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Russell Ross 

Atherosclerosis, the principal source of cerebral and 
myocardial infarction, gangrene of the extremities, 
and loss of function of organs and/or tissues, causes 
the majority of deaths in the United States, Europe, 
and Japan. 1 Throughout the years, this disease has 
been called a degenerative process, a proliferative 
process akin to a benign tumor, and an accumulation 
of lipid within the artery wall similar to the accumu­
lation of sludge within a pipe. Data accumulated in 
numerous laboratories worldwide have provided evi­
dence to support a hypothesis postulated by von Ro­
kitansky2 and Virchow3 and later modified by French4 

that led to the development of the response-to-injury 
hypothesis originally formulated in 19735 and tested 
and further modified by Ross. 5- 9 This hypothesis sug­
gests that the lesions of atherosclerosis represent a 
specialized form of a protective, inflammatory­
fibroproliferative response to various forms of insult to 
the artery wall. Depending upon the nature and du­
ration of the insult, the protective response may be­
come excessive and over many years in its excess 
become a disease process. 

The most recent modification of the response-to­
injury hypothesis9 suggests that the numerous, dif­
ferent forms of insult to the endothelium and to the 
cells of the artery wall begin at specific sites in the 
arterial tree with a chronic, inflammatory response, 
featuring peripheral blood monocytes and T lympho­
cytes, which adhere to the endothelium and invade 
the artery wall. At these sites, many of the monocytes 
become converted to macrophages. During activa­
tion, they express a series of different genes, includ­
ing genes for cytokines and growth regulatory mol­
ecules, and they, and possibly some of the T cells that 
accompany them, may undergo replication within the 
artery wall. As a consequence, various growth factors 
and cytokines are released by these activated leu-

kocytes, some of which may result in smooth muscle 
migration and proliferation within the intima of the ar­
tery. These events culminate in the lesions that rep­
resent different stages of this specialized, inflamma­
tory, fibroproliferative response and that contain 
varying amounts of associated lipid and lipoprotein. 
Our understanding of the process of atherogenesis 
results from research into the complex cellular and 
molecular interactions associated with lesion initiation 
and progression in both experimental animals and, 
recently, in humans. 

The advanced, fibroproliferative lesions of athero­
sclerosis, the fibrous plaques, or advanced, compli­
cated lesions, take one of two forms. In common ath­
erosclerosis, they usually present as an asymmetric 
thickening of the intima, or innermost layer of the ar­
tery (Figure 1 ). This is the type of lesion that most 
frequently leads to clinical sequelae. The second type 
of advanced lesion is associated with immune rejec­
tion, such as may occur in some cardiac transplants, 
and tends to be more symmetric or concentric (Figure 
2). In either case, the enlarging lesion may or may not 
be associated with compensatory dilation of the ar­
tery. The absence of such dilation could lead to a 
decrease in lumen diameter and ultimately to clinical 
sequelae. 

Accumulating data in humans and experimental 
animals suggest that, if the sources of the insult, eg, 
hypercholesterolemia, continue, then the initial le­
sions of atherosclerosis will progress with time to be­
come advanced, occlusive lesions. In some in­
stances, these lesions may lie dormant, or even 
regress and disappear. The growth regulatory mol-
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Figure 1. A light micrograph of a human left circumflex coronary 
artery, which contains an advanced lesion of atherosclerosis ( a fi ­
hrous plaque), is shown . This advanced lesion is characterized hy a 
dense cap of connective tissue that overlies a region, which is looser 
in construction, containing macrophages, intra- and extracellular 
lipid, and cell dehris. The media heneath this region is thinned. This 
is a characteristic appearance of a fihrous plaque , which in this case 
occludes approximately 50% of the artery. 

ecules and cytokines that seem to be important in 
these processes can be derived from all of the cells 
involved, including the macrophages, possibly the T 
lymphocytes, the endothelium lining the artery, as well 
as the endothelium lining the vasa vasorum in the le­
sions, and the smooth muscle cells. The genes ex­
pressed by the different cells within the lesions play 
critical roles in determining whether the lesions will 
regress or progress. As these molecules and their 
roles are better understood, it should be possible to 
interrupt their activities, to reverse them, and possibly 
prevent the major complications of coronary artery, 
cerebrovascular, and peripheral vascular disease. 
Recent studies provide promising evidence for ap­
proaches to prevent lesion initiation and progression, 
as well as induce lesion regression. 

The Response-to-Injury Hypothesis of 
Atherogenesis 

The response-to-injury hypothesis proposes that 
various, possibly different forms of insult may de­
velop between the lining endothelium and the un­
derlying cells of the artery wall. In hyperlipidemic in­
dividuals, they seem to be due principally to the 
lipids and lipoproteins associated with hyper­
lipidemia,5-9 whereas they may also may result from 
molecules yet to be identified with cigarette smok­
ing, hypertension, diabetes, or possibly even some 
infectious agents. Diabetes is often complicated by 
varying forms of hyperlipidemia; thus, lipids may be 
critical, associative factors of atherogenesis in this 
disease. In any case, each of the risk factors seems 
to be associated with the generation of biologically 

Figure 2. This light micrograph shows a portion of a left. anterior, 
descending coronary artery ohtained from a heart transplant rejected 
within approximatel y 6 months posllransplant. The lesion in this 
coronary artery is typical of that associated with graft rejection ath­
erosclerosis. As can he seen, it is a circumferential lesion, in contrast 
to the lesion in Figure 1. The cellular makeup of the two lesions is 
similar to the de[<ree that there is a dense hand of smooth muscle ce!L, 
intermixed u1ith macrophages and connective tissue around the peri­
lumenal region. Deeper, heneath this hand of smooth muscle cells, is 
a region relative(y richer in macrophages and T lymphocytes . Both 
the lesion from common atherosclerosis ( Figure 1) and the one de­
picted here contain an abundance of smooth muscle macrophages 
and T cells. However, the response in immune rejection is character­
istical(y concentric. 

active agents that may lead to dysfunctional 
changes in the endothelium. These changes alter 
the normal physiological characteristics of the 
endothelium, resulting in the ubiquitous, special­
ized, inflammatory response associated with athero­
genesis. 

The normal, functional characteristics of the 
endothelium include its capacity to act as 1) a per­
meability barrier; 2) a nonthrombogenic, nonleuko­
cyte-adherent surface; 3) a source of vasoactive 
(vasoconstrictive and vasodilative) molecules; 4) a 
source of growth regulatory molecules; and 5) a 
source of connective tissue matrix macromolecules, 
among others. One or more of these normal, func­
tional attributes of the endothelium may be altered 
by substances associated with the risk factors . For 
example, hyperlipidemic or hypercholesterolemic 
individuals often have elevated levels of low-density 
lipoprotein (LDL) and usually depressed levels of 
high-density lipoprotein. 10 Accumulating data sug­
gest that in persons with elevated LDL levels the 
LDL may become oxidized, possibly during uptake 
and transcytosis by the endothelium. 11 By the time 
the LDL particles are deposited within the subendo­
thelial space, many may have been modified or, 
more specifically, oxidized by the endothelial cells. 
Further oxidation may also result from interaction 
with macrophages and smooth muscle cells (to be 
discussed below). The modified lipoproteins, de­
pending upon the level of oxidation, may have nu-



merous and possibly deleterious effects on the dif­
ferent cells of the artery wall. Not only can they act 
as chemoattractants for monocytes, but they can 
also have toxic effects upon the endothelium and 
the underlying smooth muscle cells. Such oxidized 
LDL (oxLDL) can be taken up by specialized recep­
tors on the surface of the monocyte-derived macro­
phages and smooth muscle cells. Thus, lipid can 
accumulate in the macrophages through uptake by 
scavenger receptors and putative oxLDL receptors. 
With continued uptake of oxLDL, the macrophages 
become foam cells and establish the first, ubiqui­
tous lesion of atherosclerosis, the fatty streak. Plate­
lets may become involved at these sites, due to 
separations that occur between retracted endothe­
lial cells, exposing the underlying cells or connec­
tive tissue matrix. This often occurs at branches and 
bifurcations where changes in the flow characteris­
tics of the blood are common. Lipid-filled foam cells 
have been seen to emigrate from the lesion back 
into the bloodstream in hypercholesterolemic non­
human primates.12 The exposed foam cells or con­
nective tissue matrix can become sites where ag­
gregates of platelets and mural thrombi may tend to 
form. Thus, in the process of lesion formation and 
progression, foam cell-T cell-rich lesions (fatty 
streaks) can become converted, with time, to le­
sions enriched in smooth muscle cells. The smooth 
muscle cells in the lesions may be derived from 
cells that migrated from the underlying media into 
the intima, or the foam cell deposits may occur 
within preexisting accumulations of smooth muscle 
cells, called intimal cushions. 

If the injurious substances continue to be ex­
posed to the cells of the artery wall, the inflamma­
tory response may continue and the lesions of ath­
erosclerosis may expand until they impinge upon 
the flow of blood. During the process of lesion ex­
pansion, a fibroproliferative process takes place, 
which is the natural culmination of the inflammatory 
response that helped to initiate the lesions. The ulti­
mate representation of the advanced lesion is the 
so-called fibrous plaque or advanced, complicated 
lesion, which contains a fibrous cap of dense, con­
nective tissue containing embedded smooth 
muscle cells and monocyte-derived macrophages 
and T lymphocytes that covers a deeper repository 
of varying mixtures of macrophages, lipid, necrotic 
debris, smooth muscle cells, and loose connective 
tissue (Figure 3). 

The nature and source of the dysfunctional 
changes in the endothelium that result from diabetes, 
hypertension, or cigarette smoking are still poorly un­
derstood. The changes in the artery probably repre-
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sent variations on the theme described above. They 
culminate in the different lesions that represent the 
excessive, inflammatory smooth muscle, fibroprolif­
erative response we call atherosclerosis. 

The Lesions of Atherosclerosis 

As indicated above, at least three types of lesions 
of atherosclerosis have been described: the fatty 
streak, the intermediate or fibrofatty lesion, and the 
advanced lesion termed a fibrous plaque or ad­
vanced, complicated lesion. A number of reports 
have described the intimal changes that seem to 
precede the formation of fatty streaks in animals 
and in humans. Simionescu et al13 ·14 detected 
subtle changes by electron microscopy in lesion­
prone areas of the aortic arch of rabbits in the first 2 
weeks of diet-induced hypercholesterolemia, before 
the time that monocytes enter the artery and be­
come foam cells. These changes are characterized 
by progressive accumulation of small unilamellar 
and multilamellar vesicles within the extracellular 
matrix, located in the space between the endothe­
lium and the internal elastic lamina. The vesicles 
contain large amounts of unesterified cholesterol 
and are described as extracellular liposomes. They 
are thought to represent particles that some investi­
gators have ascribed to cell debris or precipitated 
lipoprotein. Masuda and Ross15 ·16 observed similar 
structures in the arterial intima of monkeys fed a 
relatively low-level hypercholesterolemic diet. Such 
structures have also been seen in human lesions. 
However, there are few data concerning the earliest 
changes that precede lesion formation in humans. 
Davies et al17 have described early inflammatory 
events in human coronary arteries that are virtually 
identical to those described in monkeys and rabbits. 
In experimental animals and in humans, these lipid 
particles are ingested by the monocyte-derived mac­
rophages and smooth muscle cells, both of which can 
become foam cells within the fatty streak. In humans, 
the fatty streak tends to be a mixture of lipid-filled 
macrophages, T lymphocytes, and lipid-containing 
smooth muscle cells.18 In experimental animals lack­
ing intimal cushions or preexisting collections of 
intimal smooth muscle cells, such as occurs in hu­
mans, the fatty streak tends to consist of lipid-filled, 
monocyte-derived macrophages with varying num­
bers of T lymphocytes. 15 -19 - 21 

The intermediate lesion represents a stage during 
which replication of both macrophages and smooth 
muscle cells may occur, resulting in alternating lay­
ers of macrophages, T cells, and smooth muscle that 
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"INJURY" 
Ox LDL, 

(mechanical, homocysteine , 
immunologic, toxins , 

viruses , etc.) 

Figure 3. The response-to-in;11r:,• hypothesis of atherosclerosis is shown. Several di}Jerent sources of injury to the endothelium can lead to endothe ­
lial cell dysfunction. One of the parameters associated with endothelial cell dysfunction that results from exposure to agents , such as oxWL, is in­
creased adherence of monol:vteslmacropbages and T ~ympbocytes. 7bese cells then mi!{t-ate betu 1een the endothelium and localize subendothe/ial(v . 
The macrophages become large foam cells because of lipid accumulation and, with the T cells and smooth muscle, form a fat(y streak. The fatt y 
streak can then progress to an intermediate, fihrofat(y lesion and ultimate(y to a Jihrous plaque. As the lesions accumulate more cells, and the 
macrophages scavenge the lipid, some of the lipid-laden macrophages may emigrate hack into the bloodstream by pushing apart the endothelial 
cells. On doing so. those at sites such as branches and bifurcations. tl'here the blood }low is irregular with eddy currents and back currents. may 
become thrombogenic sites that lead to formation of platelet mural thrombi . Such thrombi can release many potent &rowth regulatory molecules 
jrom the platelets that can join with those released by the activated macrophages and possibly by lesion smooth muscle cells into the artery wall. 
Platelet thrombi can also form at sites where endothelial dy~;unction may have occurred . Ultimate(y, the formation and release of numerous 
growth regulatory molecules and cytokines form a network established between cells in the lesion, consisting of activated macrophages, smooth 
muscle. T cells, and endothelium , and lead to progression of the lesions of atherosclerosis to a j,brous plaque or advanced, complicated lesion . Hach 
of the stages of lesion formation is potentially reversible. Thus, lesion regression can occur if the injurious a&e,us are removed, or when protective 
factors interoene to reverse the injlammatory and j,hroproliferative processes. Reproduced with permission from Nature. 

form varying amounts of connective tissue. With le­
sion progression, a fibrous cap forms over the lesion. 
Teleologically, this event may be an attempt to pro­
tect the artery wall and perhaps to provide some 
tensile strength to this potentially weakened site in 
the artery. With continued cell replication, necrosis, 
lipid accumulation, and connective tissue formation, 
the lesions increase in size until they become fibrous 
plaques with a dense fibrous cap overlying the cen­
tral part of the lesion and a thinner fibrous cap at the 
shoulders of the lesion that contains numerous mac­
rophages. Data from Davies and Thomas22 suggest 
that events such as sudden death may occur due to 

weak spots in the shoulders of advanced , compli­
cated lesions of atherosclerosis or at sites enriched 
in macrophages and relatively poor in connective 
tissue. At these parts of the lesion, depending upon 
the anatomic site (branches or bifurcations) where 
the lesion is located, the stresses and strains from 
blood flow may lead to cracks, fissures, or tears in 
the thinner parts of the fibrous cap that cover the 
shoulders of the lesion. Should such changes take 
place, hemorrhage may occur from the lumen into 
the lesion or from vasa vasora within the lesion 
itself, leading to thrombosis, which may occlude the 
artery and lead to sudden death. 



Stary18 examined the coronary arteries of indi­
viduals who died between birth at full term and 29 
years of age and found that the earliest identifiable 
lesions of atherosclerosis consist of isolated groups 
of macrophage-derived foam cells. Approximately 
45% of infants in the first 8 months of life have such 
fatty streaks, which seem to accumulate preferen­
tially in areas of eccentric intimal thickening but lack 
any smooth muscle cells. He theorized that the gen­
eration of extracellular lipid is somehow involved in 
the progression of the fatty streaks to more ad­
vanced lesions. His observations agree with evi­
dence reviewed by McGill10 that in coronary arter­
ies increasing surface involvement by fatty streaks 
precedes the formation of advanced lesions. 

The role of mural thrombosis in lesion progression 
is not well understood, although it has been observed 
in every hyperlipidemic nonhuman primate (over 100 
examined) in our studies of hypercholesterolemia­
induced atherogenesis12 •15 •16 •19 and in the human 
coronary artery specimens examined by Davies et 
al.17 Should mural thrombi be involved, numerous 
growth regulatory molecules and cytokines released 
from the activated platelets could play an important 
role in enhancing the processes of cell migration and 
proliferation, connective tissue formation, and lesion 
progression. 

The Location of Atherosclerotic Lesions in 
Relation to Blood Flow 

The clinical effects of atherosclerosis are mainly evi­
dent in medium-sized muscular arteries, particularly 
the coronary, carotid, basilar, vertebral, superficial 
femoral, and iliac arteries, as well as in the aorta, 
the principal elastic artery in the body. Data from 
image analysis studies of lesions in arteries of hy­
percholesterolemic minipigs23 and a large popula­
tion of humans aged 15 to 37 suggest that such le­
sions are most likely to develop at: a) the entrance 
regions of arteries, such as the ascending aorta, 
the origins of the iliac arteries, the anterior de­
scending, and circumflex coronary arteries; b} the 
lateral leading edges of the flow divider at the prin­
cipal branches from the aorta; and less often at c) 
areas not associated with a particular orifice. Re­
gions immediately distal to the large branch points 
have a low probability of lesion development. Al­
though a relationship with hemodynamic events is 
apparent, the localization of the lesions does not 
show a strong correlation with specific hemody­
namic forces, such as high or low shear stress, and 
is more likely related to unusual forces, such as 
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eddy currents and back flow.24 Such alterations in 
hemodynamic or rheological forces, as well as in 
wall shear stress, may induce changes within the cyto­
skeletal apparatus of the endothelial cells. It has 
been suggested that these shape changes some­
how lead to alterations in endothelial cell gene ex­
pression. 

Cellular Components of Atherosclerotic 
Lesions 

The use of cell-specific monoclonal antibodies has 
permitted an accurate delineation of the cellular 
composition of each of the different stages of lesion 
formation and progression.25 - 3o Gown et al21 de­
scribed three forms of raised lesions in adults 34 to 
58 years of age: fibrofatty lesions (equivalent to fatty 
streaks}, fibrous plaques, and advanced plaques. 
Fibrofatty lesions consist almost entirely of macro­
phages and T lymphocytes with relatively few 
smooth muscle cells. In contrast, the fibrous 
plaques contain large numbers of smooth muscle 
cells and macrophages with variable numbers of T 
lymphocytes. Although smooth muscle proliferation 
had been considered the sine qua non of athero­
sclerosis, it is now clear that both smooth muscle 
and macrophage proliferation occur in the lesions in 
experimental animals31 and in humans.32 Using im­
munocytochemistry and cell-specific monoclonal 
antibodies together with antibodies to the nuclear 
cell cycle traverse-specific antigen, the proliferating 
cell nuclear antigen, it has been possible to demon­
strate cycling smooth muscle and macrophages.32 

The various cellular interactions and molecules po­
tentially responsible for the replication of these cells 
are discussed below. 

Jonasson et al33 examined biopsy specimens of 
lesions from internal carotid arteries of patients 57 
to 75 years of age. They subdivided the lesions into 
four regions and mapped the distribution of cell 
types in each region. Macrophages constituted 
60% of the cell population in the core of the lesion, 
whereas they made up 24% of the cells in the fi­
brous cap and 18% of the cells in the shoulder. T 
lymphocytes were most common in the shoulder 
(22%) and fibrous cap (18%) but were rare in the 
necrotic core (9%). No macrophages or lympho­
cytes were found in the intima or media of normal 
arterial tissue. Both CD4 + and cos+ T cells were 
identified throughout the fibrous plaques. Few 
granulocytes, B lymphocytes, or natural killer cells 
were detected. 
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Specific Cellular Interactions 

Because the lesions of atherosclerosis begin as a 
chronic , inflammatory process, the first events prob­
ably include leakage of plasma constituents into the 
artery wall due to increased permeability of the 
endothelium. The next response to injury consists of 
an early stage of inflammation in which there is in­
creased adherence of leukocytes, specifically , pe­
ripheral blood monocytes and T lymphocytes, in 
clusters on the surface of the endothelium (Figure 
4) _9.15 . 17 .19 .2o.3 4 - 37 This increased leukocyte adher­
ence is due to the formation of specific sets of ad­
hesive, cell-surface glycoproteins on both the leu­
kocytes and the endothelium that act in a ligand­
receptor fashion.38 - 43 The presence of several 
selectin and integrin classes of molecules, includ­
ing intercellular adhesion molecule-13 9 and vascu­
lar cell adhesion molecule (athero-endothelial leu­
kocyte adhesion molecule),41 can lead to increased 
adherence of monocytes and lymphocytes to the 
endothelium. Chemotactic factors can be gener­
ated by the endothelium and perhaps by intimal 
cells , inducing the leukocytes to penetrate actively 
between the endothelial cells, separate the endo­
thelial junctions , and directly migrate into the sub­
endothelial space , where they localize within the in­
tima (Figure 5).15 · 19 ,44 - 52 Many of the monocytes 
become active as macrophages and in their role as 
scavenger cells attempt to remove deleterious mol­
ecules such as oxLDL. Thus, the initial cellular inter­
actions seem to take place at the surface of the 

Figure 4. This fig ure shows a scan n ing electron micr ograph of the 
surf ace of the ao11a of a hype rcho/esterolemic non hum a n prim ate. 
This monkey had been mad e hype rcho/esterolemic at levels of ap­
prox imate(y 250 mg/di abo ut 1 month before sacrifice. Regions. such 
as those depi cted in this micrograph , cou ld he observed througholll 
the al1erial tree, in which clusters of leuk ocyt es ad here to the surfac e 
of the endothelium . This inc reased leuk ocyte adherence occurs after 
the cells start to roll along the s111/ace. become sticky, a nd adhere d ue 
to the expr ession of a series of cell-su rface, adh esive g(ycop roteins 
both 011 the leukocytes and on the en dothelium . This is the fi rst stage 
<!l the form a tion oj the f at(Y streak . 

Figure 5. This j )gure demonstrates a leuk ocyte that has been cbemo­
tac tically allra cted to enter into the al1erv wall and has a/readv 
pm 1ed endothelia l cells a nd inse11ed a pro cess at the int erendotheli;,I 
Jttnclio11. 7bis pr ocess of chemotaxis ca n he ge nerated by a number 
of molecules tha t ca 11 he exp ressed by e11dothelium an d/or smo oth 
muscle, inc/ud i11g MCP-1. oxLDl . and /L-8. The co11ti11ual e11try i11to 
the eme ry wall of leukocy tes and monocytes, suc h as this cell, lead s to 
the developm e111 of the f atty strl!ak, which resu lts from co111'ersio11 "l 
rnonoty tes to mac roph aµ,es an d i11geslio11 of lipid and lipopr uteins. 

endothelium, between monocytes, T lymphocytes , 
and endothelium, and among monocyte-derived 
macrophages and the overlying endothelium, adja­
cent T lymphocytes , or neighboring smooth muscle 
cells . 

Various genes can be expressed in each of these 
different cells, depending upon the nature of the 
stimuli and may result in the formation of cytokines 
and growth regulatory molecules. The nature of the 
genes expressed will determine whether macro­
phage replication, smooth muscle migration and 
replication, possibly T cell replication , and chemo­
taxis of additional monocytes from the blood into 
the lesion will occur. Such activation of the 
monocyte-derived macrophages could generate a 
host of growth regulatory molecules and cytokines 
(Figure 6), which could have profound effects on 
the neighboring cells. Similarly, gene expression 
and transcription in smooth muscle cells (Figure 7) 
could result in the formation of collagen, elastic fi­
ber proteins, and proteoglycans, as well as growth 
regulatory molecules and cytokines that could have 
profound effects upon their neighbors . The endo­
thelial cells and the T lymphocytes could also re­
spond in a similar fashion. Thus, a complex network 
of cellular interactions may occur to promote pro­
gression from a macrophage-T cell-rich lesion to 
one that contains increasing numbers and amounts 
of smooth muscle cells and connective tissue, re­
spectively. This fibroproliferative response is the 
hallmark of the fibrous plaque or advanced, compli­
cation lesion. 
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that some form of immune response may occur during atherogenesis. 
Interactions between T cells and macrophages can result in prolifera­
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of the cells with which the macrophages can interact. namelv. T lym­
phocyte, smooth muscle , and endothelium. can preselll CSF to the 
macrophages to maintain cell viability and pre,,e111 apoptosis and cell 
death. The cells may participate in further macrophage activation 
and replication. In addition , smooth muscle and endothelium can 
present a11liRe11s at their surfaces and secrete chemua1tracta11ts for 
macrophages , including MCP -1 and oxidized LDL. as u•ell as factors 
that can alter macrophage metabolism. such as /1.-1 or 7NF-a. When 
the macrophages are activated. they can produce an extraordinary 
11umher ,>( biologically relevant molecules. some<>( which are listed in 
the diagram . in their capacity to induce or inhibit replication ,>( 
endo thelium, smoot h muscle , or macrophages , and to make chemoat­
tractants for each of these cell types. Reproduc<.'d with permission 
from Natur<!. 

Diamond and Karnovsky5 3 observed that in the 
kidney there are numerous mesangial cell prolifera­
tive changes that suggest analogies between glo­
merulosclerosis and the lesions of atherosclerosis. 
Among the analogies are: 1) similarities in morphol­
ogy and function between the glomerular mesangial 
cell and the arterial smooth muscle cell; 2) the pres­
ence of activated macrophages in both lesions; 3) 
the presence of angiotensin receptors; 4) calcium­
dependent, contractile responses to a number of 
mediators, including angiotensin, arginine vaso­
pressin, and platelet-activating factor, and in the 
proliferative response; and 5) the presence of histo­
chemically demonstrable platelet-derived growth 
factor (PDGF) in both sets of lesions.5 4 These 
analogies may also hold for a number of other fibro­
proliferative responses associated with chronic in­
flammation in numerous organs and tissues, such 
as pulmonary fibrosis, rheumatoid arthritis, and 
wound repair. 

Growth Regulatory Molecules and 
Cytokines 

Although many growth regulatory molecules and 
cytokines may be formed within the lesions of ath­
erosclerosis, a few may play dominant roles in this 
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smoo lh m11scle cells can form con11ective tissue molecules as zce/1 as 
grou·th factors. such as PDGF-AA , and can stimula te themselves and 
their neighbors. In their interactions with the over(ving endothelium 
and neighboring T Jvmphocytes , plat elets. a11d macrophages, smooth 
muscle cells can respond to the different cytokines, grow th regulatory 
molecules , and vasodilator and vasoconstrictor substances thal can 
he generaledfrom these cells, as well as substances from the plasma , 
such as angiotensin. ]bus , the genes that are expressed in the differ­
ent pheno()pic states hy the smooth muscle (/isled to the right). as well 
as those exp ressed hy the neighboring cells ( listed 11ext to each cell) i11 

the artery1 wall that result from these cellular interacliuns will deter­
mine !he outcome as Iv whelber a lesion will progress or regres .. '\. Re­
produced u 1ilh permission from Nature . 

process. These include: both chains of PDGF 
(PDGF-A and PDGF-B),55 - 58 two forms of colony­
stimulating factor (CSF), M-CSF and GM-CSF,59 -60 

basic fibroblast growth factor (bFGF),61 - 54 insulin­
like growth factor-I (IGF-I),65 ·66 transforming growth 
factor-/3 (TGF-/3), 67 - 78 and the cytokines 
interleukin-1 (IL-1 )79 - 83 and tumor necrosis factor-a 
(TNF-a).84 - 88 PDGF, bFGF, and IGF-I may be critical 
to the proliferation of smooth muscle cells and, pos­
sibly, endothelium. The CSFs may play a role in 
macrophage stability and replication . TGF-/3 is per­
haps the most potent stimulator of the synthesis of 
connective tissue matrix macromolecules, including 
various forms of collagen, proteoglycans, and elastic 
fiber proteins, and is also a potent inhibitor of the 
replication of many cells , including smooth muscle. 

Although the cytokines IL-1 and TNF-a have nu­
merous effects upon smooth muscle cells , they can 
also result in smooth muscle proliferation in vitro. 
They do so in a fashion similar to TGF-/3 by inducing 
PDGF-A chain gene expression in the smooth 
muscle cells and autocrine stimulation of the cells 
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by the PDGF-AA, which they synthesize and se­
crete (Figure 8).77·78 In a similar fashion, these 
same three molecules can stimulate vascular endo­
thelium in vitro by inducing PDGF-BB formation. 
Should such endothelial stimulation occur in vivo, 
this could result in paracrine stimulation of neigh­
boring smooth muscle cells. Macrophages , a 
source of all three of these molecules, can provide 
direct paracrine stimulation by secreting both 
chains of PDGF. PDGF-B chain protein has been 
observed in macrophages in lesions of human ath­
erosclerosis. 54 Thus, PDGF could be a principal 
mediator of smooth muscle proliferation in vivo via 
paracrine stimulation by endothelium or macro­
phages or by autocrine stimulation by the smooth 
muscle cells (Figure 8). 

A number of the mitogenic molecules that can be 
formed by activated macrophages, endothelium, or 
smooth muscle can also act as chemoattractants 
for some of the other cells involved. For example, 
PDGF and IGF-I are potent chemoattractants for 
smooth muscle cells, FGF for endothelium, and 
M-CSF for monocyte-derived macrophages. As 
noted in Figures 5 and 6, macrophages and smooth 
muscle cells can also generate additional chemoat­
tractants for monocytes, including monocyte che­
motactic protein-1 (MCP-1) and oxLDL. Depending 
upon the factors induced in macrophages or 
smooth muscle, they could further enhance the in­
flammatory response and the accumulation of the 
different cell types within the lesions. 

What has become clear from studies of athero­
genesis in several animal models and in humans is 
that most of these molecules seem to be expressed 

Smooth Muscle Cell 

Figure 8. The common mode of smoo th muscle pr oliferation that can 
be induced through IL- I, TNF-a, or TGF-(3. Each of these molecules 
can be formed hy activated macrophages and, when they are exposed 
to endothelial or smooth muscle cells, each of these molecules will in­
duce PDGF-8 or -A chain gene exp ression, respectively. In in vitro 
studies, the mitogenic act ivi(y induced in endo thelium or smooth 
muscle hy IL-1. TNF-a, or TGF-(3 can be totally abolished hy a neu ­
tralizing polyclonal antibody to PDGF. In addition to its capaci ty to 
form IL-1, TNF-a, and TGF-(3, the macrophage can directly form 
PDGF and , thus, direct(y induce smooth muscle cell replication as 
well. Reproduced with permission from Nature . 

and formed at some stage of lesion initiation and/or 
progression. Thus, they could participate in the de­
velopment of a complex network of interactions 
among the cells in the lesions of atherosclerosis 
and ultimately determine whether the lesions 
progress, stabilize , or regress. 

Several other growth regulatory molecules worth 
brief consideration in atherogenesis are: vascular 
endothelial growth factor (VEGF);89 - 91 heparin­
binding epidermal growth factor-like growth factor 
(HB-EGF);92 ·93 and platelet-derived endothelial cell 
growth factor (PD-ECGF).9 4 Also known as vascular 
permeability factor, VEGF can be formed by macro­
phages and smooth muscle cells, increases endo­
thelial permeability, and could serve as a potent mi­
togen for endothelial cells, and thus could be 
angiogenic. 89 - 91 VEGF is a secreted protein with 18 
to 20% homology with PDGF including conservation 
of all eight cysteine residues. Two classes of high­
affinity (Kd 10- 11 mol/L) binding sites have been 
identified for VEGF on endothelial cells . There is 
relatively little information concerning its presence 
or possible role in atherogenesis. 

HB-EGF has a fairly extensive amino acid se­
quence homology with epidermal growth factor 
(EGF), particularly with conservation of specific cys­
teine residues within the molecule that retain the ter­
tiary structure and presumably their capacity to 
bind to the EGF receptor.92 Unlike PDGF, FGF, and 
HB-EGF, EGF is not a particularly potent mitogen for 
smooth muscle cells . There is little evidence that 
EGF plays any meaningful role in the process of 
atherosclerosis. Possibly an exception , HB-EGF is 
as potent a mitogen in vitro for smooth muscle as 
PDGF, and it can be synthesized by both macro­
phages and smooth muscle.92 ·93 Although informa­
tion on this molecule is increasing from in vitro stud­
ies, little is known of the role, if any, that it may play 
in vivo. Because of its potency as a smooth muscle 
mitogen, further work should determine whether or 
not it is involved in atherogenesis. 

An angiogenic molecule, PD-ECGF is a 45-Kd 
single chain polypeptide that is both mitogenic and 
chemotactic for endothelial cells.94 It was discov­
ered as a source of angiogenic activity in platelets . 
Both PD-ECGF and its receptor have been isolated 
and purified . PD-ECGF is present in arterial smooth 
muscle cells as well as platelets, and it has been 
suggested that it may help to maintain the integrity 
of the overlying endothelium of arteries. Its role in 
atherogenesis , if any, remains to be determined . 

In addition to the growth regulatory molecules and 
cytokines discussed above, several other small mol­
ecules can have profound effects upon endothelium 



and smooth muscle and, in turn, upon atherogenesis. 
Two such molecules made by endothelium and 
smooth muscle, nitric oxide (N0) 9s-99 and prostacy­
clin (PGl2}, 100 are potent, vasoactive agents that can 
induce arterial dilation and, at the same time, can ac­
tively prevent adhesion of platelets. NO is formed in 
endothelial cells from the terminal guanido nitrogen of 
L-arginine.101 It can inhibit replication of smooth 
muscle cells in vitro and seems to be one of the prin­
cipal agents responsible for maintaining vasomotor 
tone in the artery wall.99·102 NO seems to act by op­
posing the effects of vasoconstriction due to agents 
such as phenylephrine, angiotensin, or thromboxane 
A2.99 NO also inhibits adhesion of leukocytes to endo­
thelium as well as platelets. Its role as an anti­
atherogenic agent, although not proven, may turn out 
to be quite important. 

Another set of small molecules, which may be rel­
evant to atherogenesis, are the ecto-ADPases, 
which are aspirin-insensitive enzymes that metabo­
lize adenosin triphosphate (ADP) from platelets and 
can act as antithrombotic agents. The release of 
such ecto-ADPases could affect thrombosis by de­
grading ADP from platelets, which would otherwise 
augment platelet aggregation .103 

The Risk Factors 

Hypercholestero/emia and oxLDL 

Hypercholesterolemia has long been known to be 
associated with increased incidence of lesions of 
atherosclerosis and can induce these lesions, as 
described earlier from studies of nonhuman pri­
mates, 12· 15· 16·19 rabbits,20· 104 swine,34.44 pigeons,45 

and hamsters.105 Recognition of the possible role of 
oxLDL in atherogenesis came from the work of 
Carew et al106 and Kita et al,107 who observed that 
the antioxidant, probucol, causes a statistically sig­
nificant diminution in the size of the lesions of ath­
erosclerosis in the WHHL rabbit, in which hypercho­
lesterolemia is due to a single gene defect resulting 
in deficient LDL receptors. This was the first direct 
in vivo evidence that oxidized forms of LDL might 
be important in atherogenesis. These and other 
groups observed that oxLDL is injurious to cells, in­
cluding endothelial cells, which have the capacity 
to modify LDL as they transcytose the LDL from the 
plasma into the artery wall.11·108- 110 oxLDL is che­
motactic for monocytes and can induce the forma­
tion of the chemoattractant MCP-1 in macrophages 
and endothelium.51·52 oxLDL may participate in ini­
tiating monocyte transmigration between the endo­
thelium into the artery wall. The formation of oxLDL 
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also generates lysophosphatidylcholine,52 which 
can act as a potent chemoattractant for human 
monocytes. oxLDL can be taken up by macro­
phages, depending upon the state of oxidation, ei­
ther by the scavenger receptor or via other recep­
tors, including a putative oxidized LDL receptor. 
lmmunohistochemistry with monoclonal antibodies 
against oxLDL demonstrates its presence within 
macrophages in human lesions of atherosclerosis 
as well as in lesions in hypercholesterolemic 
animals_111-11s 

Until recently, the data for the effectiveness of an­
tioxidant therapy reside in the studies with rabbits, 
as described above. Sasahara et al (manuscript 
submitted) have recently completed a study of the 
effects of probucol in nonhuman primates made hy­
percholesterolemic by diet. Their studies demon­
strated for the first time that antioxidants are as ef­
fective in nonhuman primates as they are in rabbits 
in helping to reduce the lesions of atherosclerosis. 
The monkeys were hypercholesterolemic for 11 
months and were on probucol or the carrier for the 
probucol for a period of 8 months. Quantitative 
analysis of intimal lesion size demonstrated a statis­
tically significant reduction in lesions that correlated 
with the antioxidant activities of probucol and not 
with its cholesterol-lowering property. Thus, oxLDL 
seems to play a role in the process of atherogenesis 
in nonhuman primates and possibly in humans as 
well. It should be noted that oxLDL is not necessar­
ily the only component in lipids that induces athero­
genesis but may certainly be an important one. 
These observations raise the possibility of the use 
of other antioxidants, such as vitamin E, 117 

/3-carotene, and vitamin C, in the prevention of ath­
erosclerosis. 

Hypertension 

The means by which hypertension induces lesions 
of atherosclerosis is poorly understood. Genetic 
studies of hypertension have used a restriction frag­
ment length polymorphism for renin in the Dahl/JR 
salt-susceptible rat, which co-segregates with the 
existing hypertension, suggesting that a genetic lo­
cus linked with this polymorphism is somehow re­
sponsible for the hypertension. Renal dysfunction 
has been shown to be important in some forms of 
essential hypertension, demonstrable most clearly 
in black, hypertensive patients, demonstrating im­
portant differences in susceptibility to hypertension 
among different races and between genders.118 

Both medial smooth muscle hypertrophy and inti­
mal hyperplasia occur in animal models of experi-
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mentally induced hypertension, as well as in arter­
ies of humans with hypertension.119 In the rat, these 
hypertrophic events have been shown to be due in 
part to an increase in ploidy and in the size of the 
medial smooth muscle cells. There seems to be an 
interrelationship between mechanisms that induce 
smooth muscle proliferation and smooth muscle 
contraction. Elements of the sympathetic nervous 
system, which are activated in hypertension, can in­
duce vascular wall growth. Angiotensin-11 is el­
evated in many hypertensives and can directly me­
diate smooth muscle hyperplasia. Phenylephrine 
has an autocrine growth-stimulating effect on the rat 
aorta, and smooth muscle cells from spontaneously 
hypertensive rats show an enhanced proliferative 
response to PDGF in culture when compared with 
those from normal rats. Other vasoactive sub­
stances such as serotonin, endothelin-1, and throm­
bin can also stimulate smooth muscle replication, 
whereas inhibitors of vasoconstriction, such as atrial 
natriuretic peptide may have an opposing effect. 

Similar to changes observed in experimentally in­
duced hypercholesterolemia, Chobanian et al120 

have demonstrated endothelial dysfunction in ex­
perimental hypertension with monocyte adhesion 
and transendothelial migration of the adherent cells. 
The monocytes become macrophages after they 
enter the intima even though little to no lipid neces­
sarily accumulates in them under these conditions. 
The combined effects of hyperlipidemia and hyper­
tension in rabbits can lead to marked enhancement 
of the lesions of atherosclerosis. Thus, the common 
theme of endothelial dysfunction, inflammation, and 
a fibroproliferative response recurs in hypertension 
as well as hyperlipidemia. 

Diabetes 

The association between diabetes and increased 
incidence of atherosclerosis is well established. 
However, there are relatively little data to provide in­
formation concerning the basis of the cellular 
changes that occur in diabetes and the interactions 
responsible for lesion formation. A number of cellu­
lar alterations, including increased glucose metabo­
lism, increased vascular permeability, and altered 
vascular reactivity, have been suggested as predis­
posing factors in the arterial injury that could lead to 
the formation of lesions of atherosclerosis. Diabetic 
human platelets have been reported to release 
more growth factor activity after lysis than nondia­
betic platelets.121 Such platelets release not only 
PDGF but also IGF-I, and injured arteries expressed 

increased messenger RNA for IGF-I, suggesting a 
possible autocrine role for this mitogenic and che­
motactic factor.122 Hyperinsulinemia is a common 
finding in diabetics, and, in vitro, insulin and the 
IGFs augment the proliferative effects of growth fac­
tors and stimulate uptake of LDL by smooth muscle 
cells as well as increase in cholesterol synthesis. 

Substances, termed advanced glycosylation 
endproducts (AGE), accumulate in diabetic tissues, 
may be toxic, and may lead to the cellular alter­
ations associated with atherogenesis.123 Aminogua­
nidine has been observed to prevent the formation 
of AGE in diabetic rats and thus has permitted ex­
perimental demonstration of the potential signifi­
cance of these substances in vivo. Furthermore, 
monocyte/macrophages contain receptors for AGEs 
with a Kd of approximately 10- 7 mol/L, which can 
be up-regulated by TNF-a or IL-1.124 Paradoxically, 
the uptake of AGEs by such stimulated macro­
phages results in increased release of TNF-a and 
IL-1 in vitro. Furthermore, AGEs are chemotactic for 
human monocytes in vitro and could play a role in 
atherogenesis as vascular connective tissue matrix 
will accumulate AGEs with time. The presence of 
the AGEs in the lesions of atherosclerosis seems 
well established. Their role in the pathogenesis of 
the process requires an appropriate animal model 
of this disease. Unfortunately, there is no animal 
model yet available that is susceptible to diabetes 
in which atherosclerosis can also be induced. Thus, 
additional information will be required from human 
studies if we are to better understand the relation­
ship between these two disease entities. 

Cigarette Smoking 

Although the epidemiological association between 
cigarette smoking, increased incidence of athero­
sclerosis, and cardiovascular disease is well estab­
lished, the cellular and molecular events associated 
with cigarette smoking are essentially unknown. 
Once again, the absence of an appropriate animal 
model, as in diabetes, which would permit an analy­
sis of cellular and molecular interactions and 
changes, has hampered our ability to probe this 
process. 

Free radicals and other mutagenic substances, 
including oxidized radicals, may increase in the 
plasma in association with cigarette smoking and 
thus have been suggested to play a role in athero­
genesis. Cigarette smoking also decreases the lev­
els of high-density lipoprotein in some individuals, 



which may somehow lead to increased susceptibil­
ity to atherosclerosis. Although there have been 
many speculative suggestions, relatively little hard 
data exist to explain the statistically demonstrable 
association. 

Immune Injury 

Numerous observations suggest that some form of 
immune injury may be associated with the process of 
atherogenesis. 125 - 735 The circumferential lesions of 
atherosclerosis (Figure 2) that develop in rejected, 
transplanted hearts and that contain large numbers of 
monocyte-derived macrophages and T lymphocytes 
with intense smooth muscle proliferation support this 
notion.134 At the same time, as discussed earlier, the 
lesions of common atherosclerosis are also well en­
dowed with T lymphocytes, often associated with 
monocyte-derived macrophages. 9 They have been 
observed in human fatty streaks, as well as in inter­
mediate and advanced lesions.28 ·29 The studies of 
rejected, transplanted hearts demonstrated the pres­
ence of human leukocyte antigen-DR (HLA-DR+) 
endothelial cells with exceedingly high levels of HLA­
DR.127 

All of these lesions contain relatively large num­
bers of T lymphocytes and macrophages. Many of 
the T cells bear CD4 markers for the helper-inducer 
subclass of T cells, whereas others bear the CDS 
marker associated with cytolytic T cells. To deter­
mine whether or not the T cells in fibrous plaques 
are innocent bystanders or represent immunologi­
cally activated participants, Holm and Hansson 
asked whether the smooth muscle cells adjacent to 
the lymphocytes in the lesions express class II his­
tocompatibility antigens that would require the pres­
ence of activated T cells. Not only do the smooth 
muscle cells express major histocompatibility 
complex-II, 128 but these cells express IL-2 recep­
tors, as well as histochemically detectable in­
terferon-y. 

In contrast, in normal endothelium or endothelium 
lining the lesions of common atherosclerosis, there 
are relatively rare HLA-DR+ endothelial cells. How­
ever, associated with the antigen-presenting endo­
thelium is a ring of periluminal CD4+ and CDS+ T 
lymphocytes as well as large numbers of HLA-DR+ 
macrophages. These observations coupled with a 
series of in vitro studies suggest that interactions 
between endothelium and CD4+ T cells stimulate 
the T cells to replicate and increase their secretion 
of IL-2, leading to a sustained immune response. 
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Regression of Atherosclerosis 

During the past several years, unequivocal evidence 
has accumulated using quantitative analysis of an­
giograms, that patients who are aggressively treated 
to lower their plasma cholesterol and LDL levels, 
show angiographically demonstrable quantitative re­
gression of their lesions of atherosclerosis. In several 
studies, Brown et al136 and Kane et al137 have ob­
served that marked reductions in plasma cholesterol 
and LDL levels result in statistically significant in­
creases of their luminal diameter as measured in their 
angiograms. In examining the series of patients that 
were treated, some lesions progress, some regress, 
and some remain unchanged. As a group, however, 
the patients demonstrated statistically significant as­
sociation between cholesterol lowering and lesion re­
gression. These data and other observations 138 dem­
onstrate the dynamic character of the lesions of 
atherosclerosis (as well as the thrombi that provide 
some of the occlusion as these cannot be differenti­
ated by angioplasty) and suggest that in many pa­
tients treated with such aggressive therapy it should 
be possible to induce lesion regression. 

Future Directions 

If an excess in the inflammatory and fibroprolifera­
tive responses represents the hallmark of athero­
genesis, then attempts to optimize these responses, 
rather than prevent them totally, should represent a 
logical approach to treatment and/or prevention of 
atherosclerosis. Many points exist in each of these 
responses where intervention or prevention might 
be useful. However, in some cases, total ablation of 
an inflammatory or reparative response might be 
harmful. 

It would be helpful to determine if there is any se­
lectivity or specialization in the cellular interactions 
that are related to the different risk factors, or to par­
ticular segments of the arterial tree. The demonstra­
tion of intercellular networks of communication that 
are vital to the success of each phase of inflammation 
and fibroplasia presents opportunities to decrease 
the level of the response without preventing the re­
sponse entirely. For example, if several growth factors 
work in concert, preventing the action of one may be 
sufficient to reduce the response without ablating it 
altogether. If infectious agents such as viruses 139 or 
other agents should be shown to be etiological, this 
would then point to obvious directions in preventing 
this inflammatory-fibroproliferative response. 

The development of peptidomimetics that com­
pete at numerous levels with the different receptor-
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ligand interactions may offer specific opportunities 
to intervene. This will require determination of the 
molecular anatomy of the different interactions 
among the different cytokines and growth regulatory 
molecules if intervention is to be possible. The op­
portunity to control these cellular interactions and to 
optimize the inflammatory and reparative responses 
represents exciting prospects for future research 
and therapy. 
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