these ques-
tions will be, in time, further tests of the validity of this
concept. Certainly clinical and laboratory investigation of
these problems may yield fruitful insights, hitherto con-
cealed, into the atherogenic process.

‘While our survey of the relationships between lipid me-
tabolism and coronary atherosclerosis has led to the posing
of a number of unsolved problems, several facts remain clear
and definitive. In particular, it is evident that people with
coronary atherosclerosis (as a group) exhibit a hypercho-
lesterolemic tendency and other unusual lipid metabolic pat-
terns (C/P ratios, S, 12-20 levels, etc.). Unfortunately,
studies attempting similar correlations between choles-
terolemia and atherosclerosis of other arterial trunks supply-
ing major organs have not been attempted, Despite the high
morbidity and mortality due to cerebral atherosclerosis, for
example, investigations of the pathogenic relationship of
this lesion to cholesterolemia are almost nonexistent, inso-
far as we have been able to ascertain (332, 554, 555 567
576, 586, 600-602, 612, 624-626}. Both clinical and experi-
menta) data suggest the lusion that atherogenesis pro-
ceeds according to different laws in different arterial beds
(cf. below, page 133). Hence research along this line is sorely
needed. These gaps in our knowledge, however, cannot con-
trovert the significance of the demonstration of an associa-
tion between cholesterclemia and coronary artery athero-
sclerosis.

Definitive though this conclusion is, its formulation does
not fully resolve the problem at hand. Certain facts still
remain to be accounted for. Thus, perusal of Table XV
quickly reveals that some people with coronary atheroscle-
rosis definitely have apparently normal plasma cholesterol
concentrations. What is the relationship between choles-
terolemia and atherogenesis in such persons? Gubner and
Ungerleider have presented data bearing upon this problem.
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EXPERIMENTAL ATHEROSCLEROSIS

They studied the incidence of aorta atherosclerosis in mildly
hypercholesterolemie, normocholesterolemic and hypocho-
lesterolemic individuals (57). The basis for their division
into groups was the generally accepted range for normal
plasma cholesterol concentration (54). Their data are
summarized in Table XIX. Incidence of atherosclerosis was
approximately identical in people with slightly elevated and
presumably “normal” plasma cholesterol levels. In contrast,
the hypocholesterolemic subjects exhibited a significantly
lower incidence. These findings lead the authors to suggest
that our standards for “normal” cholesterol may be scaled
too high. Certainly at this stage of our knowledge this is 2
valid possibility. However, the question remains: Why did
even 7% of the hypocholesterolemic group develop athero-
sclerosis?

A number of attempts have been made to account for
atherogenesis in such individuals. Some investigators sug-
gest that people who are now normochelesterolemic may
have developed atherosclerosis during previous abnonmal
episodes of hypercholesterolemia. This eventuality cannot be
ruled out, even though the plasma cholesterol concentration
15 ordinarily quite stable in a given individual over long
periods of time (54). As Hueper stated, “The determination,
of the blood cholesterol content . . . merely renders in-
formation about the momentary condition of the blood,
which may be entirely unrelated to the status of the blood
prevailing when the vascular lesions were produced” (4).
In support of this possibility, Steiner called attention to the
fluctuating hypercholesterolemia frequently observed during
postmfectious convalescent periods. He suggested, “Tt is con-
ceivable that such a period of transient hypercholesterolemia
might lead to deposits of cholesterol in the arteries” (56).
These ideas are admittedly only hypotheses, without founda-
tion in supportive data.

-ax



III ATHEROSCLEROSIS AND THE
PLASMA LIPOPROTEIN COLLOIDAL
COMPLEX (THE STATE OF
AGGREGATION OF CHOLESTEROL
IN PLASMA)

RECENTLY THE PROBLEM OF CHOLESTEROLEMIA AND
+h 1
at

genesis has been app d from another aspect.
Instead of focussing attention upon the absolute level of
plasma cholestercl as the key variable, several workers
studied the possible significance of various alterations in the
state of aggregation of the plasma lipids. They emphasized
that the quantitative determination of plasma cholesterol
yields a datum highly incomplete with respect to cholesterol
itself. Water-insoluble, hydrophobic cholesterol exists in a
state of colloidal solution n biological systems. The colloidal
cholesterol-containing aggregates (micelles) are complex
structures with respect to size, configuration and composi-
tion. Their essential constituents are not only the other
Plasma lipids (phospholipids, fatty acids), but also proteins
. (.4. 53~55, 57, 63, 64, 67, 86, 152, 204, 236, 255-257). These
lipid and protein components of the plasma micelle are
bound together in relatively fixed proportions. The colloidal
bonds, whereby these large-sized lipoprotein moieties are
built up, serve to bring cholesterol into plasma solution. The
integrity of these bonds is decisive for maintaining plasma
lipid stability.
Presumably, qualitative alterations in the plasma cho-
lesterol-containing micelles may occur with little or no

genesis.
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These concepts are not new among investigators of the
atherosclerosis problem. Almost inevitably, once a key place
was assigned to cholesterol in the atherogenic process, such
hypotheses had to be formulated to account for athero-
sclerosis in mormo- and hypocholesterolemic persons.
Several such explanations have been advanced.

CHOLESTEROL “SOLUBILITY”

Eck and Desbordes mamtained that many patients with
atherosclerosis have normal plasma cholesterol levels be-
cause their plasma is unable to hold a greater concentration
of sterol 1n “solution.” Additional cholesterol is precipated in
the blood stream, inducing atherogenesis (258, 259). They
further claimed that the plasma solubility of cholesterol
decreases with age. To this they attributed the increasing
incidence and severity of atherosclerosis in the latter decades
of Iife. ’

MACROMOLECULAR COLLOIDS

In 1941-194z2, Hueper demonstrated that intravenous and
intraperitoneal injections of macromolecular colloids (poly-
vinyl alcohol, methylcellulose, pectin, acacia) induced
atheroma-like lesions in the large arteries of the dog. The
foam cells in the intima in these cases contained the ad-
ministered colloid, and not cholesterol (260-264). Based
on these experiments, Hueper put forward the “anoxemia

. theory” of atherogenesis. “The ath process is
initiated by an 1mbalance of the plasmatic colloid equi-
librium causing the precipitation of a cholesterol film on

the intima. Such a film . . . interferes with the proper ex-
change of gases and nutritive substances between the blood
and the vascular wall . . . The resultant injury to the endo-

thelial cells causes increased permeability of the endothelial
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lining and proliferation of the endothelial cells which take
up cholesterol and are thereby transformed into foam cells.
A similar conversion into foam cells takes place in the intima
where cholesterol contained in the plasmatic fluid penetrat-
ing into the subendothelial space is phagocytosed by histio-
cytes. The instability of the plasmatic colloidal solution of
cholesterol which starts this chain of events in the vascular
wall may be due to quantitative imbalance in the cholesterol
content {hypercholesterolemia), or it may result from an in-
crease of substances in the plasma which decrease the dis-
persion of cholesterol and therefore favor its precipitation
or from a decrease of substances which enhance the disper-
sion of cholesterol” (4).

In 1943, Hirsch and Weinhouse similarly suggested that
an increase in the particle size of the plasma lipoprotein ag-
gregates leads to phagocytosis by intimal cells. “This may be
considered to be the initial stage of atherosclerosis” (86).
This concept Hirsch and Weinhouse supported with experi-
mental data demonstrating that emulsified cholesterol oleate
injected intravenously into rabbits is removed from the
plasma in a matter of minutes by tissue phagocytes. These
investigators suggested that . . . the phagocytic reactions
observed in the intima occur as a response to the presence
of coarsely dispersed lipids in varying stages of agglomera-
tion” (86). They attempted to account for atherosclerosis
in the absence of sustained hyperlipernia by making a further
distinction between plasma and tissue factors: “The primary
cause of the precipitation of lipid mn cholesterol-fed rabbits
is probably the hyperlipemia; in human atherosclerosis it
is mainly a tissue factor increased under conditions of hyper-
lipemia” (86).

More recently Pollak (265) and Bevans (56) demon-
strated that intravenous injections of artificially prepared
cholesterol emulsions rapidly induce atherogenesis. “As early
as three hours after the first injection of 0.5 gm. of choles-
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terol, lipid is visible in the intima of the aorta. It first appears
within the endothelial cells, which are swollen and promi-
nent. At the end of 24 hours morte lipid is visible in the
endothelial cells and has spread to the intercellular sub-
stance. No intimal proliferation has occurred. At 72 hours
less lipid is present in the intima but cellular proliferation
is evident” (56). Recently Pollak and Wadler reported ex-
tensive studies on this type of arterial lesion, induced in ani-
mals by intravascular injection of cholesterol sols (627-633).
Further, Bragdon demonstrated that this lesion developed
not only when artificial lipid emulsions are injected, but also
following intravenous administration to normal rabbits of
hypercholesterolemic plasma from cholesterol-fed rabbits
(634, 635). (Also, cf. Hueper’s work, references 4, 260-264 )
These findings strongly support the concept that phago-
cytosis by the intima of larger lipid aggregates is a key initial
process in atherogenesis. :

In interpreting their data on plasma macromolecular col-
loids and atherogenesis, most of the foregoing workers de-
veloped hypotheses concerning a further problem: How
does lipid enter the arterial wall in the process of athero-
genesis? Numerous answers to this question have been ad-
vanced. Hueper (4), Leary (7), Katz and Dauber (38) and
others have reviewed the status of this important problem.
As already indicated, Virchow originally suggested that
atherosis represents a fatty imbibition and metamorphosis
secondaty to inflammatory necrobiotic processes in the con-
nective tissue cells and ground substance of the intima (75)-
This necrobiotic theory, which regards lipids in athero-
sclerotic lesions as mere secondary byproducts of previous
pathological processes, was espoused by several workers
(cf. 4). Othe investigators in one form or another advanced
the concept that the arterial intima jmbibes cholesterol and
lipids from the plasma, this process being intensified by
hypercholesterolemia. Some, like Aschoff (102}, Hirsch and

-
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Weinhouse (86), and others (cf. 4), believe that age- or
disease-induced alterations in the intima or media are essen-
tial prerequisttes for precipitation and fixation of imbibed
lipid. Thus Faber emphasized the importance of changes m
the aorta ground substance occurring with age (636). He
found that over the years the aorta develops an increased
content of hromatically stainable carbohydrate-sulfuric
acid esters, These changes, he maintained, play a signifi

role in the deposition of cholesterol and the develop

of atherosclerotic plaques (636). Similarly, Dock advanced
the concept that progressive fibrous thickening of the intima
oceurring with age favors atherogenesis, particularly in the
coronary arteries (560, 568, 637).* With respect to this con-
cept, Dock humself noted that marked intimal thickening
may occur without atherosclerosis developing, vice versa,
atherogenesis may proceed in certain arteries (e.g. renal)
having practically no mtima (568, 58; also cf. 12). Moreaver,
as already noted (cf. page 13), it is possible that diffuse
concentric intimal thickening is itself a reaction to lipid
deposition (577, 638). Lansing, et al, presented another
variation of the concept that previous age- or disease-induced
change in arteries is an essential prerequisite for athero-
genesis (569, 639-643). They stressed the mportance of
medial alterations (elastic tissue changes and calcification),
as well as intimal fibrosis Several inconsistencies in this con-
cept were indicated by discussants of Lansing's paper at the
1951 (Fifth) Conference on Factors Regulating Blood Pres-
sure (569). In essence, Duff advanced a generally similar
concept, stressing the importance of previous alteration of
the artery for atherogenesis. He suggested in addition that
hypercholesterclemia per se may be the factor responsible for
the primary vascular wall injury (267). Hueper's anoxemia

*Dock no longer definitiely adheres to hus previous viewpomt that the sex
differential in inaidence of cosonary atherosclerosis i due to a sex difference
m thickness of the coronary intima (560, 568, 637).
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theory is another variation on these themes. As indicated
in the quotation on page 76, he suggested that colloidal cho-
lesterol films precipitated from dysbalanced plasma coat the
intima and damage it. The intima becomes increasingly
permeable to lipids. The additional concept is advanced that
intimal cells become phagocytic, take up cholesterol and
undergo metaplasia into foam cells (4). Their experiments
also lead Pollak (265) and Bevans (56) to adopt the hypoth-
esis that intimal cells have lipid phagocytic capacities. In
contrast to this view, Leary stated that foam cells are
lipophages derived from reticulo-endothelial Hssues in the
liver, adrenal, lung, spleen, etc. These are desquamated into
the blood stream and camied to the large vessels. They are
specifically attracted by the artenal intima, which they
penetrate to form foam cell cushions or atheromata—the
inital lesions of atherosclerosis (7) (cf. page 84). The foam
cells then break down, releasing their lipid contents. Cho-
lesterol and the other lipids are phagocytosed by fibroblasts
of the arterial wall. Youthful artenal tissue is able to dispose
of this lipid. This capacity 1s diminished or lost with age.
Cholesterol esters then accumulate and initiate the second-
ary reactive and degenerative processes leading to fully de-
veloped atherosclerotic plaques (7).

Like Leary, Anitschkow held that hypercholestemlemia
can primarily induce atherosclerosis without any pre-existent
alteration in the arterial wall (268). Unlike Leary, however,
Anitschkow believed that the lipids entered the intima via
an extracellular route, by direct filtration from the plasma.
While maintaimng that atherogenesis was possibly based
on hypercholesterolemia alone, without vascular damage,
Anitschkow also put forward a “combined theory”: Previous
damage to the arterial wall facilitated its penetration by
lipids, with resultant superimposition of atherosclerosis on
the original non-atheromatous lesion (268).

‘Winternitz, et al, developed a fundamentally different

an
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concept of the pathogenesis of atherosclerosis (269). In the
course of studies on the blood supply of the arterial wall,
they described an intramural intimal circulation anastomos-
ing with the adventitial vasa. These intimal vasa are most
numerous at the origmns of branching arteries. They gener-
ally increase in number with age. Moreover, they are always
found in association with intimal atherosclerotic lesions,
Wintemitz, et al,, regarded this association as more than
fortuitous They further observed frequent intramural
hemorthages from these vasa. Based on these findings, they
advanced the hypothesis that such hemorrhages constitute
the initial phase of atherogenesis. Dismtegration of the red
corpuscles at these hemorhagic sites releases contained
cholesterol and hipids. Atherogenesis proceeds from there
(269)-

Recently Duguid advanced a theory of atherogenesis akin
to that of Wintermitz, et al (644, 645). This concept is a
resurrection of Rokitansky’s thrombosis hypothesis (646).
It mamtams that the lesions of atherosclerosis are not in-
frequently the result of organization of arterial thrombi,
including fibrinous deposits on the intimal surface (645).
Foci of atheroma appear secondarily, as a result of fatty de-
generation in the deeper zones of large thrombi (645). In
accord wath Duguid’s views, Heard interpreted his histologic
observations of aorta and renal atherosclerotic plaques as
affording additional evidence that mural thrombosis is often
an important factor in the pathogenesis of ath Jerotic
lesions (647). Geiringer's studies also led him to favor this
concept of atherogenesis (648) Like Wintermitz, he noted
the development of intimal vasculanzation as the aorta and
coronary intunas thicken with age This intimal vasculariza-
tion oceurs by extension from the adventitial vasa vasorum
and/or by retention of the vascular network of organizing

mural thrombi. Interference with this intimal blood supply
results in ischemi is. This is is responsible for
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most of the clinical effects of atherosclerosis, according to
Geiringer (648).

In an early review of the atherosclerosis problem, Katz
and Dauber advanced a hypothesis combining some of the
evidence of Leary and Winternitz with their own (38).
“Our observation of clusters of foam cells within intimal
vasa has indicated to us the importance of both the intimal
bleod supply and the importance of cholesterol-bearing
foam cells. The localization of foam cells is determined by
the presence of intimal vasa, their number and distribu-
tion. In the coronary arteries . . . [and] at points of
branching the presence of intimal vasa permits the de-
velopment of lesions. Any vascularized scar of the arterial
wall caused by arteritis (syphilitic, theumatic, etc.) would
provide the vasa for localization of lesions . . . This in-
dicates that not only the blood supply but the simultaneous
presence of chalesteral-beating foam cells is necessary for
lesions to occur . . . The origin of the foam cells in ex-
perimental cholesterol atherosclerosis appears to be in the
reticulo-endothelial cells of the liver and pethaps other
organs. Their origin in man remains to be determined” (38).

In addition to emphastzing one or another among the
foregoing factors in atherogenesis, most investigators recog-
nize the 10le of local and systemic mechanical factors. Level
of arterial pressure; presence of eddy currents and turbu-
lence; and mobility, stretch and recoil of the vessel wall have
all been implicated in atherogenesis, particularly in the focal
pattern of location of lesions. A teview of the extensive
literature on these aspects of atherosclerosts is heyond the
scope of this monograph, The reader is referred to discus-
sions of these problems by Katz and Danber (38) and other
authors {4, 7, 11, 56, 57, 80, 186, 267-260).

Obviously, a host of different answers have been advanced
to the question: How does lipid enter the arterial wall in the
process of atherogenesis? In fact, when one attempts a sum-
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mary view, the multiplicity of clashing hypotheses and
theories is the most prominent feature. In assessing this
situation, emphasis on a point of methodology may be of
value. Practically without exception, all of the foregoing
hypotheses and theories were derived from analysis of his-
tologic data. Frequently investigation was confined to micro-
scopic study of human autopsy material, When experiments
were undertaken, they rarely went beyond routine histologic
study of organs from cholesterol-fed animals. One conclu-
sion would appear valid from our examination of the sev-
eral theories derived in this way: Their very divergency high-
lights the probability that the methodology of morphologic
pathology is per se inadequate to solve the problem at hand.
1f this conclusion is cotrect, the recent emphasis on greater
experimental endeavor and less “comprehensive” specula-
tion 15 deed healthy. This trend merits every encourage-
ment. For our part, we espouse no detailed “theory” of the
pathogenesis of atherosclerosis, Together with most con-
temporary investigators, we base our work on the cholesterol
concept of atherogenesis. It is within this general framework
of reference that a detailed, patient, persistent research as-
sault is proceeding against the host of unsolved problems
concerning atherosclerosis

In this spirit, several workers have recently begun to
tackle the difficult task of obtaining an experimental answer
to the problem: How does lipid enter the arterial wall in the
course of atherogenesis? Thus, based on Duguid’s concepts,
Hamson gave rabbits repeated intravenous injections of
finely fragmented fibrin clot (649).* Multiple small pul-
monary emboli resulted. These lesions were rapidly or-
ganized and the lumina of the vessels reconstituted. The
intima of these vessels exhibited fibroblastic thickening, In
one animal of the series, anisotropic liprd was demonstrable

*Cf the work of Bevans (281, 282), Bragdon (634, 635), H
264), Pollak (265, 517.é;;)f2 ). Braglon (634, 351, Hueper (4, 260-
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ina patch of intimal thickening. Based on these experiments,
Harxison suggested that some cases of primary pulmonary
arteriosclerosis may be the result of healed pulmonary em-
bolism (649) (cf. ref. 659). Wartman also attempted to
submit the concepts of Winternitz and of Duguid to exper-
mental verification (650). He injected homologous blood
into the arterial media of dogs. This blood disappeared
within two months; histologically complete healing super-
vened or a fibrotic medial scar developed. No specimen ex-
hibited atheromatous change in the overlying intima {650).
Thus Wartman’s studes did not yield experimental evi-
dence supporting the theories of either Wintemitz or
Duguid.

Leary’s concept of the origin of foam cells has also been
put to test in recent experiments. Thus Simonton and
Gofman Iabeled the reticulo-endothelial system of rabbits
with radroactive materials (535). The animals were then fed
cholesterol. After several months, the viability of the labeled
cells was venfied by demonstrating their continued ability to
phagocytose India ink. Although atherogenesis occurred,
with formation of intimal foam cell cushions, none of the
lipophages in the lesions contained radioactive material
(535)- This finding indicates that—contrary to Leary’s views
—foam cells in atherosclerotic plaques are not derived from
the phagocytic cells of the reticulo-endothelial system in
her, spleen, bone marrow, etc. Studies by Duff and Mac-
millan on the accumulation of colloidal thorium dioxide in
lesions of experimental cholesterol atherosclerosis also
yielded evidence failing to support Leary’s concepts on the
origin of lipophages (536). An additional significant fact
emerged from the tracer studies of Simonton and Gofman
(535), and of Biggs and Kritchevsky (653), viz., that exog-
enous cholesterol forms the bulk of the cholesterol in
atherosclerotic lesions of cholesterol-fed rabbits. It would ap-
pear that cholesterol synthesized endogenously from small

arx
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molecules by arterial tissue (654) is probably not a signif-
icant factor in atherogenesis.

Hirsch and Weinhouse—utilizing biochemical analytical
methods—compared lipid levels and lipid fractions in plasma
and intima of normal and cholesterol-fed rabbits (85, 86).
The intimal lipids had the same composition as the plasma
lipids. The authors therefore concluded that *. . . the lipid
deposits in atherosclerosis result from a non-selective deposi-
tion of the plasma lipids” (86). These findings tend to
support the concept that the lipids of atherosclerotic lesions
are derived from the plasma by a process of trans-intimal
filtration. Recently Wilens also attempted an experimental
evaluation of Anitschkow’s infiltration theory (651). He
excised normal human arteries and, utilizing various pres-
sures {45~320 mm Hg.), distended them for 24 hours or
more with normal human blood serum. Diffusion of serum
through the arterial wall was demonstrated by chemical
methods. Some cholesterol entered the arterial wall and was
retained within it. Sudan IV staining confirmed this lipid
deposition in the arterial intima. Wilens suggested that
these experiments may reflect in some measure what occurs
physiologically. Hence he concluded that they constitute
“ . . direct and substantial evidence in favor of the filtra-
tion theory of lipid deposition in atherosclerosis” (651). The
experiments of Evans, et al., lend further support to this con-
clusion (652). They pulsated oxalated blood at various pres-
sures against normal fresh strips of human aorta. When
blood was obtained from cases with myocardial infarction or
vascular disease, particulate deposits of birefringent lipid
were demonstrable in the aorta wall (652). Use of blood
from normal young adults resulted i little or no hipid depo-
sition. Thus a significantly different result was obtained with
blood from narmal vs atherosclerotic individuals (652).

This ebservation brings us back to our point of departure
in this di From the i ) id ilabl

P »
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it would appear that trans-intimal filtration from plasma may
be the mechanism whereby lipids (lipoprotein complexes)
enter the arterial wall in atherogenesis.* If this is so, the
state of aggregation of cholesterol in plasma must be a key
factor (together with the state of the intima) influencing the
extent and rate of transudation of Jipid into the arteria} wall.
Hence the importance of recent work on plasma cholesterol-
bearing colloidal micelles,

ALIMENTARY HYPER- AND MACRO-
CHYLOMICRONEMIA

Moreton recently advanced another variant of the concept
that the state of aggregation of the plasma lipids is a de-
cisive factor in atherogenesis (270-27z). Unlike other in-
vestigators, he stressed the role of postprandial neutral fat
hyperlipemia in atherogenesis.

In normal postabsorptive plasma, lipid aggregates
(chylomicrons) are few in number and measure only ¥2-2 »
in size (54); the plasma is a clear lumpid solution. The
presence of hydrophilic phospholipids and proteins is es-
sential for the maintenance of this small particle size and
stability of the Jipoprotein micelle.

Physiologically, both the ber and size of these circo-
Iating lipoprotein aggregates increase in postprandial periods.
Hyper- and macto-chylomicronemia, and gross lipemia
(milky plasma) supervene. Chemical analysis of such post-
prandial plasma reveals a marked increase in neutral fat,
with no change in cholesterol or phospholipid concentration
(54). This type of hyperipemia without hypercholestero-
Jemia {as distinguished from the hyperchol lemic hy-
perlipemia in hypothyroidism, diabetes mellitus, essential
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hypercholesteremic xanthomatosis, nephrosis, obstructive
jaundice) (Fig. 6) occurs clinically in idiopathic familial
hyperlipemia and in Von Gierke's disease (54). According
to Moreton, “The cumulative effect of many fatty meals
over a lifetime, by producing these transient showers of
large lipid particles in the plasma, may be the underlying
cause of the intimal lipid deposition in human athero-
sclerasis. . . . The increased particle size of the lipids in
sustained or alimentary hyperlipemia is the stimulus to the
phagocytosis in the intima by macrophages and the forma-
tion of the typical ‘foam cells’” (270). “. .. . In normal
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Fig 6. Typical serum lipid patterns 1n a vanety of conditions asso-
ciated with elevated serumn Jipids~—Ahzens, E. H, Jr. (z05).
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humans deposition of lipid and atheromagenesis occur only
during, and as a result of, the chylomicronemia produced
by the ingestion of a fat-rich meal. . . . The primary factor
and sine qua non in atherosclerosis is the presence in the
circulating blood of coarsely suspended colloidal particles
considerably larger than those found in normal plasma and
composed of, or containing, a substance (cholesterol) rela-
tively resistant to the resorptive and removal mechanisms of
the artenal intima (macrophages and tissue fluid enzymes)”
(271).

Becker, Meyer and Necheles recently supported this con-
cept. They demonstrated that alimentary chylomicronemia
is of significantly greater duration and intensity in people
over 50, and suggested that this may account for the in-
creased incidence and seventy of atherosclerosis in older
people (273). Further, Zinn and Griffith found a signifi
cantly greater ratio of macrochylomicrons to micro-
chylomicrons (lipomicrons) in the fasting blood sera of
atherosclerotic patients, as compared with contro] subjects
(655). Block, et al,, observed that following a standard fat
meal men develop a significantly greater plasma lactescence
than women of the same age group (614). In accord with
Moreton’s views, they suggested that this may be of sig-
nificance for atherogenesis

Moreton’s hypothesis hinges upon the idea that the al-
tered state of dispersion of plasma lipids during alimentary
hyperliperma involves cholesterol. He postulates a qualita-
tivealteration involving an i in the size of cholesterol-
containing micelles. Alteration in plasma total cholesterol
concentration is not essential for atherogenesis, according to
this concept. Moreton claims that biochemical analysis
di trates chol | in macrochyl i P ted
from plasma by high speed centrifugation (270). However,
contrary data wererecently obtained by Gofman, et al. (152).
These workers studied the entire spectrum of plasma lipids in
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hyperlipemic man. They succeeded in carefully separating
macrochylomicrons from other lipoprotein moieties by
ultracentrifugation. Analysis of these macrochylomicrons re-
vealed them to contain 5% or less cholesterol, a concentra-
tion inordinately low, in relation to Moreton’s concepts.
Moreover, before Moreton's ideas can be regarded as more
than hypotheses, he must account for onme clinical
phenomenon fundamentally contradictory to his concept:
In marked contrast to people with hypercholesterolemic
hyperlipemias, patients with normocholesterolemic neutral
fat hyperlipemias (e, idiopathic familial hyperlipemia,
Von Gierke's glycogen storage disease) exhibit no unusual
susceptibility to atherosclerosis (58, 205). In advancing his
hypothesis, Moret pared ali y hyperlipemia
with sustained hyperlipemia. An examination of the table
he published (271) indicates that he failed to distinguish
between the two types of sustained hyperlipemia, namely,
normochol lemic and hyperchol lemic. Instead,
he equated both; or rather he equated hypercholesterolemic
hyperlipemia and alimentary hyperlipemia The valdity of
this reasoning remains to be demonstrated experimentally—
and with it Moreton’s entire hypothesss.

TOTAL CHOLESTEROL/LIPID PHOSPHORUS RATIO

As we have already noted (cf. p. 54), Ahrens and Kunkel
have recently emphasized another variant of the thesis that
atherogenesis is due to abnormal interrelations among the
plasma lipids and pathologic states of aggregation of the
plasma lipoprotein mucelles (203-205) Based on their
studies of biliary obstruction, these investigators stress the
total cholesterol

significance of a disturbance in the plasma -
Jipd phosphorus

ratio,
Peters and Man were among the first to note that nor-
89
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total cholesterol
lipid phosphorus
stant than the concentration of either individual lipid (54,
147). The concept was advanced, “A proper balance be-
tween the lipids appears to be more sedulously protected
and is, therefore, presumably more important than the
absolute concentration of any one or all of the lipid com-
ponents” (54). Attention was also called to the fact that the
Tasma total cholesterol
P lipid phosphorus
normal or diseased peaple. Rather, it varied with the concen-
tration of cholesterol. At higher plasma cholesterol levels,
the ratio was higher, i, total cholesterol usually rose more
rapidly than phospholipid, as the two increased (Fig. 7)-
Wilkinson recently demonstrated essentially the same cor-
relation between free cholesterol and phospholipid (208},
an expected finding in view of the relative constancy of the
1 free cholesterol .
PlasTa ¢ T cholesteral 10

Neither Peters and colleagues nor Wilkinson correlated
these plasma Jipid patterns and atherosclerosis. The former
deny that such correlations are valid (54). Hirsch and Wein-
house were among the first to emphasize that interrelations
among the plasma lipids, rather than the absolute level of
plasma cholesterol per se, might be significant in athero-
genesis (86). Only lately, however, has attention been
total cholesterol
Iipid phosphorus

In addition to the studies of Ahrens and Kunkel, the
recent report of Eilert furnished information conceming
the possible relationship of plasma C/P ratios to athero-
genesis (274). She analyzed the effects of estrogens on
plasma lipid fractions of female patients. Hormone adminis-
tration usually effected a rise in serum lipid phosphorus and

90

mally the plasma (C/P) ratio is more con-

ratio was not a constant, either in

focussed particularly upon the plasma ratio,
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a fall in total cholesterol. Consequently the plasma C/P
ratio fell. The author noted that normal C/P ratios pre-
sumably protect against atherogenesis. The decreased sus-
ceptibility of pre-climacteric women to coronary athero-
sclerosis (227, 228, 275~277) might be attributable to the
effect of estrogens on plasma lipid levels (274). This
represents one of few attempts to account for the sex differ-
ential in human atherogenesis. Its validation would appear
to demand the demonstration of significant sex differences

: l[
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Fig. 5. The relation of cholesterol to the scium fotal cholesterol
Iiprd phosphorus

ratio—Peters, J. P. and Van Slyke, D. D (54), and Peters, J. P.
and Man, E. B. (194&
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total cholestercl
lipid phosphorus
from Tables XVII, XVIIT and XX, no such differences are
demonstrable.

Further clinical studies on the significance of plasma C/P
1atios have been accomplished by Gertler, et al. (207-111).
These workers found that C/P ratios were significantly ele-
vated in groups of patients with coronay atherosclerosis {cf.
Table XV). They concluded, “The difference in total cho-
lesterol: phospholipids ratio between the coronary disease
group and the two healthy groups indicates a disturbance in
lipid interrelationships in coronary heart disease. This is sug-
gestive of a disturbance in serum colloidal make-up in the
coronary disease group” (108).

Since their coronary disease group exhibited an increase
in both mean plasma C/P ratio and total cholesterol con-
centration (Table XV), it is difficult to assay which change
was decisive for atherogenesis. Smmilarly, the validity of
Ahrens and Kunkel's conclusions concerning the significance
of the C/P ratio depends on demonstrating the absence of
intensified atherogenesis in patients with biliary obstruc-
tion, hypercholesterolemia and normal C/P ratios.* A
larger series of cases is essential to verify this phenomenon

Recently, Gertler compiled data on plasma C/P ratios in
patients with various clinical states (Table XX). Patently,
several disease entities in which intensified atherogenesis is
common exhibit elevated C/P rtios. Contrariwise, several
in which atherogenesis is minimal exhibit normal or low
C/P mtios However, inconsistencies are apparent, €.8.
males as compared with females, xanthomatosis cases, hy-

in plasma ratios. However, as is apparent

Tose o won sl stk ¥hay not infreauently ex-
> ratios

olemic
to that
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pertensives, eunuchs. In these, the correlation between level
of C/P ratios and susceptibility to atherosclerosis is poor.

A further point is in order here: Gertler and associates
imply that the higher C/P ratios in their coronary disease
vs. their control group represent abnormal clevations. How-
ever, the coronary group has higher plasma cholesterol levels
(Tables XV and XX). According to Peters and Van Slyke
(54), C/P ratios are normally higher with higher plasma
cholestero} Jevels. It wonld therefore appear necessary to
compare C/P ratios in a normal vs an atherosclerotic group
equated with respect to plasma cholesterol levels. Higher
C/P ratios n the latter group would be a far more significant
finding. The importance of this point is emphasized by a
comparison of data in Tables XV, XX and Figure 7. All the
C/P ratios exhibited by the several coronary disease groups
fall below values cited by Peters and Van Slyke as normal
for the given plasma cholesterol level (Table XXI). Hence
it has not been definitively demonstrated that the C/P ratio
is abnormally elevated in the coronary disease groups.

Recently, Gofman presented data clarifying factors in-
volved in determining C/P ratios in human plasma (153,
567). “A relatwve comparison of S, ratios with cholesterol-
phospholipid ratios indicates that molecules from S, 3 to 100
have weight ratios of cholesterol to phospholipid in the
neighborhood of one. Molecules of S, 10~20 classes on the
basis of our most recent determinations may be as high as
1.3. However, the high-density lipoproteins, probably corre-
spondmg to the alphalipoproteins that Dr. Barr mentioned,
have a weight ratio of cholesterol to phospholipid in the
neighborhood of one half. The overall serum cholesterol-
phospholipid ratio is therefore determined more by the
relative amount of high-density lipaproteins compared to
low-density lipoproteins than it is by the distribution of
cholesterol among the group from 3 to 100 S¢” (567} (cf.
pages 69, ¢f seq. and 114, et seq.j.
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Clearly, additional clinical research is indicated to evalu-
ate further the yelationship of C/P ratios to atherogenesis in
man.

CHOLESTEROL DERIVATIVES

Other workers have taken a different approach to the
problem of the plasma state of aggregation of cholesterol
and its relation to atherogenesis. These investigators postu-
Iate that cholesterol denvatives may be the key atherogenic
stimuli, They suggest that these may appear and operate
pathogenically in the presence of normal plasma total cho-
lesterol concentrations * Along these lines, Kendall and as-
sociates investigated the atherogenic potential of several
oxidation products of cholesterol 1solated by Ruzicka from
lipid extracts of atherosclerotic human aortas (56). They re-
ported the 1dentification of small amounts of one such sub-
stance (7-ketocholesterol) in sera of dogs with expenimen-
tal atherosclerosis (280) They also studied the effects of
giving rabbits sigle mtravenous injections of oxidized col-
loidal cholesterol solutions contaiming 7-ketocholesterol and
7-hydroxycholesterol. They observed intumal deposition of
lipid within 24 hours (56, 281, 282). Repeated intravenous
injections of such colloidal cholesterol solutions induced
sustaned hypercholesterolemia and atheromatous lesions
(cf, page 77). However, at least 20% unoxidized cholesterol
was present 1n their aerated solutions (283). Hence it is not
possible to ascertain whether the endothelial cells selectively
mmbibed the oxidized or unoxidized compounds. Neither
Altschul (284) nor Cox and Spencer (285) were able to in-

*The preferred Schonhen

toral f2mRY tayal nee

Lol of el for plama choler

97



EXPERIMENTAL ATHEROSCLEROSIS

duce vascular lesions in rabbits by feeding or injecting
7ketocholesterol. Further, Altschul obtained indifferent re-
sults in rabbit experiments with several other derivatives of
cholesterol (284). Obviously this wotk on the role of oxida-
tion and reduction products of cholesterol in atherogenesis
is in its earliest stages. Definitive information has yet to be
obtained. From present knowledge, it would appear that
cholesterol itself, not its derivatives, is the offending athero-
genic stimulus.

BOUND AND UNBOUND CHOLESTEROL

Forbes, ct al,, recently developed a new method for study-
ing the state of aggregation of cholesterol in plasma. These
workers fractioned serum cholesterol chemically into bound
and unbound components, the latter presumably being de-
tached from protein (286). They found that a small frac-
tion of normal plasma cholesterol is readily extractable with
chloroform at 5°C from frozen, dried plasma. They further
showed that this readily extractable frachion 15 slightly ele-
vated in hypothyroid and some diabetic patients. It is mark-
edly increased in nephrotic humans and hypercholestero-
lemic rabbits. Duff and Payne utilized this technique in an
experimental study of chol l-induced atherosclerosis in
1abbits. These workers were unable to demonstrate a corre-
Tation between atherogenesis and concentrations of unbound
cholesterol and phospholipid in their cholesterol-fed ani-
mals (287). In view of the technical simplicity of the ex-
traction procedure, this approach ments further study
despite Duff and Payne’s negative results. Electrophoretic
and ultracentrifuge studies would be of value to delineate
the precise state in plasma of so-called “unbound” choles-
terol. From extant data, it would appear that all the plasma
Tipids exist naturally as constituents of complex lipoprotein
molecules of high molecular weight (556).
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CLASSES OF CHOLESTEROL-BEARING LIPOPROTEIN
MOLECULES (ULTRACENTRIFUGE STUDIES)

Of the recent studies on the state of aggregation of cho-
lesterol in plasma, probably the most sigmfi are those
of Gofman, et al (152, 153). As already indicated, these
workers developed an ultracentrifuge method (289) for the
identification and quanhitative characterization of individual
lipid-bearing protein molecules of plasma {288). They used
these quantitative ultracentrifuge techniques to clarify
whether in atherosclerosis “the physico-chemical nature of
the blood lipids might be of more significance than the
analytic Iipid levels themselves” (152).

“In the work with atherosclerosis our concern is primarily
with lipid and hipoprotein molecules of densities close to
1.00 Gm./cc. By adjusting the density of the solution being
studied with sodium chloride to a value of 1.063, the solu-
tion is thereby made more dense than the molecules them-
selves, with the result that all molecules of lesser density
undergo flotation. In fact in this work we preliminarily float
all the lipids and lipoproteins of a class less dense than 1.063
to the surface in a preparative ultracentrifuge, pipet off the
top fraction containing them, and then study the group for
its individual constituents by the analytic ultracentrifugal
method. . . . The customary unit of migration is the Sved-
berg, named in honor of T. Svedberg who invented the
ultracentrifuge and developed the theory of its use. A mol-
ecule which undergoes sedimentation at a rate of § X 107
em per sec. per umt field of force is said to have an S value
of 5, or to be a molecule of the § 5 class. We have adapted
this term for flotation runs such that a molecule which

undergoes flotation at a rate of 5§ X 10® cm. per sec. per
unit field of force has an S, value of 5, or is 2 molecule of the
S, 5 class.
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“The group of lipoproteins and lipids in human serum of
densities less than 1.063 Gm./cc. may consist of as many as
ten species of molecules, the number being variable from
individual to indiv:dual. Several of these molecules are cho-
lesterol-bearing molecules, and in fact generally carry a large
fraction of the total serum cholesterol, These components
are readily characterized by their flotation rates under speci-
fied conditions or by their hydrated densities. For present
purposes the flotation rates are most useful

“The various classes of molecules found in serum by these
studies are the following:

“(a) Species which migrate with S, values greater than
75 S, units. These mclude the well-known chylomicrons
and aggregates of much smaller dimensions than the chy-
lomicrons. The concentration of species in this entire class
15 increased following fat-containing meals and hence repre-
sents part of the alimentary lipemia. We have found no cor-
relations between components of S; greater than 75 units
and the presence of atherosclerosis in humans,

“(b) Species which migrate with S, values between 30-
70 S, umits. These species constitute the majos fraction of
alimentary lipemia and are greatly modified in concentra-
tion with relationship to meals. Certfain of these components
are cholesterol-bearing molecules and their relationship to
atherosclerosis is under investigation.

“(c) Species of discrete classes which migrate with rates
between 10 and 20 S, units. These components, whose mo-
lecular weights are in the neighborhood of 3,000,000,* ap-
pear definitely related to the presence of atherosclerosis in

*The molecular wetght of cholesterol is fo4 65; the molecular weight of
SLL Taim mnid sctor of chalecternl it foo 16 Since the molecular weight of 2

___f~3°><3'°‘;°'°°° or more than 2000 chalesterol moleculest (L N.K &J.5 ).
404 63
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humans. There are occasionally present in addition mole-
cules of the S; 20~30 class, some of which appear to have
significance like that which characterizes the molecules of
the S; 20~20 class, but the role of the §; 20-30 components
requires further clarification. The S, 10-20 class contains at
least three separate species of molecules, each approximately
_ 30% cholesterol by weight, which at present appear to be of
equivalent significance with respect to atherasclerosis.

“(d) Species which migrate with S, rates between 3-8
S units. These molecules are important cholesterol, phos-
pholipid, and protein-containing substances, loosely re-
ferred to in the general literature as the B, lipoprotein. Ac-
tually this component may exist as a single component or as
2 multiple group of components in an individual case. This

p t or set of comp carrying a major fraction
of the serum cholesterol, is present in every one of some
4000 samples studied, at concentrations varying from indi-
vidual to individual, but at an essentially constant level for
a given individual from time to time, This set of compo-
nents does not of itself appear to be related to atherosclero-
sis” (152).

As is evident from Table XXII, “ . . The actual lipid
constituents which are transported via the different Lipo-
Pproteins are quantitatively and qualitatively different. The
major neutral fat (glyceryl ester) bearing molecules are
those of §; 17 and higher whereas in general the major
cholesterol-bearing molecules are those of S, 17 and lower.
‘Thus since enormons variations in the relative concentra-
tions of the individual lipoprateins exist from one person to
another, it should be evident that a determination of the
total lipid level by the usual classic chemical technics will
fall far short of an adequate description of the true manner
in which the lipids are being transported” (556).

In more recent studies, Jones, Gofman, et al., obtained
evidence indicating that these various circulating lipoprotein
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molecules are in fact transport vehicles for lipids in plasma
(556). “. . . All the molecules from S, 40,000 down to S;
4 (and possibly into the high density class) represent a se-
quence of molecules in a metabolic chain involved in the
ultimate utilization of glyceryl esters and/or fatty acids”
(556). Jones, et al, summarized the available evidence in-
dicating that components of high S; value are progressively
transformed into those of the lower S; classes. They found
that the average lifetime of all the lipoprotein species of the
low density group is of the order of several hours. Based on
these tracer and other studies, they amved at the further
conclusion that the normal pattern is one showing no appre-
ciable concentration of any lipoproteins above a certain limit
(S; 6) for the human. “Deviatmg from this simple pattern
there is a regular sequence of types of patterns which may
be regarded by itself as a progression of a lipid metabolic
defect reflecting itself in the lipid transport mechanism”
(556). The nature of this progression 1s illustrated in Table
XXIIT from Jones, et al (556). Kendall's studies led him to
a similar mterpretation of the significance of plasma S,
pattemns (566).

Having 1dentsfied vanous groups of lipoprotein mol-
ecules in plasma, Gofman, et al, proceeded further to de-
termine their relationship—if any—to atherosclerosis. Their
summary best presents the essence of their findings:

“The presence of a class of lipid and lipoprotein molecules
in the serum of man and the cholesterol fed xabbit, associ-
ated with atherosclerosts in both species, has been demon-
strated.

“These molecules do not represent any part of the acute
alimentary lipemia.* The presence of these cholesterol-bear-
ing lipid and lipoprotein molecules cannot be predicted

"l‘hnx d of a lack of i betwccn 1nvolved
doubt on

the vahdity of Mme!ons concepts (cf page 86) (LNK & ]S )
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. TABLE XXIII

Lipoprotein Transport as o Measure of Lipid Metabolic Defect
{Human}—Jones, H. B. et al. {556)

“Normal” Pattern
(1) Lipoprotemns of S 4 and/or Se 6 present at low or moderate concen-
trations Mimmal levels of higher S¢ components except for transient ele-
vations in St 30-40,000 followmg fatty meals.

“Minimal” Defect
{2) Lapoproteins of S: 4 and/or S: 6 at increased concentrattons but with-
out any mcrease in higher S: components as compated with {1).

“Minor” Defect
(3) Lipoprotems of Se 4 and/or Se 6 plus S 8 in increasing concentration

Progressively “More Severe” Defect
{4) St 4 + St 6 + St 8 -+ St 10
(5) St 4 -+ S: 6 + S¢ 8 + Sc 10 + S a3
(6) Se 4 + S: 6 + Se 8 + Se 20 + Sr 13 4 Se 17 R
(7) St 4 + S¢ 6 + S¢ 8 + S5r 10 4+ S; 13 + Se 17 + S¢ 17-20
(8) St 4 + 5: 6 4 S¢ 8 + Se 10 4 S¢ 13 + S¢ 17 + Se 17-20
+ St 2040
(9) St 4 + St 6 + S¢ 8 + Se 10 4 8¢ 13 -+ S¢ 17 + S¢ 17-20
+ St 20-40 + S: 40-40,000
(In this group the Se 40-40,000 can be of transient exstence follow-
mg meals or may be sustaned even post absorptively.)
(10) “Most Severs™ Defect
Asn (9) except that the St 4 and S¢ 6 may be depressed to quite
low concentrations. (This may be regarded as a general shuft toward
hugher Se lipoproteins, and 15 comparable to that which appears i the
rabbits 1n the later phases of cholesterol- Wesson oil feeding.)

from the analytic total serum cholesterol level Partial di-
etary restuction of fat and cholesterol in man results in 2 -
gradual decrease in the serum level of such molecules over
a period of weeks to months.

“These molecules are present with a much higher fre-
quency and at higher concentrations in patients w}m have
survived a myocardial infarction than in corresponding indi-
viduals without known vascular disease. The presence of

.
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these molecules with increased frequency in other diseases
associated with excessive atherosclerosis (diabetes mellitus,
the nephrotic syndrome, hypothyroidism, hypertension and
coronary insufficiency) supports the hypothesis of their
association with atherosclerosis” (Table XXIV) (152).

These conclusions of Gofman, Lyon and co-workers have
recently been subjected to serious criticism by Keys (540).
He questioned whether the data presented by Gofrman, et
al,, actually support their fundamental thesis. This thesis, it
will be recalled, is as follows: “The basic premise of this
research was that there might be a defect in the molecules
which transport fats and cholesterol that could be more
intimately related to the pathogenesis of att lerost
than are the total analytical levels of the various lipids them-
selves, € g,, serum cholesteral levels” (539).

Keys noted that Gofman, et al, did not submit their saw
data to statistical analyses, correlating the actual relation-
ships among total cholesterol levels, S; 10-20 levels and
atherosclerosis. He therefore proceeded to carry out appro-
priste andlyses of the data presented by Gofman, et al, in
their two initial publications (152, 153). His findings led
Keys to these conclusions:

“From an analysis of published data it appears that there
is an {mportant correlation between the concentrations in
the blood serum of total cholesterol and of the ‘giant’ mole-
cules or aggregates (G) ct ized by -10 to -20 Svedberg
units in the ultracentrifuge.* The correlation coefficient in
both normal men and in men with myocardial infarctions
is of the order of at least 0 5 t0 0.6.

“As a criterion to discriminate between clinically normal
and men with the mportant degree of atherosclerosis rep-

*Thns 15 2 very different conclusion from that of Gofman, et al “The pres-
;:“p:fd ?;:Ic f‘ o b !‘ g T ) and hipop: molecyles cannot
1 rom ] okl "
TR oy e analyhe total serum cholesterol level” (152)
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PLASMA LIPOPROTEIN COLLOIDAL COMPLEX

resented by myocardial infarction, the measurement of G is
not superior to and may well be inferior to the measurement
of total cholesterol in the serum.

“Extremely low values of G in serum are rare in men with
infarcts, hence the finding of such low values may be useful
in estimatmg the likelihood of normality. On the other
hand, very high values of total cholesterol in the serum tend
to be more frequently related to atherosclerosis than are
correspondingly high values of G.

“There is no evidence that combining G and total
cholesterol criteria will 1mprove predictions of abnormality
made from cholesterol measurements alone.

“Data from cholesterol-feeding experiments with rabbits
show the severity of atherosclerosis which results 15 highly
correlated to about the same degree with both G and total
cholesterol levels in the serum, but that the effective serum
levels are beyond the range usually seen in man.

“At the present time, it 15 entirely unjustified to attribute
to G measurements any special virtue beyond that for simple
cholestercl measurements for the prediction of atherosclero-
s1s or the estimation of the activity of the atherosclerotic
process” (540).

_ It is to be noted that these conclusions of Keys were de-
tived from analyses of data presented by Gofman, et al., in
their first three publications (152~153). Their additional
findings (538, 539, 556, 567) would appear to compel a
modification of the criticisms Keys leveled. Some of these
data on males with myocardual infarction vs. normals are pre-
sented in Figure 8 and Table XXV (556). Analysis of these
data led to the following conclusions: “Thus for both age
groups [41-50, 5160 years of age] there 1s a segregation of
infarcts from normals by S, 12-20 measurements, independ-
ent of the serum chalesteral. However, while the 41-50 year
age group is segregated approximately as well by serum cho-
lesterol measurement, independent of S; 12-20, the 51-6o
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PLASMA LIPOPROTEIN COLLOIDAL COMPLEX

year age group infarcts are not significantly segregated by
serum cholesterol measurements” (556).

Pooling the two age groups, and comparing 156 cases of
myocardial infarction with 124 normals age 41-60 year,
Jones, et al,, obtained the data ized in Table XXVI
(556). They concluded: . . . The S, 12-20 measurement
significantly segregates myocardial infarcts from normals,
independent of the serum cholesterol levels. However, for
the same group, serum cholesterol does not significantly
segregate myocardial infarctions from normals, independ-
ently of the §; 1220 levels” (556).

Expressed somewhat differently, these data demonstrate
the following:

“. .. At any range of serum cholesterol, even including
hypercholestemlemla, the patxents with atherosclerosis or
diseases predisposing to att lerosis show higher S 10~
20 levels than do presumably normal individuals, For exam-
ple, at a low cholesterol such as z00-225 mg.%, patients
with coronary disease show higher S, 10-20 levels than do
normals. Likewise, in the hypercholesterolemic range, say
300-350 mg. %, patients with coronary disease show higher
S; 10-20 levels than do normals who carry the same total
chalesterol” (539).

Further:

“Hypertensive patients who have coronary artery disease
(presumably atherosclerotic in origin) show higher S, 10~

[P N PR U O S -

mean S, 12-20 level at any cholesterol level in normals and myo-
cardial mfarcts, res‘yecﬁvely.‘ Lines C and D show the mean choles-

and gz myocardual infarctions)—]Jénes, H. B, et al (556).
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PLASMA LIPOPROTEIN COLLOIDAL COMPLEX

in its early stages. The fundamental sigmficance of its find-
ings cannot yet be definitively evaluated. If final judgment
is for the present withheld, however, this in no way detracts
from the importance of the new research path being ex-
plored by Gofman, Lyon and co-workers. Their approach
and the findings stemming from it point the way to a pos-
sible resolution of 2 number of unclarities plaguing investi-
gators in the atherosclerosis field. Normocholesterolemia,
diet, alimentary lipemia, age—the relationship of each of
these and other factors to atherosclerosis will almost cer-
tainly be clarified by ultracentrifuge studies of classes of
cholesterol-beaning lipoprotein molecules. In any case, the
results of this work to date—regardless of possible areas of
disagreement concerning their interpretation—are major
new sources of evidence m support of the cholesterol con-
cept of atherogenesis.

CHEMICAL AND ELECTROPHORETIC
MICROFRACTIONATION OF PLASMA PROTEINS
AND LIPOPROTEINS

Finally, note must be taken of the fact that ultracentrifuge
analysis 15 not the only avenue of approach to the problem
of the role of lipoprotemns in atherogenesis. Other tech-
niques, eg, brochemical (63) and electrophoretic (236,
289, 290) are avarlable for such studies. To date they have
been utilized to only a limited degree. Thus a preliminary
report by Gofman indicated that alterations in e- and 8-
globulins occur in conjunction with emergence of lipopro-
teins of the higher S, classes (153). Further, Pearsall and
Chanutin correlated plasma lipid levels and protein fractions
in humans with various diseases However, the possible re-
lationship of their findings to atherogenesis was not analyzed
(236). Another recent report along similar lines indicated
that cholesterol-fed rabbits developed 8- hyperglobulinemia
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EXPERIMENTAL ATHEROSCLEROSIS

20 levels than do individuals with uncomplicated hyper
tension, :

“Diabetic patients with vascular disease (hypertension
and/or coronary artery disease) show higher levels than do
diabetic individuals who do not show these complications”
(538).

“ . . Both the average blood level of S; 10-20 molecules
as well as the frequency of occurrence of high levels (over
6o mg. %) ate significantly (p = o 03) greater for patients
experiencing recurrent [myocardial] infarction than for
those who did not have a recurrence.

“. . . Moderate reductions [in S, 10-zo levels] produced
by diet* are capable of giving these individuals [with known
coronary artery disease] significant protection from 2 high
recurrence rate of myocardial infarction, All these data ar
consistent with the hypothesis that the reduction in S
10-20 lipoprotein level may have lessened the progression
of atherosclerotic disease” (539).

Obviously this departure in atherosclerosis research 15 still

TABLE XXVI
Al Myocardial Infarctions from 41-40 Years Maiched by :Age
and by S, 12-20 or Chol, ! from the Reg: q

~—-Jones, H. B. et al. (556)

(A) Matched at the same cholesterol Jevels-
(for 156 cases)  Se 12-20 levels average 23.1 mg % ligher m myo-
cardial infarcts than i normals,

{B) Matched at the same S¢ 12-20 levels
(for 156 cases)  Serum cholesterol averages 1.1 mg % less in myo-
cardial infarcts than mn normals,

mst to the depressmg effect on S¢ 10-20 levels of 2 conventional low
fatlow cholesterol diet, Hatch and Kendall reported an increase or 10
change with the nice diet 1n hypertensive patients (cf. pages 37, 42) {658)
(LNK and J5.).
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PLASMA LIPOPROTEIN COLLOIDAL COMPLEX

patterns were found (558). “These include a tendency to
reduction of albumin and alpha lipoprotein and a relative
and absolute increase in beta lipoprotein . . . These changes
may be apparent without hypercholesterolemia or recog-
nizably significant elevation of the cholesterol-phospholipid
ratio of the unfractionated plasma . . . In many diabetics
they are apparent before any vascular complications of the
disease are clinically recognizable. They were seen in two
cases of familial xanthoma tendinosum. They are present to
an extreme degree in patients with the nephrotic syndrome.
It is suggested that future attempts to relate lipids of the
plasma to the deposition of lipids in tissue must take ac-
count of their combinations with protein; also, that further
exploration of protein-ipid relationships may be rewarding

TABLE XXVII

Microfractionation of Plasma Proteins Accomplished by Method
10 of Coha, E L. et al (550}—Barr, D. P. {541)

Frachon A(1V, V, VI)
Albumin
Alpha; Iipoprotemn
Alphas glycoprotemn
Beta, metal combiming protemn

Fraction B{II}
Gamma globuling

Fraction C(IIL)
Beta, ipoprotein
Beta; Iipid poor englobulin
Ceruloplasmin

Fracton D(, M,s,)
Fibrinogen
Prothrombin
Cold msoluble globulin
Plasminogen
Isoagglutinms
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EXPERIMENTAL ATHEROSCLEROSIS

in conjunction with hypercholesterolemia (291). Finally,
Barr recently reported on abnormal variations in the distr-
bution of cholesterol-bearing lipoproteins in the plasma of
individuals with atherosclerosis (541). For his analytical
procedure, he utilized a new modification (Method No. 10
of Cohn. et al.) for biochemical microfractionation of
plasma proteins (63, 550). The separation of plasma pro-
teins effected by this method is indicated in Table XXVII
and Figure g (541, 557). For purposes of atherosclerosis re-
search, the significant feature is the separation of the plasma
lipoproteins into two distinct fractions. a;- and Bylipopro-
teins (Fig. 9) are segregated in Fractions A and C respec-
tively (Table XXVII).* Chemical analysis of the fractions
revealed the followmg facts: Practically all of the plasma cho-
lesterol is contained in Fractions A and C (a;- and Aylipo-
proteins), approximately 30% in the formerand 70% in the
latter (Table XXVIl—note sex difference) (557). Frac-
tions A and C contain similar amounts of lipid phosphorus;
hence the c.h?lestetol
lipid Phosphorus

high in Fraction C (Table XXIX) (557)-

In persons with coronary atherosclerosis, or with discase
predisposing to atherosclerosis (diabetes, nephrosis, xantho-
matosis), sigmificant departures from the foregoing normal

ratio is low in Fraction A and

*Nexther Fraction A nor C 15 2 distinct entity, rather, each contains ‘between

3 and n molecules (556, 567). The arlipoproteins arc high density mole-

éules (densities of 107-1.12). These ate not flotated in the usual ultre-

centrifuge runs of Cofman, et al, wherem the density of serum is raised to

S e e e e i raised to 124 with 2

sroteins are flotated ultracen-

1 ipoproteins are low dmsxt{

of density 1 063 at the fol-

o . (densities of 1050-1035);
abnormal patterns—Se 2-6 plus S¢ 8-17 (densities of 1.039-0 99) an

Sy 17-40,000 {densities of 0 g9 and <) "Since ‘molecules of classes Se 10
and above emerge m_plasmas of cholesterol fed rabbits, and these are all
prlxpu%mteinS. the finding of ghyperglobulinemia in conjunction Wit
hypercl
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PLASMA LIPOPROTEIN. COLLOIDAYL COMPLEX
both in clarifying the path is of atherosclerosis and in
aiding in its early recognition” (558).

The authors noted that the data presented did not defin-
itively establish a relationship between the changes ob-
served and atherogenesis. The possibility exists that these
alterations are non-specific in origin, Nevertheless, they cor-
rectly stressed that future efforts to relate the lipids of
plasma to lipid deposition in tissues, particularly arteries,
must take into account their combinations with protein,
and particularly with e- and £ipoprotein (541). Certainly
further work along these lines is clearly indicated.

In concluding this discussion on the colloidal state of ag-
gregation of cholesterol in plasma, we wish to emphasize
that this relatively new approach to the atherosclerosis
problem has already borne considerable fruit. This estimate
in 1o way detracts from the fact that the final significance
of certain suggestive correlations, eg., between the C/P
ratto and atherosclerosis, between S, 1020 lipoproteins and

TABLE XXIX
holesterol
lipid Phosphorus and c—l%'i {C/P) Ratios in Plasma and
ipil
Plosma Fractions of Presumably Normal Persons*—Russ, E. M.
et al. [557)
Lipid P+ [%:3
mg %
Whole plasma 101 238
Fraction A (q,} 43 128
Fracton C (g,) 46 338

*38 cases, 17 males (2 age 25, 15 age 45-63); 23 females (11 age 2234,
10 age 5162 yrs )
"phosphohpid/z;
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PLASMA LIPOPROTEIN COLLOIDAL COMPLEX

simetry, chromatography and immunochemical analysis will
be applied for the further “dissection” of the plasma choles-
terol-containing lipoprotein colloidal micelle. Can an anti-
body titer be built up against lipoproteins of various S,
classes? Can such lipoproteins be “neutralized” immuno-
logically? Will atherogenesis be affected thereby? Perhaps
of greater significance will be the application of tracer
methods to the study of factors regulating lipid and protein
synthesis, turnover and release into the plasma. Why under
certan conditions of diet or disease do new classes of choles-
terol-bearing lipoproteins emerge? These and other ques-
tions related to cholesterol metabolism and atherosclerosis
can best be answered by tracer methods It need only be re-
emphasized, in launching and organizing this multifaceted
new attack on metabolic-biochemical factors in atheroscle-
rosis, that its goal is to deepen our understanding of the re-
Tationship of cholesterol to atherosclerosis. Present knowl-
edge fully supports the concept that this is the l\ey aspect
of the ath 1 , in applying these
methods of physical chemlstry in this field, attention must
remain focussed on the problem at hand: Enhancing our
understanding of a pathobiological process, atherogenesis,
for the ultimate purpose of curbing and eliminating 1t. The
pathologic lesion remans our primary concern!

19
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Figuse 9 Electrophoretic pattems (from Ascend-
g Limb) of normal plasma and its four frac-
tions—Russ, E M., et al. {557).

atherosclerosis, between other classes of lipoprotein mole-
cules and atherosclerosis, remains to be definitively
ascertained.

1t may also be anticipated that such techniquesas electron
saicroscopy, *ray diffraction analysis, nephelometsy, viseo-
118
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A thorough review of the work in this field since 1911 is
beyond the scope of this monograph. Actually the need for
such an effort is obviated by the several extant monographs
and critical reviews, of early and recent vintage, to which
the reader is referred (3, 4, 711, 28-31, 38, 53, 55-57, 8o,
86, 102, 186, 267-269, 284, 204-297, 551-565).

Our purpose here is rather to summarize the 10 years’ or
more experience of this department on experimental athero-
sclerosis, principally in the chick. In the course of this pres-
entation frequent reference will be made to previous and
contemporary studies in other species, as they relate to our
findings.

‘We have purposively elected to present our work in the
form of a series of questions and answers. The latter, based
on experimental findings, are necessarily partial, incomplete
and often tentative. This form of presentation is utilized to
highlight past and present problems n the field, and to aid
in illuminating the road ahead. In taking this approach, we
aim to stress the fact that this monograph is a progress re-
port—a survey and summing up of where we stand today and
where we have to go tomorrow. Throughout we have con-
sciously applied restraint in drawing broad inferences from
existent experimental data to human atherosclerosis, al-
though—as already indicated—the interplay between clini-
cal and laboratory research is a key to progress in this field
‘We leave to the reader the prerogative to make whatever
such deductions he wishes.

WHY THE CHICK AS EXPERIMENTAL ANIMAL?

In the original probe experiments on atherosclerosis un-
dertaken in this department over a decade ago by Katz,
Friedberg, Sanders, Hurwitz, Megibow and Carlen, rabbits
were used as experimental animals. They proved to be far
from satisfactory. Much of the initial data collected was in-

21
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Umovnmw STUDLES OF HUMAN MATERIAL HAVE IN THE
past contributed considerably to the knowledge of athero-
selerosis. They will continue to make a contnibution in the
future. However, the very chronicity of the atherosclerotic
lesion, together with the limitations placed on investigative
research in hiving man, hughlights the extent of our reliance
on animal experimentation for a solution of this problem.
In this, as in other fields, proper experiments on ammals ae
asvatal for human welfare as the sacrifice of animals for food.
Man’s present and future progress is as dependent on the
expenmental approach as in the past, Science must continve
to adhere to the tried method of initial careful testing of
new procedures on species other than man, Only when such
trials appear fraitful, 15 it justified to extend them cautiously
to the species which concems us most, homo sapiens.
Prior to the pioneer work with cholesterol three decades
ago {16~27), numerous experimental attempts to reproduce
the lesion of human atheroselerosis 11 animals had uniformly
met with failure (cf. page 5 and references 4 and 38). Ex-
cept for avian estrogen-induced atherosclerosis (a lesion
secondary to endog endocrinestimulated hypercholes-
teremic hyperlipemia) (292, 293), experimental atheroscle:
rosis has to this day been successfully produced only by
cholesterol administration. In the positive sense, therefore,
erimental atherosclerosis begins with Ignatowski and
Anitschkow.
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EXPERIMENTAL ATHEROSCLEROSIS .

neous. Toward this end, Dauber and Katz placed two groups
of 10-day-old cockerels on experimental and control diets.
‘The latter received commerecial chick starter mash of known
composition. The experimental birds were given the same
mash supplemented with 2.5-5.0% cholesterol plus approxi-
mately 20-25% cottonseed oil (298). All cholesterol-fed
birds surviving beyond the 8th experimental week had gross
atherosclerosis of the aorta and great vessels. Several had
lesions in the coronary arteries which narrowed the lumina.
The control cockerels were uniformly free of atheroma.

In a subsequent experiment designed to delimit the fac-
tors responsible for atherogenesis, it was d rated that
cottonseed oil alone did not induce atheroma (see below).
Likewse, simple underfeeding® did not result in athero-
genesis (see below) Thus it was clearly established that the
lesions resulted from cholesterol feeding (299).

In 1946 the honzon and methodology of experimental
atherosclerosis in the chick were further broadened. Up to
that time, two types of lesions were available for study, the

pontaneous and the chol l-induced. In that year,
Lindsay, et al. demonstrated that atherosclerosis occurred in
cockerels having a prolonged endogenous hyperlipemia in-
duced by implantation of estrogenic material (292, 293,
310). Horlick and Katz confirmed this finding and extended
it by demonstrating that the lesions in stilbesterol-treated
chicks were not of the spontaneous type (293). This signifi-

*The expenmental diets used in these early studies resulted m poor feed
intake and stunted growth The chicks were grossly malnounshed and no-
tnhonallz t‘l\:ﬁdm! Hc:\ce 1t was &s‘senhzl to rule out this factor in athero-
maron o & Tnnann ot ke d s e Chadan b Al Famn mn@) o3 ek amacnnd

feed imtake, growth ‘and development, even when placed on a dict of as
mauch as 2% cholesterol beg‘mmng the first day of Lfe (309) Therefore,
while cholesterol is the offendmg agent inducing _.,u,,m?;{mm m the
chick, 1t is not nutntionally touc, 1 the usual meaning of the word.
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conclusive, and to this day remains in the department’s un-
published files. When a more extensive program of rescarch
on experimental atherosclerosis was projected, it was deemed
essential to proceed along lines obviating the serious eriti-
cisms leveled by many workers at the use of the rabbit for
such investigations (4, 11, 54, 58, 186, 267). This species
is herbivorous and does not normally ingest any cholesterol.
Moreover, on its usual diet it may not naturally develop
vascular lesions of the atherosclerotic variety. Finally ex-
perimentalists up to that time had experienced only limited
success in consistently inducing gross atherosclerotic lesions
by cholesterol feedig in species other than the rabbit. All
these facts led many workers to question seriously the rel-
evancy of rabbit cholesterolinduced atherosclerosis for an
understanding of the pathogenesis of the human disease.

In seeking for a more suitable experimental animal,
Dauber and Katz (298-300) selected the chick after a care-
ful survey of the existing literature. Dauber advanced cogent
reasons for making this choice in an attempt to reach beyond
the then existent jmpasse: “OF all animals, birds have -
teriosclerosis most closely resembling human arteriosclero-
sis, For this reason the experimental production of
arteriosclerosis in buds was undertaken. ... It was
reasoned that it would be instructive to reproduce the dis-
ease in an animal which is naturally subject to the same
type of vascular changes as man. The fact that the chick,
Jike man, 15 omnivorous would give added significance to
the results” (300).

Spontaneous avian arteriosclerosis had been extensively
studied by Fox (301, 302). A few reports were in the litera-
ture concerning cholesterolinduced atherosclerosis i1
chicks (303-306). Since these experiments were carried out
in small groups of birds of unknown or advanced age, with
few controls, initial studies were essential to demonstrate
that the lesions were experimentally induced and not sponta-
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Hens develop nodular and ridgelike plaques of the de-
scending thoracic and abdominal aorta essentially similar
to the spontaneous lesions in roosters.

Microscopically the spontaneous atherosclerotic lesions of
the abdominal aorta have a like morphology in both rooster
and hen (300). Essentially the intima is focally thick-
ened to a varying degree by fibrous tissue. The overlying en-
dothelium is intact. The fibrous tissue comprising the
intimal thickening is young and cellular in regions of little
proliferation and also at the surfaces of large plaques. On the
other hand, the deeper portions of thick plaques are com-
posed of acellular collagenous tissue. Hyaline change in the
collagen is not uncommon. In the depths of the plaques,
close to the media, areas of mucoid degeneration may also
be seen. In some of the lesions she studied, Dauber observed
fusiform cholesterol shits and round caleific granules in these
necrotic zones. On occasion she also noted large pale foam
cells in the deeper layers of these fibrous plaques, as well
as vasa vasorum and extravascular blood cells. Sudan IV
stains of frozen sections sometimes revealed varying quanti-
ties of lipid in the depths of the thickened intima and also
in the adjacent medial tissue. Often, however, no stainable
lipid was demonstrated More recent pathologic studies by
R. Pick indicate that almost without exception no lipid is
seen in spontaneous lesions of birds reared in the laboratory
throughout their life, consurmng mash devord of a choles-
terol supplement (266). The sudanophilic material noted
by Dauber in spontaneous lesions occurred extracellularly
as globules and rodlike crystals in areas of degeneratton, and
intracellularly in the cytoplasm of fibroblasts adjacent to
necrotic zones (300). Such lipid-bearing fibroblasts were
also seen in areas of moderate intimal fibrosis which had
not undergone deg ive ch Usually these cells lay
m that portion of the thickened intima adjacent to the
media, or in the middle of the plaque. We are currently in-
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cant advance placed three lesions* at our disposal for study
in the chick: the spontaneous; the cholesterolinduced, sec-
ondary to an exogenous source of dietary lipid; and the
estrogen-induced, consequent upon an endogenous, en-
docrine-stimulated hyperlipemia, This unique versatility of
the chick further enhances its utility in atherosclerosis e-
search.

WHAT IS THE MORPHOLOGY OF ATHEROSCLERO-
SIS IN THE CHICK?

A, Spontaneous Atherosclerosis

Dauber gave a detailed description of the morphology of
spontaneous atherosclerosis in domestic chicks reared com-
mercially in the United States (300). Her studies includefi
gross analysis of fresh and Sudan 1V stained aortas, and mi-
croscopic examination of sections stained with iron-hema-
toxylin, orcein elastic tissue stam, Giemsa stain or fat stains.
In the rooster, the abdominal aorta is by far the commonest
site of change. Characteristically these spontaneous lesions
are elevated, smooth, longitudinal white or yellow ridge-
like thickenings of the abdominal aorta, extending from the
interrenal region to the bifurcation On tare occasions small,
pinheadssize, elevated, yellow plaques develop adjacent to
the orifices of arteries branching from the aorta. These nod-
ular elevations sometimes stamn with Sudan IV, in contragt
to the ridgelrke thickenings, which tend to stand out by their
failure grossly to take the fat stain. In no case have we sees
gross atheroma of the foregoing types in the elastic aorta of
roosters (the ascending aorta and arch) either on simple
inspection or after staming with Sudan IV.

*From our pomt of view, a gross lesion with defimte thickening of the
arterial wall 35 the essential cntenon for successful experrmental production
of atherosclerosis. We do not regard lipid infiltration per se of the arterial
wall as atherosclerosss, although it may well be 1ts precursor,
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The pathogenesis in hens of this diffuse lipid infiltration
of the elastic aorta has apparently been clarified recently by
the experimental work in stilbesterol-treated birds. Cock-
erels with prolonged estrogen-induced hyperlipemia exhibit
this same change. Probably, therefore, the spontancous lipid
infiltration of the elastic aorta in hens is 2 byproduct of the
estrogen-stimulated physiologic hyperlipemia occurring dur-
ing the egg-laying period. However, the pathogenesis of this
finding in roosters remains obscure.

B. Chol tinduced Ath 1 :

The morphology of cholesterol-induced atherosclerosis of
the aorta and great vessels is also described in detail i the
publications of Dauber and Katz (298, 299) and Horlick
and Katz (311, 312). Our subsequent observations are es-
sentially in agreement with these findings.

Horlick and Katz observed that gross cholesterol-induced
lesions in both the thoracic and abdominal aorta may occur
in birds after as little as 1Y5-2 weeks of experimental feed-
ing {312). To our knowledge this represents the most rapid
recorded induction of gross cholesterolinduced lesions.
Amtschkow and others reported that cholesterol-fed rabbits
develop microscopic atheroma in 4-7 weeks, and gross le-
sions in 811 weeks (268). Apparently, therefore, athero-
sclerosis can be induced in the chick with greater ease and
rapidity than in the rabbit.

In contrast to spontaneous atherosclerosis in the chick,
the greatest incidence of lesions with cholesterol feeding is

P

The 1mportance of this problem anses from the fact that diffuse hpid
nfiltration of the aorta precedes and accompanies atherogenesis in choles-
terol fed and stilbesteral implanted cockerels. Is this the first stage of athero-
genens? Is this preatherosclerosis? Is the focal lesion denved from the
diffuse Iipid anfltration of the aorta? The proponents of the infltratve
theory answer these questions in the affrmative (55, 10z, 268), Others

disagree (6-8). Hence this is a sigmficant unresolved problem in athero-
sclerosis research,
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vestigating the possibility that this lipid in the spontaneous
lesions of chicks commercially fattened for the market was
deposited as a result of increased intake of dietary choles-
terol, e. g., through milk feeding. In any case, the spontane-
ous lesion would appear to be primarily a fibrotic process, as
originally suggested by Dauber {300). However, this prob-
lem of its initial morphology and pathogenesis merits fur-
ther study, particularly in view of Wilens’ recent report in-
dicating that diffuse intimal thickening of arteries may be a
fibroblastic proliferative reaction secondary to lipid infiltra-
tion of the mtima (577) (cf. pages 13, 79).

In addition to the foregoing spontaneous atherosclesotic
lesion in the abdominal aorta, hens frequently extubita lipid
infiltrative alteration of the elastic aorta. This is a change
seen in roosters only rarely and minimally (292, 300, 312)-
Grossly this change is sometimes discernible as a bright yel
low, streaky or spotty change in the intima of unstained
preparations. Frequently it becomes apparent only afte_r
staining with Sudan IV. In all cases the involved ared 15
smooth, flat and unelevated.

Microscopically these areas present a quite different pic-
ture from the spontaneous lesions in the abdominal aortas
of hens and roosters. No fibrosis or atheroma is seen. The
change consists of a diffuse accumulation of lipid in the in-
tima and media. In cockerels, this sudanophilic lipid is most
commonly found in the inner one-third of the media. The
lipid is both intracellular, n fibroblasts, and extracellular,
dispersed in fine droplets between elastic fibers. Chaikoff,
et al, could demonstrate no cholesterol in this tipid (292)-
Neither lipid-bearing foam cells nor cholesterol crystal clefts
are demonstrable.*

*Insofar as atherosclerosis is defined as a pathologic process producing

thuckening of the vascular wall, this “leson” in hens and cockerels is ot
] Its sigmii is Temains obscure.

truly atl for ath 0 c 1
thongh both hens and roosters may exhibut this change in the elastic aorta,
neither develop gross ath 2! plaques sp at this ste >
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PLATE 1

Larly cholesterol mduced mtimal atheroma i the
thoracic aorta m a cockerel fud 2¢¢ cholesterol-5¢,
cottonsced ml mash for the first fiftcen wocks of fe
Note sudanophulic Ipophages aud absence of intimal
fibrosis, as woll as frecdom from medial imvolvement
Ths 15 “puce” athcroma, apparently the mitial stage
of chol linduced  athcrosch (sce text)
Frozen scction. Sudan 1V, X 125




EXPERIMENTAL ATHEROSCLEROSIS

m the ascending aorta and aortic arch (elastic aorta of the
chick). In the earlict stages, the lining of the elastic aorta
grossly has a deep tannishyellow, granular app
without definitely identifiable discrete plaques. Subsequently
elevated nodules, raised longitudinal streaks and platean-
like plaques are superimposed on the granular deposit. With
further prolongation of high dosage (25 ) cholestero} feed-
ing, the lesions become canfiuent. Matked sclerotic changes
supervene, rendering the aorta stiff and brittle. Birds on ex
perimental diet for 15-26 weeks frequently exhibit such
severe jnvolvement of almost the entire elastic aorta, Defi
nite gross narrowing of the otifices of the brachiocephalic
and coronary arteries, and of the aorta lumen itself, sesult
from the presence of these atherosclerotic plagues.

The distribution of lesions 15 fairly typical and consistent.
‘The sinuses of Valsalva usually show considerable involve:
ment, whether the lesions are mild or severe. The arch of
the aorta and the fitst patt of the descending aorta are also
extensively affected. Except in the more severe cases, the in-
volvement tends to peter out in the lower part of the tho-
1acic aorta. Lesions in the brachiocephalic arteries, which
are elastic artenies, usually paralle] those of the tharcic
aorta.

Cholesterol feeding also Jeads to an increased incidence
and severity of gross atherosclerosis of the abdominal aotia
(299, 307~312). However, this effect on lesions in the mus-
cular aorta tends fo Jag behind, compared with the intensi-
fied atherogenesis in the elastic aorta. The abdominal aort2
lesions of cholesterolfed cockerels include large, yeflow,
elevated longitudinal plaques resembling the spontaneous
lesions of birds not fed sterol-rich diets. In addition small,
elevated, pinhead-like nodules may be seeded over the ab-
Jominal aorta, particulasly adjacent to the orifices of aottic
branches. Further, irregular plaques vesembling those seen
in the thoracic aorta, as well 15 raised, rough, granular, ye&
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PLATE I

Somewhat more screre cholesterolanduced athero
sclerotic plague imolung mtima and media of tho-
raaic aorta, and cxhibiting degeneratg foam cells,
athcromatous “abscess” formation, cholesterol erystal
clcfts, hpid accumulation m fibroblasts, and a mdus
of caloficattion Chick fed 2, cholestcrol 3¢, cotton-
sced o1l mash for the first 29 wecks of hfe T'rozen
section, Sudan IV, X 125
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More advanced chol lnduced plague forms

m thoracie aurtta of a cocherdd fid 2¢¢ cholesterol-3¢,

cottonsecd ol mash for the first fifteen wecks of hic

An atheromatous “abscess” has developed  Intimat

fibrosis has supenencd. The media s compressed
Frozen sechion, Sudan IV, X 73,
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PLATE ¥

Tantinal hipophage plaque narrowing a small coronary

artery Chuck fed 2¢¢ cholesterol-57¢ cottonseed ol

mash for the first 12 weels of hife Frozen section,
Sudan 1V, X 75.
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PLATE WY

AMarked caleification and woderate intunal thickenng

m dorta i a chich fed 2¢, cholesterol-209% cottonseed

ol mash for ten weeks and then fed plam mash for

15 weeks This residual lesian o practically free of

sudanapihe muatenal (sce tevt). Frozen section,
Sudan 1V, X 75-
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Secondary calaification in foam cell plaques of small

cotonary ‘artery m chick fed 295 cholesterol-59 cot-

tonsced 011 mash for the first 25 wecks of Life Paraffin
scction, hematoxyhn eosin, X 75



Tvpical appcarance of a_homatosshn-cosin stamed

preparation cxlubiting  cholesterolanduced  athero-

matosis of coronary artery, which 1s markedly nar-

roned by foam cells Pamffin scetion, hematoxylin
cosm, X 125
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low transverse lesions, are occastonally observed in the mus-
cular aorta of birds with advanced atherosclerosis, Such in-
volvement occurs with high dosages and prolonged penods
of cholesterol feeding. In general, lesions in the iliac artenes
parallel those in the abdomnal aorta,

The cholesterol-induced lesions in the thoracic aorta ex-
hibit a variable microscopic morphology, depending on their
stage of development and seventy. Early lesions consist of
accumulations of Jarge pale foam cells with small pyknotic
nuclei, These foam cell plaques are of varying degrees of
seventy, from a single layer of cells to 2 ventable foam cell
cushion, several layers deep. The endothelium overlying
these foam cell cushions is mtact. Sudan IV stams demon-
strate fatty matenal in abundance within the subendothelial
foam cells. The polanzing microscope reveals doubly re-
fractile rodlike cholesterol crystals filling these cells. At this
stage, specnal stains demonstrate no changes in the media
and adventitia. This early lesion 15 “pure” atheroma. Ap-
parently it 1s the initial lesion of cholesterolnduced athero-
sclerosis. The morphologic pattems of more advanced lesions
are presumably the result of evolutionary pathologic proc-
esses secondary to atheroma.

In somewhat more advanced lesions, fatty material is seen
in the media adjacent to the involved mntima Orcem stains
often demonstrate splittmg of the elastica in such speci-
mens.

In chicks fed high dosages of cholesterol (2% ) for long pe-
niods (15-26 weeks), still more advanced changes are ob-
served (309, 311). These processes include breakdown of
foam cell plaques with total disappearance of foam cells or
their conversion into “ghost” cells. Sometimes actual break-
down of the centers of the foam cell plaques occurs, with the
formation of “abscesses” contamning necrotic debris, frag-
ments of nucles, free fat, cholesterol crystal clefts and heavy
deposits of calcium in granules or plates. C i

1
Iy,
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from cholesterol-induced lesions only in their color, which
may be bright lemon yellow or orange rather than cream.

Microscopically these lesions are typical atheromas, with
fibroblastic intimal thickening, foam cells of the macrophage
type, lipid-bearing fibroblasts, extracellular lipid droplets,
and cholesterol crystal clefts. Birefringent crystals of chales-
terol are demonstrable with the polarizing microscope. The
aortic intima and media adjacent to these discrete, raised
plaques are diffusely infiltrated with sudanophilic material.

1n some estrogen-treated cockerels, lesions essentially simi-
lar to the foregoing are also present n the lower abdominal
aorta, above the bifurcation. In addition, typical “spontane-
ous” smooth, ridgelike, longitudinal plaques are seen.
Grossly they differ from the spontaneous lesions of untreated
control birds only in their tendency to be lemon yellow in
color. Microscopically they are found to contain considerable
sudanophilic material in Jarge globules, particularly in the
deeper and central portions of the intimal plaques and in
the media. These lipid pools are largely extracellular. Choles-
terol is demonstrable by polarized light (292).

D. Coronary Artery Lesions
In addition to the changes in the aorta, brachiocephalic
A -

and iliac artenes, avian chol )! d ath
extensively involves other segments of the vascular tree (299,
309, 311). Particularly in birds fed 2% cholesterol mash for
15-25 weeks, gross and microscopic atherosclerosis is found
in the heart valves, endocardium and coronary arteres
Simular lesions are also present in the blood vessels of the
spleen, adrenal and thyroid glands, and in the main renal
arteries. Further, involvement of the pulmenary arteries and
systemic veins occurs, in association with a generalized organ
lipidosis (xanthomatosis) (cf pages 135, 280).

Both gross and microscopic lesions of the coronary ar
teries are prominent in cholesterolfed chicks (292, 2gg,
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fibroblastic proliferation and hyaline and cartilaginous met-
aplasia proceed, and bone formation may even oceur, In
the heavier plaques, numerous fine vasa are seen on rare
oceasions communicating with the lumen. Occasionally en-
dothelialized spaces resembling vasa are found; these may
be filled with foam cells, loose and in clumps (311).

The ridgelike, smooth, longitudinal lesions in the lower
abdominal aortas of cholesterolfed chicks exhibit a patho-
logic pattemn similar to the spontaneous lesion. There is
localized subendothelial fibrosis and hyaline thickening, In
addition, these fibrous plagues may show a greater degree of
atheromatous change than the spontaneous abdominal
lesion of plan mash-fed birds. Thus cholesterol clefts, foam
cells and “atheromatous abscesses” become readily demon-
strable. The possibility arises that these atheromatous
changes are secondarily superimposed on a pre-existent fi-
bratic leston ' We are currently investigating this problem.
Other lesions in the abdominal aorta tend microscopically to
be very similar to the cholesterol-induced plaques in the tho-
racic aorta,

In summary, then, cholesterol-fed chicks exhibit the spec-
trum of changes seen mn atherosclerotic lestons in man, in-
cluding foam cell plaques, necrosis and atheromatous
abscesses, fibrosis and hyalinization, calcification, and car-
tilaginous and osseous metaplasia. Ulceration of atheroscle-
rotic plaques with thrombus formation is the only lesion
seen in man that we have not observed in the chick.

soduced Ath 1

C. g
The morphology of estrogen-induced atherosclerosis in
cockerels is detatled in reports by Horlick and Katz (293)
and Chaikoff, et al. (292). Grossly, lesions in these birds are
seen in the brachiocephalic arteries, the upper thoracic
(élastic) aorta and the upper abdominal aorta. They are

typical intimal plaques of varying sizes, tending to differ

130



EXPERIMENTAL ATHEROSCLEROSIS

Stilbesterol-treated cockerels frequently exhibit micro-
scopic accumulations of lipid in the media of coronary
arteries. However, no other changes from nowmal atre
found (313) (cf. page 203).

Hitherto, most investigators of experimental atheroscle-
rosis tacitly assumed that atherogenesis proceeds in different
arterial beds based upon essentially similar biologic laws.
Hence most workers confined their studies to the aorta, and
interpreted their findings as valid for atherogenesis in the
coronary, renal, cerebral and other arteries The results of a
recent experiment 1 our laboratory demonstrate this to be a
fundamental methodologic error (546). Pick, et al., showed
that estrogen exhibition prophylactically mhibits coronary
atherogenesis 1n cholesterol-fed cockerels, whereas it is com-
pletely without effect on aorta atherogenesis (cf page 203).
From these findings 1t may be concluded that different laws
determine atherogenesis in the aorta and coronary arteries.
In fact, re-evaluation of accumulated data suggests that this
conclusion is valid with respect to atherogenesis in the
thoracic as compared with the abdominal aorta. Hence
workers in experimental atherosclerosis cannot confine their
observations to the aorta alone

The importance of this methodologic point is highlighted
by the fact that human morbidity and mortabty result
mainly from coronary and cerebral atherosclerosis. Studies
of human material suggest that in homo sapiens as well,
atherogenesss may proceed according to different biologic
laws in different arterial beds. Therefore, the expenmental-
ist, aiming ultimately to elimmate disease and death due to
atherosclerosis 1n the arteries of vital human organs (heart,
brain, etc.), must study atherogenesis in these vessels of his

experimental animals. He must attempt to elucidate the
basis for the diff ath P of the several
arterial beds to a given expenmental regimen. In our labora-
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309, 311, 312), Gross yellow-white plaques are frequently
observed in the first few millimeters of the coronary arteries.
Microscopic lesions include “pure” atheroma, with lipid
laden foam cells almost completely occluding the vessel
lumen, as well as more advanced Iesions. The latter are cal-
cified plaques with intimal thickening, foam cell cushions,
crystalline cholesterol, necrotic foci, compression of the ad-
jacent media and apparent penetration of lipid into the
media. In no specimen have we observed disruption of the
endothelium, Lindsay and Chaikoff report essentially similar
observations on cholesterol-induced coronary atherosclerosis
in chicks (313). Contrary to Paterson, et al. (314~316),
Lindsay and Chaikoff agree with our conclusion that these
lesions are primarily intimal in origin.

In addition to the foregoing lesions, cholesterol-fed chicks
also exhibit diffuse lipid infiltration of the intima and media
of coronary arteries without foam cells, fibrosis or other
changes. On occasion foam cell accumulations in the media
are seen as an exclusive alteration.

Lindsay and Chaikoff also studied spontancous and stil-
besterol-induced lesions in the coronary arteries of cockerels
(313). The only spontaneous lesion they were able to iden-
tify was a small intimal fibrous plaque, entirely free of lipids.
In their opinion the so-called sp focal degenerative
medial lesion described by Paterson, et al. {314-316), is an
artefact. However, at the 1950 mecting of the American
Society for the Study of Arteriosclerosis, Paterson presented
substantial histologic evidence demonstrating the presence
of this lesion (317). Recent work by Paterson and Cottral
indicates that this lesion may not be a manifestation of
arteriosclerosis, but merely a part of the disease process of
chick lymphomatosis (317a). It is not clear whether th_e
intima overlying such a focal area of medial degeneration is
a site of predilection for the formation of an atherosclerotic
plaque in cholesterol-fed chicks.
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Despite these differences, the conspicuous fact is that
cholesterolized chicks exhibit the entire gamut of athero-
sclerotic lesions seen in man, except for ulceration and
thrombus formation Moreover, these lesions are grossly
and mictoscopically remarkably similar to those seen in man
(298, 299, 309, 311, 312). Finally, as we shall detail later
(page 28a), such aorta and coronary artery lesions may be
induced in chicks in the absence of gross hypercholestero-
lemia, organ xanthomatosis, and venous and pulmonary
artery lesions. This pattemn of lesions and lipemia, effected
by feeding chicks a ¥4 % cholesterol mash, closely resembles
that often seen 1n man. This finding negates frequently ad-
vanced criticisms (11) of the significance of experimental
cholesterol-induced atherosclerosis for the pathogenesis of
the human disease.

CAN QUANTITATIVE RELATIONSHIPS BE
DEMONSTRATED BETWEEN CHOLESTEROL
AND ATHEROGENESIS?

In order to permit the study of factors influencing avian
atherosclerosis, it became essential to quantitate the inter-
relationships among amount and duration of cholesterol
feeding, degree of hypercholesterolemia, and incidence and
severity of atherosclerosis. Toward these ends, Horlick and
Katz accomplished three series of experiments lasting s, 10
and 15 weeks respectively (312). Each series consisted of
five groups of 12 chicks each (Table XXX).

In order to permit quantitative evaluation of lesions, a
system for gross grading of aortas for atherosclerosis was de-
vised. Gradings ranged from o to 4, based on extent and
character of gross lesions Throughout experiments in this
department, aortas from different groups are prepared for
grading by technicians, and mixed indiscriminately. They
are then examined consecutively as unknowns by at Teast two
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tory, studies of the coronary arteries, as well as of the aorts,
are now a routine part of every atherosclerosis expetiment.

ARE EXPERIMENTAL AND HUMAN LESIONS
MORPHOLOGICALLY SIMILAR?

The morphology of cholesterol-induced atherosclerosis in
the rabbit has been repeatedly described in great detail
Recent advances have made available for comparative path-
ologic analysis the lesions of experimental cholesterol
thiouracil atherosclerosis in the dog (56, 318, 319). Many
investigators have weighed the pathologic findings and com-
pared them with lesions in man (4, 6-8, 28-31, 80, 10%
186, 267, 260, 284, 297). A review of the extensive liter2-
ture on this aspect of experimental atherosclerosis is beyond
the scope of this monograph. Rather we shall merely survey
the problem in the chick. Typical lesions are shown in the
Kodachrome photographs, illustrations 1 to 7.

In an early paper, Dauber and Katz called attention to the
anatomical differences between the aortas of man and chick
(298). The chick aorta and the large efastic arteries of the
root of the neck are richer in elastic tissue than the cor-
responding human vessels. The change to the muscular type
of vessel occurs in the descending thoracic and midabdox{ﬂ-
nal aorta. The mntima of the avian aorta and other arteries
is very thin, consisting merely of endothelium and a fin
layer of acellular fibrous tissue. Unlike the intima of adult
human arteries, the chick intima Jacks a subendothelial
fibrous and a musculoelastic layer. Furthermore there is 10
well demarcated, thick elastic sheet forming an internal
elastic lamina in either the aorta or the smaller arteries AS
Dauber and Katz noted, “Such differences in structure might
be expected to modify the form and extent of lesions with-
out affecting the underlying process, since in all other re-
spects avian and human blood vessels are similar” (298}).
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lesions, approximate percentage area of aorta involvement,
and character of plaques (e.g., degree of elevation and nar-
rowing of the lumen, degree of evolution of lesions as in-
dicated by gross fibro-calafic changes). In the main, grade is
based on number and size of plaques. Brachiocephalic
arteries, thoracic aorta, abdominal aorta, and iliac arteries are
graded separately. In the final tabulation, respective
weighted averages are determined for brachiocephalics and
thoracic aorta, and abdominal aorta and iliacs (Fig. 10),
these values bemng based mainly on the respective aorta seg-
ment grading. The grading scale ranges from o to 4. A single
discrete plaque, small in size (€., a pinhead-like lesion) is
graded %4, Larger single lesions are graded ¥4 to 1. Presence
of more than one lesion results in a mimimal grading of 1.
Depending on the number of lesions, their size, the per-
centage area of the vessel segment mvolved, the character
of the leston, grades of 1 to 4 are given. Grade 4 lesions in-
volve almost the entire aorta segment, patently narrow the
lumen, and grossly exhibit fibro-caleific changes.

Unquestionably this grading method is empirical and sub-
jective. However, when employed with the precautrons de-
tailed above it is, in our opinion, quite reliable. Failure to
apply these precautions opens the way to uncontrollable
errors, and renders gless all careful physiological and
biochemical quantitation utilized by trained inveshigators
dunng long weeks of experimentation on atherosclerosss.
The autopsy analysts 1s the culmination of such experimen-
tation. Its controlled quantitation is indispensable for re-
search in this field

By means of this grading method, Horlick and Katz were
able to demonstrate a more than qualitatve relationship
between atherogenesis and cholesterol feeding {312). In
general, incidence and seventy of atherosclerosis were rte-
Tated to per cent and duration of cholesterol feeding (Table
XXX). Under the ci of this exp this re-
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trained observers, and graded. In onr experience, these pre-
cautions are absolutely essential to minimize subjectivity and
prejudice in evaluating atherogenesis. Lesions, if any, and
gradings are recorded graphically on special forms (Fig. 10).
More recently we have begun to survey the utility of grading
aortas both before and after gross staining with Sudan IV.

As indicated in Figure 10, consideration is given in grading
gross aorta specimens to such factors as number and size of

Experimant
Chick # Death Date
Exp. Diet Post Date
Weeks on Diet Cause of Death
Age Body Welght
Sex Carcass Welght
Organ Welghta

Gross Findings

brachocephalics | thoractc [sbdominal | fltacs
sorta aorta

color

ralsed?

number

% area

size
remarks
grade
/\ P
grade

Fig. 20, Grading form.
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lationship was only semiquantitative, and not linear, Study
of the table reveals that with concentrations of cholesterol
equal to 195, and a feeding period of 10 weeks, an apparently
maximal incidence and severity of atherosclerosis were ob-
tamned. Further increases of dietary cholesterol concentra-
tions or prolongation of the experiment to 15 weeks had
little intensifying effect on atherogenesis.

Concomitant study of the plasma cholesterol concentra-
tions and weights of these various groups serves to clarify the
foregoing findings (Figs. 11 and 12). In accordance with
earlier procedures (298, 299), all cholesterolfed chicks re-
ceived 20% cottonseed oil in this experiment (312). The oil
had a toxic effect on all these groups (cf. footnote, page 123).
As ndicated by the growth-development curves (Fig. 12),
this toxic effect was somewhat enhanced in the presence of
greater concentrations of cholesterol. Although exact data
are not available, feed intake and weght change tended to
parallel each other, i e, the birds getting the 4% cholesterol
diet ate the least. Thus proportional increases in the per-
centage of cholesterol did not actually effect linear incre-
ments 1 cholesterol ingestion. Correspondingly, plasma
cholesterol levels did not rise parallel with increases in per-
centage of dlel‘ary cholesterol above 1% (Fig. 12). Through-
out the experiment, the most clearcut differences in plasma
cholesterol level, and incidence and severity of lestons, were
between the %2% group on the one hand and the 1-2-4%
groups on the other (Table X)Q( and Fig. 11). This ﬁndmg
reflects not only the pre ively an gishically dele-
terious effects on appehte of 20% cottonseed oil plus in-
creasing doses of cholesterol. It also may i an upper
threshold to the amount of cholesterol which the chicken
can ingest, assimilate and distribute from the gastro-intesti-
nal tract (312).

In subsequent experiments Stamler, et al., further clarified
these interrelationships by eliminating the deleterious in-
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lationship was only semiquantitative, and not linear. Study
of the table reveals that with concentrations of cholesterol
equal to 195, and a feeding period of 10 weeks, an apparently
maximal incidence and severity of atherosclerosis were ob-
tained. Further increases of dietary cholesterol concentra-
tions or prolongation of the experiment to 15 weeks had
Iittle intensifying effect on atherogenesis.

Concomitant study of the plasma cholesterol concentra-
tions and weights of these various groups serves to clarify the
foregoing findings (Figs. 11 and 12), In accordance with
carlier procedures (298, 299), all cholesterolfed chicks re-

ST g . [

AS wAeated by the growtn-aevelopment curves (kg 12),
this toxic effect was somewhat enhanced in the presence of
greater concentrations of cholesterol. Althongh exact data
are not available, feed intake and weight change tended to
parallel each other, i ¢, the birds getting the 4% cholesterol
diet ate the least Thus proportional increases in the per-
centage of cholesterol did not actually effect Iinear incre-
ments in cholesterol mgestion. Correspondingly, plasma
cholesterol levels did not rise parallel with increases in per-
centage of dietary cholesterol above 1% (Fig. 11). Through-
out the expertment, the most clearcut differences i plasma
hol ol level, and incid and severity of lesions, were
between the ¥2% group on the one hand and the 1-2-4%
groups on the other (Table XXX and Fig. 11). This finding
reflects not only the progressively and synergistically dele-
terious effects on appetite of 20% cottonsced oil plus in-
creasing doses of cholesterol It also may indicate an aupper
threshold to the amaount of cholesterol which the chicken
can ingest, assimilate and distribute from the gastro-intesti-
nal tract (312).
In subsequent experiments Stamler, et al., further clarified
these interrelationships by eliminating the deleterious in-
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Fig. 11. Cholesterolemia in chicks fed various concentrations of
cholesterol + 20% cottonseed oil—Horlick, L. and Katz, L.
{312).

fluence of 20% cottonseed oil. It was shown that ordinary
crystalline, amorphous (320), and ether-dissolved choles-
terol all are absorbed by the chick in the absence of cotton-
seed oil If dietary neutral fat is actually essential for absorp-
tion of ingested cholesterol (54, 57, 320, 321, 331), then the
fat present in commercial chick starter mash (3-5% ) isade-
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Fig. 12. Growth 1n chicks fed vanous concentrations of cholesterol
+ 20% cottonseed ol —Horlick, L. and Katz, L. N. (312).

quate for this need. The various types of dietary cholesterol
without oil all induced a hyperlipemia similar in degree
(307). Further, cholesterol with 5% ol was shown to be
handled similarly to the foregoing preparations, insofar as
resultant plasma hpid levels indicate. None of these choles-
terol preparations, when fed in concentrations up to 2% in
the diet, with and without 5% cottonseed oil, influenced
feed intake or weight change. The birds followed the same
course as controls {307-309).

These findings enable much closer quantitation. Using

141



EXPERIMENTAL ATHEROSCLEROS!S

such routines, we have found that with dietary cholesterol
varying from % to 2% plus 5% cottonseed oil, time of
onset, incidence and severity of lesions, as well as degree of
hyperlipemia, parallel percent and amount of dietary cho-
lesterol intake (Tables XXXI and XXXII). This is tree
both with chicks placed on experimental diets at four to six
weeks of age and when one day old (307-309).

‘We emphasize these points not merely for their mtrinsic
interest, in terms of the more than qualitative relationships
among cholesterol ingestion, hyperlipemia and atherogene-
sis, but also because an additional basic methodological
principle is involved here. In order to assess accurately the
influence of vanious factors on experimental atherosclerosis
studies must be controlled with respect to each and all of
the following factors: age, sex, initial weight, feed intake,
final weight (322, 323). Season too 15 a factor, at least in the
chick (309). Hence groups of simultaneous controls, ade-
quate in size, and with all the foregoing factors closely
matched, are essential to every experiment. Qur experience
leads us to concur completely with Firstbrook, who has re-
cently emphasized these points (322, 323). Failure to con-
trol these factors jeopardizes experiments on atherosclerosis
as fully as faulty biochemical analytical methods or an inade:
quate system for quantitating morphologic severity o
lesions. This error may well have played a key role in cor-
tributing to the recording of misleading positive resu.lts
reported by others in the literature, e.g , in experiments with
lipotropic factors. Attention to these elements in an exper
ment will insure the degree of reliable quantitation in results
predictable from the biology involved.
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DO DIETARY FACTORS INFLUENCE
EXPERIMENTAL ATHEROSCLEROSIS?

A. Undernutrition

In their original report on cholesterol-induced athero-
sclerosis in the chick (298), Dauber and Katz noted that
their experimental diets of mash supplemented with cho-
lesterol + cottonseed oil resulted in marked underfeeding
and undernutntion. It was deemed essential to rule out the
possibility that semistarvation, and not cholesterol feeding,
was responsible for atherogenesis. In a subsequent project
(299), therefore, Dauber and Katz studied this problem.
Chicks were fed plain chick starter mash in the same amount
as consumed by burds whose feed also contained cholesterol
and oil. Thus the effects of underfeeding were assayed,
separate and apart from the influence of cholesterol and oil.
It was found that this undernutrition, established by under-
feeding a balanced mash devoid of specific deficiencies, did
not affect atherogenesis, These chicks had no lesions in the
thoracic aorta. Some birds m this underfed group exhibited
typical spontaneous lesions in the lower abdominal aorta. No
significant difference was noted in incidence and severity of
spontaneous atherosclerosis in underfed and ad lib. fed
chicks.

In conclusion, therefore, limited dietary intake of a
balanced mash does not result in atherosclerotic lesions of
the induced variety. Moreover, such a dietary regimen has
no mhibitory or intensifying effect on chick spontaneous
atherosclerosis (299)

Dauber and Katz made the observation in the foregoing
study that undernutrition may play a role in the develop-
ment of hepatic hipidosis and hypercholesterolemia 1n cho-
lesterol-fed birds. Several observations since amply confirm
this impression. As already noted (cf. page 139), we have
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such routines, we have found that with dietary cholesterdl
varying from % to 2% plus 5% cottonseed o, time of
onset, mcidence and severity of lesions, as well as degree of
hyperlipemia, parallel percent and amount of dietary cho-
lesterol intake (Tables XXXI and XXXII). This 15 true
both with chicks placed on experimental dicts at four to six
weeks of age and when one day old (307-309)-

We emphasize these points not merely for their intrinsic
interest, 1n terms of the more than quahtative relationships
among cholesterol ingestion, hyperlipemia and atherogene:
sis, but also because an additional basic methodological
principle is involved here. In order to assess accurately the
influence of various factors on experimental atherosclerosis,
studies must be controlled with respect to each and all of
the following factors: age, sex, mitial weight, feed intake,
final weight (322, 323). Season too is a factor, at least in the
chick (309). Hence groups of simultancous controls, ade:
quate in size, and with all the foregoing factors closely
matched, are essential to every expennment. Our experience
leads us to concur completely with Firstbrook, who has 1&
cently emphasized these points (322, 323). Failure to con
trol these factors jeopardizes experiments on atherosclerosis
as fully as faulty bochemical analytical methods or an inade-
quate system for quantitating morphologic severity O
lesions. This error may well have played a key role m o™
tributing to the recording of misleading positive results
reported by others in the literature, e.g., in experiments Wl'tfl
lipotropic factors. Attention to these elements in an expert
ment will insure the degree of reliable quantitation in results
predictable from the biology involved.
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EXPERIMENTAL ATHEROSCLEROSIS

CHOLESTEROL
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Fig. 14. Cholesterolemia m clucks fed 29 cholesterol diets with and
without 20% cottonseed oil—Stamler, J, et al. (307).
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Fig. 13. Lipemia in chicks fed 29 cholesterol diets with and witlr
out 20% cottonseed oil—Stamler, ], et al. (307).

latterly abandoned the use of dietayy regimens containing
20% cottonseed oil, in favor of 5% oil or no oil. With
these latter routines, cholesterol-fel chicks exhibit normal
feed intake, growth and develop nent. They exhibit no
signs of malnutrition. Chicks or a diet of mash supple-
mented with 2% cholesterol alon : (2 C), or 2% cholesterol
+ 5% cottonseed oit (2 C-O) cmsume several fold greater
quantities of cholesterol than birds receiving feed containing
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turnover and metabolism, rather than decreased cholesterol
absorption with smaller percentages of oil. Tracer studies are
indicated to definitively clarify this point, as are studies of
cholesterol absorption by chicks on a completely fat-free
diet (119).

Rodbard, et al., in our laboratory have recently quanti-

tated the relationships among decreased feed intake,
hypercholesterolemia and atherogenesis in cholesterolized
chicks (326, 326a). In one experiment, chicks were fed
mash containing either 34 % cholesterol plus §% oil, or
2% cholesterol. At each dictary level, one group of birds was
permitted to eat ad Iib., another was given only 60-70% as
much mash. The latter cockerels exhibited impaired growth
and development. Decreased androgenic activity was in-
dicated by pallor and smallness of combs {327). On their
reduced dietary intake, these birds received less cholesterol
than the controls given the same mash ad Iib. Nonetheless
the semistarved birds initially exhibited a more marked
hypercholesterolemia than the controls (Table XXXTII). At
the conclusion of the experiment, atherosclerosis was equal
or greater in incidence and severity in the semistarved chicks,
compared with the ad lib.-fed contrals { Table XXX1V). Ap-
parently, the underfed birds were unable to draw upon the
elevated plasma lipids as a source of calories, On the con-
trary, in the face of undernutrition, dietary cholesterol
would appear to be less readily disposable by the organism.
Hence a more marked hyperlipemia supervenes and athero-
genesis proceeds apace.

In another series of experiments, Rodbard, et al, ap-
proached this same general problem somewhat differently
(328). Four groups of chicks were used in this further
study. The first (Group 1) subsisted on a daily diet of mash
supplemented with 2% cholesterol (2 C). The second
(Group 2) was given this same feed (= C) every other day,
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2-10% cholesterol with 20% cottonseed oil, whose feed in-
take is markedly depressed. Despite their far larger cho-
lesterol input load, the 2 C and 2 C-O cockerels exhibit
significantly less marked hypercholesterolemia, hyperlipemiz
ggcg;(argan lipidosis (Figs, 13-13, cf. also Fig. 11 and Table

TISSUE CHOLESTEROL = 10 WEEKS OF DIET

CHOL~NO X,
e NONBER 4T TOP OF SOLUMN
Y FREE CHOY
N -] REFERS 0 RaTIO ; FRECCHOk.
N FJ-FREE eHot.
ool [J-esTeRriED cHot
o A—CONTROL (NG CHOLY
N B ~CHOL WITHOUT OIL.
™ C—CHOL. WITH oL
oo
s00f~

%
5| 54 &

ati Al . .l
B

ABG ABGC ABC ABC ABGC ABG ABC

BLOOD LIVER AORTA HEART KIDNEY T CARCASS

Fig, 15. Tissue cholesterol concentrations of chucks fed 29 choles-
terol with and without 209 cottonseed oil—Stamler, J, et al.

(307)-

o

Some writers have attributed such a phenomenon to im-
paired cholesterol absorption in the absence of adequate
neutral fat (54, 57, 80). We lean toward a different interpre-
tation. Stamler, et al,, showed that the chick absorbs signif-
jcant amounts of cholesterol when it is merely mixed with
ordinary mash,* without any oil supplement (307, 308) (¢f-
320, 324, 325). In our opinion, the lesser hypercho-
{esterolemia of the well-nourished birds reflects nutritionally-
and/or hormonally-influenced differences in cholesterol

*The commercial chick starter mash we use contains 3-5% crude fat.
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EXPERIMENTAL ATHEROSCLEROSIS

and was fed plain mash on the glternate days. The third
(Group 3) also received the 2 C mash every other day, but
went without any food on altemate days. Group 4 was made
up of control birds subsisting throughout on plain mash d
hb. The effects of these regimens on cholesterolemia and
atherogenesis after 20 weeks are summarized in Table
XXXV. Both Groups 2 and 3 received no cholesterol on
alternate days. Hence each had a total cholesterol ingestion
that was approximately the same, and that was onehalf the
amount consumed by Group 1 birds. Despute these sunilar
ties, cholesterolemia and atherogenesis differed markedly m
Groups 2 and 3. The latter birds, starved on altemate days,
had far higher plasma cholesterol levels and aorta gradings
(Table XXXV). Hypercholesterolemia and atherosclerosis
in these cockerels were equal to or greater than that of the
Group 1 birds, recerving approximately twice as much cho-
Iesterol. In contrast, the ingestion of plam mash on alternate
days by the Group 2 chicks apparently played a decisive role
in retarding hypercholesterolemia and atherogenesis. Over-
all adequate intake of a balanced dict apparently made
a key contnibution to the disposal of a load of dsetary cho-
lesterol, Whether this effect 15 mediated via dietary of
endocrine factors, or both, remams to be elucidated (329

Q).

3Ix)z all stuches on expenmental atherosclerosis, caution 15
mdicated in relating the results of laboratory studes to the
problem in man. We recognize that the foregoing projects,
clarifying the effects of total body nutntion on cholesterol-
induced atherosclerosis in the chick, deal with a situation
rarely seen in man. Undemounshed, semistarved people are
seldom in a position to ingest significant quantities of cho-
Jesterol, since inadequate drets almost always lack animal fat.
Under unusual circumstances, however, human beings may
be subjected to a dietary situation similar to that of our ex-
periments. Thus in a recent publication Malmros reported
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EXPERIMENTAL ATHEROSCLEROSIS

lesions are seen in 40-60% of birds of this age (Table
XXXVI). Assuming the commercial chicks studied by
Dauber (300) were subjected to a special feeding procedure
for fattening, and hence had an excessive dietary intake, an
incidence of 45% gross spontaneous atherosclerosis in these
birds, together with their freedom from any lesions of the
cholesterolinduced type, fails to indicate any effect on
atherogenesis of such a dietary regimen. Since the dietary
history of these birds is sssumed, not accurately known, the
foregoing deductions are tentative and subject to testing
under carefully controlled laboratory conditions.

One other report in the literature deals with this problem.
Wolffe, et al, indicate that forced-fed geese exhuibit an in-
creased incidence of both spontaneous and cholesterol-
induced atherosclerosis (342). Evaluation of their findings
awaits publication of their complete data,

Since obesity, the level of food intake in general, and
cholesterol intake in particular have all been implicated
as factors in human atherogenesss, further experimental
studies are indicated on excessive dietary intake and athero-
sclerosis.

€. Neutral Fat Ingestion

In their inital report on cholesterolinduced athero-
sclerosis in the chick, Dauber and Katz utilized diets con-
taining large quantities of the triglycendes, in the form of
cottonseed oil (298). It became essential to determine the
effect of this agent on atherogenesis. We have already
had oceasion to discuss the toxic effect on chicks of 20%
cottonseed oil. Cholesterol feeding with this dosage of
cottonseed oil leads to marked hypercholesterolemia (298,
299, 312). This hyperlipemic response is similar to that of
semistarved cholesterolized chicks (326). We tentatively
attribute it not to enhanced cholesterol absorption effected
by oil, but to insufficiency of metabolic factors (dietary,
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that during World War II the populace of Denmark sub-
sisted on a luxus of cholesterolrich foods, like eggs and
milk, while intake of other components of a balanced dict
was reduced (104). In contrast to other peoples of
Europe, who in association with the undernutrition of the
war years exhibited a fall in death rate due to atherosclerosis
(cf. page 24), Denmark showed no decrease, and even 2
rise in this death rate (104). Although this finding cannot
be regarded as more than suggestive, the possibity remains
that in man the effects of exogenous cholesterol on choles-
terolemia and atherogenesis may be regulated—via dietary
and/or endocrine factors—by overall nutritional status.

B. Overnutrition

In contrast to these studies on semistarvation, only
Timited observations are available on the effects of forced
feeding on experimental atherogenesis. The initial repott by
Dauber on spontaneous atherosclerosis in chicks offers some
data on this problem (300). In that study she obtained “old
roosters” (over one year of age) from a commercial process
ing plant. These birds had been farm bred for the matket.
Their dietary regimens were unknown. They may have been
milkfed and/or forced-fed for fattening. The former pre
cedure would have exposed them to increased quantities of
dietary cholesterol, the latter to excessive caloric intake.

The incidence of spontaneous aorta atherosclerosis 1
roosters recorded 1n this and other laboratories is sum
marized in Table XXXVI. Although some variability in in-
cidence of spontaneous atherosclerosis is apparent, the find-
ings are relatively consistent. Cockerels as young as 12 weekf
may exhibit an incidence of spontaneous atherosclerosts
as high as 20% (309). In general, the lesion begins to mant
fest itself macroscopically in roosters 1220 weeks of age.
Roosters 25-63 weeks of age have an incidence of spon-
taneous atherosclerosis as high as 71 % (334)- More usually
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EXPERIMENTAL ATHEROSCLEROSIS

GROWTH CURVES

18004

:

WEIGHT IN GRAMS

1000+
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4 & AGE mhut:xs, & %

Fig 16. Effect of vanous dietary regimens on chick growth: A—
controls; B—20% cottonseed oil mash, C—underfeeding, D—
cholesterol -+ 20% cottonseed oil mash—Dauber, D. V. and Katz,
L. N. (299).

cholesterol-induced atherosclerosis at autopsy. They ex-
hibited an incidence and severity of spontaneous lesions
essentially similar to that of the controls, The recent paper
by Petersen and Hirst presented results in full agreement
with the foregoing (662).

ese experiments should not be interpreted as indicating
that neutral fat ingestion is not a factor in human athero-
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hormonal, enzymatic) essential for the disposal of absorbed
cholesterol.

The further question arises: Does cottonseed oil influence
atherogenesis in the absence of a cholesterol supplement in
the mash? Dauber and Katz explored this problem in one
of their carly experiments (299). They placed four-week
old cockerels on a mash diet supplemented with about 20%
cottonseed o1l. Surviving birds were maintained on this diet
for 32 weeks. These chicks exhibited impaired feed intake,
growth and development (Fig. 16). Their feathers were
ditty, greasy and matted Their combs and wattles were
small and pale Their plasma cholesterol levels were slightlys
but not significantly elevated (Table XXXVII). The plasma
free/total cholesterol ratio was not significantly altered. No
increase in incidence or severity of atherosclerosis was b
served in the oil-fed birds. Three of 11 birds (27%) h.ﬂd
spontaneous lesions of the abdominal aorta. compared wi
a 30% incidence (3 of 10) in the control group.

Recently Stamler, et al., extended these observations 0
chicks fed plain mash supplemented with 5% cottonseed ofl
(341). At this level of oil, no jmpairment of feed intake,
growth or development occurs, nor are there any signs of
malnutrition or endocrine hypofunction. Mean plasma total
cholesterol for the 15 week duration of the experiment waS
85mg.% (plain mash-fed controls: 108 mg.% ). The plasme
lipid phosphorus levels also coincided m control and ¥
penmental chicks (341). This finding, that neotwal fat -
gestion does not effect an almentary hypercholesterolemiz,
is in accord with most previons observations on man an
other animals (54).* Corresponding to these normal plasm?
lipid levels, the oildfed cockerels showed no evidence of

*Some workers advanced dats n suppost of the opposite canclusion {cf. 25.
331). The possibility temas that amount of neutral fat ngestion inft-
ences the plasma cholesterol contaming hipoprotemn micelle (cf. pages 3%
86, 59)-
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(enzymatic and hormonal) factors require experimental
study and clarification.

D. Low Fat Diet

In several studies, Horlick, et al., analyzed the effects of a
specially prepared, defatted mash on both spontaneous and
stilbesterol-induced atherosclerosis n cockerels (293, 334).
Further, they investigated the influence of such a low fat,
cholesterolfree mash on the regression of cholesterol-
induced atherosclerosis supervening upon cessation of cho-
lesterol feeding (311).

In the first study, 6-10-week-old cockerels were divided
into two groups. Group 1 continued to receive regular com-
mercial chick starter mash and tap water ad hb. Group 2
received the same chick starter mash from which the cho-
lesterol and fat had been removed by repeated alechol-cther
extraction, The diets were made approximately isocaloric by
the addition of sucrose to the latter mash; vitamins removed
in the extraction procedure were also replaced (Table
XXXVIIT) (334). This diet given to the Group = birds con-
tained 0.1-0.3% fat, as compared with 3.0-5.0% in the
control regimen of regular chick starter mash. The extraction
procedure reduced the cholesterol content from 6o mg.%
to o mg.%, as determined by the Schonheimer-Sperry
method (278), modified in this laboratory for analysis of
tissues and feed (334).* Previous work has shown that an
exogenous source of hpid is not essential for chuck nutrition
(345-347)- The Group 2 cockerels exhibited normal feed
intake, growth and development while subsisting on the
defatted smash,

The experimental regimens were continued for 63 weeks,
with chicks being sacrificed at intervals prior to that time,
Plasma cholesterol levels were determined serially through-

+Othes lypid analyt

cal methods used i
those of Man an: methods used in our laboratory are adapted from

colleagues (343, 344).
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genesis. Clinically nentral fat and cholesterol ingestion are
almost invariably combined—in contrast to the foregoing
experiments, Considerable evidence exists that under such
circumstances triglyceride infl cholesterol metaboli

(54, 110, 152, 153). A recent experiment in our laboratory
also indicates that under certain circumstances neutral fi

TABLE XXXVII

Effect of Dietary C d Oil en Chol
—Dauber, D. V. and Katz, L. N. {299)

Plasma Total Cholesterol--mg %
Weeks on Diet
Control Group Cottonseed Oil Group
3 106 153
8 126 163
12 126 200
16 75 153
2 160 190

ingestion affects cholesterol metabolism and atherogenesis 1t
the chick (341). This study will be presented in detail
below (page 208), in the discussion of the pancreas a0
atherogenesis. Briefly, Stamler, et al., demonstrated that th¢
effect of cholesterol feeding in dep tized chicks differs
depending on the presence or absence of 5% cottonseed ol
in the mash (341).
Such clinical and experimental observations indicate that
a number of additional interrelationships among neutsal fat,
cholesterol, total caloric intake, and endogenous metabolic
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out the experiment. These data are summarized in Figure
17. At the conclusion of the study, plasma lipid fractiona-
tions were done; the livers and carcasses were also analyzed
for total and free cholesterol (Table XXXIX). Throughout
the experiment, the plasma cholesterol levels of the chicks
fed defatted mash (Group z) were slightly (10-20%)
higher than those of the controls. The other plasma

%
™
8

@
o

s
S

3
o

BLOOD CHOLESTEROL {TOTAL) MO
@
S

| e CONTROL GROUP
4 aee e —LOW FAT GROUP

n
o
T

4 2 4 €
MONTHS OF FEEDING

Fig. 17. Cholesterolemza in chcks fed plain mash (control group)
and defatted mash—Horlick, L, et al (334).

lipid fractions were found to be similarly elevated {Table
XXXIX). Liver and carcass cholesterol levels were not sig-
nificantly different in the two groups. The two groups also
had essentially similar patterns of fecal lipid excretion (Table
XL). Thus 1t is apparently not possible to reduce plasma
and tissue lipid concentrations below physiologically normal
levels by excluding fats from the diet. Moreover, absence of
exogenous cholesterol and neutral fat apparently had little
effect on the hepato-hemato-enteric circulation of choles-
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TABLE XXXVIII

Composition of Normal Chick Starter Mash {Plain Mash}
ond of Defatted Mash—Horlick, L. et of. {334)

Chuck Starter Mash

Fat Extracted Chick Starter Mash

A 1,800 USP per Ib.

Crude protein 180%| Crude protein 180%
Crude fat 3-5%| Crude fat 01-03%
Carbohydate Carbohydrate 4%
Cholesterol 006%| Sucrose* 5%
Cholesterol 000%

Vitamn Vitamin*

A 1,200 USP per Ib.

D, 360 AOAC umts per Ib

Ds 180 AOAC units per b
E 30 mg per Ib

B (brewers”
yeast) g o8 gm. per I

Ingredients*

10dide, a trace.

Ground com, ground oats, ground wheat, wheat bran, wheat
middlngs, alfalfa meal, meat and bone scraps, dried buttermilk, soy-

bean o1l meal, steamed bone meal, caleum carbonate from hmestone,
salt 1.0 per cent, manganese sulfate ooz per cent, and potassu

*Added to mash.
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terol, insofar as plasma, tissue and fecal lipid concentrations
indicate.*

The incidence of gross lesions in the aorta in the tw
groups is summarized in Table XLI. The gross mor
phology and location of lesions were typical of spontancous
atherosclerosis in roosters, Neither group exhibited induced
lesions of the thoracic aorta. Spontaneous abdominal aorta
lesions developed earlier in the control birds than in the
chicks fed a low fat mash. However, in view of the variabilty
in incidence of spontaneous atherosclerosis during this ag¢
period (cf. Table XXXVI, page 156), as well as the small
number of chicks examined at this time (Table XLI),
this difference is of questionable significance. It cannot be
regarded as more than suggestive. Further, with prolonga
tion of the feeding period beyond 5o weeks, the incidence
of gross atherosclerosis in the two groups became approx:
mately the same. The grading of the spontaneous lesions
in the abdominal aorta was higher in the control chicks
(1% vs. %4).

From this experiment it is apparent that an exogenou$
source of lipid and cholesterol is ot essential for spon-
taneous atherogenesis in the chick. If plasma lipids play 2
key ole in this spontaneous atherogenesis,t endogenous
sources continue to make available the necessary lipids it
the ab of exog sources. Atherogenesis proceeds
on the basis of normal plasma lipid levels derived solely
from endogenous metabolic processes. However, absence
of lipids from the diet may retard the onset and decrease the
severity of this atherogenic process.

Application of this experiment to findings in man may
well be held in abeyance.

In another experiment Horlick and Katz studied the effect

—
*Tracer studies are essential to obtam a more complete picture of these
dynamic interclationships.

4This 1s still an unsolved problem,
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EXPERIMENTAL A.YHEROSClEPOSIS

TOTAL

GHOLESTEROL

IN MG %

—-~——STILBESTROL —NORMAL DIET
STILBESTROL — LOW FAT DIET
—LOW FAT DIET

~===PLAIN DIET ;

1500} /

1000}

500

0[ 1PELLETIMPLANTATIDN
al M) ‘rl’ [ S|

TIME IN WEEKS
Fig. 18, Effect of stilt 1§ on chol lemni;
chicks fed normal and defatted (mashes—Horlxck L. and Katz, L. N
203)
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of a low fat diet on plasma cholesterol levels and athero
genesis in stilbesterol-implanted chicks (293). The effect
on cholesterolemia is indicated in Figure 18, It is evident
that the endogenous hypercholesterolemia induced by st
besterol pellet implantation proceeds in the absence of exog-
enous lipid sources. The mean plasma total cholesterol con-
centration for the duration of the experiment was 561 mg %
in the stilbesterol-treated chicks fed defatted mash, com-
pared with 687 mg.% in their paired controls given regular
mash. This difference is not statistically significant.

The failure of this experimental endogenous hyper]ipemﬂ
to be greatly reduced by curtailment of exogenous fat paral
lels the limited success reported clinically in efforts to lower
endogenous hypercholesterolemia (e.g., in primary hyper-
cholesterolemic xanthomatosis) by dietary means. However,
it contrasts with the observation of Keys that a fat- and
cholesterolfree diet lowers hypercholesterolemia in such
persons (119).

Corresponding to the persisting hyperlipemia, the st
besterol-implanted chicks on low fat mash exhibited an
incidence of atherosclerosis similar to their estrogen—trezted
paired controls fed regular mash (Table XLII). However,
grading of stilbesterol-induced lesions was lower in the'cock-
ercls fed the defatted mash (Table XLII), suggesting 2
possible anti-atherogenic effect of this diet. .

In a third study with defatted mash, the influence of this
diet on regression of cholesterol-induced atherosclerosis was
analyzed by Horlick and Katz in chicks following cessation
“of cholesterol feeding (311). In this experiment, birds wet
given a 2% cholesterol—20% cottonseed oil mash for 10
weeks. One group was then placed on defatted mash, the
other on regular mash The therapeutic effect of the low
fat mash was not cousistently greater than that of the regulat
chick starter mash (Table XLIII, page 171). R

In view of clinico-pathologic studies indicating that inani-
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doxine-deficient diet induces intimal fibrosis (not athcmma)
in monkeys, a species highly resistant to cholesterol-i
atherosclerosis (532). The imtial lesion is characterized by
an intimal accumulation of a mucinous substance with the
metachromatic stainng properties characteristic of muco-
polysaccharides (cf. ref. 636, page 79). Cellular prohiferation
occurs and collagenous and elastic tissue fibers are formed
{5323). These authors suggest that lipid accumuwlation is a
later development. In a subseq study, Greenberg and
Rinchart observed that pyridoxine-deficrent monkeys fed a
low or mod fat diet containing 1% cholesterol develop
a greater hypercholesterolemsa than normal controls (542).
This supervenes although the cholesterol intake of the By
avitaminotic ammals is %-Y2 that of the controls. After
G5 weeks or longer of experimental feeding, neither group
showed evidence of atherosclerosis; the arteriosclerotic
lesions of pyridoxine deficiency were not enhanced by
cholesterol feeding (542).

TABLE XLII

Averoge Gross Grading of Cholesterol-Induced Acrta Lesions in
Chicks Tronsferred to Defutted und Regular Mash—Horlick, L.
and Katz, L. N. {311}

Weeks After Cessation Average Gross Grading of Lesions
of Cholesterol Fediag | ™1, 1 1ted Mash Reguler Mash
24 27 24
5-8 2a 18
912 11 35
12-14 os 10
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tion effects regression of atherosclerotic lesions in man
(106), further experimental studies are indicated in the
chick on the therapeutic effects of inadequate caloric in-
take (semistarvation), as compared with low fat and regular
mashes fed ad Iib. Further, in view of clinical and esper-
mental data indicating only limited enteric ability to absarb
cholesterol in the complete absence of dictary neutral fat,
experiments are needed on hipid metabolism and athero-
genesis in chicks fed fat-free diets plus cholesterol.

E. Vitamins

Little work has been done on vitamins and atherosclerosis
although these dietary substances play a key role in the inter-
mediary metabolism of lipids (348). The few reports &
tant on vitamin D and atherosclerosis are contradictory
Some workers believe large doses of vitamin D aggravate
cholesterol-induced atherosclerosis in rabbits; others disagree

(4, 349, 707)- .
Rinchart and Greenberg recently reported that a Py

TABLE XLII

Effect of Defatted Mash Diet on Cholesterclemia and Athero-
lerosis in  Stilk ) ) Cockerels—Horlick, L a4

Katz, L N. {293)

Mean Plasma Total Average Gross
Cholesterol for Do- %wl%‘:ds ‘G:xagmg of
ration of Expeniment | 7 qons Lesions
mg %

Shlbesterol and

Defatted Mash 561 60 12

Stilbesterol and

Plain Mash 687 8o 24
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doxine-deficient diet induces intimal fibrosis (not atheroma)
in monkeys, a species highly resistant to cholesterol-induced
atherosclerosis (532). The initial lesion is characterized by
an intimal accumulation of a mucinous substance with the
metach ic stai properties characteristic of muco-
polysaccharides (cf. ref. 636, page 79). Cellular proliferation
occurs and collagenous and elastic tissue fibers are formed
(532a). These authors suggest that lipid accumulation is a
later development. In a subsequent study, Greenberg and
Rinehart observed that pyridoxine-deficient monkeys fed a
low or moderate fat diet containing 1% cholesterol develop
a greater hypercholesterolemia than normal controls (542).
This supervenes although the cholesterol intake of the Be-
avitaminotic amimals 15 ¥4-%2 that of the controls. After
65 weeks or longer of experimental feedmg, neither group
showed evidence of atherosclerosis, the arteriosclerotic
lesions of pyndoxine deficiency were not enhanced by
cholesterol feeding (542)-

TABLE XLIII

Average Gross Grading of Cholesterol-Induced Aorta Lesions in
Chicks Transferred to Defatted and Regular Mash—Horlick, L.
and Katz, L N. (311}

Weeks After Cessation Average Gross Grading of Lesions
£
of Cholesterol Feeding Defatted Mash Regular Mash
-4 27 it
58 21 18
. 11 35
1214 o5 1o
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Flexner, et al, found that vitamins B, and C ae
ineffective in preventing cholesterol-induced atherosclerosis
in rabbits (350). Myasnikov observed vitamin A, thiamin
and riboflavin to be wathout mfluence in cholesteroled
rabbits, but he noted an incomplete, partial anti-hypercholes-
terolemic and anti-atherogenic effect of ascorbic acid (707).
Dam observed that vitammn E does not modify aorhc cho-
lesterol deposition of cholesterol-fed rabbits or chicks (351)-
In contrast to these negative results, Morgulis and Spencer
reported a sigmficant nise in blood cholesterol in rabbits fed
a vitamm E deficient diet (352), and Bruger noted that
tocopherol markedly increases the cholesterol content of the
aorta of rabbits fed cholesterol (353). Marx, et al, found
that nesther avitaminosis E nor a large intake of vitamin E
modifies plasma or tissue cholesterol levels in rats, or induces
gross atherosclerosss (354). No studies have been carried ouf
in our laboratory on vitamins and chick atherosclerosts:
Obviously the data of these few reports on vitamins and
atherogenesis are fragmentary. This aspect of the overall
problem needs further exploration.

F. Proteins

The few experiments on proteins and atherogenesis have
been recently reviewed by Hueper (4). In brief, fevcﬁl
workers claimed that protemn induces atherosclerosis in 1:31?
bits {355-359). Some' of these experiments utilized “de-
fatted” liver, testis, casein, or lean beef. None of these
preparations were entirely free of cholesterol. Hence athero-
genesis may have been cholesterol-induced. In one study,
vegetable protein (oats) was used, with positive .xesuli;
(356). Others have failed to obtain lesions in rabbits fe
vegetable protein (soybeans, gluten flour) (26-18, 357, 360)

*In all our experiments, with the possible exception of those using 20%
cottonseed o, chicks recerved apparently adequate amounts of vitamiss ¥

therr diets.
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or defatted animal protein (4, 361). Obviously further ex-
peri ion is needed, preferably in omnivorous species,
to clarify the reasons for such contradictory findings and to
elucidate the relationship (if any) of protein to atherogen-
esis. In our Iaboratory no projects have been undertaken to
date on this problem.

G. Lipotropic Factors
Among dietary factors possibly influencing human and
experimental atherosclerosis, either prophylactically or
therapeutically, greatest attention has focussed on lipotropic
factors. At least three observations led to the hope that
these factors might be useful against atherosclerosis. First,
it was noted that experimental cholesterol-induced athero-
sclerosis is usually associated with a fatty liver. It was rea-
soned that lipotropic factors, by combating hepatic cho-
lesterosis, may cure or prevent atherosclerosis Second, it was
postulated that lipotropic activity may not be confined solely
to the liver These agents may play a role 1 removing from
the arterial wall lipids deposited there in the initial stages of
atherogenesis. Third, it was noted that some of these lipo-
tropic factors prevent fatty livers in depancreatized dogs.
Diabetic humans often have demonstrable derangements
in lipid metabolism, with hyperlipemia, hypercholestero-
emia and hepatic lipidosis. Moreover, they are particularly
Prone to be victims of atherosclerosis. The possibility arose
that hp.ohopic factors may be specific replacement therapy,
corecting the faulty lipid metabolism, particularly in dia-
betics, and thereby retarding atherogenesis
I.n view of these theoretical possibilities, the vigor with
which hpotropic factors have been mvestigated in clinical
and experimental atherosclerosis is not surprising Unfortu-
nately the results have been at best contradictory, and in
teality frankly disappointing. A series of recent teports yield-
R 1g negative results in the chick, the dog, and the rabbit
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are particularly decisive in indicating that at least choline
is of no value in the prophylaxis or therapy of atheroscle-
Tosis.

A review of the great mass of research done during the
last decade and a half on lipotropic factors is beyond the
scope of this monograph, The reader is referred to a number
of excellent reviews (54, 362-366). Prior to 1950, at least
13 communications had appeared in the English literature
on various lipotropic factors in experimental atherosclerosis
(367-379). As already indicated, contradictory results were
reported. Some workers claimed success in preventing or
treating experimental atherosclerosis with lipotropic factors
Others obtained completely negative results. Most of these
studies were done in rabbits. In our department Sanders
obtained inconclusive findings with lipocaic in cholesterol-
ized rabbits (266). The reasons for these disparate findings
were not apparent.

Despite such inconsistent results and the paucity of con-
trolled clinical data* (185, 211, 376, 380-390), practition-
ers are being persuaded on the basis of results by 2 few in-
vestigators to prescribe costly preparations of lipotmgic
factors for the prophylaxis and therapy of human arterio-
sclerosis. From both scientific and socio-economic consider:
ations, therefore, it is essential that the actual effects of
lipotropic factors on atherosclerosis be clarified. Towards
this end, Stamler, et al, undertook to study the possible
prophylactic influences of choline and inositol on sponta-
neous, cholesterol-induced and stilbesterol-induced athero-
sclerosis in cockerels (308, 339). Further, this department
recommended to the American Heart Association that it

*Davidson recently reviewed the limited chinical data available concerming
. ot ekt 3 it Tangsis None of the studies

3l (663). Further, 2mong
s of S¢ 10-z0 lipoprotein
'red by admnistration of
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take the lead in planning a nationwid ),
long term, definitive clinical study, of the type carried out
on dicumarol in myocardial infarction (391).

In our study of lipotropic factors and cholestero]-induced
atherosclerosis, we analyzed the effects of 1% choline + 1%
inositol on birds fed three different concentrations of di-
etary cholesterol, ¥4%, ¥2% and 2%. The exact dietary
regimens are indicated in Table XLIV. A total of g6 cock-
erels were placed on these feeds at five weeks of age, 12 in
each of the six cholesterol-fed groups and 24 in Group 7.
The study was continued for from 15 to 35 weeks. Through-
out this period, all experimental diets were well tolerated.
The cholesterol-fed paired groups, with and without the
choline-inositol supplement, exhibited feed intakes and rates
of weight gain essentially similar to the controls {Group 7).

Complete plasma lipid fractionations were done serially

TABLE XL1V
Experimental Diets—Stamler, J. et al. (308)

Group Mash | Cholesterol | Cottonseed | Choline Inositol

% % Oil % % %
1 94 5 o5 5 o o
z 925 os 5 1 1
3 98 z o o o
4 96 E3 ° 1 1

975 | oas H ° °
6 9275 | o35 5 3 B
7 100 o 3 o o
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throughout the experiment. All cholesterol-enriched dists
produced hypercholesterolemia and hyperlipemia of varying
degrees. Hypercholesterolemia was the principal alteration
in the plasma lipid pattemn, Phospholipids rose, but dispro-
portionately less than cholesterol, so that the plasma
total cholesterol
liprd phosphorus
lesterol feeding induced no change in the ratio of free to
total cholesterol in the plasma. In all cholesterol-fed groups,
with and without a supplement of 5% cottonsced oil, total
fatty acids, neutral fat fatty acids (calculated) and total lipid
(calculated) tended to be elevated.

At all levels of cholesterol feeding, 1% cholme + 1%
inositol failed consistently to lower hypercholesterolemiz
and hyperlipemia. The lipotropic factors were without effect
in ameliorating the minimal hypercholesterolemia conse-
quent upon feeding % % cholesterol mash. The data in-
dicate that during the mitial weeks of the experiment
addition of lipotropic factors to the diet actually aggravated
hypercholesterolemia (Fig. 19).* At this time, hyperphos-
pholipemia in the choltne-inositol-fed chicks also tended to
be more severe. However, the rise in phospholipid never
kept pace with the nise in cholesterol. Thus exhibition of the
phospholipid precursors choline and inositol (362-365)
failed to elevate plasma phospholipid levels sufficiently to
total cholesterol . .
lipid phosphorus ratio in the face

(C/P) ratio increased significantly. Cho-

maintain a normal plasma

enn $hat wonld ac-

PRESERNINEE I S T A ST RIS

Liver, allowing 11ee CHOIESLEIUL L0 DE EALICLED 1U LIL ULLe 3aunvivey
biliary cholesterol 1s promptly reabsorbed 1n the ntestines, back into the
irculation, unless chol 1 absorp extreme fat re-

1 p d b; t
striction ot other measures to be considered” (5;) Davlglscn alsg cntically
evaluated the theoretical considerations involved in the use of hipotropic
factors i atherosclerosis (663).
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of marked hypercholesterolemia. Likewise the lipotropic
factors failed consistently to affect cholesterol-induced neu-
tral fat hyperlipemia,

Fractionations of tissue Lipids (liver, aorta, adrenal, gut,
heart, lung, kidney, carcass) were accomplished serially dur-
ing the experiment. Cholesterol feeding induced a lipidosis
in all organs analyzed, most marked in the liver and adrenal

PLASHA
TOTAL’
120¢
o
L A 2% CHOLESTEROL
N N B 2% CHOLESTEROL AXD
x - INGSITOL
000 \

3 [ 20 25

itk [ av oross [ xwite craome,
Cisions | “eriome | ¥ VOR >
al_es FER ™

sl o 2 1 &7

Fig 19. Effect of choline and inositol on plasma lipids and athero-
scletosis m the cholesterol-fed chick—Stamler, |, et al. (308).
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(Table XLV). This lipidosis was minimal in degree in
the birds fed %% cholesterol mash. It becsme more
marked with increasing amounts of dietary cholesterol. Cho-
lesterol, particularly esterified cholesterol, was the chief com-
ponent of this tissue lipidosis. The increase in cholesterol
concentration far exceeded the rise in phospholipid, which
was often insignificant.

Choline and inositol had an incomplete lipotropic effect
on the cholesterolinduced hepatic lipidosis (Table XLV
and Fig. 20). Ths resistance (incomplete lipotropic re-
sponse) of the cholesterol type fatty liver to choline and
inositol is in accord with previous observations of several
investigators (362-365).* The lipotropic factors were other-
wise without consistent effect on the lipid concentrations
of the other organs analyzed. They failed to reduce signif-
cantly or prevent aortic cholesterosis.

Gross autopsy findings in the aorta and great vessels of
the seven groups in this experiment are summarized in
Table XLVI. Obviously, addition of choline and inositol
to cholesterol-enriched diets failed to reduce the incidence
or severity of lestons in either the thoracic or abdominal
aorta, Even in chicks fed %9 cholesterol mash, exhibiting
only minimal hypercholesterolemia and organ lipidosis
(336), the lipotropie factors failed to prevent or alleviate
atherosclerosis, If anything, the data suggest that extubition
of choline and inositol tended to increase the incidence and
severity of atherosclerotie lesions.

In the companion experiment, Stamler, et al., assayed pos-
sible prophylactic effects of 1% choline + 1% inositol
against chick spontancous and stilbesterol-induced athero-
sclerasis. Briefly, the lipotropic factors wete without signifi-
cant effect on feed intake, growth and development, of

*In contrsst, Stomler, ef al,, found that the hepatic ipidos:s and cholesterosis
hol 1fed chucks is ively p d by exhibition of desiccated

D
thyrod (392)+
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Fig. 20. Effect of choline and inositol on hver prxds in the choles-
terolfed chck—Stamler, J., et al. (308).
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plasma and tissue lipids. Likewise they had no influence on
aortic cholesterosis, or incidence and severity of either spon-
taneous or stilbesterol-induced atherosclerotic lesions {Figs.
21 and 22) (cf. also, studies with pancreatic factors, page
217).

Until recently, it was difficult to account for the disparity
between the negative results obtained by others and our
selves, and the positive findings of several workers who
studied the prophylactic effect of lipotropic factors against
cholesterol-induced atherosclerosis. It appeared as if species
differences might be accountable, since positive results (ex
cept for those of Herrmann (376-378)) were obtained in
the rabbit. However, a number of investigators have re-
corded negative findings 1 this species as well.

Recently Firstbrook has reported a careful study in rzb-
bits—with negative results (323). He took the precaution of
forcefeeding cholesterol and choline in gelatin capsules,
rather than mixing them with the food. He thereby assured
uniform dosage, and also avoided any possible depression of -
food intake due to the brackish taste of the drug. He deemed
control of this factor essential since he previously found
that the level of food intake influences experimental atheso-
genesis (322). Our findings are thoroughly in accord with
this conclusion, as are those of Moses and Longabaugh

18).

(sFir)stbrook gave adult male rabbits 1 gram of cholesterol
in capsules six times weekly. One group received 1 gram O
choline chloride concomitantly. Experimental feeding was
continued for a nine-week period. His results are summa-
rized in Table XL VI, from his work (323). He found that
degree of atherosclerosts mcreased with increasing bloo

cholesterol levels. The rabbits receiving supplemental cho-
Tine showed no significant differences from the controls in
average blood cholesterol level, body weight, or degree of
atherosclerosis. Similar negative results with choline and/or
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Fig. 21. Effect of choline and inositol on aorta cholesterol and
therosclerosis in the stilt l-implanted chick—Stamler, J., ¢

(339)-
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Fig. 22. Effect of choline and mositol on aorta cholesterol and
spontaneos atherosclerosis mn the chick fed plain mash—Stamler, .,
et al. (339)-
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inositol were obtained in carefully controlled rabbit experi-
ments recently accomplished by Meyer, et al,, (664), Ellen-
bogen and Kendall (665), Moses (666) and Kellner (667)
Duff and Meissner also found choline to be ineffective pro-
phylactically or therapeutically, except when the level of
dietary cholesterol is moderate (1 gram, three times a week)
and the dose of choline 15 very large (668). Under the latter
experimental conditions, a slight but definite retardation of
atherogenesis was observed, unassociated with alterations in
plasma lipids attributable to choline. Among the most re-
cent papers, the only other reporting positive results is that
of Dotti, et al, who found mositol to inhibit hypercholes-
terolemia in cholesterol-fed rabbuts (669).

Davidson, et al, recently reported that choline chloride
failed to influence the degree of atherosclerosis in dogs fed
cholesterol plus thiouracil (393). The lipotropic factor was
likewise without effect on serum or hepatic lipid levels.

As Davidson noted in his review on hpotropic agents in
atherosclerosis, “Critical analysis of the published reports
reveals that many of them must be rejected as inconclusive
for vanous reasons” (663) The recent studies, which are
free of the shortcomings of earlier experiments, almost uni-
formly yielded negative results Davidson cogently summa-
rized methodologic lessons for atherosclerosis research to be
leamed from the confusing experiences over the years with
lipotropic factors:

“Experimental arteriosclerosis, as produced in rabbits by
cholesterol feeding, is subject to a large number of factors
which influence the incidence and seventy of the lesions. Tt
is now recognized that even with all known variables con-
trolled there is such marked biologic variation in experimen-
tal artenosclerosis in rabbits that 1t 15 hazardous to use less
than about 20 animals for each test regimen, with an equal
number of control experiments limited to feeding the same
quantity of cholesterol alone. In setting up an experiment
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EXPERIMENTAL ATHEROSCLEROSIS

the control and test groups should be of identical strain, sex
distribution, age and weight. They should be carried on
experiment simultaneously for the same length of time Fre-
quent serum cholesterol determinations should be made and
the rates of weight gain should be followed. Neglect of any
one of these requirements in the evaluation of a drug in the
prevention or cure of experimental arteriosclerosis in rabbits
leaves the results of the experiment open to question. The
requirement of strain or heredity control is fundamental.
Age has been shown to be an important factor in determin-
ing the ease with which arteriosclerosis can be produced in
rabbits. Sex has been noted to play a role, in that some male
rabbits seem to be rather refractory to the development of
hypercholesterolemia and arteriosclerosis on this regtmen.
The initial weight and the rate of weight gain during the
experiment are recognized as having an appreciable influence
upon the arteriosclerosis. The thriving, weight-gaining rab-
bits seem to develop more artenal lesions than their lean
brethren. The necessity for sumultaneous controls cannot be
emphasized too strongly, 2 requirement that is frequently
neglected because 1t requires more in the way of facilities
and personnel There 1s also the temptation to use a single
control group for companson with several successive test
groups. In our own laboratory we have seen strictly compa-
rable control groups of rabbits 1n successive years show sig-
nificant differences 1n the incidence and seventy of arterio-
sclerosis, This 1s most pronounced if the seasons happen to
duffer, because rabbits do not do well in summer Contem-
porary controls in the same amimal quarters also serve as 2
check on such intangible variables as differences in commer-
cial food lots and unrecognized intercurrent disease in the
rabbit colony. These can inhibit the development of arterio-
sclerosis. Frequent serum cholesterol determinations serve
to check the comparability of the control and test animals
{when the test substance is to be used in a curative experi-
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ment), or to reflect possible effects of the test substance
upon the serum cholesterol (in the preventative type experi
ment). This latter use of cholesterol levels is hazardous be
cause mere acceleration of the dietary cholesterol through
the gastromtestinal tract by an imitative effect of the test
substance can probably result in lower values. Finally, if all
of these conditions have been complied with to achieve the
ideally controlled experiment, at the end of such an expen-
ment it usually 1s impracticable to perform the minimum of
20 control and 20 test animal autopsies within an insignifi-
cant interval of time.

“As a result of all these difficulties compromises have been
made by all investigators with resultant invalidation of many
of the expenments. Moreover, if a test group showed less
arteriosclerosts than the control group, the test agent was
Iikely to become the subject of a published report; if there
was no difference between the groups, the investigator was
generally mchined to dismiss the experiment as inconclusive.
Custom seems to require much better data for negative re-
ports than for positive ones.

“Most of what has been said of the design and interprets-
tion of rabbit experiments applies in general to chicken and
dog studues . . . [cf. pages 135-142—~LNK. and JS].

“Most of the experiments cited by pharmaceutical firms in
support of the use of lipotropic agents in arteriosclerosis ar¢
open to criticism on one or more of the above counts. When
the literature is reviewed with these requirements for ade-
quately controlled experiments in mind, there are only a few
that escape rejection. In general, the results of even these
experiments are suggestive rather than conclusive” (653)-

To this statement one need only append a reiteratmn'of
the fact that the latest carefully controlled experiments with
lipotropic factors yielded negative results. 3

In view of these consistent recent findings in three dif-
ferent species, we deem it worthwhile to reiterate state-
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ments of Best (394) and Stamler, et al. {308), on lipotropic
factors and atherosclerosis: “This claim for choline has no
firm basis in fact and may serve as a false pathway which
diverts energy from both the profitable study of atheroscle-
rosis and the real realms of choline action” (394). “ .
Neither on theoretical, nor experimental, nor clinical
grounds is there today a firm scientific basts for the wide-
spread clinical use of costly lipotropic preparations in the
prophylaxis and/or therapy of human atherosclerosis”
(308).

H. Agents Possibly Inhibiting Enteric Absorption of Chol 1

Endogenous cholesterol is secreted into the gut via the
bile and the intestinal mucosa. Some of this endogenous
cholesterol, together with some of the ingested sterol, 15
reabsorbed by the gut into the blood stream (54, 57) The
possibility presents itself that this entero-hemato-hepatic
circulation of cholesterol can be influenced exogenously.
The intestinal disposal of cholesterol might be enhanced,
plasma cholesterol levels lowered, and atherogenesis re-
tarded.

Rodbard, et al., have been camymng on experiments on
this problem in our laboratory (395). Utilizing a specially
prepared aluminum hydroxide gel, 1t has been possible to
d the hypercholesterolemia of cholesterolfed cock-
erels and to retard atherogenesis * This problem 1s bemg
further explored

Another expenment along similar lines was recently re-
ported by Petersen (670). He compared levels of choles-
terolemia in two groups of cockerels, one fed a mash supple-
mented with cholesterol and cottonseed oil, the other a
mash containing chalesterol and cottonseed oil plus plant
(soy) sterols. The plant sterols, which the ammal gastro-

+Endogenaus hypercholesterolemia 1nduced by estrogens 1s not depressed
by feeding this alummum hydrowde preparation
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intestinal tract is incapable of absorbing (54), prevent the
tise in plasma cholesterol induced by cholesterol feeding
It was suggested that this effect may be due to interference
by one or more of the mixed soybean sterols with enteric
absorption of cholesterol (670).

In connection with this general problem of enteric absorp-
tion of cholesterol, cholesterol metabolism and the segula-
tion of plasma cholesterol level (cf 54, 57, 555), Abell and
Kendall recently reported two significant sets of observations
(566, 671): Fecal excretion of sterols roughly parallels the
Ievel of dictary sterol in man, with wide individual varia-
tions. Constipation tends markedly to decrease the excretion
of sterols. Secondly, dogs fed 10 grams of cholesterol per day
excrete 24 grams of total sterol per day in the feces, Plasma
cholesterol levels are only slightly elevated, ranging between
200 and 400 mg.%. When 1.z grams of thiouracil are added
to the diet of these animals, the rate of fecal sterol excretion
is unaffected Nevertheless, plasma cholesterol levels risc toa
mean of 1000 mg.%, and occastonally attain values as hig.h
as 5000 mg.%. It is clear from these observations that this
matked hypercholesterolemia does not result from decreased
enteric excretion of cholesterol, since this does not occur.
Thiouracilinduced alterations in other aspects of cholesterol
metabolism must be responsible (566, 671).

Clearly, further work is indicated on the selationship of
enteric handling of cholesterol to cholesterolemia and ath-
erogenesis.

WHAT ENDOGENOUS FACTORS INFLUENCE
ATHEROGENESIS?

A. Thyreid Hormone

Since Anitschkow first induced experimental athero-
sclerosis by chalesterolizing rabbits, investigators X:ISVC at-
tempted to prevent, inhibit or treat the cholesterol-induced
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lesions. The use of thyroid hormone, organic and inorganic
iodides has yielded the best responses thus far. Katz and
Dauber (38), Hueper (4), Gubner and Ungerleider (57),
Katz, Stamler and Horlick (53), among others, have re-
viewed and summarized these results.

These observations have recently been extended and
amplified by experiments with the chick in our laboratory
(335 337 392, 406). In our initial study, Dauber, et al,
analyzed the effects of desiccated thyroid and potassium
iodide (K1) in cholesterol-fed chicks. In three series of ex-
periments, it was shown that desiccated thyroid significantly
depressed the hypercholesterolemia of birds given diets
supplemented with ¥2-2% cholesterol + 20% cottonseed
oil (Fig. 23) (406). In contrast, KI did not lower plasma
chalesterol levels. In accord with these plasma lipid pat-
tems, desiccated thyrod significantly decreased the inci-
dence and severity of cholesterolinduced atherosclerosis

A
1% CHOL.

1% CHOLAKI

=1% CHOL.+ THYROID

———— conTROL -
1% o

{3 oo
Ix coLaTwvmon
1501

8
-~

/

, ~ //
L b Y

Nt

L x/ ",/‘

€00 /

wf [T

\ PSRN P
T 4 6 8
WEEKS. OF FEEONG.

Sead or recone

Fig 23 Effect of desiccated thyroid and of Fotzssmm jodide on

plasma total chol Tevels i chol Ited chicks—Dauber,
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(Table XLVIII). KI had no effect. These findings were con-
sistent at all levels of dietary cholesterol utilized.

In one respect, these results were quite different from
those obtained in the rabbit. Both species exhibited a simi-
lar lipid and atherogenic response to desiccated thyroid.
However, inorganic iodides prevented the development of
cholesterol-induced atherosclerosis in rabbits with an intact
thyroid gland (407-412). Chicks on KI failed to exhibit this

TABLE XLVIIT
Effect of Thyroid Feeding on Ath is in the Chol I-Fed
Chick—Dauber, D.V, et al. (406}

% with Lesions| % wath Lesions| % with Lesions
Grade o—1 Grade >1 Grade >3

Chalesterol

Controls 33 67 22
Cholesterol plus

Thyroid 8 52 1
Cholesterol plus

Ki 31 69 22

response (406). In attempting to account for this difference,
note must be taken of the possibility that it is more apparent
than real. Thus Moses and Longabaugh recently reporfed
that KI had no effect on atherogenesis in young growing
rabbits (679). (In our experiments young growing cockerels
were used.) Rosenthal found that KI aggravated hypercho-
lesterolemia and atherogenesis in cholestt Lfed rabbits
(80). Obviously further work with iodides is needed.

In a subsequent study by Stamler, et al., these observa-
tions were extended and amplified with respect to stilbes-
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terol-induced atherosclerosis m cockerels (337). Plasma and
tissue lipid fractionations were done in this study. During
the first weeks of the experiment, exhibition of desiccated

N

' 1 .
treated birds eventually had sumular plasma lipid levels, de-
spite continued thyroid feeding in one (Figs. 24 and 25).
These findings are consistent with previous reports in the
lterature. Thus Fleischmann and Fried noted that thyrox-
ine “neufralized” the effect of estradiol on serum choles-
terol if equal doses of the two agents were given (412).
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Fig. 25. Effect of thyroid on plasma phospholipids and C/P ratio In

stilbestesolimplanted chicks “(groups as m Fig 24)—Stamler, ],

et al. (337). .

When estrogen dosage exceeded thyroxine dosage, hyperli-

pemia ensued. This situation probably abtained in the

stilbesterol-thyroid chicks during the latter weeks of our

experiment, as a result of repeated stilbesterol pellet im-
plantations.
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TABLE XLIX
Mean Tissue Lipids of Stilk 1 (Group 1), Stilb 1-Thyroid
{Grovp 2) and Contro! {Group 3) Chicks—Stamler, J. et al. {337)
Total ‘Total
N Total Free
Group Lipid P. Cholesterol | Chalesterol Fa!}y é" f‘d,
mg % mg % mg % Acid (Cale.)
mg % | mg%
Liver
1 100 443 313 4490 5798
2 122 453 356 4330 5836
3 767 333 292 3518 4515
Aorta
1 381 300 298 — -
2 373 274 238 - -
3 313 206 1 — —_
*Total lipid = phospholipid 4+ total choll -+ estenfied chol 1

p +
fatty ad + neutral fat fatty acid

This apparent predomnance of stilbesterol over thyroid
was also reflected in the liver and aorta lipid patterns at the
conclusion of this study After 27 weeks of the experimental
regimens, both estrogen-treated groups had a moderate
aortic and hepatic cholesterosts and lipidosis, similar in de-
gree (Table XLiX).

The similar aorta lipid findings contrast with the signifi-
cant differences between the two expenmental groups in
gross pathologic grading for atherosclerosis (Fig. 24). The
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stilbesterol-thyroid mash chicks had a significantly Jower
incidence and severity of atherosclerosis than the stilbes
terol-plain mash buirds. In fact, this latter group of cockerels
and the control birds (Group 3—fed plain mash, without
any hormonal supplement) exhibited a similar overall incr
dence and severity of atherosclerosis (Fig. 24). Unlike these
controls, however, the stilbesterol-thyroid mash chicks
(Group 2) were not entirely free of thoracic aorta lesions,
typically stilbesterol-induced in gross morphology.

It is difficult to account for the lack of correlation be-
tween biochemical and pathological findings in the two
experimental groups. It may be related to the retardation of
hyperlipemia induced by thyroid during the initial weeks
of the study. However, even this early depression of hyper-
lipemia was never complete. In relation to their level of
plasma lipids over the entire course of the experiment, the
stilbesterol-thyroid chicks were remarkably free of lesions.

Similar results have been obtained in cholesterol-fed rab-
bits. Turner and Bidwell observed that KI prevented both
hypercholesterolemia and atherosclerosis for several months
(410). Thereafter the blood cholesterol rose, yet athero-
sclerosis did not develop. Likewise, in thyroidectomized rab-
uts fed cholesterol plus KI, thyroid hormone or thyroxine
delayed but did not prevent hypercholesterolemia Even
with hypercholesterolemia, however, these rabbits had very
little atherosclerosis (410) More complete plasma Tipid
studies in such experiments, including C/P ratio and S¢ level
determinations, may serve to clarify the basis for this lack
of correlation between chol lemia and atherogenests
(568, 681).

The possibility also arises that thyroid hormone exerts
its effect on atherogenesis via mechanisms other than de-
pression of hyperlipemna (4, 38, 57, 335, 337, 406, 413).
Page and Bernhard found that an organic iodide® protected
+The duodide of neinsterobic acid.
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against cholesterol-induced att lerosis in rabbits, al-
though it was without depressing effect on hypercholes-
terolemia and hyperlipemia (413). Similarly, both thyroid
and thyrotropic hormones lower blood cholesteral, yet the
latter favors cholesterol-induced atherogenesis (409, 410,
414, 415).* These and other findings (416) led some investi-
gators to suggest that thyroid hormone affects atherogenesis
via its infl on tissue ac lation of cholesterol, rather
than via its effect on hyperlipemia. Others believe the hor-
mone operates by altering vascular permeability (57, 417,
418). Lange has shown that thyrord hormone decreases inti-
mal permeability (418). Iodides and thiocyanates have a like
effect (417). All are inhibitors of atherogenesis (419, 420).
Perhaps these sub prevent ath lerosis by decreas-
ing the permeability of the intimal endothelm to choles-
terol or altering its capacity to phagocytose lipid? Further,
Mardones, et al, recently suggested that thyroid exerts its
effect on atherogenesss by inducing a rise mn cellular cyto-
chrome ¢ (68z).

Actually, the mechanisms whereby both thyroid and
estrogenic hormones infl not only atherc is, but
also lipid metabolism are nadequately understood Fleisch-
mann and co-workers have concluded that both stilbesterol
and thyroid exert their opposing effects on plasma choles-
terol concentration by shifting sterol to and from blood
plasma, rather than by altering the relationship between
sterol accumulation and disposal (412, 421). Others, work-
ing with radioactive tracers, have obtained data tending to

*Prelim: stud, Stamle d Katz
yilden reagrudies by Stamler and Katz wil thyatropic hormone (TSH)

viiel eapetinents with 'I'SH
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support different conclusions. Stetten has recently sug-
gested that hyperthyroidism leads to a disproportionate in-
crease in hepatic degradation of fat (422). Lipid depletion
results. Taurog, et al., have shown that excised Jiver slices of
stilbesterol-treated chucks form radio-phospholipid at an en-
hanced rate (423). They suggest that this is the source of
stilbesterol-induced hyperphospholipemia. Stamler, et al,
recently obtaned data indicating that chronic stilbesterol
administration alters the organism’s over-all lipid balance,
In addition to hyperlipernia, the body total cholesterol,
phospholipid and neutral fat increase (403).

Actually, the interrelationships between thyroid and
estrogenic hormones extend beyond lipid metabolism, and
apparently operate in many physiologic situations consid-
erably different from those of the present experiment (424~
427). Thus estrogens have been shown to suppress thyrod
and plasma protem-bound iodine, probably via a pituitary
action (428, 429). .

Obviously elucidation of the mechanisms of thyw"d
effect on both cholesterol metabolism and atherogenesis
awaits further clarification of these hormonalmetabolic re-
lationships.

Towards this end, Stamler, et al,, recently undertook to
determine whether the influence of thyroid hormone on
lipids and atherosclerosss is due simply to hypermetabolism.
We compared the effect of desiccated thyroid and of the
hypermetabolism-inducing drug dinitrophenol on lipid me-

bolism and atherogenesis in cholesterol-fed chicks (335)-
The comparative effects of the two agents on plasma lipids
are indicated in Figures 26 and 27. The birds fed choles-
terol (Group 1) and cholesterol plus dinitrophenol (Group
2) had a similar pattem of hypercholesterolemia. The
cholesterol-thyroid birds (Group 3) had consistently lower
plasma cholesterol levels throughout the first 10 weeks of
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the experiment. They had a value of about 300 mg.% (con-
trol: approximately 200 mg.% ), less than one-half that of
the other two cholesterol-fed groups.

All the cholesterol-fed groups except Group 3 {thyroid
plus cholesterol) exhibited a hyperphospholipemia (Fig.
27). At no time, however, was this as marked as the hyper-
cholesterolemia. Hence the plasma C/P ratio was elevated
in all three groups. This elevation was considerably less
marked in the birds fed thyroid plus cholesterol (Group 3,
Fig. 27).

Data on gorta and liver lipids after 15 weeks of experi-
mental feeding are presented in Figure 28. All three choles-
terolfed groups had elevated aorta cholesterol values. The
increment was somewhat less in the thyroid-cholesterol
group than in the other two experimental groups.

The liver lipid pattern was markedly different among the
three experimental groups (Fig. 28). Groups 1 and 2 had
greatly elevated hepatic cholesterol levels; this increase was
somewhat more marked in the chicks fed cholesterol mash

et S T S BN RO Y S T T SO S

o
s

TIME-WEEKS

Fig 26 Effects of dinitrophenol vs. thyroid on cholesterolemia in
cholesteral-fed chicks—Stamler, ], et al. (335).
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{Group 1). In contrast, the Group 3 birds (thyroid-chles-
terol mash) had normal liver lipid values.*

The gross pathologic findings are summarized in Figute

28, The control birds (Group 4) were free of gross lesions.
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Fig. 27 Effects of dimtrophenol vs. thyroid on phos-
pholiperia and C/P ratio 1n cholesterol-fed chicks—
Stamler, §,, et al. (335},
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The chicks fed cholesterol mash (Group 1) and dinitro-
phenol-cholesterol mash {Group 2) had a similar incidence
and severity of atherosclerosis, By contrast, the thyroid-
cholesterol birds {Group 3) had significantly less extensive
and severe atherosclerosis than the other two cholesterol-
fed groups.*

In summary, this experiment demonstrates that the two
hypermetabolism-inducing agents, desiccated thyroid and
dinitrophenol, differ considerably in their effects upon lipid
metabolism and atherogenesis. Unlike thyroid hormone, the
pharmacologic agent dinitrophenol has little effect on
plasma lipids in cholesterol-fed chicks This finding is in
accord with results reporied in a similar study on man
(431). Further, dimtrophenol, unlike thyroid, does not
exert a lipotrapic action against cholesterol fatty livers, It
has little or no effect on aorta cholesterol concentration in
cholesterol-fed chicks. It is ineffective against cholesterol-
induced atherosclerosis, whereas desi 1 thyroid signifi-
cantly lowers aorta cholesterol levels and decreases the inci-
dence and seventy of atherosclerosis (335)

In view of these findings, the effects of thyroid hormone
apparently cannot be attributed solely to any generalized,
nonspecific increase in energy exchange it mduces Rather
than being pecific byproducts of i taboli
rate, these actions of thyrord on cholesterol metabolism
would appear to be effected via specific metabolic reactions
involving hermone and hipid.

The specific pathways mediating these effects are obscure.
Little is known concerning the intermediary biochemical
reactions linking thyroid hormone and the lipids met-
abolically. The recent studies of Brown and Page are mitial

*Theer fhicko v amn
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Fig. 28. Effects of dinitrophenol vs. thyroid 1n cholesterol-fed chicks
aorta and liver cholesterol—Stamler, J., et al, (335).

steps in the direction of clarifying this problem (432, 433)
They studied the effects of potassium iodide in cholesterol
fed thyroidectomized and unoperated rabbits. In intact
cholesterol-fed animals smaller doses of jodide raised plasma
cholesterol levels, larger doses had a depressing effect. In
thyroidectomized cholesterol-fed rabbits both jodide dosages
depressed hypercholesterolemia. Changes in hepatic choles
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terol ester fraction tended to parallel plasma total choles-
teral. Presence of the thyroid was not essential for these
“anti-cholesterol” effects of iodide (cf. ref. 408 and p. 192).

Brown and Page further correlated these findings with
changes in various plasma iodine fractions (433). They
found that the fraction of protein -bound iodine (PBI) con-
tammg thyxoxme 11ke matenal‘ is not the mediator of the

ing effect of p ium jodide.
" This fraction apparently does not change with iodide and
cholesterol administration. However, other fractions of the
plasma iodinet increase in conjunction with the effect of
iodide treatment on cholesterol metabolism.

Such experiments comelating lipid metabolism, thyroid
and anterior pituitary function, inorganic and organic iodine
levels, and atherogenesis need to be extended. A study of
similar nature by Wolff, et al,, has yielded valuable informa-
tion concerning the comparative effects of dinitrophenol
and thyroid (434). It was found that dimtrophenclin-
duced hypermetabolsm in rats is associated with a reduced
PBI, in contrast to the elevated PBI of hyperthyroidism
(435,436).

The application of the latest methods of metabolic and
endocrine research (61, 422, 437-441) to this aspect of the
problem of cholesterol metabolism and atherogenesis
should prove particularly fruitful.

B. Estrogen and Coronary Atherosclerosis

One of the key unsolved problems in human atheroscle-
tosis is the sex differential in susceptibility to coronary ath-
erosclerosis (cf. page 67). Hitherto, no experimental data
giving any lead to the basis for this clmical phenomenon
were available. However, a tecent series of studies in our
laboratory yielded significant new evidence bearing upon
*The alkalrwashed, butanolsoluble fraction of PBI,
1The inorganic and butanol insoluble fractions.
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this problem (405, 546, 683). The initial experiments were
of the prophylactic type, in which cholesterol feeding and
estrogen admimstration were combined. Two such experi-
ments were accomplished (405, 546). In the first, two
groups of one-day-old cockerels were placed on mash supple-
mented with 2% cholesterol plus 5% cottonseed oil. Simu!-
taneously the group 2 chicks received daily intramuscular
injections of 1 mg. estradiol benzoate.* In the second ex
periment, the identical procedures were followed, except
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that the project was begun with 7 week old cockerels. The
first experiment was terminated when the birds reached 12
weeks of age, the second at zo weeks of age. The two studies
yielded practically 1dentical results which are summanzed
in Figures 2g~31 and Table L. Estrogen administration had
a marked influence on coronary atherogenesis in these cho-
lesterol-fed chicks. It was remarkably effective in prophylac-
tically inhibiting the development of coronary atherosclero-
sis. This morphologic finding was associated with significant
estrogen-induced alterations in the plasma lipid pattern. By
musing a marked rise in phospholipemia, without influ-
encmg cholesterolemia, the estrogen effected a significant
fall in plasma C/P ratios to or toward the normal value of
12-14 (Figures 2g-31 and Table L). Correlation of plasma
lipid values and morphologic findings mn the coronary ar-
teries of individual chicks revealed a close association be-

FRogESTEROL DIET* ESTROGEN 4 2% CHOL
1200

Figuse 30. P]asma Iipids m estmgen-m]ccted cockerels fed mash
2% d oil. For

symbols see Figure 29 —Pick, Ié et al. (546).
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tween inhibition of coronary atherogenesis and degrec of
depression of C/P ratios toward normal. Thus all estrogen-
treated, cholesterol-fed birds without coronary lesions had
C/P ratios below 20 (Figure 31). In contrast to this estrogen
inhibition of coronary atherogenesis, lesions in the aorta
'were completely unaffected.

As already indicated (cf. page 133), this Jatter finding
demonstrates that various portions of the arterial tree (eg
aorta vs. coronary arteries) differ in their atherogenic pro-
clivities. Since a gwven prophylactic procedure (estrogen
administration, 1 this case) prevents lesions in one region
(the coronary arteries), without exerting this effect in ar-
other (the aorta), the possibility arises that atherogenesis
proceeds in different parts of the arterial tree according to
different laws. This s a conclusion of basic importance for
atherosclerosis research (cf. page 133). .

Further, the results of this experiment suggest (without
proving) that a relationship may exist between coronary
atherogenesis and plasma C/P ratios {cf. page 89). In this
regard, preliminary data on plasma S, paiterns in the control
and experimental groups of this experiment indicate that
the plasmas of estrogen-treated cackerels contain significant
concentrations of S, 10-100 lipoproteins.* Further studies
on S, patterns in these birds are currently in progiess, and
conclusions concerning atherogenests and specific classes 0
lipoprotems are held in abeyance pending their completion-

In a further experiment, R. Pick investigated the pOSSﬁ?d‘
ity that estrogens may also be therapeutically effective
against previously induced experimental coronary alher%—
sclerosis in cockerels (683). To test this, 5o chicks were fe
a mash suppl ted with 2% chol 1 and 5% cottod
seed oil for five weeks, Ten chicks sacficed at that time had
tished in tion wath Dt
d Clinic Foundation, Cleve

*These studies were p
Lena Lewis and Dr. Irvine Page of the Clevelan
1and, Ohio.
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numerous, well-developed, lipidladen, intimal plaques in
the coronary arteries. The remaining chicks were divided
into two groups; both continued to receive the same choles-
terol-supplemented diet. One group also received daily 1
mg, injections of estradiol benzoate. After three weeks of
this combined regi autopsy led a paucity of coro-
nary lesions, with little or no lipid demonstrable in the re-
maining plagues. The residual lipid was present in the me-
diz, adventitia and perivascular connective tissue, while the
intima was lipid free. In contrast, the other (control) group
of cholesterol-fed cockerels, which received no injections, all
showed numerous, extensive, hpid-laden coronary plaques.

These experiments demonstrate that estrogens are effec-
tive both prophylactlcally and therapeutxcally against cho-
lesterol4 kerels. They offer a
fruitful lead to a possnble basis for the relative immunity of
women to coronary atherosclerosis, compared to men. Their

TABLE L

Effects of Estrogen Administration on Lipids and Coronary Athero~
sclerosis in Cholesterol-Fed Chicks—Pick, R. et ol. (546)

20-0*| 26-0 ||2c—04E]2C-04E

+E* Lesions Lesions
Absent Present

Total Cholestero]

me % 895 42 758 701

C/P Rato 471 159 136 215

Buds with

Coronary Lesions 200 33 o 100

%

*2 C—~0 13 a diet of 2% cholesterol—5% cottonsced oil mash.
2 C-OLE 15 the same diet plas estrogens.
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wider implications, including possible therapeutic signif-
cance in man, are being explored. (For a discussion on the
influence of other gonadal hormones on experimental ath-
erogenesis, cf. page 236.)

C. Pancreas

Until recently, experimental work on the interrelation-
ships among the pancreas, the lipids and atherogenesis was
meager. A few reports indicate the presence of vascular
lesions in chronic dibetic dogs. Lukens and Dohan pub-
lished autopsy findings on a dog with pituitary diabetes of
five years’ duration (442). This animal had subsisted on 2
lean beef diet. Atherosclerosis of the great vessels was &b-
sent, despite a moderate, apparently sustained hypercholes
terolemia (210-396 mg.%).* Hueper cites his own observ

TOTAL CHOLESTEROL.
[y 7!

2000
" ®

o
100 N %gf”

o w20 30 40
LIPID PHOSPHORUS = MG

Figure 31. Plasma lipids and coronary artery fin
injected (E and ®) and uninjected (U) cockerels
mented with 2% Cholesterol + 5% cottonseed oil. Al
birds had coronary lesions. Four njected chicks had le:

dings in estrogen”
fegd mash supple:
1 uninject

sions (E)

eight were completely free of lesions (@L. Al the Jatter bad c/P
ratios less than 20 (CE. text) ~—Pick, R, et al. (546) )
*A posite finding was intercapdlary glomerulosclerosis. This was the i
tal report of thus lesion m an expernmental antmal.
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tions on the occurrence of atherosclerotic lesions in the
aorta and coronary arteries of dogs sutviving complete pan-
createctomy by several months (4). Fisher has reported
similar findings (443). The data of Dragstedt, et al., would
tend to rule out the possibility that these are spontaneous
atherosclerotic lesions, unrelated to removal of the pan-
creas (zol 444) They found an incidence of atherosclerosis
in ized, insulin-maintained dogs that
was sxgmﬁcantly h1gher than in normal controls, These ani-
mals had markedly fatty livers and normal or low plasma
lipid levels {201). In contrast, partially depancreatized dia-
betic dogs, extubiting moderate hyperlipemia and no hepatic
lipidosis, remain free of atherosclerosis (201, 444). Allan
has recently reported absence of lestons in such an animal
with diabetes of 12 years’ duration (445).

In commenting on the fact that other workers (446, 447)
have not observed atherosclerosis 1 either completely or
partially depancreatized dogs chronically maintained with
insulin, Dragstedt and co-workers emphasized the possible
significance of differences in dietary regimens employed.
Thus many workers have kept totally depancreatized, in-
sulin-treated dogs alive by feeding raw pancreas (446).
Kaplan and Chaikoff gave no supplementary raw pancreas,
choline or betaine, but utilized a diet low in animal fat
(447-450) In contrast, Dragstedt, et al, fed a diet contain-
ing 25-45% animal fat without raw pancreas (zo1, 444).
They suggested that this dietary lipid was a decisive factor
in atherogenesis. An attempt to test this hypothesis by as-
saying the effect of cholesterol feeding on atherogenesis in
the partially depancreatized dog yielded negative results
(201) The problem has apparently not been explored

further, To our knowledge data are not amﬂab)e on the
effects of p ectomy on chol

atherosclerosis in dogs (56).
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Experimental work on these problems in the rat has been
even more limited. Recently we were unsuccessful in 2
attempt to induce atherosclerosss in alloxan-diabetic rats by
feeding cholesterol and cottonseed oil (266). Chute, ¢t a,
have reported negative results in similar attempts (451) (c
also, references 684-686). These findings are in accord vl
many reports on the high resistance of this species to atherc-
gexg'sx's (4» 38, 53) (cf. discussion on species differences, P
2

A few investigations have been done on the rabbit Two
studies report cataracts but no atherosclerosis in rabbits with
longstanding alloxan diabetes (452, 453)- Duff, ¢t &
found that the visible ipemaa of recently alloxanized rabbts
was usually an evanescent phenomenon (402)-* Despite the
persistence of diabetes, plasma lipids tended to retum 10
normal. Animals autopsied after several months were ffe¢
of atherosclerosis. In a subsequent study, Duff and McMi-
lan found that alloxan diabetes was without effect on !he
regression of cholesterol-induced atherosclerosis occurn®s

in rabbuts after cessation of sterol feeding (402). s
G VL les

7
402). In contrast to findings in diabetic man, they nuqc
the unexpected observation that atherogenesis is retar.dcd in
some cholesterolfed, alloxan-diabetic rabbits. McGill an
Holman report a similar finding (454)- Daff and Payre &
tempt to account for this apparent inhibitory effect of allafﬂﬂ
diabetes on cholesterol-induced atherosclerosts by relating
it to the coexisting plasma lipid pattern They believe that
the inhubitory effect 15 attnbutable to ‘marked hyperphe®
pholipemia and neutral fat lipemia, in association W

hypercholesterolemia. ‘These animals exbibit low plasm®
- v 2ameame cansed
ol fiom
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total cholesterol an total cholesterol satios, despite
Lipd phosphorus neutral fat

marked hypercholesterolemia. When such plasma lipid
findings occur in nondiabetic animals, atherogenesis is again
found to be retarded In their recent paper (287), Duff and
Payne could demonstrate no correlation between athero-
genesis and presence of “readily extractable” lipids* (286)
in the plasma.

With respect to these experiments of Duff and Payne,
Firstbrook offered the opinion that the phenomenon of m-
hibition of cholesterol-induced atherogenesis by alloxan dia-
betes “. . . might be associated with the characteristic ema-
ciation of these animals, mther than with a specific effect
of the diabetes” (322). However, Duff and Payne’s paper
indicates that this is not the case (287). Recently, Pierce,
working with Gofman'’s group, repeated and confirmed Duff
a?d Payne’s work (678). Jones, et al.,'sgmmarizred th? d'ata

demonstrated by Pierce 1n our laboratory studying the Duff
type of alloxanized rabbit Duff has previously shown that
feeding cholesterol to alloxan drabetic rabbuts results in great
elevations of serum cholesterol, to levels over 2,000 mg. per
cent (Pierce actually has some with 5,000 to 10,000 mg. per
cent), with minimal or no atherosclerosis developing, Pierce
has shown that in such rabbits the cholesterol 1s transported
in the form of molecules, pnmarily of the S; 40-100 and
higher classes, rather than in the S, 10-30 class, as in the
case of straight cholesterol feeding experiments. It appears,
therefore, that high concentrations of molecules above S,
50, with concomitant huge elevations of serum cholesterol,
do not lead to atherosclerosis. In fact, in these experiments
with alloxanized animals Pierce finds an inverse relationship
*Ct. page 8.
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of total cholesterol with degree of atherosclerosis since, when
the cholesterol is very highly elevated, it is primarily in mals
cules >50 S, units which are apparently non-atherogenic
and are not strongly associated with those lipoproteins that
are atherogenic. It is an excellent illustration of the incorrect
conclusion one is led to by the use of total serum cholesterol
as a general index of atherosclerogenesis. At the same time
these studies provide supplementary evidence of the differ
ential significance of the various lipoproteins for atheroms
formation. Throughout all types of rabbit experiments we
have done, one common feature is evident, that i3, elevation
of the S; 10~30 class of lipoproteins accompanies athero-
sclerosis. Total blood cholesterol comelates with athemsglc-
Tosis only in those particular types of experiments in which
cholesterol elevation is associated with elevation of the §;
10-30 class of lipoproteins” (556).

Tt would appear from these data that inhibition of athero-
genesis in cholesterol-fed, alloxanized rabbits is related pri-
marily to alterations in plasma lipoprotein patterns, rather
than in C/P ratios.

To our knowledge, no investigator has reported .develop-
ment of atherosclerosis in any alloxan-diabetic species {0
rat, tabbit, monkey, pigeon) subsisting on its normal diet
(452). Additional studies are indicated in avian anfl mam-
malian species with alloxan diabetes of longer duration.

‘The over-all problem of the relationship of the panC.TEGS to
atherogenesis has been approached experimentally in 01
other way: With the discovery of insulin, it soon bmr‘ne
apparent that this hormone alone was not adequate to main
tain totally deg tized dogs per tly (54). Insulin-
treated, totally depancreatized dogs exhibited defects lg
Tipid metabolism (fatty livers and hypolipemia), and failed
to survive beyond a few months (54, 366, 447-450) Addr
tion of raw pancreas to the diet corrected these metﬂ'bal;c
defects and permitted chronic maintenance of the animas
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{54)- Subsequently lecithin and then choline were shown
to be decisive nutritional factors in vaw pancreas (54, 308,
435)- Other essential dietary factors (pancreatic anti-fatty
Iver factors) were also identified, although not in pure
form {362-366). These discoveries, in conjunction with the
known defects in lipid metabolism and susceptibility to
atherosclerosis of diabetic man, stimulated considerable
tesearch on the prophylactic and therapeutic value of pan-
creatic factors (dried whole pancreas, lipase, lipocaic, anti-
fatty liver factors, lecithm, choline) in clinical and experi-
mental atherosclerosis,. We have already discussed the
experiences with choline. Studies with lipocaic have also
yielded contradictory findings (cf. page 174). To date this
line of research has yielded disappointing results in both
man and animals,

In our laboratory, these problems have been explored
principally in the cluck. We have found this avian species
quite switable for such studies, since it is highly susceptible
to spontaneous, cholestercl-induced and estrogen-induced
atherosclerosis, and is readily amenable to total pancreatec-
tomy and alloxanization (341, 456). As our initial project,
Stamler, et al., undertook to determine the effect of pan.
createctomy on plasma and tissue lipid Jevels, and on the
three types of atherosclerasis in the chick (341). Two series
9f experiments were done. The experimental regimens are
indicated in Table LI,

In accord with previous reports (457, 458), pancreatec-
tomy was wathout sustained effect on plasma or blood glu-
cose levels in the chick. Intravenous giucose tolerance tests
on fed birds revealed essentially similar entves for pormal
and depancreatized chicks. None of the experimental
Tegimens affected the blood glucose level or the glucose
tolerance curves in pancreatectomized or control enrberele

tegardless of the 4 . . N
lipemia, e degree of concomitant induced "
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of total cholesterol with degree of atherosclerosis since, wh
the cholesterol is very highly elevated, it is primarily in mol
cules >50 S, units which are apparently non-atherogen
and are not strongly associated with those lipoproteins th
are atherogenic. It is an excellent illustration of the incorre
conclusion one is led to by the use of total serum cholester
as a general index of atherosclerogenesis, At the same ti
these studies provide supplementary evidence of the diffe
ential significance of the various lipoproteins for atherom
formation. Throughout all types of rabbit experiments &
have done, one common feature is evident, that is, elevatio
of the S, 10-30 class of lipoproteins accompanies ather
sclerosis. Total blood cholesterol correlates with atheroscl
rosis only in those particular types of experiments in whic!
cholesterol elevation is associated with elevation of the S
1030 class of lipoproteins” (556).

It would appear from these data that inhibition of athero
genesis in cholesterolfed, alloxanized rabbits is related pri
marily to alterations in plasma lipoprotein patterns, rathe
than in C/P ratios.

To our knowledge, no investigator has reported develop
ment of atherosclerosis in any alloxan-diabetic species (dog
rat, rabbit, monkey, pigeon) subsisting on its normal diet
(452). Additional studies are indicated in avian and mam
malian species with alloxan diabetes of Jonger duration.

‘The over-all problem of the relationship of the pancreas to
atherogenesis has been approached experimentally in one
other way: With the discovery of insulin, it soon became
apparent that this hormone alone was not adequate to main-
tain totally depancreatized dogs permanently (34)- Insuh}l'
treated, totally depancreatized dogs exhibited defects in

. EEEC AN 11 matmamia) and failed
Addi-

— ' : tabolic
defects and bermitted chronic maintenance ot the animals
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Plasma lipid findings are summarized in Table LI. Pancre-
atectomized chicks subsisting on plain mash alone (Group
1} exhibited normal plasma chol 1 and phospholipid
levels throughout the experiment. These determinations
yielded no evidence of a chronic disturbance in lipid metab-
olism in normally fed, depancreatized cockerels.

Operated birds eating a diet of mash supplemented with
2% cholesterol + 5% cottonseed ol (Group 3) exhibited a
pattern of plasma lipid levels significantly different quanti-
tatively from their paired controls.* Throughout the experi-
ment in both series, the depancreatized birds responded to
this diet with a far more severe hypercholesterolemia (Table
LIand Fig 32). Both groups had only a moderate hyper-
phospholipemia, similar in degree. The plasma C/P ratio
tose several fold, this value being significantly higher in the
pancreatectomized chicks

In contrast to these findings, depancreatized birds fed a
mash supplemented with 2% cholesterol {no cottonseed
oil) (Group 5) had a plasma lipid pattern essentially simi-
lar to that of their unoperated paired controls (Groups 5
and 6, Table L1). They did not exhibit a hypercholes-
terolemia more marked than that of their paired controls.
Apparently the addition of cottonseed oil to a cholesterol
mash exerted a significant influence on the lipid metabolism
of depancreatized chicks (cf. page 155). Among our studies,
this 15 the first demonstrating a significant alteration in re-
sponse associated with dietary administration of neutral fat.

Operated and control birds fed mash ennched with ;%

L ST DY RV ..

are nat attabutable to vanability m feed mtake and nutntional state
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TABLE LI

Effect of Pancrealectomy on Plasma Lipid Levels in Chicks on
Various Regimens—Stamler, J. ef ol. {3410)

Mean PlasmalMean Plasmal Mean
Total Cho- | Lipid Phos- C/P{
Grou; R Jesterol for | phorus for [Ratio for
? cgrmen Duration of | Duration of | Durabon
Expenment | Expenment [ of Ex-
mg % mg % | penment
1 | Panc.t—plain mash 110 76 145
z | plan mash 108 7.6 142
3 |Panc—2% C* + 5% o] 1310 167 784
4 | 2% C—5% ol 619 138 449
5 |Panc—2% C 507 100 507
6 )2% C 430 nz 184
7 |Panc—3% ol 83 - -
8 [5% al 85 _— —
g |Panc—Stib ** 514 562 91
1o | Sulb, 544 688 79
+Pancreatectomized
*Cholesterol. o L ty ey

++Twenty five mg pellet of

3 weeks—groups 9 and 10 were fed plan mash.
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pattems. Further, the paired groups had similar 2orta choles-
terol concentrations,

Findings in the aortas and great vessels are summarized in
Table LIL* Despite normal plasma lipid levels in depancre-
atized chicks fed plain mash, these birds showed a slightly
higher incidence and a considerably greater severity of ath-

lerosis of the sp 1s type after 36 weeks on the
diett Additional studies are indicated to test this phe-
nomenon further. Our limited understanding of the patho-
genesis of the spontanecus lesion renders difficult evalua-
tion of this datum.

In conjunction with the more severe hypercholesterole-
mia and elevation of the C/P ratio, pancreatectomized

kerels fed mash suppll ted with 2% cholesterol +

5% cottonseed oil (Group 3) had significantly more severe

linduced att it This pathologic ﬁndmg

could not be correlated with hepatic or aorta lipid values in
these birds.

All other parred groups had essentially similar incidence
and severity of atherosclerosis, mn correlation with their
hke plasma lipid pattems.

Recently a further experiment was undertaken to ascertain
whether the oral administration of various pancreatic prepa-
rations (whole dried pancress, hpomlc, lecithin, pancreatin)
P d the inordi hy lemic and athero-
genic response of depancreahzed cockerels to a cholesterol-
oil mash (688). This project was repeated in three different
series, with consistent results throughout (Table LIH). It
is evident from this table that the addition of pancreatic fac-
tors to the mash of depancreatlzed chicks was without effect
on lemia and atherogenesis under these experi-

*The number of chicks 10 Groups g and 10 surviving chronically was 1-
sufficient to permit pathologic evaluation of atherogenesis.

{However, no birds in Groups 1 and 2 developed lesions of the cholesterol-
induced type in the thoracic zorta,
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cottonseed oil alone had normal plasma cholestero! concen-
trations (Groups 7 and 8, Table LI).

No consistent differences were noted between depan-
creatized and unoperated cockerels in their plasma lipid
tesponse to repeated diethylstilbesterol pellet implantations
(Groups g and 10, Table LI). Apparently the pancreas it
not essentral for the endogenous hyperlipemia mduced by
estrogens.

Unlike depancreatized dogs (54), our operated chicks did
not develop a fatty hver on a plam mash diet. In generd,
pancreatectomized and control chicks of the several pa{'re.d
groups exhibited no significant differences in hepatic lipid

Ma g
cHoL.

16000

1200}

~— DEPANCREATIZED
= CONTROL
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e N 1 "
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y hol Jemia in chicks fed
0 . Effect of on in chicl
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EXPERIMENTAL ATHEROSCLEROSIS
indicated by inordinate ACE-induced hyperglycemia in
depancreatized or alloxanized chicks,

The results of experiments testing this possibility are
summarized in Table LIV (459). Pancreatectomized chicks
exhibited significantly greater and more prolonged hypergly-
cemic responses to ACE than controls.* These acute experi-
ments demonstrated a relative insulin lack in the operated
birds. Together with our experiments on cholesterol feeding,
they suggest that chicks are not so fundamentally dissimilar
from mammals (dog, rat, man) in carbohydrate and lipid
metabolism as one might conclude from initial study of a

p preparation,

These experiments with ACE. are being extended to al-
loxanized birds. Preliminary data indicate that alloxanized
cockerels exhibit a hyperglycemic response to ACE similar
to that of depancreatized chicks. Studies are also in progress
on the glycemic effects of individual glycocorticoids and of
ACTH in the pancreatectomized chick. In this avian spe-
cies, cortisone (compound E of Kendall; 11-dehydro-17-hy-
droxycorticc ) has a imal acute hyperglycemi
effect, ACTH a moderate, and compound F of Kendall (17-
hydroxycorticosterone) a significantly greater acute hyper-
glycemic effect (Table LV) (689).

Further studies indicate that prolonged exhibition of
compound F to depancreatized cockerels induces a marked
chronic hyperglycemia {cf. page 243) (6go). Thus a chick
preparation wath a steroid-type diabetes is available for ath-

lerosi: h. Preliminary data indicate that when
such depancreatized, compound F-treated chicks are fed
hol 1, a hypercholesterolemia develops far in excess of
that exhibited by uninjected, depancreatized, cholesterol-fed
birds. Despite this inordinate hypercholesterolemia, aorta

*ACE injection had no concommtant acute effect on plasma cholesterol or
phospholipid levels of arther contral or depancreatized cockerels.
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mental conditions (cf. also the negative results of experi-
ments with lipotropic factors in intact chicks—page 173).
Thus, oral pancreatic factors did not elimmate the inordi-
nate hypercholesterolemic and atherogenic response of pan-
createctomized birds to a cholesterol-oil mash.

These expenments demonstrated the existence of subtle
defects in lipid metabolism in the depancreatized cockerel
These defects were not apparent m the pancreatectomized
chicks fed plain mash, for such birds exhibit normal plasma
and hepatic lipid patterns. They were brought out particu-
larly by a diet of mash enriched with cholesterol - cotton-
seed oil. On this regimen, depancreatized chicks showed an
inordinate hypercholesterolemic and atherogenic response.
Thus the lipid metabolic defects are associated with, and
are apparently related to, intensified atherogenesis. Hence in
the chick—as in man—the pancreas apparently infiuences
the metabolism of lipids related to atherogenesis. This
biologic similarity emerges despite initial data indicating
that pancreatic deficiency in the chick and man has fundz-
mentally different effects on lipid metabolism. Our findings
would indicate that these apparent differences between man
and chick are not necessarily qualitative ones, but rather at
least in part quantitative.

In view of these findings, Stamler and Pick further under-
took to elucidate whether similar subtle defects might net
be present in masked form in the carbohydrate metabolism
of the depancreatized chick (459). Mention has alr.e:fdy
been made of the fact that chicks chronieally surviving
pancreatectomy or alloxanization have normal blood glucos.e
Jevels and glucose tolerance curves. The reasons for th}s
remain obscure. The possibility arose that the gluconeogenic
response to adrenal cortical extract (ACE) (54, 458)_ might
overwhelm limited glucose regulatory mechanisms in su
birds. A relative insulin lack might be demonstrated, 25
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indicated by inordinate ACE-nduced hyperglycemia in
depancreatized or alloxanized chicks.

The results of experiments testing this possibility are
summarized in Table LIV (459). Pancreatectomized chicks
exhibited significantly greater and more prolonged hypergly-
cemic responses to ACE than controls.* These acute experi-
ments demonstrated a relative insulin lack in the operated
birds. Together with our experiments on cholesterol feeding,
they suggest that chicks are not so fundamentally dissimilar
from mammals (dog, rat, man) in carbohydrate and lipid
metabolism as one might conclude from initial study of a

ion

" These experiments with ACE are being extended to al-
loxanized birds Preliminary data indicate that alloxanized
cockerels exhibit a hyperglycemic response to ACE similar
to that of depancreatized chicks. Studies are also in progress
on the glycemic effects of individual glycocorticoids and of
ACTH in the pancreatectomized chick. In this avian spe-
cies, cortisone (compound E of Kendall; 11-dehydro-17-hy-
droxycorticosterone) has a minimal acute hyperglycemic
effect, ACTH a moderate, and compound F of Kendall (17-
hydroxycorticosterone) a significantly greater acute hyper-
glycemic effect (Table LV) (68).

Further studies indicate that prolonged exhibition of
compound F to depancreatized cockerels induces a marked
chronic hyperglycemia (cf. page 243) (6g0). Thus a chick
Ppreparation with a stemxd type diabetes is available for ath-
erosclerosi Preliminary data indi that when
such depancreatized, compound F-treated chicks are fed
cholesterol, 2 hypercholesterolemxa develops far in excess of
that exhibited by uninj T ized, chol 1fed
birds. Despite this inordi hypercholesterolemia, aorta

*ACE injection had no concomitant acute effect on
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EXPERIMENTAL ATHEROSCLEROSIS

atherogenesis is no more extensive, and coronary athero-
genesis s significantly less marked, than in the control group
(cf. page 246). Further studies are currently in progress with
steroid diabetic chicks.

D. Hypertension*
Investigations into the problem of the interrelationships
n Vonte 1t

RS '

beturesn himortancine and

st :
] . '
sive effect,t and that experimental procedures utilized to
produce hypertension, particularly renal hypertension, may
induce renal hyperlipemia (183, 466-471 ). Further compli-
cations, often unknown, arise from the fact that we are deal-
ing with interrelationships between two states, whose patho-
genesis has in neither case been fully worked out. The
mvestigator tends to feel somewhat inadequate in attempt-
ing to design controlled experiments in the face of such
intangibles! He necessarily must proceed with caution!

The demonstration by Lenel, et al., in our laboratory thfit
salt feeding induces a significant blood pressure rise in
chicks (472) made 1t possible expenmentally to study th'e
interrelationships between hypertension and atherosclerosis
m this species Stamler and Katz recently compared athero-
genesis in “salt” hypertensive and normotensive non-
cholesterolized cockerels (340). Chronic hypertension was
induced in two ways: (1) by the substitution of 0.9% sallme
solution for drinking water (Group 1); (2} by the addition
of up to 8% salt to regular chick starter mash (Group 2).

) + +  homs
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EXPERIMENTAL ATHEROSCLEROS!IS

A third group of 24 chicks, fed plain mash and tap water
ad Iib., served as controls.

The experimental regimens had no effect on plasma cho-
lestero] concentration. Blood pressure findings are sum-
marized in Table LVI. In a majonty of chicks, the ele-
vations of blood pressure supervened after a few weeks of
salt administration and persisted throughout the experiment.

The gross gradings for aorta atherosclerosis are sum-
marized in Tables LVI and LVIL Lesions in all groups
were located exclusively m the abdomimnal aorta and were
morphologically of the spontaneous type. No gross lesions
of the induced type were seen. The thoracic aortas and
brachiocephalic arteries were free of lesions throughout.

Table LVI includes all birds in a given experimental
group, regardless of blood pressure level. This overall
analysis fails to reveal clear cut differences between “salt”
hypertensive and control chicks in mncidence and severity
of spontaneous atherosclerosis.

In Groups 1 and 2, 62% and 38% respectively of the
chicks had terminal pressures greater than 180/150 mm, Hg.
The autopsy findings of these birds exclusively are sum-
marized in Table LVIL. This analysis reveals higher
incidence of aortic spontaneous atherosclerosis i the hyper-
tensive chicks, compared with the controls In view of the
known range of vanability 1n the mncidence of spontaneous
atherosclerosis in control chicks (cf. Table XXXVI), these
differences are of doubtful sigmficance. This interpreta-
tion 15 supported by the fact that no consistent differences
were recorded between hypertensive and control chicks 1n
severity of spontaneous lesions {Table LVII).

In summary, “salt” hypettension had little or no effect in
grossly intensifying spontancous atherogenesis i cackerels.
In the p of normothol lemia throughout, no
“salt” hypertensive chicks exhibited lesions in the thoracic
or abdominal aorta of the cholesterolinduced type. Appar-




ot 61 133 gEx/fgr Jonuoy
) £ dnoig
So ° oz ghi/igt e
z dnoxgy
£x 2 o¢ oSt/€ge oureg
T dnorgy
Y una
suoisa] <01 suosyy rnssar,
30 Sutpersy ) dpeID) SuOISHT s vce—ma
$s010) uEIly [ spag % spng % vy

{o0¥€) "N "1 ‘zioy puo 49|WDIS—dnois) [ojual
Pas0g 's15012[350J34)y DUOY 1o} sBUIPRID $501D UpSY

odg 4203 Ut spug [y uo
is1s0IapsoIaYly snosunjuods pun uoisuapadiy 408,

IAT 318VL

L



(00¥e) *N 1 “zip) puo °f 4ejuois—BH

wu gg1/081 < semssesd pooid Ul

et = @ SEr/6St fr—
€ daoro
$o ° of 191/66t s
z dnorn
£ g ¥ gst/ite aures
1 dnozy
suorsa <1t suoty|
J0 Bupero SpEID) SUOLA ey smssa1g
5013 UEI s spug % spig % poolg R

1 m?__n Auo spApY| Z PUo |

dAH WIS«

tdnoig) Isis0sa|a504aY Y RUOY IO} sBuIpNIS) 5010 UDYY ISk Jt

1IAT 19V.L

Y

g puo

P



EXPERIMENTAL ATHEROSCLEROSIS

ently these lesions do not occur in the absence of an altera-
tion in lipid metabolism, even in the presence of hyperten-
sion. This is in accord with the findings of this and other
laboratories with several species (rabbit, dog, sheep, goat)
(4 8o, 268, 460, 473-475).*

In contrast to our negative results in “salt” hypertensive
normocholesterolemic chicks, several workers showed that
hypertension intensified atherogenesis in chol lized
tabbits.t Various forms of experimental hypertension have
been utilized, including compression of the abdomiual aorta
above and below the renal arteries (268, 356, 476)% and
maintenance of animals m an upright position (orthostatic
hypertension) (477). The results have been consistent.
Hypertension accelerated and aggravated cholesterol-
induced atherosclerosis in rabbits.

The mechanism of this effect remains obscure, Some
authors believe hypertension causes mechanical damage or
ischemia of the arterial wall, rendering the vessel focally
susceptible to lipid deposition. Others maintain that t}w
elevated intra-arterial filtration pressure of hypertension in-
creases the amount of lipid penetrating the intima, and
thus enhances atherogenesis. Regardless of mechanism, the
facts available from the few extant experiments support the
view enunciated by Aschoff (102), and reiterated by
Anitschkow (268), Rosenthal (80), Gubner and Unger-
leider (57), Dock (478) and Faber (247). Anitschkow has

*Cf. our findmgs on spontaneous atherogenesis in DCA-treated, nomal
AFaary oy e 2

.
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EXPERTMENTAL ATHEROSCLEROSIS

summarized it as follows: “. . . . This etiologic factor (the
increased cholesterin content of the organism) [is] the
exciting cause of the disease. The increased blood pressure
rather plays the part of a predisposing cause, inasmuch as it
furthers the entrance of the lipoids into the arterial wall and
their deposition in the intima” (Anitschkow’s italics)
(268).*

This interpretation of the relationship between hyperten-
sion and atherosclerosis is widely held at present. However,
others have been advanced. Thus, Yater, et al., recently sug-
gested, “It may be that there is an hereditary predisposition
to the two diseases or that there 15 2 common etiologic
factor” (35). In the present state of our knowledge this
problem cannot be regarded as solved.

E. Pre-existent Vascular Damage
In the foregomng discussion, we noted th
rr .

at some workers
LU SRS I A *

" Al '

damaged arterial walls are the site of lipid deposition and
atherogenesis. Virchow first advanced this theory in 1856
(75). He suggested that the lipid accumulations in athero-
sclerosis are degenerative local byproducts of a pnmary in-
Hammatory proliferation of mtimal fibroblastic tissue. Since
then Aschoff (102), Hirsch and Weinhouse (86), and Duff
(267), among others, have in one form or another adhered
to the general concept that arterial cholesterosis and athero-
genesis 1 man are processes occurrng only secondarily, as
supenmpositions on previously damaged arterial walls (cf.
page 78, et seq.).

Numerous attempts were made to test this concept experi-

*CE. the findings of Gofman, Lyon, Jones, et al. {152, 153, 538, 539, 556,
567}, on St 1020 lipoprotern molecule levels m hypexters!ssxvg zpahg?s g:?xh
and withont enidence of atherosclerosis {page 10g).
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mentally. A host of noxious agents were tested for athero-
genic effect, including bacteria, toxins, vasopressor and vaso-
depressor drugs, hormones, mechanical and thermal traums,
ete. The considerable literature reporting these studies was
teviewed by Katz and Dauber (38) and Hueper (4). The
findings can be briefly summarized. Various vascular lesions
were experimentally produced by these methods. However,
atherosclerosis was never produced. These negative findings
stand in marked contrast to the positive results of cho-
lesterol feeding experiments in rabbit, chick, dog, guinea
pig, hamster and other avian and mammalian species.

Some of our experiments in the chick bear upon this
problem: In a recent study by Rodbard, et al., one-day-old
cockerels were placed on a diet of chick starter mash supple-
mented with 2% cholesterol plus 5% cottonseed oil (309)-
This diet resulted in persistent hypercholesterolemia, with-
out exerting any deleterious effects on nutrition, growth o
development. During the first eight weeks of life the plasma
cholesterol concentrations of these chicks ranged between
200 and 500 mg. %.

In the course of this experiment, birds were sacn’ﬁce.d at
weekly intervals and their organs studied for gross and micro-
scopic atherosclerosis. Gross cholesterol-induced lesions of
the thoracic aorta and brachiocephalic arteries were obse{ved
in birds only five weeks of age. These chicks also exhibited
microscopic atheroma of the coronary and splenic artenies

) .
(s?i?is apparent that these chicks had juvenile arterial tissue.
Their vascular wall had not yet been subject to necrobiotic
senescent alterations. Similarly, during their five weeks in
the Iaboratory there was no indication in these healthy
birds of the operation of pathologic stimuli (infectious,
toxic, metabolic), noxious to the vessel wall, lecept for the
hyperlipemia itselfl. The occurrence of significant g‘f;l“:
atherosclerosis in these cockerels suggests, therefore, tha

PRppey
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atherogenesis may proceed solely on the basis of deranged
lipid metabolism, provided this is adequate in degree and
duration,

Study of the control chicks of this experiment further
enabled us to re-assess the time of onset of gross spon-
taneous arteriosclerosis in cockerels. In her original report,
Dauber stated that the onset of gross atherosclerosis in
toosters occurs at the age of five to six months (300). This
latest study of Rodbard, et al revealed that gross spon-
taneous arteriosclerosis of the abdominal aorta may be seen
in three-month-old contro! cockerels fed only plain mash,
without cholesterol or cottonseed oil (309). Here again,
young vessels are apparently susceptible to artenosclerosis of
the spontaneous variety.

The recent studies of Lindsay and Charkoff (313) and of
Paterson, Mitchell and Wallace (316) further delimit the
mole of tissue injury as a primary factor in chick athero-
genesis. The data of the former workers indicate that cho-
lesterol-induced atherosclerosis in the intima of chick coro-
nary arteries is not superimposed on a pre-existent medial
degenerative lesion. Similarly, Paterson, Mitchell and Wal-
lace could not induce coronary arterial lesions or accelerate
thuse of a spontaneous variety by injecting virulent staphy-
lococci or their toxins. Nor could they reduce incidence of
Iesions by protecting birds against infectious disease {316).

ese observations are in general accord with experimental
work in several species refuting infection-toxin “theories”
of atherogenesis (4).

Based on these observations, we are in agreement with
Anitschkow’s theory that cholesterol is primanly, not sec-
ondarily, mvolved in experimental atherogenesis: “(1) The
lipoidal accumulations in the arteries represent an infiltra-
tion of the latter with lipoids circulating in the blood (2) ,
All subsequent hyperplastic processes are to be regarded as a
reaction to the pnmary deposition of lipoids. (3) Choles-

231
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terin plays the principal part in this deposition of Tipoids in
the arterial wall” (268).

The problem remains: Does injury to the vascular wall
exert any influence on atherogenesis? A number of experi-
ments bear upon this question. Anitschkow studied the
combined effects of adrenalin administration and cholesterol
feeding (268). He induced fibrotic plaques in rabbit arteries
by repeated intravenous injections of adrenalin. He then
fed these animals a high cholesterol diet. Atherosclerotic
changes were superimposed on the adrenalininduced
arteriosclerotic lesions.* In similar experiments it has been
further demonstrated that hypercholesterolemic rabbits
develop intensified atherosclerosis at atypical sites, when
these sites are the seat of arterial damage produced by such
agents as thyroid hormone, posterior pituitary, etc. (4,
268).1 Similar positive results were also recently obtained
by Kelly, et al. (691) and by de Suto-Nagy and Waters
(692) in studies on focal arterial injury and atherogenesis
in the aorta, coronary and renal arteries of cholesterolfed
animals. Along these lines, Schlichter, et al., in our laboratory
found that cholesterolized dogs develop intimal athero-
sclerotic lesions subjacent to areas of medial necrosis pro-
duced by adventitial cauterization (479). Further, spon-
tancous atherosclerotic plaques are apparently the site of
predilection for lipid deposttion when cholesterol is added
to the chick’s diet.

As Anitschkow pointed out, such findings establish “the
etiologic significance of local lesions in the arterial wall”
(268). However, recognition that “quite a number of diff_el,';
ent factors are involved in the etiology of atherosclerosis

26 1t fa s e YWarto . iten s 3 e caeedarly
o o
ing i toan, oral jum ydrovide, artibci
fovee. & hyl shock and § L sous uric acid a5

fever, PePgﬂﬂe.
vascular damagmg procedures (357, 480).
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(268) does not invalidate the fundamental conclusion: “If
the insuffici of the cholesterin metabolism is of a pro-
nounced character, it may lead to the development of
atherosclerosis even without any other concomitant causes”
(268). This “combination theory” was formulated by
Anitschkow as follows: “In human patients we have prob-
ably to deal with a primary disturbance of the cholesterin
metabolism, which may lead to atherosclerosis even if the
hypercholesterinemia is less pronounced, provided only that
it is of long duration and associated with other injurious
factors. . . " (268).

F. Vasa Vasorum

Over the years, numerous workers have proposed that
vasa vasorum pathology may be a factor in atherogenesis
(4)- In our laboratory, Schlichter, et al,, suggested that
atherosclerosis developed subjacent to sites of arterial
cauterization in cholesterolized dogs because the trauma
diminished the rich vascularity of the animals’ aortic walls
{479). According to this concept, fixation of atherogenic
lipids in the arterial wall is consequent upon inadequacy of
the vasa vasorum.*

G. Adrenocorticotrophic and Adrenal Cortical Hormones
Considerable attention has recently been focussed upon
the possibility that adrenal cortical sterords may induce
vascular injury or may be otherwise involved in the patho-
genesis of vascular scleroses. As we have already noted,
clinical endocrine disorders ct ized by ive secre-
tion of adrenal steroids (e g, Cushing’s syndrome) tend to
exhubit considerable atherosclerosis at autopsy. Experimen-
tally, the mineralo-corticoid desoxycorticosterone has been

*Schlichter, et al, suggested that specics diffecences m vasculanzation of the
aorta (comparative richness of vasa vasorum supgly) are factors in species
n ' (481, 482).
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shown to induce hypertension and arteriolonephrosclerosis
(but not atherosclerosis) (483-489).

Further, recent clinical studies with adrenocorticotrophic
hormone (ACTH) and cortisone indicate that plasma cho-
Iesterol concentration is influenced by function of the ante-
rior piturtary-adrenal cortical axis (240, 241, 584). Theactive
part played by the adrenal cortices in sterol metabolism is
further shown by their high concentration of cholesterol,
their ability readily to discharge cholesterol, to synthesize
cholesterol and to accumulate ingested cholesterol (306,
335-337: 490-493)- .

These facts alone, together with the growing chronic
utilization of pituitary preparations and adrenal cortical
steroids in clinical therapeutics, emphasize the need to
clarify the relationships between these hormones and athero-
genesis. X

Recently Stamler, et al., undertook two series of expert
ments on the effects of desoxycorticosterone acetate (DCA)
on plasma lipids, blood pressure and atherosclerosis (spon-
taneous and cholesterol-induced) in chicks (404)- DCA was
given in daily doses of from 1-3 mg. for periods of 15 weels,
starting when the birds were five weeks of age, In the first
series, the effects of this mineralo-corticoid were assayed on
cockerels fed either plain mash or 2% cha]esterol——;%
cottonseed oil mash. In the second series, diets of plain
mash and %% cholesterol—5% cottonseed oil mash wer¢
used. In addition, all groups of this second series rece!YEd
1% soditm chloride in theix mash, to enhance the possible
hypertensive effect of DCA (483, 484, 489, 494-496)- .

In accord with previous observations 1n other species
(497, 498)- the chicks receiving DCA had hypoplasia of ﬂ?e
adrenals. This was true of both cholesterol-fed and plain
mash-fed birds receiving the mineraloorticoid. This effect
rmay be due to suppression of pituitary adrenocorticotrophic
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hormone (ACTH) secretion by DCA (499).* Further, in
accord with reports on other species {g5o0-3503), the
cockerels teceiving DCA exhibited polydypsia. This was
observed in both Series 1 and =, with and without a supple-
ment of 15 NaCl in the mash, In a concurrent study,
Stamler, et al, found that this polydypsia was absent in
DCA treated chicks fed a low sodium diet. Testicular
weights and sizes tended to be smaller in the DCA chicks,
as were comb size indices, indicating suppression of andro-
genic activity by DCA (404). None of these changes are
attributable to nonspecific dietary and nutritional factors,
since all groups exhibited essentially similar, normal rates
of feed intake, growth and development.

In both series, DCA effected a significant increase in heart
weight. In Series 1, the DCA chicks exhibited only shght,
inconsistent elevations of blood pressure. In Seres 2, the
blood pressure increments were greater and more constant
{Table LVIII})

In both experiments, DCA &id not significantly alter
either the normal plasma lipid pattern of chicks fed plain
mash, or the degree of hypercholesterolemia in chicks given

mash suppl d with chol 1 and oil. App Ty
neither exogenous mineralo-corticoid administration nor
the hypoadrenalism and hypoadrenocorticotrophism it ap-

parently induced had any marked influence on plasma cho-
lesterol levels in birds fed either plain or sterolsupple-
mented mash.

The findings in the aortas 1 Series 1 after 15 weeks of
the experimental regimens are summarized in Table
LIX In this series, DCA administration to chicks fed
plain mash did not sigmificantly influence the incidence or
severity of atherosclerosis of the abdominal
aorta. Tn such birds, the hormone did not cause the appear-

*This possibility remains to be demonstrated in the chick,
235



19p0 asuRRAAY IFE & pormrs b

* sduoid jo RAp o1y ur Jpes gy i=m Junerpuy *Apagosds
91 oM ST pue ‘ot *§ je Y 'wm bzt 6t bEr jo som:

5521 poolq el s Inoqiun e uid pog ‘Ao Yy v,
zlt ght . gLt «£51 s{aam St
¥gr ght Sgt #3851 £jom at
98t zht L8 114 Sy S

zsouag
ofz gzt Ei43 fzr $ym 1
(334 gT1 9zt a3 Spam or
1 sy
voa -+ voa -+
Ysepy YSEIN qsepy e
oo (i el ueElg uwg
¥dnoin € dnozpy z dnoipy 1dnozy

{or0y) *[o 49 °f “43juDig— By ‘W ) sainssosd poojg ubsY aBpisAy—sainssazgd poolg FIIYD U0 YDA 40 oy
HIAT ITdV.L

236



13040 SRS §
o~

114 bz oot 001 oot oot vod + YT O %S
oy %—¥ dnory
Lg 143 oot oot oot oot ey 10 %5
oy %e—t duorg
9o ° ° o of ° Vo -+ sy
urely—3 dnory
o ° ° o 43 o ysegy ULy
1dno1g
oy oy <1 <ot a0y a0y
oYM dpwoyL, pEY apern J0YAL oREI0Y ],
haad SuoISyT ut @
SUOISYT gAY Spoum m opEIOY], suopsIT suosa]
sprg Ut suoisYT 30 S0 e % % Py A
Suipug ssoro 282194y qmn %
(opOy) ‘o 4o °f “OIWDIS—] SIS Psosagly padnpul-(olaisaloyd pup dg uo ¥2a 40 943

XIT IT19V.L



EXPERIMENTAL ATHEROSCLEROSIS

ance of gross lesions of the induced type in the thoracic
aorta. All birds in both plain mash-fed groups (Groups 1 and
2—Table LIX) were free of such lesions.

In cholesterolized birds of Series 1, DCA apparently did
not significantly influence the incidence or severity of cho-
lesterol-induced atherosclerosis in either the thoracic or
abdominal aorta (Groups 3 and 4—Table LIX). Bruger and
Lowenstein also obtained negative tesults in studies on the
effects of DCA on rabbit cholesterol-induced atherosclerosis
(504). This absence of a DCA effect in our experiment is
possibly related to the failure of the hormone either to
intensify hypercholesterolemia or to effect a consistent
hypertension. However, atherosclerosis was of such maximal
severity m the control group of this pair {Group 3—~Table
LIX), that any influence of DCA may well have beer
masked. In view of this possibility, the det in Series 2 was
supplemented with %% cholesterol, rather than 2%.
Further, in this second series, 1% NaCl was added to the
mash of all four groups.

‘With these alterations in experimental regimens, some-
what different results were obtained. As already indimte_d,
clearcut increments in blood pressure were recorded in
both DCA groups. In accord with Series 1, no signiﬁ:agf

i T L e e
birds fed %% cholesterol—5% oil mash. Further, a8 i
Series 1, the DCA birds fed plain mash had only 2 slight!Y
higher incidence and severity of spontaneous atherosclerosis
of the abdominal gorta, in comparison with their paired
controls {Table LX). Again, no birds in these two groups
exhibited cholesterol-induced gross lesions of the thur‘aclc
aorta. Unlike Series 1, the DCA-treated, cholestem]xz‘ed
(Va%) birds of Series z had an incidence and severity of in-
duced lesions significantly greater than in their paired con-
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trols. This was particularly true of lesions in the thoracic
aorta (Table LXT).

In a further experiment, Stamler, et al, studied the effects
of cortisone (Compound E of Kendall) on cholesterol-in-
duced atherogenesis in chicks {549). Forty-¢ight one-day-
old cockerels were placed on a diet of chick starter mash

ted with 129 chol 1 + 5% cottonseed oil
(1/2 C-O diet). At one week of age, 24 birds began to receive
a single daily intramuscular mjection of 1.5 mg cortisone
suspended in saline. The dosage of cortisone was increased
stepwise to a maximum of 15 mg. daily dunng the latter
weeks of the experiment.

The principal finding in the cortisone-treated cockerels
sacrificed at 12 weeks of age was a significantly greater inci-
dence and severity of gross cholesterol-induced aorta and
coronary atherosclerosis. This intensified atherogenesis su-
pervened, although hypercholesterolemia, phospholipemia
and C/P matios were essentially identical in the steroid-
treated and control groups (Tables LXTI-LXVI).

Cortisone also effected: (1) decreased body weights,
despite normal levels of feed intake; (2) increased comb
indices and testes weights; (3) slight inconstant elevations
of blood pressure The two groups had essentially similar
thyroid and adrenal werghts, fluid intakes, and plasma levels
of glucose, Na and K (Tables LXII and LXIII).

The data of this experiment indicate that cortisone defi-
nitely potentiates atherogenesis when accompanied by an
atherogenic level of cholesterol intake, Further work is nec-
essary to clarify the causes of this more intensified choles-
terolinduced atherogenesis in these corticoid-treated cho-
lesterol-fed birds, particularly since 1t was associated with
little increase in degree of cholesterolemia.

Paterson, et al., studied the effects of cortisone on the

ous coronary sclerosis of chicks (696, 697). In ac-
ccrd with its known ability to inhibit fibroblastic activity

2%
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(582-584, 598), cortisone effected a significant decrease in
the number and size of fibrous intimal plagues. Repeated
exposures to stressing stimuli had a simular effect. In view
?f these results, further research would be of value on the
mﬂuerfces of cortisone on the chronic fibrocalcific processes
occurring in atheromatous arterial plaques (cf. page 13).
. Several workers recently reported studies on adrenal cor-
ticoids in rabbits. Kellner and Correll found that adrenalec-
tomy was without significant influence on hypercholests

Tamin and athacamee~ T a1 AL

Experiments on the exhibition of cortisone to rabbits on
normal diets yielded results somewhat different from those

TABLE LXII
Effects of Cortisone on Cockerels®—Stamler, 1. ef ol (549)
Control— Expenmental—
1% C—0** 1% C—0 + Cortisone
Plasma Na
meq /L 1540 1532
Plasma K
meq./L. 634 6oz
Blood Glucose
mg % 181 165
‘Water Intaket
cc/day 166 129
Blood Pressure
mm. Hg. 142 149
Comb Index 17 24

#13 weeks of age—12 weeks on cortisone, 1-15 wg
#1214 C—0 15 Y2 % cholesterol + 5% cottonseed o1l
t6th week of age.
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we observed in cholesterolfed chicks. Thus, Rich, et al.,
found that marked Yipemia, hypercholesterclemia, glycemia
and hepatic lipidosis developed in compound E-treated rab-
bits (693). Similarly, Gofman observed a marked cortisone-
induced rise in plasma levels of S, 10-20 and higher classes
of lipoproteins in rabbits subsisting on normal, non-choles-
terol supplemented diets (567). Adlersberg, et al, also ob-
served lipemia, hypercholesterolemia and hyperphospho—
lipemia during cortisone, as well as ACTH, administration
to rabbits. No effects were noted with either hormone in
dogs (694). None of the foregoing workers studied the ef-
fects of cortisone in cholesterolfed rabbits, nor did they
Teport on aorta and coronary artery findings in their animals.

In view of the mummal general physiological effects ob-
served with cortisone at high dosage levels in chicks, Stamler
tecently undertock further studies utilizing the adrenal cor-
ticoid compound F of Kendall (6go). This steroid is far
more active than cortisone in inducing hyperglycemia in
depancreatized chicks (689) (cf. page 220). Moreover, re-

TABLE LXIII
Effect of Cortisone on Organ Weights of Cockerels*—Stamler, J.
et ol. (549)
Control— Experimental—
¥ C—0** ¥2 C—0 +- Cortisone
Body (grams) 1069 893
Heart (mg) 516 533
Adrenal {mg) 50 46
Testis (mg) 875 1976
Thyrd (mg) 46 48

1; weeks of age—12 weeks on cortisone, 1-15 mg g qd
**¥ C—O 15 14% cholesterol + 5% cottouseed o1l in chick starter mash.
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EXPERIMENTAL ATHEROSCLEROSTS

cent work suggests that it may be the hormone produced
by the normal human adrenal cortex (68, 69q). To date,
our studies on compound F have embraced only its effects
in the depancreatized cholesterol-fed chick (cf. page 220).
Twenty 8 week old depancreatized cockerels were divided
into two groups, both fed a mash supplemented with 2%
cholesterol and 5% cottonseed oil. Ore group received a
daily injection of compound F (1-2 mg.). Unlike cortisone,
this steroid induced profound alterations in this prepartion
(Tables LXVII and LXVIII) (cf. its effects on man, refer
ences 698, 69g). It induced a chronic, insulin-resistant ster-
oid diabetes with glycosuria in some birds (700). It retarded
growth markedly, apparently due to its protein catabolic
action (698, 6gg). It effected a significant sustained fall ix
plasma Na concentration, without influencing plasma X
level, water intake, or blood pressure. It grossly intensified
cholesterol-induced hyperlipemia (Iactescence) and hyper
cholesterolemia, Despite these alterations in plasma lipids
aorta atherogenesis was not intensified in the steroid-treated,
depancreatized cockerels, and coromary atherosclerosis was
partially inhibited (Table LXVIII). Further experiments
are currently in progress in our Iaboratory with compound F-

TABLE LXVI

Effect of Cortisone on Coronary Atherogenesis of Cockerels Fed
1/2 C-O Diet*—Stamler, [. et al. {549}

No of Bueds No. with Lesions

Control—
1% C—0

Espenmental—
% C—0+

*As in preceding tables.
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Finally, an initial study has been completed in this labo-
ratory on the effects of ACTH in intact cholesterol-fed
cockerels (701). No significant effects were noted in this
preliminary experiment (Table LXIX). Further projects
with ACTH are also in progress.

Obviously, the foregoing group of experiments on adrenal
cortical and anterior pituitary hormones and atherogenesis
represents only 2 beginning investigation of this highly im-
portant field. In addition to the further studies indicated
above, exploration is essential of the complex interrelation-

TABLE LXVII

Effect of C: d F in Dep: ized Chol I-Fed Chicks—
Stamler, J. (690)

Pancreatectomy Pancreatectomy
¥ C—0* % C—0+

Cpd. F
Feed Intake (gms/chick/week) 1235 70
Body Weight (gms) 1824 942
Heart Weight (gms) 999 540
Testis Weight (gms) 567 5o5**
Comb Index 448 266
Thysend Wesght (mg) ES 44
Adrenal Weight (mg) 110 85
HO Intake (cc/chick/day) 208 294
Blood Pressure {mm Hg) 146/119 146/122
Plasma Na (meq /L } 1619 1489
Plasma K (meq /L) 448 451

*3% C—0 15 a mash supplemented with %% cholesterol plus 5% cotton.
seed oil
**The chicks treated wath compound F exhibited 2 wide range of tests
weights,
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EXPERIMENTAL ATHEROSCIEROSIS

ships between the hypothalamic-pituitary-adrenal systent
and the other endocrines (e.g. the thyroid) (505, 534, 70%

703).

H. Biliary Obstruction

Cholesterol is synthesized in the liver, among other sites.
Considerable quantities of the sterol are excreted into the
gut via the bile (54). Chronic bilary obstruction leads to
marked hypercholesterolemia and hyperlipemia in man, and
atherosclerosis eventually supervenes.

To our knowledge, no thorough-going studies have been
carried out on the influence of hepatic factors on athero-
genesis in experimental animals. Chronic biliary obstrc-
tion and atherogenesis have not yet been explored in this
or other laboratories. Initial reports of experiments in this
direction, utilizing rats, have recently been published by
Friedman, et al. (506~508). Preliminary studies by Stamler,
et al., in our laboratory indicate that ligation of the main
extrahepatic bile ducts leads to a moderate hypercholes-
terolemia in chicks (266). Chronic experiments are in order
on the various types of atherogenesis in this preparation.

I. Renal Factors .,
Renal hyperlipemia has been produced experimentally in
laboratory animals. Apparently the kidneys play 2 significant
role in the regulation of plasma lipid levels (54 183, 45'
471). A recent report indicates that rabbits and dogs Wt
renal damage 1apidly develop cholesterol-induced athero-
scletosis (509, 510). Several years ago Dauber, et at,, found
that chronic renal damage induced in chicks by repeated ad-
rinistration of small doses of uranium salts had little of
no effect on cholesterolemia and atherogenesis in plain
mash-fed chicks (266). Such experiments in cholesterolfed
chicks remain to be accomplished. As far as we ‘have been
able to ascertain, no other studies have been carried out OF
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spontaneous or cholesterol-induced atherogenesis in anjmals
with renal damage and hyperlipemia. In view of the apparent
significance of renal factors m human hypertension and
atherosclerosis, further work along this line is strongly in-
dicated.

J. Age

In the Introduction, we briefly reviewed the clinical evi-
dence demonstrating that atherosclerosis is not a disease of
aging. In another section* we also summarized the data ob-
tained in our laboratory indicating that both spontaneous
and chol linduced ath lerosis can occur in very
young chicks (309) Ths study of Rodbard, et al, yielded
another significant finding concerning the apparent in-
fluence of age on chol lemia and atherogenesis. These
workers found that cockerels placed on a 2% cholesterol—
5% oil mash at 1 day of age exhibited a plasma cholesterol
concentration of 200-§00 mg. % during the first seven weeks
of life At the eighth week, the cholesterolemia increased
spontaneously to a level of 8oo-goo mg.%, although no
change was instituted in the experimental regimen (Figs. 33
and 34). This new high level of cholesterolemia tended to
maintain itself dunng the next 12 weeks. At about the 20th
week of age, with the same diet continuing, plasma cho-
Iesterol Jevel fell to about 300-500 mg%, remaining in this
lower range until about the 26th week, Preliminary data
indrcate that a dary rise in chol lemia may occur
at this time. With the rise in cholesterclemia at the eighth
week, incidence and severity of atherosclerosis also in-
creased. Thereafter atherogenesis tended to be progressively
more intensified as the period of cholesterol feeding was
prolonged (Fig. 34)-

The § and d

t in cholesterolemia of

*Page 230.
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sterol-fed chicks at approsimately the 8th and 26th weeks of
life respectively suggest the play of endogenous factors in-
fluencing lipid metabolism.

To confirm and analyze the eight week phenomenon in
greater detail, an additional experiment was made in three
groups of chicks, Group 1 was placed on a 2% cholesterol~
5% oil mash at hatching; Group 2 on plain mash until the
6th week of life, and then transfesred to the cholesteroloil
mash; Group 3 on plain mash for the first seven weeks of
life; thereafter the chicks also recejved cholesterol-oil mash.
The plasma cholesterol findings are summarized in Table
LXX and Figure 35. The similar high levels of cholestero-
lemia exhibited by all groups during the 10th week of life
cannot be a function of duration of chalesterol feeding and
total quantity of sterol consumed over a long period. These
almost identical levels of hypercholesterolemia in three
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EXPERIMENTAL ATHEROSCLEROSIS
groups suggest the operation of age-conditioned endogenous
factors which regulate handling of ingested cholesterol. The
upward regulation of the plasma cholesterol level during the
8th to the 10th week, occurring regardless of duration of
hol ] feeding, indicates the infl of endogenous
alterations in chick metabolism.*
In genenl, incidence and seventy of atherosclerosis in

PLASMA
CHOLESTEROL.
wa %
1500~ i
L A
- { \\
1 FEL
1\ ra \
I’ v \
wr /v \ ,
I ! 2L AN /
- / N~
/ \J oaseor
- / Lesions

500 |-

7
6
5
)
3
2
'
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Lt gyt tta ey
0 [ £ 2

WEEXS .
Fig. 34. ‘Variations n cholesteroleruia and atherogenests with age
m chlcis fed 2% cholesterol mash, two series of chicks, winter (—-)
and summer (~), for each senes the upger curve is cholesterolemia,
the lower 15 grading of lesions—Rodbard, S., et al. (309).

PRSP NP S SV IV S SR S

N .

253



EXPERIMENTAL ATHEROSCLEROSIS

this experiment tended to parallel plasma cholesterol con-
centrations, regardless of duration of cholesterol feeding.
Thus while lesions were found earlier in chicks receiving
the cholesterol-oil mash since hatching, shortly after the
8th week incidence and severity of cholesterolinduced
atherosclerosis became similar in the three groups.

This phenomenon of an age factor in cholesterolemia
and atherogenes:s is almost certainly not confined to the
chick. Thus recent data demonstrate that the plasma cho-
lesterol level in man tends to be higher with advancing age
(cf. Table XVI, page 65) (110, 254). Certainly incidence

PLASMA
CHOLESTEROL

1500 ~

L

1000 |~

S ]

WEEKS

Fig. 35. Cholesterolemic response of chicks placed on 2% cholesterol
“nash at o, g, and 7 weeks of age—Rodbard, S, et al, (309)-
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and severity of human atherosclerosis also increase progres-
sively with advancing age. The experiments of Pollak in-
dicate that a similar general phenomenon is demonstrable in
the rabbit (521). He found that under analogous experi-
mental conditions, rabbits one year of age responded to
cholesterol feeding with atherosclerosis, whereas 5-, 10- and
25-week-old animals did not. All rabbits, however, regardless
of age, reacted with hypercholesterolemia of almost equal
degree.

The precise endogenous factors operating to effect such
ageconditioned patterns of cholesterolemia and athero-
genesis remain to be elucidated. With respect to the
cockerel, the 8th week of life is a period of significant
changes in endocnne function. These manifest themselves
in feather changes and in rapid comb and testicular growth.
Thus this age in the chick corresponds to early puberty. At
20 weeks, the chick completes its normal period of growth.

TABLE LXX

Age Factors in Cholesterolemia in Cholesterol-Fed Cockerels
—Rodbard, S. et al. {309)

Mean Plasma Total Cholesterol
mg %
Group 1 Group 2 Group 3
3 weeks of age 524 90 100
s weeks of age 460 88 76
7 weeks of age 525 476 112
8 weeks of age 840 979 644
10 weeks of age. 1467 1471 1481
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Hence this age is also a tumning point endocrinologically.
The possibility presents itself that the alterations in lipid
metabolism recorded by Rodbard, et al. (309), are related to
these changes in hormonal function. Thyroid and adrenal
costical functions may also be involved in these regulations.

In any case, the conclusion is apparent from these experi-
ments that endogenous factors, conditioned by and varying
with age, influence both the organism’s handling of exog-
enous cholesterol and cholesterolinduced atherogenesis.

K. Sex

In the foregoing discussion we suggested that endocrine
factors associated with growth, development and watura-
tion—including sexual maturation—might influence athero-
genesis. The possibility may be generally stated, on more
than an a prion basis, that the gonads affect atherogenesis.
In man, the sex differential in susceptibility to coronary
atherosclerosis is a key enigma (cf. page 67). Equally in-
triguing are the recent obsetvations of Gertler, et al, that
young males with coronary disease have a low nommal 17-
ketosteroid excretion (610), 2nd that eanuchs are highly
resistant to coronary atherogenesis (656). .

In 2 foregoing section (cf. page z03), recent work i this
department was teviewed on the prophylactic and thera-
peutic inhibition of coronary atherogenesis by estrogens
(546, 683). Other experimental work on the role of sex hor-
mones in atherogenesss has been limited. In the chick,
Dauber noted that hens frequently exhibit diffuse liPi'd
infiltration of the thoracic aorta. Roosters rarely show this
change (300). Later studies revealed that this phenomenont
in hens is almost certainly secondary to estrogen-induced
hyperlipemia occurring during the egglaying period 'af ife
(292, 203). Dauber also studied the comparative incidence
of gross spontancous atherosclerosis in hens and roosters:
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She found it to be essenhally identical in the two sexes,
namely, 40% for hens and 45% for roosters (300). How-
ever, the hens in this series were probably older than the
roosters, Further, Dauber classified macroscopic lipid infil-
tration of the thoracic aorta as an atherosclerotic lesion.
These considerations may account 1n part for the differences
between her findings in commercial domestic chickens and
those of Fox m wild ground fowl (301, 302). The latter
author reported a g:1 preponderance of spontaneous athero-
sclerosis 1n male birds, Thns latter pattern 15 in accord with
experience in human beings.

In recent preliminary experiments, Rodbard, et al, were
unable to demonstrate any effect of caponization on hyper-
cholesterolemia and atherogenesis m cholesterol-fed cock-
erels. Similarly admimstration of anterior pitwitary luteiniz-
g hormone (LH) and follicle stimulating hormone (FSH)
to baby chicks was without clearcut influence (713).

To our knowledge, no further work has been completed
on sex factors and atherogenesis mn the chick. Further in-
vestigation of this problem is currently in progress in our
laboratory. A few reports of experiments in the rabbit are
available. Several workers found that castration intensified
cholesteralnduced atherogenesis in this species (513, 513).
In our laboratory, Friedberg, et al, found that castrated
male and female rabbits exhibited a sumilar incidence and
severity of cholesterol-induced at} lerosis (266). Tur-
ner, et al, reported that cholesterolized male rabbits were
less susceptible to atherosclerosis than females (416).
Ludden, et al., observed that both androgens and estrogens
protected intact female rabbits agamnst hypercholesterolemia
and atherosclerosts (514). In the gonadectomized female
rabbit, however, hormone administration was ineffective in
preventing atherosclerosis (515). It is equally without in-
fluence on intact male rabbits. In practically all of these
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studies, pathologic examination was confined to the aortz;
the effects of the hormones on coronary atherogenesis were
not surveyed (cf. pages 203, et seq.).

These observations are frag ry and incomp
Their interpretation is nigh on to impossible at this time.
Obviously this problem of the gonads and atherogenesis
merits intense investigation, particularly since data on man
demonstrate a definite sex difference in susceptibility to
atherosclerosis. In approaching this problem experimentally,
consideration must be given to the fact that gonadal
function is closely integrated with that of the other
endocrines. As in all endocrinological research, primaty and
sccondary effects of experimental interference with specific
glands must be distinguished.

L. Species Differences

Among the problems that emerge in the course of stuc:ly-
ing atherosclerosis experimentally, perhaps the m9§t in-
triguing is the one of species differences in susceptibility to
Iesions, Man, the chick and the duck develop athemsclerosxf
“spontaneously.” The dog and the rabbit rarely fio..
Experimentally it is easy to produce gross atherosclerosis in
rabbits or chicks. It is more difficult in guinea pigs, ham-
sters and ducks (266, 284, 516, 517). It is still more difficult
in dogs (56, 318). To date it has proved impossible con- *
sistently to produce gross atherosclerosis in rats. This species
resistance of the rat has withstood a diversity of experi-
mental procedures: (1) cholesterol feeding (4); (2)
thyroidectomy (266); (3) feeding cholesterol - th19umcﬂ
(519); (4) pancreatectomy (266); (5) alloxan diabetes
+ cholesterol feeding (266); (6) alloxan diabetes -+ feed- .
ing cholesterol and thiouracil (266); (7) unilateral nephrec-
tomy + DCA administration + a high salt, high cholesterol
#The former is an omnivore, the latter a herbivore, subsisting normally oo
a diet free of cholesterol
258



EXPERIMENTAL ATHEROSCLEROSIS

diet (266); (8) cholesterol feeding + hyper- and hypo-
vitaminosis E (354).

Why these species differences in atherogenesis? Schlich-
ter, et al,, suggested that they may depend on species vari-
ability in the adequacy of the vasa vasorum of the large
arteries, In a recent study in our laboratory he obtained data
indicating that the vascular supply of the aottic wall 1
tichest in the dog, intermediate in man and the rabbit, and
poorest in the chick (481, 482). This is the approximate
order of “resistance” to the occurrence of atherosclerosis.

Species differences in atherogenesis may also depend on
species variability in lipid metabolism (121, 520-523, 555,
566). Studies by Horlick, et al., in this department utilizing
the cholesteral tolerance technique (524) suggest that such
variations exist (266). Thus the disappearance time of
intravenously injected cholesterol is not the same mn three
species investigated to date. For proportional amounts of
cholesterol, the disappearance time in the rabbat is about 72
hours, in the chick 24 hours, in the rat 12 hours. Masson,
et al, obtained similar data (525).

In accord with these studies, recent work indicates the
existence of species differences in cholesterol-bearing lipo-
protein molecules iated with atherogenesis (526).
Moreover, investigations utilizing tracer techniques dem-
onstrate species differences between dog and rabbit in cho-
lesterol synthesis, turnover and degradation rates (150,
151). Furthermore, there are marked species differences in
the cholesterolemic response to orally ingested cholesterol.
Feeding cholesterol to the chick or rabbit results in marked
hypercholesterolemia. Proportional amounts have much
less effect on the duck (266), and practically no effect on
the dog or rat. No data are available from comparable long
term cholesterol feeding studies in man (cf. page 32). In
the dog, combined thi il and chol 1 feeding is

y to produce marked hyperchol lemia (56,
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318). So far, the rat has proved remarkably resistant to all
these regimens. Only moderate hypercholesterolemia has
been produced in this species (4, 519), and no gross athero-
sclerosis. It will be noted that ease of hypercholesterolemia
production and ease of atherosclerosis production parallel
each other among the various species. Finally, it is note-
worthy that only in the rabbit and chick, and perhaps in
man, can atherosclerosis be produced with but slight hyper-

TABLE LXXI \

Plasma and Red Cell Total Cholestero! Levels in Different Species
~Gould, R. G. {555}

i, | G
Rat 52 e
Guinez pig 32 100
Rabbit 50 120
Cat 93 -
Chicken 100 135
Dog 150 140
Sheep 70 145
Hog 120 120
Cow 110 110
Horse 83 122
Human 200 140
L
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cholesterolemia, by feeding small amounts of cholesterol
continuously for many weeks (268, 336).

Some investigators tended for a time to minimze the
ignil of cholesterol-induced ath lerosis in the
rabbit, because this herbivore, having a peculiar lipid
metabolism, was for a considerable period the only species
susceptible to this expenmental lesion. Successful produc-
tion of atherosclerosis in the chick and the dog by choles-
terol feeding compels a reconsideration of this criticism.
Undoubtedly further research will clarify the reasons for
the foregoing species differences in lipid metabolism and
atherogenesis. Concomitantly success will be realized in the
expertmental production of lesions in resistant species like
the rat Precisely through such investigation of the en-
dogenous factors (endocrinological, enzymatic, etc.) te-
sponsible for these spectes differences, will leads be obtained
fruitful for the ultimate solution of the whole atheroscle-
Tosis problem.

M. Heparin ‘

Almentary lipemia in dogs was found by Hahn to dis-
appear rapidly following the intravenous injection of heparin
(543). This phenomenon is apparently related to the fact
that heparin disrupts globulinlipid bonds, with release of
the combined lipids and formation of a heparin-protein com-
plex (544, 672-674).

Lyon, et al, recently studied this effect of hepann by the
ultracentrifuge technique (539). They found that in both
rabbits and man parenteral heparin shifts the lipoproteins
of high S, classes into those of successively lower classes.
“Thus reductions in the S, 20-100 and S, 10-20 lipoproteins
* can be maintained for periods of several hours to days in the
human and in the rabbit, depending upon the mode of in-
jectron of heparin, The alterations in lipoprotein levels pro-
duced by heparin in the rabbit are favorable, in that the
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rabbits receiving intermittent heparin injections during
cholesterol feeding experiments show definite suppression
of development of atherosclerosis” {539). These effects of
hepatin are well exemplified by Table LXXII from a more
recent paper by Graham, et al. (675). Block, et al, reported
the additional observation that after intravenous heparin,
alimentary hpemia clears less rapidly in atherosclerotic as
compared with normal males (Table LXXIII) (614).

Tt should be noted that these heparin-induced alterations
In concentration of various plasma lipoproteins occur with-
out any significant concomitant change in plasma total cho-
lesterol level or blood coagulability. Nonetheless, in the c}}o-
lesterolfed rabbit, these effects of heparin on plasma lipids
are associated with inhibition of atherogenesis (539, 556,
675). Also noteworthy in relation to these observations are
the findings of Dedichen and Closs (570, 676). They gave

TABLE LXXII

Effect of Heparin Repository on Serum Low-Density Lipoproteins
of Man—Graham, D. M. et of. (675)

Tiume After Heparin S;ﬂ;i;o Sfm =go—;;cc
Pre-heparm 197 357
70 min. 147 18
3 hours 102 13
4 hours 21
6 hours 83
24 hours 81
72 houts
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stilbesterol-implanted chicks dicumarol, and found a cor-
relation between level of cholesterolemia and coagulability
of the blood, Thus dicnmarol, unlike heparin, apparently
depresses plasma total cholesterol levels. In contrast, ultrs-
centrifuge studies revealed no influence of dicumarol on
plasma S, pattems (567). These actions of dicumarol are
also being further explored (676).

Recently Graham, et al, began to treat angina pectons
cases with intermittent heparin injections, with presumably
encouraging results (556, 675). Prolonged study is essential
to determine the precise therapeutic significance of heparin
in clinical atherosclerosis.

WHAT EXPERIMENTAL EVIDENCE 1S AVAILABLE
CONCERNING THE INFLUENCE OF PLASMA
TOTAL CHOLESTEROL
“TIPID PHOSPHORTS ~ (©/?) RATIOS
ON ATHEROGENESIS?
We have already reviewed the clinical evidence suggest-
. total cholestero}
ing that an —
lipid phosphorus
portant factor in human atherogenesis (page 89). The data
were collected primarily in patients with coronaty athero-
sclerosis 107-111) and xanthomatons biliary cirrhosis
(203-205).
Recently a number of laboratory studies have focuS'SEd
upon this possibility. Ahrens and Kunkel showed by in vitro

1 ratio is an im-

ted plasma

experiments that clear scra with either normal or high lipid
content may be rendered lipemic by enzymatic hydrolysis
of serum “lecithin” with CI welchii lecithmase They
pointed out, “The concentration of serum phos}ﬂlfﬂil"dS
available for complex formation with serum protemns ?p-
pears to be an important factor in determining particlc size
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of serum lipids and hence of their occurrence in serum as
masked or as visible particles” {396). As already noted, theis
total cholesterol
lipid phosphorus
ratios in atherogenesis are based on clinical correlations be-
tween plasma lipid patterns and occurrence of atherosele-
fosis ‘While stressing the role of serum phospholipids in
preventing lipemia (macrochylomicronemia), they avoid
or only hint at any hypothesis concerning the significance
of plasma lipid particle size for atherogenesis. Thus it is not
made clear whether they believe phospholipid protects
against atherosclerosis by stabilizing cholesterol in the
plasma, or by preventing macrochylomicronemia. Or are
these one and the same process?

Cholesterol-induced atherosclerosis in the rabbit (86),
the chick (308) and the dog (397) is almost uniformly as-
saciated with a disturbed lipid pattern characterized by
h total cholesterol

VP lipid phosphorus
ratio. In attempting to assay which of these two changes are
decisive for atherogenesis, experimental answers must be
found to at least two questions Does atherogenesis occur
without an elevated C/P ratio? Is cholesterolinduced
atherogenesis prevented by restoring the C/P ratio to
normal in the p of hypercholesterolemia?

Kellner, et al,, attempted to answer these questions by in
vivo experiments. They studied the effects of intravenous
detergents (Tween 8o and Tnton A-20) on plasma lipid
levels and atherogenesis in rabbits (398-400). These in-
vestigators found that intravenous administration of these
surface active agents induces a sustained hypercholestero-
lemia and hyperphospholipernia in rabbits fed a normat dret.

Elevations of plasma phospholipid equalled or exceeded in-
creases 1 chol 1 A theref the plasma
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EXPERIMENTAL ATHEROSCLEROSIS

total cholesterol
lipid phosphorus
the plasmas were definitely lipemic (cf. Ahrens and Kunke),
Ppages 54, 89 and 264). They succeeded in maintaining this
hyperlipemia for 8-14 weeks by repeated detergent injec-
tions. Atherogenesis was compared in these rabbits and in
animals fed cholesterol. The latter rabbits had the typical
plasma lipid pattem of cholesterolinduced hyperlipemia,
with marked hypercholesterolemia and elevated plasma C/P
ratios, It was found that the animals with detergent-induced
hyperlipemia had higher plasma cholesterol levels, but sig-
nificantly less atherosclerosis than the cholesterolfed rab-
bits.* In a third group of animals, detergents and 2
cholesterol diet were both used. This resulted in 2 propor-
tional elevation of phospholipid concomitantly with cho-
lesterol, establishing approximately normal plasma C/P
ratios. In these animals, incidence and severity of athero-
sclerosis were decreased. The authors suggest, “ . . In-
creased blood phospholipids may modify or prevent the
development of atherosclerosis” (399).1 Payne and Duft
have recently confirmed these observations (401, 677)-
In our opinion the findings in this last group of rabbits
are highly suggestive—provided such factors as decressed
food intake, weight loss and other possible non-specific
effects of the detergents were not associated elements n
the decreased incidence and sevetity of cholesterol-induced
atherosclerosis 1n the detergent-treated rabbits In this 76
gard, Payne and Duff noted that inhibition of atherogenests
in cholesterolfed, detergent-treated rabbits cannot de{im-
tively be attributed merely to plasma phospholipid elevation.

ratio was not increased, Nonetheless,

*This dference in atherogenesis may be a function not of the C/P 1ati0
but r‘:f the varying total amounts of cholesterol handled by the orgaism m
the cholestero] fed vs. the detergent treated group e o

intravenous detergents to be without value in the iherapy
e o rel induoed o) i rabbits,
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Since the injected detergent remains in the blood stream for
along time, 1t is possible that its inhibitory effect on athero-
genesis is independent of the plasma lipid changes (677).

In another recent study, Duff and Payne present data im-
plicating increased plasma C/P ratios as key factors in
atherogenesis (287). They analyzed plasma lipid values in
alloxan diabetic and control rabbits fed cholesterol. They
sought by these biochemical studies to account for the un-
expected finding of less severe atherosclerosis in the diabetic
animals (402). They arrived at the following general con-
clusion: *. . . In those diabetic rabbits in which there was
a marked elevation of neutral fat and lipid phosphorus® in
proportion to the mncrease in total cholesterol, the arteries
were protected from the develop of ath lerosi
... [even though] the level of serum cholesterol in the
protected animals was just as high as, or higher than that in
the rabbits that were not p d from the develop of
atherosclerosis” (287).

As already indicated {ck. page 211), the recent ultracentri-
fuge studies of Pierce on plasmas of cholesterol-fed, allox-
anized rabbits indicate that inhibition of atherogenesis is
probably related primarily to alterations in plasma lipopro-
tein pattemns (S, levels), rather than to changes in C/P
ratios {556, 678).

Several studies in our laboratory bear upon this problem
of C/P ratios and atherogenesis To reiterate, our results
d rate that cholesterol-induced ath lerosis s
usually associated with both hypercholesterolemia and
elevated C/P ratios Investigators interested in the relative
importance of each for atherogenesis have, however, com-
pletely neglected the findings in chick stilbesterolinduced

*Duff and Payne suggest that neutral fat and lipid phosphorus are more
sty cemted o sprnacd bt fe i 2t 8 roent of &
mef mobi] on ©! t 1nto the blaod

with disbetic semistareation {LNK. and [S .~ o 1 covmection
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total cholesterol
lipid phosphorus
the plasmas were defimtely lipemic (cf. Ahrens and Kunkel,
Ppages 54, 89 and 264). They succeeded in maintaining this
hyperlipemia for 8-14 weeks by tepeated detergent imjec-
tions. Atherogenesis was compared in these rabbits and in
animals fed cholesterol. The latter rabbits had the typical
plasma lipid pattem of cholesterolinduced hyperlipemia,
with marked hypercholesterolemia and elevated plasma C/P
ratios. It was found that the ammals with detergent-induced
hyperlipernia had higher plasma cholesterol levels, but sig-
nificantly less atherosclerosis than the cholesterol-fed rab-
bits.* In a third group of animals, detergents and a
cholestero] diet were both nsed. This resulted in a propor-
tional elevation of phospholipid concomitantly with cho-
lesterol, establishing approximately normal plasma C/P
ratios. In these animals, incidence and severity of athero-
sclerosis were decreased. The authors suggest, “ . . In-
creased blood phospholipids may modify or prevent the
development of atherosclerosis” (399).1 Payne and Duff
have recently confirmed these observations (401, 677)- .
In our opinion the findings in this Jast group of rabbits
are highly suggestive—provided such factors as decreas.ed
food intake, weight loss and other possible non—specx{?c
effects of the detergents were not associated elements in
the decreased incidence and severity of cholesterol-induced
ath lerosis in the detergent-treated rabbits. In this Te-
gard, Payne and Duff noted that inhibition of atherogenesis
in cholesterol-fed, detergent-treated rabbits cannot defini-
tively be attributed merely to plasma phospholipid elevation.

ratio was not increased. Nonetheless,

b+ ane Ton o furetan ot of the C/P fato,
t the organism i

; . f
d mtravenous detergents to be without value m the therapy o
e o elesterol indeed  athexoscleross i Tabbit.
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atherosclerosis (292, 293, 403). Estrogens produce a typical
alteration in the plasma lipid pattern of cockerels which dif-
fers significantly from the hyperlipemia of cholesterolized
birds (Table LXXIV). Wlth sh]besteml 1mplantatxou, hy-
perphospholipemia  (not uyr a) is the
most  promi feature. Hyperchol lemia is less
total cholesterol .

Tipid phosphorss ratio falls. The
free cholesterol (FC)

Tomal cholesterol \TC rises.* With these changes,
the plasma is lipemic. Atherogenesis in the thoracic aorta
proceeds. Under these experimental conditions, a fall in the
C/P ratio prevents meither plasma lactescence nor aorta
atherosclerosis. Apparently an elevated C/P ratio is not
essential for aorta atherogenesis in the chick. Is it possible
that atherogenesis in these stilbesterol-implanted cockerels
is related to the induced depression below the normal range
of the plasma G/ ratio?

Another experiment by Stamler and Katz on C/P ratios
and atherogenesis attempted to correlate plasma biochemical
data and postmortem pathological findings in the aorta of
chicks fed a 14 % cholesterol mash for 35 weeks beginning
at five weeks of age (336).f The findings are summarized
in Tables LXXV and LXXVI Analysis of these data re-
veals that chol d atherosclerosis in the tho-
racic aorta—the primary site of this experimental lesion
—occurred 1 100% of chicks with mean plasma total
cholesterol above 175 mg.%. In contrast, birds with plasma
cholesterol concentration below 175 mg.% were uniformly

marked. The plasma

plasma

*In our expenence, estrogens are the only agents which alter Lhe TC ratio.

Tn cholesterol fed chicks with marked IKp«cholatao]qnu, no significant

lclhzggcs ‘:nr this ratio are observed Is atherogenes:s related to this plasma
pid ratio

4Coronary lesions were not analyzed 1n this expennment.
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EXPERIMENTAL ATHEROSCLEROSIS

this experiment demonstrates a lack of correlation between
plasma C/P ratios and atherosclerosis, in association with a
positive correlation between plasma cholesterol levels and
Tesions. This evidence supports the concept that plasma
cholesterol levels per se are more significant for cholesterol-
induced aorta atherosclerasis than G/P ratios.

Recently Stamler, et al., repeated this experiment, with a
single variation (404). Chicks were placed on % % cho-
lesterol mash at one day of age, instead of five weeks. With
this procedure, neither hypercholesterolemia nor C/P ratio
elevation was observed during the first 10 weeks. Apparently

this Jevel of cholesterol ingestion ref the borderline
tolerance dosage for the chick, with respect to development
of hyperlipemia. Preliminary data indicate a sigmificant in-

cidence of gross cholesterol-induced atherosclerosis in the
thoracic aorta of these birds. Here aorta atherogenesis is cor-
related with neither hypercholesterolemia nor G/P ratio rise.
The apparently decisive factor is rather the increased load of
exogenous cholesterol which the birds must assimilate, tumn-
over, metabolize and excrete. Significant for our immediate
discussion, however, is the demonstration once again that

TABLE LXXVI
Biochemical-Path ical C i in Chicks Fed 1/4% Cho-
lestero! Mash—Stamler, J. and Katz, L. N. {336)
Mean Plasma
Total Mean Plasma
Cholesteral C/P Ratio
mg %
Chicks with
Thoracic Lesions 206 204
Chicks without 153 206
Tharaaic Lesions
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free of thoracic aorta atherosclerosis, The mean plasma
total cholestero} of five chicks with thoracic lesions was 206
mg.% (range: 179-265); the mean plasma total cholesterol
of four birds free of thoracic lesions was significantly lower
--153 mg.% (range: 129-170).

In contrast, no such close relationship could be demon-
strated between plasma C/P ratios and thoracic aorta ather-
ogenesis (Table LXXVI). The birds with and without
thoracic lesions had practically identical mean group values
for this ratio, equal to 20.4 and 20.6 respectively (ranges:
16.5-24.8 and 14.5-27.1 respectively). Thus, in summary,

TABLE LXXV

Plasma Cholesterol Levels [mg %} and Incidence of Lesions in In-
dividual Chicks Fed % % Cholesterol—Stamler, J. and Katz, L. N.

{336)
with % with Average
i%anons Lesions Grading
1o0r >

Thoracic Aorta
Mean Total Cholesterol > 175 100 6o 11
Mean Total Cholesterol < 175 o ° o
Abdominal Aorta
Mean Total Chalesterol > 175 bo 6o 17
Mean Total Cholesterol < 175 50 25 1.3
Whole Aorta
Mean Total Cholesterol > 175 100 8o 2.2
Mean Total Cholesterol < 175 50 25 1.3
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TABLE LXXVII

Mean Plasma Lipid Findings in Cholesterol-Fed (Group 1) and
Cholesterol-Fed, Estrogen-Injected [Group 2] Cockerels—
Stamler, J. et o (405)*

Total Lipd c/p
Cholesterol | Phosphorus Ratio
mg % mg %
Group 1
Cholesterol Only 732 13 48
Group 2
Cholesterol + Estrogen Bog 39 21

*Ct. Table L.

TABLE LXXVIII

Mean Grading for Gross Aorta Atherosclerosis in Cholesterol-Fed
(Group 1) and Cholesterol-Fed, Estrogen-injected (Group 2)
Cockerels—Stamler, J. et al. {4051*

% vath Mean
No. of | % with | Lesions Gross
Chicks { Lesions { Grade ¢ | Grading af
or > Lesions

Group 1
Cholesterol Only 8 100 100 26
Group 2
Cholesterol 4 Estrogen 8 100 100 35

*Cf, Table L.
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aorta atherogenesis may proceed with normal plasma C/P
ratios.

Finally, the results of our experiments on the effects of
estrogens in cholesterol-fed chicks (cf. page z03) also bear
upon this problem of C/P ratios and atherogenesis {405,
546). As already indicated, chicks fed cholesterol develop
a predominant hypercholesterolemia (C/P ratios elevated),
whereas chicks given estrogens exhibit a predominant hyper-
phospholipemia (C/P ratios reduced) (cf. Table LXXIV).
Combnation of cholesterol feedmng and estrogen adminis-
tration therefore presents the possibility of inducing 2
marked hyperlipermia with C/P ratios approaching normal.
This anticipated result was obtained when the expenment
was undertaken (Table LXXVII).* The establishment of
normal or near normal C/P mhos exerted no hibitory
effect on aorta atherogenesis mn these birds (Table
LXXVIII); coronary atherogenesis was, however, sup-
pressed. Data on indwidual birds suggest a close relationship
between estrogen-mduced reduction of C/P rattos toward
normal and inhibition of coronary atherogenesis (cf. Fig-
ures 2931 and Table L, pages 205-208) (546) However, it
remains a moot question whether this is a cause-and-effect or
merely a correlative (conjunctive) association. It may be
that the degree of lowermg of C/P ratios toward normal
values 15 merely an index of estrogen effect, and that the
birds with greater estrogen effect are completely free of
coronary lesions independent of C/P ratio changes per s¢

In conclusion, conflicting data are available beanng upon
total cholesterol

the concept that elevation of the plasma Tpid phosphorts

Ve

(L. pdg 5370
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ing the ensuing weeks, definite regression and healing of
cholesterolinduced lesions were observed (Table LXXIX
and Fig, 37). Grossly, the lesions in these birds tended to be
less yellow in comparison with birds sacrificed after 10-24
weeks of cholesterol feeding. They were also less extensive
and severe (Table LXXIX). Both the thoracic and the ab-
dominal aorta appeared dull, white and thickened in a num-
ber of instances, but showed little or no involvement with
atheroma. Mlcroscopxcally, during wecks 10-15 the lesions
were not markedly d from chol lized controls
mn these two sets of birds restored to diets devoid of a cho-
lesterol supplement. During weeks 15-24, the severity of
intimal lesions was definitely less. Previously existing, mod-
enately severe atheromas had apparently “healed” and dis-
appeared. Thus some of the chicks sacnficed at the end of

BBt 00 connesrinon. eveus serone s arrce oo e
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Fag. 36, Effect of pxolonged cholesmol feedmg vs cessation of
feeding on ks—Horlick, L. and

Kz, L X. (0).
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ratio is a key factor in atherogenesis. Its validity is open
to question by the negative results of a number of studies.
However, other suggestive positive results, derived from sev-
eral investigations {including our study of coronary artery
atherogenesis n cholesterol-stilbesterol chicks), indicate the
need for further active exploration of this problem.

ARE ATHEROSCLEROTIC LESIONS REVERSIBLE?

Among the dogmas persisting in the atherosclerosis
literature, none is more stubbom than the thesis of the
absolute non-reversibility of atherosclerosis. By now consid-
erable clinical evidence has accumulated refuting this no-
tion. It is clear that not only juvenile fatty streaks* (4, 38,
186, 242, 268), but also more developed atherosclerotic
Iesions can regress and be resolved (106, 554)-

The experimental data are even more clear cut (268,
311). Horlick and Katz recently demonstrated this in t'he
cholesterol-fed chick. A large group of cockerels was main-
tained for 10 weeks on a mash supplemented with 2%
cholesterol -+ 20% cottonseed oil, One set of these chicks
was then sacrificed as controls to ascertain the incidence an
severity of lesions A second sct continued to receive the cho-
lesterol-enriched diet for the next 14 weeks. Two other sets
were maintained for the next 14 weeks on diets of regular
masht and defatted mash} respectively. Serial sacrifices
were accomplished during this experimental period.

The cholesterolemic response on cessation of cholesterol
feeding is indicated in Figure 36. In the chicks transferred
to regular and defatted mash, cessation of cholesterol feed-
ing led to 1apid fall of plasma lipids to normal levels. Dur

FAT s oot eetateee e Taber mae hie Tacinm n children 20d
L. raph.
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lesterol ingestion and hypercholesterolemia) (311).* Peter-
son and Hirst recently made similar observations on regres-
sion of cholesterol-induced lesions in chicks (662).

In a recent study, Rodbard, et al., obtained prelminary
data indicating that cholesterol-induced gross atherosclerotic
lesions in the chick aorta may be resolved very rapidly, ie,
in 57 days (704). Extended observations are at present
being made in this laboratory on rapid regression of plaques
and factors influencing this process.

AVERAGE GROSS GRADING OF ALL GROUPS FROM TME OF DIVISION OF GROUPS
‘7O CONCLUSION OF EXPERIMENT

s 0 W
v - wles % B 20 22 £l

Fyg

cholesterol feeding on gross grading of atherosclerotic lesions in
chick aortas—Horlick, L. and Katz, L. N. (311).

*As indicated subsequently (page 280), thesc sites of healed or metaplased
old fe lesions ly may act as preferental ax

37. Effect of prolonged cholesterol feeding vs cessation of

i for further
recstablished. when condstions favorable for ath is are
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the experiment showed little gross or microscopic evidence
of atherosclerosis. The lesions in these birds had apparently
undergone complete remission. In other birds, severe
fibrosis, remains of atheromatous abcesses, and heavy calci
fication suggested that the ability to repair atherosclerotic
damage is limited. More severe atherosclerotic lesions ap-
parently undergo only partial regression, with fibrosis, calci-
fication and cartilaginous metaplasia. Under these circum-
stances the evolution of lesions is apparently influenced in
the direction of healing (scar formation) by the absence of
continued, freshly superimposed atherogenic stimuli (cho-

TABLE LXXIX

Retrogression of Atherosclerotic Lesions on Cessation of Cholesterol
Feeding in the Chick—Horlick, L. and Kalz, L. N. (311)*

Number of | Average Gross Grading
Chicks of Lesions
J—

Controls—Cholestero] fed
for 10 weeks 18 EX3

Controls—Cholesterol fed

for 15-24 weeks 19 46
Experimental—Cholesterol

fed for 10 weeks, then

plain mash for 5-14 weeks 11 20
Experimental—Cholesterol

fed for 10 weeks, then low

fat mash for 5-14 weeks 16 1.2

+Cf, Table XLIL
nTh
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retrogressive processes would appear to proceed more rapidly
in the chick and dog than in the rabbit. Unfortunately not
even 2 semiquantitative method is currently available to
assay rate of regression of human atherosclerotic lesions.

Undoubtedly these findings in chick, dog and rabbit, plus
those in man, compel the conclusion that atherogenesis is
at least a partially reversible process. Further studies are
certainly indicated on the possible infl of various fac-
tors (dietary, hormonal) on this healing process. The work
of Pick (683) on the reversal of cholesterol-induced coronary
atherosclerosis by estrogens (page 206) is an important step
in this direction,

DOES ATHEROSCLEROSIS DEVELOP IN EPISODIC
STAGES?

The foregoing expenments on prolonged cholesterol feed-
ing and on regression of atherosclerotic lesions also yield
data bearing upon the problem of the possible episodic
nature of atherogenesis. They suggest that atherogenesis is
a discontinuous process even when atherogenic shmuli are
continually operating. When these stimuli are intermittent,
atherogenesis is certainly intermittent.*

The primary lesion of atherosclerosis (atheroma) is a
focal lesion, produced relatively acutely. Once atheroma
formation occurs, secondary sclerotic processes supervene.
These are slowly developing changes, gradual rather than
episodic, They are primarily responses to the tissue irritant
effects of cholesterol (8, 530). As such, they are influenced
by continuation or withdrawal of atherogenic stimuli Thus

*This ennel PR PO S

R
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Other investigators have made simular observations on
the effect of suspending cholesterol feeding on the arterial
lesions of the rabbit. Stukkeu (19-21), Ksylow (527),
Wada (528) and Scarff ( 529) initially reported such ob-
servations, but their data were not extensive. Anitschkow
(268) was the first to study the problem thoroughly in the
rabbit. He found that when rabbits were fed cholesterol for
three to four months, and were then retumed to a nommal
diet, a gradual Toss of lipids from the plaques resulted. The
lesions lost their yellowish color and no Tonger stained with
sudan. They presented a whitish and fibrous appearance
Anitschkow stressed that this process was a slow one. The
transformation of a large plaque rich in hipids into a plaque
composed of fibrous tissue took two to three years n rab-
bits—in contrast to the much more rapid retrogression
(three to four months) in chicks (311). Even after two to
three years in rabbits small quantities of lipid could still be
discovered hustologically after sudan staining. Micso-
scopically Anitschkow observed the gradual disintegration
and disappearance of the foam cell masses and their re-
placement by newly developing collagenous and elastic
fibers and fibroblasts. Cholesterol crystals tended to per-
sist long after the other lipids had been removed. Large
quantities of calcium were laid down in areas formerly ocen-
pied by atheromatous abscesses. Anitschkow also observed
that less advanced lesions left minimal residua. After re-
sorption of the hpids only a slight fibrous thickening of the
intima remained, with a few cholesterol crystals, scattered
lipid cells and globules of neutral fat sometimes fixed in
situ {268).

Recently, Bevans, et al,, further demonstrated that ath_ew-
sclerotic lesions produced in dogs by the cholesterol-thiou-
racil regimen regress within 24 months after retum to nor-
mal diet (566, 705). Thus essentially the same phenomenon
supervenes in the three species studied, except that these
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man differs fund tally in pathogenesis and etiology
from the cholesterol-induced lesion in laboratory animals.

In view of these considerations, Stamles, et al,, under-
took two long-term experiments to explore this problem
further (336, 404a). Their purpose was to determine
whether chol l-induced atherosclerosis could be pro-
duced in the chick with minmmal concomitant hypercho-
lesterolemia and organ liprdosis.

In the first of these studies, five-week-old cockerels were
placed on a diet of chick starter mash supplemented with
%% cholesterol -+ 5% cottonseed oil. They were main-
tained on this ration for the subsequent 35 weeks. This di-
etary regimen induced a minimal hypercholesterolemia
The over-all mean plasma cholesterol concentration rose
from a control value of gy to 166 mg.% (Table LXXX).
Over the 35 weeks of the experiment, periodic plasma lipid
analyses yielded mean group values for the experimental
birds ranging from 116 to 247 wg.% (controls: 68—147.
mg.% ). The mini and values for indi
experimental chicks were 78 and 395 mg.% respectively
{contrals: 45 and 230 mg % ). All these changes in plasma

TABLE LXXX

Effect of Feeding ¥ % Cholesterol on Plasma Lipids in the Chick*
—Stamler, J. and Katz, L. N. {336)

Total Cholesterol | Lipid P | Total Cholesterol
mg % mg % Lipd P

Contral 99 75 131

Cholesteral Fed 166 78 214

*Chicks fed Vo% chol:s!exul—;% cottonseed oil mash from sth through
4oth weeks of I
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persistent hypercholesterolemia, by increasing the amount
of cholesterol requiring removal from the lesion site, affects
not only the production of primary atheromatous lesions,
but also their secondary evolution.

Further, atheroma formation occurs focally, ie, at dif
ferent sites at different times. Hence animals fed cholesterol
for long periods exhibit (at any one time) lesions in all
morphologic stages of development. Their aortas show fresh
atheromas adjacent to, as well as superimposed on, old,
fibrosed, calcified lesions (268, 311, 531). Similar observa-
tions have been frequently made in human specimens (56)-
Thus Wilens recently showed that the edges of old athero-
sclerotic plaques are susceptible to fresh atheroma forma-
tion, this being the chief basis for progressive enlargement
of lesions (706). These pathologic facts support the con-
cept that atherogenesis is a focal, discontinuous, episodic
process, with acute (primary) and chronic (secondary)
phases.

CAN EXPERIMENTAL ATHEROSCLEROSIS BE IN-
DUCED WITHOUT GROSS HYPERCHOLESTEROLE-
MIA AND ORGAN LIPIDOSIS?

In many of our experiments, the dosages of cholesterol
utilized resulted in marked hypercholesterolemia and organ
Tipidosis. In contrast, human atherosclerosis frequently 0c-
curs in people with presumably normal or near normal
plasma and tissue cholesterol concentrations. Those w?}o
question the significance of experimental cha]estc_rol-m-
duced atherosclerosss in rabbits and chicks stress this dif-
ference. They maintain that the pathophysiology of cho-
Jesterolized, hyperlipemic animals has its counterpart only
in grossly hypercholesterolemic man. Since gross hypqrqhﬁi
Jesterolemia is not present in most people with chr_nc?
atherosclerosis, these critics suggest that atherosclerosis 11
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the abdominal aorta, these lesions were significantly greater
in extent and severity in the chicks fed the %4 % choles-
terol mash.

In the second, more recent experiment (404a), Stamler,
et al,, placed chicks on this %4 % cholesterol—s5 % cottonseed
oil mash at one day of age. With this modification of the
experimental proced the cholesterolized birds main-
tained normal plasma cholesterol concentrations through-
out the first 10 weeks of the experiment. Thereafter they
had slight hypercholesterolemia (Table LXXXIII). With
institution of cholesterol feeding at one day of age, chicks
were apparently able to handle the sterol more adequately
than birds placed on the experimental diet when five weeks
old. Despite normocholesterolemia, chicks sacrificed at 10
weeks of age showed early atheroma formation, particularly
in the thomcic aorta. At 15 weeks, more advanced choles-
terolinduced lesions were seen (Table LXXXIV).

These experiments demonstrate that significant choles-
terolanduced atherogenesis proceeds in chicks fed a dietary
level of sterol inducing little or no hypercholesterolemia
and organ liptdosis.

This finding in the chick is in accord with previous ex-
perimental work on the rabbit. In 1933, Anitschkow re-
viewed the experiments demonstrating that atherosclerosis
can be induced in the rabbit without gross hypercholestero-
lemia and organ lipidosis (268). Summarizing these results,
he stated: “Thus, comparatively acute atherosclerotic
changes are produced in rabbits by feeding them with cho-
lesterin for three to four months, whereas the analagous

et a L -
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smaller quantities of some food that is not too rich in cho-
lestenn, such as milk, we can produce typical atherosclerotic
changes in their arteries, while the lipid deposits in the in-
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cholesterol concentration, although slight, were significant.

No significant alterations in plasma lipid phosphorus con-

centration were recorded in these birds fed a %% cho-
total cholesterol

lesterol diet. Hence the plasma o ratio was
Tipid phosphorus

moderately elevated, from a control mean value of 131 to

free cholesterol |
21.4 (Table LXXX). The plasma Toral cholestar] Tt ©
mained unaltered in the experimental cockerels. Plasma total
fatty acids and total lipids were slightly elevated as a result
of the experimentat diet.

Lipid analyses of carcass, lung, adrenal, gut, kidney, heatt,
aorta and liver were accomplished by Stamler, et al. Most of
the organs showed little or no cholesterosis ( Table LXXXI).
The liver was the only organ exhibiting gross alterations from
control tissue lipid levels. Hepatic cholesterol concentra-
tion increased four to five fold; a rise in esterified cholesterol
accounted for the greater proportion of this increase. Only
moderate alterations in the other liver lipid fractions were
noted, and the overall pattern of hepatic lipids was such
that total lipids were at normal Jevels. Thus, in summary,
these chicks fed a %4 % cholesterol diet had a minimal hy-
percholesterolemia and hepatic cholesterosis.

This experimental regimen had a profound effect on
atherogenesis, despite the minimal changes in plasma and
tissue lipid rations. These ate rized in Table
LXXXIL Particularly prominent is the high incidence of
moderately severe gross atherosclerosis of the thoracic aorta
in the experimental chicks. This is in significant contrast to
the complete absence of atherosclerosis of the thoracic aorta
in all control birds. The gross and microscopic morphology
of these lesions was typical of cholesterol-induced atheroscle-
rosis. In addition, while both experimental and L‘OT}“OI
groups had a similar incid of gross at} 1 of
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147 u | g3 18 8 9180 7622 | 10098
168 6 |o7| 51 4| - - -
156 13 | 9z 41 10 — - —_
277 0 |97 | 34 7 | s340 | 3861 | 6354
6 | 769 | 45 | 105 522 | 3613 of s
49 n | 83 77 23 - — —
149 21 | 88 31 15 - — —
169 23 | .88 — 17 - — —
586 196 | .75 71 143 2660 610 4395
201 9 b | — - - — =
733 285 | 72 — - — — —

** Total Lipid = phospholipid + total cholesterol +

estenfied chol fatty acid + neutral fat fatty acid.




TABLE LXXXI

Tissue Lipid Concentrations in Control {Group 1}
and Experimental (Group 2) Chicks
—Stamler, J. and Katz, L. N. [336)

Phos-

Weas | Lipia | Fhow | B [ pn

Grovp Organ o i prld‘ Fa};l!y Chal ¥
diet mg % we % | Acdt mg %

mg %
1 Carcass 15 208 540 362 ué
1 Coas | a5 | 394 | o5 | 599 | 1
f Lung 15 g | 1855 | a3 | o4
u Lung 15 996 | 2059 | 137 568
1 Adenal | 15 | 138 | 3580 | 238 | 157
i Adrenal 15 148 3875 2580 190
1 Gut 15 506 1318 883 246
1 Gut 15 698 | 1By 1215 411
1 Kidney 15 638 | 12 1148 253
n Kidney 15 101 2640 | 1769 343
I Heart 15 838 | 280 | 146 155
bt Beart 15 888 | 2310 1550 158
1 Aorta 15 33.8 880 589 174
jid Aorta 15 410 | 31070 77 169
1 Liver 15 845 | 2109 | 1472 287
It Liver 35 |y | sabo | 3n8 | 1390
1 Aorta 25 233 612 410 160
hig Aorta 23 540 | 1408 990 i
I Liver 25 —_— _ —_ 192
big Liver 25 110 2860 1906 782
1 Liver 35 - - — 320
i Liver 35 —_ — —_ 1020
* Lipid P X 26.

+ Phospholipid X .67

4 Chol, 1s cholesterol

§ Ratio of plasma total

jl Estenfied Chal X .73

f Neutral

7 Fat Fatty Acid = total fatty acid — (phospho-

Lpid fatty 2cid + esterified cholesterol fatty acid). .

cholesterol to plasma Lipid phosphorus ¢/p ratio.



EXPERIMENTAL ATHEROSCLEROSIS

ternal organs and the hypercholesterinemia do not reach a
very high degree. In other words, the total picture of the
changes produced in the rabbit under the experimental con-
ditions just described resembles that of human atheroscle-
rosis much more closely than that observed during experi-
ments of a shorter duration, in which the rabbit is literally
swamped with cholesterin” {268).

‘When these findings in rabbit and chick are evaluated in
relation to the latest data on man, they assume even greater
mgmﬁmnce' Taday a mass of data exists demonstrating that
a “xanthomaton ” (minimal hypercholestero-
lemnia) prevails in many people with atherosclerosis. More-

TABLE LXXXIIT

Plasma Total Cholesterol of Chicks Fed % % Cholesterol Mash
During First 15 Weeks of Lite—Stamter, J. ef al. {4040}

Plasma Total Cholesterol
Group 1 Grovp 11
Age Control 149 Cholesterol
nE % mg %
3 - 17
5 87 100
8 78 123
10 89 109
= 8 175
15 113 217
Mean 90 140
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EXPERIMENTAL ATHEROSCLEROSIS

ternal organs and the hypercholesterinemia do not reach a
very high degree. In other words, the total picture of the
changes produced in the rabbit under the experimental con-
ditions just described resembles that of human atheroscle-
tosis much more closely than that observed during experi-
ments of a shorter duration, in which the rabbit is literally
swamped with cholesterin” (268).

‘When these findings in rabbit and chick are evaluated in
relation to the latest data on man, they assume even greater
significance. Today a mass of data exists demonstrating that

a “xanth " (minimal h; holestero-
lemla) prevails in many people with atherosclerosis, More-

TABLE LXXXIIT

Plasma Total Cholesterol of Chicks Fed ¥ % Cholestero!l Mash
During First 15 Weeks of Life—Stamler, J. et al. (404a)

Plasma Total Cholesterol
Group 1 Group 11

Age Control 1% Chaolesterol
mg % mg %
3 - 117
5 87 100
8 78 123
10 & 109
2 83 175
15 13 217
L}\Iun 90 140
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EXPERIMENTAL ATHEROSCLEROSIS

over, considerable evidence is available indicating that cho-
lesterol “inputload” (the quantity of ingested cholesterol
per unit time that the body must absorb, transport, metabo-
lize, turnover and excrete) influences atherogenesis in man.

This conclusion receives further support from the recent
studies of Gofman and his associates (152). As already
noted, these workers demonstrated by ultracentrifuge
methods that atherosclerosis in humans and rabbits is as-
sociated with the presence in plasma of a particular class of
cholesterol-bearing lipoprotein molecules. Significant for
our present discussion is the fact that in man the serum
concentrations of this S; 1020 class of lipoproteins are in-
fluenced by diet.* Partial dietary restriction of fat and cho-
lestero] gradually lowers their serum level over a course of
weeks and months. This change occurs with or without any
concomitant alteration in serum total cholesterol concen-
tration, Does exogenous cholesterol ingestion elevate the
serum S, 10-20 lxpopmtem concentmhon in man? Is this
the hani h det i ath in
man, without grossly altenng serum total cholesterol con-
centraton? Does a similar hanism operate in mini
hyperchol lemic or normochol lemic chicks de-
veloping atherosclerosts on a %% cholesterol mash? Cer-
tainly intensive research along these lines 15 indicated,

zThey are not affected dunng an acute postprand:al ahmentary hyperbpemia
152)
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V CONCLUSION

A. BASIC PROPOSITION HAS BEEN THE FOUNDATION OF THE
work of this department on experimental atherosclerosis.
The essence of this proposition is that altered cholestero!
metabolism plays a key role in human atherogenesis. In the
words of Amtschkow, “cholestern is the ‘materia peceany””
of atherageness ( 268).

The corollary of this proposition is that study of experi-
mental chol Linduced ath lerosis—of the exoge-
nous and endogenous factors controlbng it-will yield
knowledge of fundamental sigmificance for our understand-
ing of human atherosclerosis.

For many years some Investigators rejected these concepts
because atherosclerosis had been produced experimentally
only in rabbits. The consistent production of gross choles-
terokinduced ath lerosis in i chicks and dogs,
among other species, now compels rejection of this criti
cism.

For many years some investigators maintained that ex-
perimental and chinical atherosclerosis were fund entall
different, since hypercholesterolemia was 2 prerequisite for
the former, whereas the latter occurred in many normocho-
Jesterolemic persons, The consistent production of gross
chol Finduced atherosclerosis in chicks and rabbits th‘h
minimal hyp olerma or normocholesterolemia
now compels rejection of this eriticisn, .

Finally, recent investigations on human atherosclerosis,
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CONCLUSION

as reviewed in this monograph, have consistently yielded de-
tailed evidence reinforcing the basic proposition that athero-
sclerosis in man is consequent upon an altered cholesterol-
lipid-lipoprotein metabolism.

As Leary forcefully stated almost 10 years ago, “The ac-
cepted criteria for the establishment of a causal relation be-
tween a given agent and a discase are embodied in Koch’s
laws. . . . In the causation of atherosclerosis the principles
of Koch’s laws can be fulfilled. Excess cholesterol [or altered
cholesterol metabolism}* is always present m the active
stages of human atherosclerosis It can be identified in the
lesions as defintely as can the bacterial or other parasitic
agents producing infections. It can be extracted from the
lesions. Human arterial lesions can be reproduced experi-
mentally by its use with more exactness than the lesions of
many human nfections can be reproduced by the introduc-
tion into susceptible animals of their recognized causal
agents, It can be identified m and extracted from the ex-
perimental lesions” (7).

The record of the last decade—of our experiments and
the extensive literature reviewed in this monograph—fully
comroborates this thesis.

What conclusion must be drawn from this? Certainly
present knowledge does not permit us to state that the
atherosclerosis problem is solved. Certainly much basic clin-
ical and laboratory research lies ahead before a solution is
reached What present knowledge affords us is a funda-
mental approach for future research—the approach em-
bodied in what we have termed the “cholesterol concept of
atherogenesis.” In this direction, we predict, lies the solu-
tion of the atherosclerosis problem—and with it the even-
tual control and elimination of this malevolent disease.

*Our addition (LN K. and |5 ).
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bacteria and, §
cause of death, 6,3
definition of, 3
dregs and, 5
expenmental, 5. 230
a genene teroy, 3
‘hyperplastie, 11
Monckeberg’s, 35
toxins and, 5
typesof, 3

363






SUBJECT INDEX

sex and, 256
susceptibility to, 258
thyroid bormone and, 190
thyrotsopic hermone and, 197
underputnbion and, 123, 139,
143, 149
vasa vasorum and, 233
vaseular damage and, 230, 277,
279
vitamups and, 170
Atherosclerosis, experimental cho-
lesteral induced, chick coronary
artenes
ACTH and, 249
arterial injury and, 231
cholesterol .
Iipd phosphorus (C/P) xatio
and, 304, 272
compound F and, 224, 246
estrogen and, 133, 203, 272
nfection and, 231
morphology of, 131
prevention of, 204
regression of, 206
teversibility of, 206
Atherosclefosss, experimental estro-
geninduced, chick aorta, 120,
123, 130, 168, 269
Iipotropic factors and, 175
low fat diet and, 161
morphology of, 130
pancreas and, 216
thyrod 2nd, 193
Atherosclerosss, expenmental, dog,
76,97, 134, 173, 185, 390, 208,
238, 232, 233, 250, 268, 159,
263, 278
Atherosclerosis, expertmental, duck,
154, 215, 258
Atherosclerosss, expenmental, goose,
155
heroncl

Atherosclerosts, experimental, mon-
key, 171, 212
Atherosclerosis, expertmental, pi
geon, 212
Atherosclerosis, expenmental, rabbit
adrenalectomy and, 242
adrenakn and, 232
age and, 187, 255
alloxan and, 210
androgens and, 257
artenal damage and, 232
‘bound-unbound cholesterol and,
[
castration and, 57
controlled studies of, 182, 185
cholesteral
fipid” phosphorus (C/) ratio
and, 263, 267
cartisone and, 242
cntique of, 12, 61, 121, 134, 261,
280, 287, 200
desoxycorticosterone and, 238,

243

detergents and, 87, 265

diabetes and, 210

estrogens and, 257

feed mtake and, 182, 187

fever and, 232

healing of, 278

hepann and, 261

hustory of, 5

‘hypertension and, 228

mtravenous production of, 77, 97

1odides aud, 191, 192, 196, 202

Jadney and, 250

lipid metabolism and, 259

hpoprotens and, 103, 124, 211

Lipotropic. facters and, 174

methodology of, 182, 185

munimal hypercholesterolema
and, 283

guinea
Pz, 258
Atheroscleross, expenmental, ham-
ster, 268

phology of, 127, 134, 278
anset of, 127
oxidized cholesterol and, g7
postenor pituitary and, 232

365



Arteriosclerotic kidney (see Arteri-
olonephrosclerasis; Renal ath-
erosclerosis

fsoorhic aeid, 172

EXPERIMENTAL ATHEROSCLEROSIS

feed intake and, 123, 139, 143,
175, 215, 235, 241, 246, 255
follicle stimulating hormone and,

257
I tract and, 188, 289

(see also
ro818)
cholesteral concept of, 12, 17, 61,
71, 290
different artenal beds and, 133,
205
laws of, 133, zo05
theories of, 18, 76, 78
tissue factor m, 77
Atheroma, 18, 76, 80, 129, 280
Atk oo : 1 ch

gonads and, 256

grading of lesions, 135

growth and, 123, 139, 143, 175,
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Inositol, 174, 200

Insulin, 209, 220, 24!

lntm:pil]axy glam!mlosclcmsxs, 48,
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dicumarol and, 264
diet and, 49, 146
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gastrointestinal tract and, 189
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hyperadrenocorticism and, 6o

hypertension and, 59. 223, 234
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low fat dret and, 37, 49, 168

mmimal, 280
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pancreas and, 215
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quantitation of, 83, 135, 260

regression of, 274, 278

species differences and, 259
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Xanthomatous tendency)
Hyperchylomicronemia, 86
Hyperglobuhnema, 113
Hyperglycemia, 221, 243
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lema, Hypercholesterolemia;
Hyperphospholipermia, Lipids,
Rata)}
ACTH and, 243
alymentary, 70, 86, 100, 103, 28y
biliary obstruction and, §3, 87,
250
compound F and, 246
cortisone and, 243
detergents and, 265
diabetes and, 47, 86, 209, 210,
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257
estrogen mduced (see also Estro
gens), 127, 216, 256, 264, 272
hepann and, 261
hypercholesterolemic, 86, 89
wdiopathic famihal, 87, 93
iodides and, 197
hpotropic factors and, 176
nephrosis and, 49, §7
normocholesterolemic, 87, 89
pancreas and, 215
renal, 48, 49, 59, 210, 224, 250,
258
sustained, 89
von Grerke’s disease and, 87
xanthomatosts and, 56, 87
Hypermetabobsm (see also Thyrond
hormone), 198
Hyperphospholipema (see also Hy-
percholestezolemis; Hypesl-
pemia; Ratio)
ACTH and, 243
corontary atherosclesosis and, 62
cortisone and, 241, 243
detergents and, 265
duabetes and, 210, 267
dimtrophenof a0d, 199
estrogen induced, 198, 204, 269
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Mechamcal factors, 82
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-arteriosclerosis of, 4
-calanosis of, 3, 79
-degeneration, 132, 231, 232
Mesenchyme (see Connective tis-
sue)
Mcsomurph 92, 95
Metabolism, 7
carbohydrate, 47, 213, 220
cholesteral, 17
Lpid, 17
ipoprotein, 17, 99
Metachromasia, 79, 171
Methionme, 174
Methyleellulose, 76
Macelles (see Lipoprotems)
Mik, milk products, 5, 20, 25, 32,

154, 283
Milky plasma (see Lactescence)
Mumneralo corticoid (see also Desoxy-
cortcosterone), 233
Monckeberg's sclerosy, 3, §
Merbidity, 5, 20
Morhality, 5, 20, 21, 24, 27, 46
Mucopolysaccharides, 79, 171
Myocardial infarction (see Athero

pebpemia, Lipids), 20, 123,
155, 158, 215

Nisel, 22

Norwegans, 24

Nutntion (see also Obesity; Over-
nutntion;  Starvation, Under-
nutrition), 20, 29

-]
Obestty, 22, 25, 29, 31, 40
Okinawans, 20
Orchiectomy, g3
Orthostatic hypertension, 228
Ovemutntion, expenmental, 154

?
Pancreas, 43, 208
1aw (see also Lipotropic factors),

z20g, 212

Pancreatectomy, 173, 209, 212, 213,
246, 258

Pancreatic factors (see also Lapo-
tropic factors), 18z, 213, 217

Particle size (sce Colloids, macro-
molecular; Lipoproteins})

Pathology of expenmental athero-
sclerosts, 124

Pectin, 76

sclerosis) Peptone, 232
recurrence of, 112 Permmbxlxty, 76 85,197
Myzed {see Hyp dism} 7, 80, 87, 197
P'husphohpcmlz (sec Hyperphospho-
N lipemia; Lipoproteins, Rato)
Necrobiohe theory, 78 Phospholipids, plasma (see  Cho-
Negroes, 20 lesterolemua;  Hypercholestero-
Nephelometry, 118 lemia, Hyperhipemi, Hyper-
Nephrectomy, 258 phospholipemia;  Lactescence,
Nephritis, 9 Lipids, Lipoproteins, Ratios)
Nephrosclerosis {see Artenoloneph-  Pitwitary (see also ACTH, Thyro-

Tosclerosts
Nephrobe syndrome, 48, 87, 92, 98,

105, 114
Neutral fat (see also Cottonseed
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