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Basic Science for Clinicians

Subendothelial Lipoprotein Retention as the Initiating
Process in Atherosclerosis
Update and Therapeutic Implications

Ira Tabas, MD, PhD; Kevin Jon Williams, MD; Jan Borén, MD, PhD

Abstract—The key initiating process in atherogenesis is the subendothelial retention of apolipoprotein B—containing
lipoproteins. Local biological responses to these retained lipoproteins, including a chronic and maladaptive macrophage-
and T-cell-dominated inflammatory response, promote subsequent lesion development. The most effective therapy
against atherothrombotic cardiovascular disease to date—low density lipoprotein—lowering drugs—is based on the
principle that decreasing circulating apolipoprotein B lipoproteins decreases the probability that they will enter and be
retained in the subendothelium. Ongoing improvements in this area include more aggressive lowering of low-density
lipoprotein and other atherogenic lipoproteins in the plasma and initiation of low-density lipoprotein—lowering therapy
at an earlier age in at-risk individuals. Potential future therapeutic approaches include attempts to block the interaction
of apolipoprotein B lipoproteins with the specific subendothelial matrix molecules that mediate retention and to interfere
with accessory molecules within the arterial wall that promote retention such as lipoprotein lipase, secretory
sphingomyelinase, and secretory phospholipase A,. Although not the primary focus of this review, therapeutic strategies
that target the proatherogenic responses to retained lipoproteins and that promote the removal of atherogenic
components of retained lipoproteins also hold promise. The finding that certain human populations of individuals who
maintain lifelong low plasma levels of apolipoprotein B lipoproteins have an ~90% decreased risk of coronary artery
disease gives hope that our further understanding of the pathogenesis of this leading killer could lead to its eradication.
(Circulation. 2007;116:1832-1844.)
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welve years ago, inspired by the pioneering work of
others, we outlined a straightforward theory of athero-
genesis to integrate the most reliable data at the time on how
atherosclerotic lesions develop.! Called the Response-to-
Retention model of atherogenesis, it emphasizes what we
concluded was the root cause and necessary initiating event
of atherogenesis: the subendothelial retention of apolipopro-
tein (apo) B—containing lipoproteins in susceptible but still
prelesional areas of the arterial wall.!:? Biological responses
to retained and subsequently modified lipoproteins, notably a
chronic and maladaptive macrophage- and T-cell-dominated
inflammatory response and changes in smooth muscle cell
localization and phenotype, could explain virtually all of the
features known to exist during the initiation and progression
of atherosclerosis (Figure 1).
As will be evident below, data over the last 12 years have
provided critical support for this hypothesis. For example, our
understanding of the molecular basis of lipoprotein retention

has expanded greatly, particular with regard to the roles of
specific subendothelial chondroitin sulfate (CS) proteogly-
cans and accessory molecules within the arterial wall.3-8 Of
major significance, studies in genetically engineered mice
have established a causal relationship between lipoprotein-
matrix interactions and early atherogenesis (see section below
on lipoprotein retention).%'° Moreover, a recent autopsy study
of children and young adults who died of noncardiac causes
showed a spectrum of changes in the subendothelium of
susceptible areas within the right coronary artery, ranging
from no lipid to very small amounts of lipoprotein-derived
lipid with no inflammatory cells to larger amounts lipoprotein
lipids associated with the first signs of macrophage infiltra-
tion and then finally to conversion of these macrophages into
frank foam cells (Figure 2).!! These changes take place within
a common—and initially normal—structure of the human
vascular wall called diffuse intimal thickening (see Figures 1
and 2) that is unfortunately rich in proretentive molecules.!?
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* Early lipoprotein retention

» Lowening plasma apoB LPs and decreasing
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atherogenic components and prevent
maladaptive responses and future disease
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with diffuse intimal thickening (DIT)

» Lowering plasma apoB LPs and decreasing
risk factors will prevent future vascular disease
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can promote removal of atherogenic components and components, promote regression, and prevent
promote regression, but reversal is more difficult and further responses and future disease
prolonged, and vascular disease may still develop

Figure 1. Therapeutic implications of the Response-to-Retention model of atherogenesis. As described in the text and previous
reviews, atherogenesis is initiated by the focal retention of apoB lipoproteins (LPs) on subendothelial extracellular matrix molecules,
particularly proteoglycans. Retention is likely facilitated by accessory molecules like LpL, S-SMase, and sPLA,. These retained LPs
become modified (eg, aggregated and oxidized), and elicit a series of biological responses that develop into a maladaptive inflamma-
tory response. In particular, monocytes enter the subendothelium, differentiate into macrophages (M¢s), and ingest the retained and
modified LPs to become cholesterol-laden foam cells. Eventually, T cells, mast cells, and other inflammatory cells enter the lesions and,
along with macrophages, contribute to the aforementioned maladaptive inflammatory response. The process is accelerated by ampli-
fied LP retention in established lesions. Smooth muscle cells (SMCs) migrate into the intima and promote formation of a collagenous
fibrous cap, probably representing a scar-like response to wall off the lesion. However, as the lesion progresses, macrophages die and
eventually give rise to areas of necrosis filled with extracellular debris, cholesterol crystals, proteases, and procoagulant/thrombotic
material. These advanced plaques can lead to fibrous cap thinning, plaque rupture or erosion, and acute thrombotic vascular events
such as myocardial infarction and stoke. The timeline shows that the earliest stages occur in the teen years in members of industrial-
ized societies. Green arrows indicate progression; orange arrows, the potential for regression. The earliest stages are the most easily
reversible by lowering plasma apoB LPs (large orange arrows), and clinical studies have shown tremendous benefit from risk factor
reduction at this stage of life. Moreover, future, complementary therapies directed at interfering with LP retention are likely to be most
feasible in the earliest stages, because the later stages involve more complex mechanisms of LP retention. The complexity of advanced
lesions, including accelerated LP retention, renders them less readily reversible (small orange arrows). Nonetheless, clinical trials have
clearly demonstrated that risk factor reduction at this stage, particularly lowering of plasma apoB LPs, can have substantial benefit in
terms of primary and secondary prevention of vascular disease. This benefit undoubtedly arises from the eventual removal of athero-
genic components of retained LPs and from regression of lesional elements, including inflammatory cells.

These observations, which extend previous findings on the
earliest human lesions,'? likely represent snapshots of li-
poprotein retention before and just after the initiation of local
biological responses and thus provide strong support for the
Response-to-Retention model in the pathogenesis of human
lesions. Most important, the tremendous success of low-
density lipoprotein (LDL)-lowering therapy in the prevention
of cardiovascular disease in humans'4-'¢ represents a direct

prediction of the Response-to-Retention model. Finally, the
model provides an important framework for integrating the
various processes that initiate and then promote atherothrom-
botic vascular disease, including the aforementioned chronic
and maladaptive inflammatory response that has received
increasing attention over the last decade.!”-'8

Many reviews on atherogenesis have appeared over the
years, each emphasizing a particular aspect of the process.
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Figure 2. Progression of early athero-

» sclerosis in humans. The images, from
Nakashima et al,’ show the earliest
stages of atherogenesis in human right
_ coronary artery autopsy specimens. The
images portray a series of events that
precisely reflect the Response-to-
Retention model of atherogenesis: early
diffuse intimal thickening (DIT) without
lipids or macrophages (preretention in
proteoglycan-rich susceptible areas),
lipid accumulation preceding macro-
phage infiltration (retention), and increas-
e ing lipid accumulation associated with
macrophage accumulation and then
foam cell formation (early responses

to retention). Lipids were stained with
Sudan IV, and macrophages were identi-
fied by anti-CD68 immunohistochemis-
try. The images in the left column were
stained with elastica van Gieson (EVG). |
indicates intima; M, media; arrowheads,
internal elastic lamina; bar, 100 um.
Reproduced with permission from the
authors and publisher. Copyright ©
2007, the American Heart Association.

Among these, models placing inflammation, endothelial al-
terations, and oxidation as the initiating and/or central process
have received the widest coverage. What makes the emphasis
on retained lipoproteins as the key initiating step in athero-
genesis so crucial? The answer lies in the concept that
understanding the root cause of a disease provides the
foundation for the most effective therapy. By way of analogy,
tuberculosis is a disease that has a strong inflammatory
component that, like the maladaptive inflammatory response
in atherosclerosis, is associated with influx and then persis-
tence of macrophages and T cells, high levels of inflamma-
tory cytokines, elevated plasma levels of C-reactive protein,
and endothelial cell changes.!® The treatment for this “inflam-
matory” disease is, of course, the elimination of the root
cause—Mycobacterium tuberculosis—through the use of an-

tibiotics. Likewise, the most successful therapy for athero-
thrombotic vascular disease in humans—Ilowering plasma
LDL concentrations—attacks the root cause of atherogenesis,
which is subendothelial apoB lipoprotein retention. Although
it is theoretically possible that future therapies directed at the
inflammatory, endothelial, or oxidative components of lesion
progression may prove successful as adjunct strategies, such
therapies have not been shown to be useful thus far and will
likely never be used in the absence of drugs or other
manipulations that lower plasma levels of atherogenic
lipoproteins.2°

The role of inflammation in atherosclerosis has been the
most widely emphasized feature of atherogenesis over the
last decade,'”'$ so a few key points in this area bear
emphasis. First, a snapshot of the critical juncture between
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lipoprotein retention and the earliest responses to retention
supports the notion that inflammation is a consequence of
apoB lipoprotein retention, not a de novo initiating fac-
tor.' For example, Hajra and colleagues?' showed that
although nuclear factor-«kB (NF-«kB) may be “primed” in
susceptible regions of the arterial tree of Ldlr™’~ mice,
NF-«kB activation occurred only in the setting of hyper-
cholesterolemia. Similar results were found in a study
examining NF-«kB-induced endothelial inflammatory
markers in normolipidemic versus hyperlipidemic mice.??
Second, claims have been made attributing the success of
statins to their putative role as antiinflammatory drugs.??
However, long-term risk reduction is very similar among
statin and nonstatin approaches to lowering plasma LDL
concentration. Therefore, the LDL-lowering action of st-
atins is clearly the most important mechanism by which
they decrease the long-term risk of cardiovascular dis-
ease.?+25 That antiinflammatory or other effects of statins
can partially explain their ability to decrease short-term
risk in the setting of acute coronary syndromes is a
plausible hypothesis,?¢ but it represents an entirely differ-
ent concept from the prevention or reversal of atheroscle-
rosis per se. Third, the most important aspect to understand
about the local inflammatory response to retained lipopro-
teins is that it is deranged and maladaptive. If the reaction
functioned helpfully in this circumstance, the macrophages
that entered the arterial wall and consumed the retained
and modified apoB lipoproteins would then simply leave.?’
Instead, they persist, secreting a variety of molecules that
accelerate lipoprotein retention, plaque instability, and
clotting on rupture. Strategies to convert this maladaptive
response into a healthy cleanup function may be possible
under certain circumstances.?’

In the simplest construction, the Response-to-Retention
model points to 3 areas of therapeutic focus: prevent the
entry and subsequent subendothelial retention of apoB-
containing lipoproteins, particularly at an early age; pre-
vent or reverse the maladaptive biological responses to
retained lipoproteins; and promote the removal from the
arterial wall of the unusually dangerous components de-
rived from retained and modified lipoproteins. In this
review, we focus on the first area, with an emphasis on
molecular mechanisms, recent advances, and therapeutic
implications. In particular, we address 3 factors that influence
lipoprotein retention: (1) the likelihood that plasma apoB
lipoproteins will enter and then become retained within the
subendothelium and trigger atherogenic biological responses;
(2) the physical interaction between lipoproteins and suben-
dothelial matrix molecules; and (3) the role of accessory
proretentive molecules, notably lipoprotein lipase (LpL),
secretory sphingomyelinase (S-SMase), and secretory phos-
pholipase A, (sPLA,). For the other 2 areas—prevention of
the biological responses to retained lipoproteins and removal/
regression of lesional material—the reader is referred to
recent reviews of these topics.>!827-30 In addition, the full
rationale and detailed description of the Response-to-
Retention theory itself can be found in the original article and
subsequent reviews and in recent reviews by other
groups.!:24:31-33
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Likelihood of ApoB Lipoprotein Entry and
Then Retention in the Subendothelium

Concentration, Age of Onset, and
Duration of Elevation
Lipoprotein entry and retention within the subendothelium
and hence atherogenesis depend on sustained plasma levels of
apoB lipoproteins. Lipoprotein size, charge, and composition
and endothelial permeability may influence lipoprotein entry,
but less certainty exists in these areas. Features of the arterial
wall such as susceptible versus resistant areas, lesions versus
healthy segments, and diabetic versus nondiabetic vasculature
also may affect lipoprotein retention, as discussed in a
following section. Here, we wish to emphasize several key
points on the relationship of plasma apoB lipoprotein levels
to retention and atherogenesis. First, describing plasma li-
poprotein concentrations as “high” or “low,” relative terms
that are based on the unnatural distribution of lipoproteins
levels in industrialized populations, can be misleading. For
example, when confronted with coronary artery disease in
patients with so-called “low” LDL (eg, in the 100-mg/dL
range), a tendency exists for investigators to deemphasize the
key role of apoB lipoproteins in atherogenesis in favor of
inflammation or endothelial alterations.!” However, these
patients teach us that a subendothelium that is particularly
susceptible to retention or maladaptive responses to retained
lipoproteins (eg, because of genetic or environmental factors)
requires lower levels of circulating apoB lipoproteins to
initiate the atherogenic process. An important example of this
principle is the increased susceptibility of diabetic patients to
coronary artery disease compared with nondiabetic patients
with the same plasma levels of LDL, possibly related to their
altered arterial matrix.?* As such, aggressive LDL lowering is
particularly successful in lowering coronary artery disease
risk in diabetic subjects.?5-37

The second point is often introduced as “How low should
we go?’—ie, is there a plasma LDL level below which
atherogenesis will not occur even in the setting of extreme
arterial wall susceptibility? Although the answer to this
question in humans is not definitively known, several lines of
evidence point to plasma LDL levels <40 mg/dL as being
nonpermissive for progression of atherosclerotic heart disease
in subjects with preexisting disease and perhaps <70 mg/dL
if maintained throughout the entire lifetime. For example,
members of hunter-gatherer societies or subjects with familial
hypobetalipoproteinemia, who typically have LDL levels
=40 mg/dL as a result of a rare mutation in LDL biosynthe-
sis, do not develop heart disease even when they reach middle
age or older.’83° Moreover, epidemiological studies and
LDL-lowering clinical trials show a curvilinear relationship
between low LDL and decreased risk for heart disease that,
when extrapolated to “zero risk,” intercepts the x axis at
plasma LDL levels of ~40 mg/dL.4° The degree to which
apoB lipoproteins can be safely lowered to these nonpermis-
sive levels by drugs and lifestyle remains to be seen.*!
However, a post hoc analysis of the Pravastatin or Atorva-
statin Evaluation and Infection Therapy (PROVE-IT) trial, in
which patients with acute coronary events were treated with
80 mg/d atorvastatin, showed that the subpopulation of
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subjects who responded with LDL levels in the 20- to
40-mg/dL range had no increase in drug-related side effects
and, as predicted, had the lowest incidence of subsequent
cardiovascular events.*? A recent study showed that treatment
of subjects with very low LDL values (average ~50 mg/dL)
with statins to further lower their LDL was associated with a
marked improvement in survival and prevention of acute
coronary syndromes over a 2-year period.** The improvement
was observed whether or not the subjects had a history of
ischemic heart disease or diabetes mellitus. Statin use in this
study was not associated with an increase in malignancy, liver
dysfunction, or rhabdomyolysis.*?

In summary, the Response-to-Retention model directly
supports the concept of “lower is better.” However, lowering
circulating apoB lipoproteins LDL may have other beneficial
effects in addition to decreasing the probability of arterial
wall lipoprotein retention such as improving endothelial
function and promoting the exit of macrophages from le-
sions.*+#> In this regard, more mechanistic data are needed to
assess the relative importance of direct effects of lowering
circulating lipoproteins versus effects mediated through de-
creasing subendothelial lipoprotein retention.

The third point—often stated as “How early should we
go?”—is related to the concept that age of onset and subse-
quent duration of lipoprotein elevation are important deter-
minants of lipoprotein entry and then retention in the arterial
wall and atherogenesis. We know that atherosclerosis begins
at a young age in industrialized societies. This concept was
first demonstrated in autopsy studies showing that young
victims of the Korean and Vietnam wars had extensive
coronary atherosclerosis that was directly proportional to
their conventional cardiovascular risk factors, notably hyper-
cholesterolemia.*® Similar results were found in the Patho-
biological Determinants of Atherosclerosis in Youth (PDAY)
and Bogalusa Heart studies.*® Indeed, the Bogalusa study
showed that high plasma LDL levels in children predict
carotid intimal-medial thickness when the individuals reach
adulthood.#¢

An argument for early intervention in individuals at risk
comes from an important concept of the Response-to-
Retention model, namely that the pathophysiological links
among plasma apoB lipoprotein levels and consequent li-
poprotein retention and atherosclerosis accelerate as vascular
disease becomes established and progresses (Figure 1). In
particular, the decades-long interval between onset of reten-
tion and clinical coronary artery disease and the fact that
retention is amplified once lesions become established (be-
low) predict that an elevated level of plasma apoB lipopro-
teins is much more dangerous when established early in life
than later in life, even when equalized for total duration. This
concept, which is elegantly supported by a number of recent
clinical studies (below), represents a subcategory in the
broader arena of primary prevention of cardiovascular dis-
ease. In this regard, one should not be dissuaded by meta-
analyses showing that primary prevention in adults through
LDL lowering is less effective than secondary prevention.*’
In addition to inherent problems in interpreting meta-analy-
ses, the burden of morbidity and mortality of first cardiac

events in the very large population of low- to moderate-risk
individuals is tremendous.*8

Lloyd-Jones and colleagues*® showed that individuals who
reach 50 years of age with presumably lifelong optimal
values for just 4 conventional cardiovascular risk factors,
including plasma cholesterol, have a coronary artery disease
risk that is much lower than would be predicted from a similar
risk profile that resulted from therapeutic interventions in
middle age. For example, compared with 50-year-old indi-
viduals with 2 conventional risk factors, these individuals
eliminated >90% of their lifetime risk,*  indicating how well
a robust regimen of early management could prevent this
lethal and disabling disease. Similarly, Loria et al>° found that
coronary artery calcium in middle-aged adults was predicted
more accurately by the risk factor profile 15 years earlier than
by current risk factors, even when risk factors changed during
the interval. In a third study, Cohen and colleagues?> de-
scribed common nonsense mutations and sequence variations
in a protein called PCSK9 that results in ~30% lowering of
plasma LDL in the affected population. PCSK9 normally
promotes the degradation of hepatic LDL receptors, and the
aforementioned polymorphisms result in a dysfunctional
PCSKO9 protein. As a result, the subjects have higher expres-
sion of LDL receptors in the liver, which leads to decreased
plasma LDL by the same overall mechanism of statins,
namely increased plasma LDL clearance.?> Thus, this sub-
stantial population of humans represents a model for statin-
like reductions in LDL, with the critical distinction that the
reductions are present throughout life rather than being
initiated later in life, as is the usual case with statins. These
individuals, despite the presence of other risk factors, had an
incidence of atherosclerotic heart disease that was reduced by
as much as 88%. Most important, the ratio of percent risk
reduction to percent LDL lowering in subjects with PCSK9
polymorphisms was ~3:1, whereas that in noncarriers whose
LDL is lowered after vascular disease has already developed
is ~2:1.141525 Note that PCSK9 plays no known role in
inflammation; thus, its beneficial effects are almost certainly
related to lower LDL, not “pleiotropic” effects. Finally,
several recent studies have shown that statin therapy can
reverse signs of vascular dysfunction and atherosclerosis in
children with severe hypercholesterolemia, with the greatest
benefit observed in those children to whom statins were
administered at an early age.>'->2

On the basis of all of these data, a recent consensus
statement from the American Heart Association addressed
guidelines for therapy in boys >10 years of age and girls after
menarche.*® The guidelines favor the use of statins when diet
and exercise fail to achieve the goal, and aggressive LDL
lowering is recommended for those young people, particu-
larly boys, with multiple risk factors such as family history,
low high-density lipoprotein, metabolic syndrome, hyperten-
sion, and cigarette exposure.*® A number of ongoing trials are
evaluating these new strategies, which will require decades of
follow-up. On the basis of the Response-to-Retention model
of atherogenesis, we expect that these trials will show lifelong
benefits from early intervention, and we support continuing
investigation into more widespread use of early-onset life-
style and medicinal therapy in at-risk young people.
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Lipoprotein(a) and Remnant Lipoproteins
Most clinical and epidemiological data to date support a
major role for LDL, with the understanding that subendothe-
lial modifications of LDL such as aggregation, lipolysis, and
oxidation (below) contribute to triggering maladaptive, local
responses to retained material.’->* However, strong mechanis-
tic and correlative data support potent atherogenic roles for
other apoB lipoproteins as well, particularly lipoprotein(a)
[Lp(a)] and remnant lipoproteins.+%-53

Lp(a) is a form of LDL that is modified in the liver by
covalent attachment of apoB to apo(a), a member of the
plasminogen gene family.5* Lp(a) has been associated with
increased risk of atherosclerotic vascular disease in humans.>*
Although the mechanisms of its atherogenicity are not fully
known, the increased retentive properties of the unique apo(a)
moiety likely contribute to this effect.’5->¢ Whether Lp(a),
once retained, is more easily modifiable into more athero-
genic forms and/or otherwise is particularly potent at eliciting
maladaptive responses represent areas of ongoing investiga-
tion. For example, a series of experimental and clinical
studies by Tsimikas and colleagues>’->® have shown that Lp(a)
is rich in potentially atherogenic oxidized phospholipids, a
property shown to be predictive of atherosclerotic vascular
disease in humans. In terms of therapy, nicotinic acid can
lower Lp(a) levels, but only to a modest degree. The
Response-to-Retention model would predict that if not much
can be done to lower Lp(a) levels, decreasing plasma LDL
and subsequent LDL retention would be the best strategy to
decrease the atherogenic response burden in Lp(a)-laden
subendothelium. Indeed, the most successful overall treat-
ment strategy for individuals with high levels of Lp(a) is
aggressive lowering of plasma LDL.5°

Remnant lipoproteins originate from intestinally and he-
patically derived triglyceride-rich apoB lipoproteins after
they undergo partial triglyceride lipolysis.>? In a substantial
subpopulation of humans, especially those with metabolic
syndrome or type 2 diabetes mellitus, hepatic clearance of
these remnant lipoproteins in the postprandial state is de-
layed.? This resulting increase in remnant lipoprotein circu-
lation time increases the likelihood that the lipoproteins will
enter and become trapped within susceptible regions of the
arterial wall.53.00-61 Indeed, direct evidence exists that remnant
lipoproteins are retained in lesion-prone areas of the arterial
wall and that patients with high plasma levels of remnant
lipoproteins are at markedly increased risk for atherosclerotic
heart disease.>>¢2:03 Thus, another therapeutic directive of the
Response-to-Retention model is to lower remnant lipopro-
teins. This directive is particularly important in view of the
ensuing epidemic of insulin resistance—induced heart disease,
which is likely driven to a significant extent by remnant
lipoproteins. Examples of current drugs that have been shown
to decrease remnant lipoproteins or are being explored for
this purpose include nicotinic acid, fibric acid derivatives,
statins, intestinal cholesterol-absorption inhibitors, and
insulin-sensitizing drugs.®*-% In addition, recent findings
related to the mechanisms of remnant lipoprotein lipolysis
and their hepatic uptake may suggest novel therapeutic
strategies in the future such as FXR activation and angioten-
sin-II blockade within the liver.®®-73
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Lipoprotein Properties and
Endothelial Permeability

Other possible determinants of lipoprotein retention within
the arterial wall include lipoprotein size, other lipoprotein
properties (eg, electrical charge and cholesterol enrichment),
and endothelial permeability.’#-7¢ The influence of these
determinants on lipoprotein retention and atherosclerotic
disease in humans is much less certain than plasma lipopro-
tein concentration and the onset and duration of lipoprotein
elevation. With regard to size, extremely large lipoproteins,
such as >500-nm nonhydrolyzed chylomicrons, are too big to
enter the arterial wall and thus do not directly promote
atherogenesis.”” Although the entry of ~100-nm chylomicron
remnant lipoproteins may not be as great as that of smaller
LDL particles, the fact that they deliver ~40 times more
cholesterol per particle after retention can explain their
atherogenicity.”® Whether variations in the size of LDL itself
can affect permeation is not known. Although so-called
small, dense LDL (=20 nm) may be more atherogenic than
larger LDL (=30 nm),”* it is probably unlikely that the
mechanism arises from size-related effects on endothelial
permeability. Rather, the presence of small, dense LDL is
associated with increased lipoprotein binding to arterial
proteoglycans in vitro, and conversion of apoB lipoproteins
into a small, dense form by treatment with phospholipase A2
in vitro increases their affinity to proteoglycans.?37° It is
possible that other properties of LDL might affect the ability
of lipoproteins to permeate the endothelium or to interact
with subendothelial matrix molecules. For example, Flood et
als% recently showed that cholesterol enrichment of LDL
increases its affinity for arterial wall proteoglycans. This
effect is mediated through a conformational change in one of
the proteoglycan-binding sites of apoB-100.80

Assessing the role of endothelial permeability in lipopro-
tein retention is hampered by our relatively poor understand-
ing of how atherogenic lipoproteins gain access to the
subendothelial space (eg, via transcytosis versus intercellular
transport). Moreover, the work of Schwenke and Carew®! in
rabbits suggests that differences in lipoprotein permeation
into susceptible versus resistant segments of the arterial wall
are not important in lipoprotein retention in the earliest stages
of lesion initiation. However, other investigators have argued
that lipoprotein permeation becomes an increasingly impor-
tant variable as lesions progress and may be a relevant factor
in human atherosclerosis.®>#3 The uncertainty in this area
allows us to only speculate about therapeutic opportunities.
Previous work has suggested that blood pressure lowering, an
important clinical intervention, reduced endothelial perme-
ability to LDL.3* A recent study by Orr and colleagues’®
showed that activation of the matrix-specific p21-activated
kinase enhanced vascular endothelial permeability to Evan’s
blue dye in Apoe ™’ mice. Whether p2l-activated kinase
increases permeability to apoB lipoproteins or accelerates
atherogenesis remains to be seen. If it does, drugs that locally
inhibit p2l-activated kinase may be worth investigating.
Another determinant of lipoprotein permeation may be endo-
thelial cell turnover and apoptosis,?>#¢ although no evidence
whatsoever exists for frank endothelial “injury” or denuda-
tion in common forms of atherogenesis.! Nonetheless, it will
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immunohistochemistry of human atherosclerotic lesions. From
Wyler von Ballmoos et al.’3® Reproduced with permission from
the authors and publisher. Copyright © 2006, the American
Heart Association. B, Freeze-etch electron photomicrograph of
an aortic arch intima from a rabbit 2 hours after it was injected
with a bolus of human LDL. The image shows fused and aggre-
gated particles enmeshed in the filaments of the extracellular
matrix of the intima (I). M indicates media; dotted line, internal
elastic lamina. The experimental design was guided by the
experimental design of Bragdon et al.’3" From Nievelstein et
al.’32 Reproduced with permission from the authors and pub-
lisher. Copyright © 1991, the American Heart Association.

be informative to monitor lipoprotein permeation and reten-
tion in future studies that attempt to enhance endothelial
regeneration.®’

The Retention Process Per Se: The Physical
Interaction Between Lipoproteins
and Matrix Molecules

Subendothelial lipoprotein retention (Figure 3) is mediated by
the physical interaction between subendothelial lipoproteins
and subendothelial matrix molecules, principally proteogly-
cans. The reader is referred to recent reviews that describe the
species of proteoglycans that are present in susceptible areas
of the arterial tree, in diffuse intimal thickening, and in
established lesions and how they interact with subendothelial
lipoproteins.3->!! Here, we briefly review general principles,
in vivo data, regulation, and therapeutic implications.

Subendothelial Matrix Molecules and Their Roles
in Lipoprotein Retention and Early Atherogenesis
Subendothelial matrix molecules are found in the extracellu-
lar space and on the surface of cells in the intima and consist
of proteoglycans, collagen, elastin, fibronectin, vitronectin,
fibulin, and a variety of bone-related matrix molecules.*>

Each of these molecules, particularly proteoglycans, have
multiple species. Importantly, the types of matrix molecules
and molecular species differ in prelesional susceptible, ie,
diffuse intimal thickening (above), versus lesion-resistant
areas.! These differences presumably arise in large part from
arterial flow characteristics and almost certainly contribute to
the focal nature of atherosclerosis.! Moreover, the types and
species of matrix molecules become altered as lesions
progress, which unfortunately amplifies the process of li-
poprotein retention (see penultimate paragraph in this section,
below).

Determining which of these molecules participate in apoB
lipoprotein retention has been approached through an elegant
combination in vitro binding studies, colocalization studies in
animal and human atherosclerotic lesions, and genetic ma-
nipulations in mouse models of atherosclerosis. Despite their
different limitations and strengths, all of these methods point
toward extracellular proteoglycans as the most important
lipoprotein-retaining molecules in the subendothelium.-5
Proteoglycans consist of a core protein to which sulfated
sugar polymers are attached.*> Different types of proteogly-
cans differ in their core protein and in the type, number, and
sulfation of sugar groups. The most likely retention reaction
involves the interaction of positively charged domains of the
protein component of lipoproteins, notably apoB, with nega-
tively charged sulfate groups on the proteoglycan sugars.?
However, participation of lipoprotein lipids and proteoglycan
core proteins also has been reported.3-5-9

Proteoglycans that contain side chains of CS appear to play
a particularly key role in lipoprotein retention, especially in
early atherogenesis.?#3:89 More specifically, biglycan and, to
a lesser extent, versican may be the most important of the
CS-containing proteoglycans in apoB lipoprotein retention
within human arteries.>>!! Of interest, a recent study com-
paring intimal proteoglycans in atherosclerosis-susceptible
versus -resistant regions of the human arterial tree showed
enhanced deposition of a CS-containing proteoglycan called
lumican in the susceptible regions.?°

The key advance in establishing causality between
lipoprotein-CS interaction and early atherogenesis came from
a series of studies in mice expressing apoB-100 with site-
directed mutations in its CS-binding region.’°! The study was
designed to ensure that any differences in atherosclerosis
were due to weak binding of the mutated apoB-containing
LDL to proteoglycans, not to some other attribute of the
mutated LDL such as the inability to bind to LDL receptors.
The results showed convincingly that mice expressing the
proteoglycan binding—defective LDL had greatly reduced
atherogenesis and that this effect was indeed due to decreased
interaction of the mutated LDL with arterial wall
proteoglycans.”

This and subsequent studies raised 2 additional areas of
interest. First, the proteoglycan-binding domain on apoB-100
does not exist on the truncated apoB (called apoB-48) that
exists on atherogenic remnant lipoproteins (above). If the
apoB-48 of remnant lipoproteins lack the apoB-100
proteoglycan-binding site, how do they become retained and
initiate atherogenesis? The answer lies in the finding that an
otherwise cryptic domain for proteoglycan binding is un-
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masked in the truncated apoB-48 of these remnant lipopro-
teins.*>%3 Second, although the mutant mice described above
have less early atherogenesis, later atherogenesis eventually
becomes similar between the 2 groups of mice.” This
“catch-up” phenomenon strongly suggests that the molecular
mechanism of lipoprotein retention changes as lesions
progress (Figure 1). Indeed, the work of Schwenke and
Carew”* showed quite clearly that the established lesions are
more highly retentive for atherogenic lipoproteins than any
prelesional area. Possible mechanisms include alterations
in proteoglycan synthesis, including that mediated by
lesional macrophages®3-°¢; lesion-specific synthesis of other
molecules that participate in lipoprotein retention®’; proreten-
tive lipoprotein modifications in established lesions®®; de-
crease in pH®; and increased participation of accessory
molecules, which are secreted by lesional macrophages.’
These mechanisms and possibly others likely contribute to
the acceleration of atherosclerosis progression.

Of note, hyperlipidemic mice deficient in the CS-
proteoglycan decorin developed larger arterial lesions,
whereas those overexpressing decorin exhibited smaller le-
sions.>!'% These data, which point to an overall antiathero-
genic role for decorin, illustrate that different species of
arterial wall proteoglycans play different roles in atherogen-
esis, some of which appear unrelated to their ability to retain
lipoproteins per se. For example, decorin inhibits transform-
ing growth factor-B, a cytokine in the arterial wall that
stimulates the synthesis of versican and biglycan CS-
proteoglycans with increased LDL affinity.'°! Finally, a
recent study showed that partial deficiency of the proteogly-
can perlecan, which is expressed in the murine arterial wall,
also was associated with a decrease in early atherogenesis.!?
The authors of that study preliminarily concluded that the
effect resulted from less arterial lipoprotein retention in the
perlecan-deficient mice, consistent with earlier work showing
colocalization of apolipoproteins and proteoglycans, includ-
ing perlecan, in these model lesions.!02

Therapeutic Implications of Subendothelial
Matrix-Lipoprotein Interactions

In the context of the above discussion, the overall goal would
be to develop therapeutic compounds that inhibit subendo-
thelial matrix-lipoprotein interactions. This goal could be
approached with a candidate-based approach or through
high-volume screening of chemical libraries. Using the
former approach, Saxena and colleagues'®®* demonstrated that
free or high-density lipoprotein—associated apoE, polyargin-
ine, and polylysine could block the interaction of LDL with a
complex of extracellular matrix and LpL in vitro. Similarly,
Zeng and colleagues'®* showed that a proteolytically released
fragment of collagen XVIII called endostatin binds both LDL
and biglycan, interferes with LDL-biglycan and -matrix
interaction in vitro, and blocks LDL retention and atherogen-
esis in vivo. This effect of endostatin involves a specific o
coil within the molecule.!®* The potential therapeutic poten-
tial of endostatin-based compounds is supported by the
finding that endostatin expression is decreased in advanced
atheromata, which are highly retentive for lipoproteins. A
third example of a candidate approach is related to a specific
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site in apoB-100 that affects LDL retention. In addition to the
principal CS-binding site in apoB-100 (site B) that was
mutated in the murine atherosclerosis studies described
above, apoB-100 contains another CS-binding site (site A)
that becomes functional in small, dense LDL and sPLA,-
modified LDL and acts cooperatively with site B in increas-
ing proteoglycan-binding activity.8® A future drug-screening
strategy therefore may involve the specific targeting of site A
in apoB-100, which would block subendothelial lipoprotein
retention without blocking the beneficial process of hepatic
LDL clearance.®’ Of interest in this regard, immunization of
mice with an apoB-100 peptide containing site A results in
reduction of atherosclerosis by ~60% compared with con-
trols given carrier and adjuvant alone.'%

Another potential approach involves manipulating the syn-
thesis of key retentive proteoglycans or their sugar moi-
eties.!% Proteoglycan biosynthesis involves core protein syn-
thesis and glycosyltransferase and sulfotransferase reactions.?197
Subendothelial proteoglycans are made by smooth muscle
cells, endothelial cells, and when atherosclerotic lesions are
present, intimal macrophages.*52¢ Biosynthesis can be reg-
ulated by a number of factors, including transforming growth
factor-f3, platelet-derived growth factor, oxidized LDL, and
fatty acids.*198.199 Therefore, drugs could alter proteoglycan
synthesis either directly or by affecting a regulatory factor. If
such manipulation resulted in decreased synthesis of the most
highly retentive proteoglycans, lipoprotein retention and en-
suing atherogenesis could be suppressed.!'® However, the
evidence that retentive mechanisms differ between early
atherogenesis versus established lesion progression makes
these strategies extremely challenging. Moreover, interfer-
ence with endothelial lipolysis or hepatic catabolism of
triglyceride-rich lipoproteins, which also involve lipoprotein-
proteoglycan interactions,”-!!! needs to be avoided. Fortu-
nately, the nature of these physiological interactions, which
involve triglyceride-rich lipoproteins and heparan sulfate
proteoglycans,®7! differ from those involved in atherogene-
sis, which involve the interaction of LDL, remnant lipopro-
teins, and Lp(a) with mostly CS-containing proteoglycans.
Moreover, as mentioned previously, recent developments in
our understanding of chylomicron catabolism will likely
reveal additional points of distinction.®*~7! Thus, a therapeu-
tic window of opportunity to selectively block proretentive
subendothelial matrix-lipoprotein interactions may exist. All
in all, a successful approach to this overall goal requires more
precise characterization of those lipoprotein-matrix interac-
tions that are most important in human arteries at different
stages of atherosclerosis.

Accessory Molecules That Promote

Lipoprotein Retention
In vitro and in vivo studies have provided strong evidence
that certain nonmatrix molecules play important roles in
lipoprotein retention. The most widely studied of these
molecules are LpL, S-SMase, and sPLA,. The roles of these
molecules in lipoprotein retention add to our understanding of
the pathophysiology and might open up new opportunities for
therapeutic manipulation.
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Lipoprotein Lipase

LpL has binding sites for both atherogenic lipoproteins and
proteoglycans, and in vitro studies have shown that LpL,
which is made by lesional macrophages, can greatly increase
the interaction of lipoproteins and proteoglycans through a
nonenzymatic bridging mechanism.!#!12 To the extent that
subendothelial LDL oxidation contributes to atherogenesis,
LpL may be particularly important in mediating the suben-
dothelial retention of oxidized LDL, which by itself appears
to have decreased affinity for arterial wall proteoglycans at
neutral pH.®>!'3 In addition, in vitro studies have demon-
strated that LpL can enhance the retentive potency of
S-SMase (see following section).!'* In vivo studies investi-
gating the effect of LpL deficiency or excess on atheroscle-
rosis must be interpreted with the knowledge of the dual role
of this molecule: proatherogenic within the arterial wall by
bridging between apoB lipoproteins and matrix but anti-
atherogenic elsewhere through LpL-mediated lipolysis and
hepatic clearance of atherogenic lipoproteins from plasma.
Thus, Clee et al''> showed that global heterozygous defi-
ciency of LpL reduced lesion size in Apoe™~ mice despite the
presence of dyslipidemia, whereas mice overexpressing LpL
in the plasma but not in macrophages exhibited decreased
plasma triglyceride and cholesterol and decreased lesion size.
In Ldlr~ mice, global heterozygous deficiency of LpL did
not lead to increased atherosclerosis despite the presence of
dyslipidemia,''® again consistent with the dual functions of
LpL in atherogenesis. Moreover, Babaev and colleagues!'!?
used bone marrow transplantation to show a proatherogenic
role for macrophage-derived LpL in Ldlr’~ mice. Most
importantly, Wu et al''® showed that overexpression of
catalytically inactive LpL in cholesterol-fed rabbits markedly
increased atherosclerotic lesion size in balloon-injured ca-
rotid arteries. Similar data were found in mice deficient in
LpL or apoE.!'"® These data support a model in which vessel
wall LpL is proatherogenic, consistent with its nonenzymatic
function in lipoprotein-matrix bridging/retention, whereas
LpL exposed to plasma is antiatherogenic by promoting the
catabolism of atherogenic lipoproteins.

Secretory Sphingomyelinase

The acid SMase gene gives rise to both lysosomal SMase and
S-SMase.® S-SMase, which is secreted by endothelial cells
and macrophages, can cleave sphingomyelin on the surface of
atherogenic lipoproteins, leading to fusion and aggregation of
the lipoprotein particles. Aggregation and subsequent fusion
of lipoproteins after they enter the subendothelium (Figure
3B) can increase the size of the particles to the point where
exit from the arterial wall is prohibited.® Moreover, in vitro
data have shown that LDL-SM hydrolysis directly increases
LDL affinity for arterial wall proteoglycans.'?® Aggregated
forms of LDL, including those induced by S-SMase, are
avidly ingested by macrophages and are potent inducers of
macrophage foam cell formation.® Of interest, LpL (see
above) acts synergistically with S-SMase to promote lipopro-
tein retention and foam cell formation in vitro.!''* In vivo
evidence supporting a proatherogenic role of S-SMase in-
cludes the presence of S-SMase in atheromata and the finding
that aggregated lipoproteins extracted from animal and hu-

man atherogenic lesions have increased ceramide, the cleav-
age product of SMase.¢ In terms of establishing causation in
vivo, we have recently found that Apoe™~ mice lacking
S-SMase have decreased development of early atheroscle-
rotic lesions and, most important, decreased retention of
atherogenic lipoproteins compared with Apoe™ mice
matched for similar plasma lipoprotein levels (Devlin et al,
manuscript in preparation). Finally, in the context that a high
sphingomyelin content of lipoproteins enhances their suscep-
tibility to S-SMase-mediated hydrolysis,'?! studies have
shown an association between high SM content in circulating
lipoproteins and an increased risk for aortic atherosclerosis in
mice and coronary artery disease in humans.!??

Secretory Phospholipase A,

Group HHA and V sPLA, are enzymes that can cleave
lipoprotein phosphatidylcholine to lysophosphatidylcholine
and free fatty acids.® Like S-SMase, sPLA, is expressed in
animal and human atheromata, and lipoproteins extracted
from atherosclerotic lesions show evidence of PLA,-mediated
hydrolysis. Lipoproteins hydrolyzed by sPLA, in vitro are
more susceptible to fusion, show a higher affinity for arterial
wall-derived proteoglycans, and can promote macrophage
foam cell formation.®23 The interpretation of in vivo causa-
tion studies with group IIA sPLA, is complicated owing to
multiple biological effects of the enzyme, eg, on lipoprotein
metabolism and inflammation. Nonetheless, atherosclerosis-
susceptible mice lacking this enzyme in all tissues or specif-
ically in bone marrow—derived cells exhibit decreased ath-
erosclerosis.® In a similar manner, Bostrom et al'>* reported
that Ldlr~"~ mice overexpressing group V sPLA, had an
increase in lesion size, whereas those lacking this enzyme in
bone marrow—derived cells had decreased lesion size. Arte-
rial wall lipoprotein retention studies in mice with genetically
altered sPLA, expression have not yet been reported.

Therapeutic Implications of Proretentive
Accessory Molecules

The mechanistic and in vivo data supporting proretentive and
proatherogenic roles of LpL, S-SMase, and sPLA, are not yet
complete, but they clearly raise therapeutic possibilities. In
the case of S-SMase and sPLA,, inhibitors of enzymatic
activity would be expected to block their putative proreten-
tive actions. However, sPLA, has important roles in normal
physiology,>® so enzyme inhibitors might have to be deliv-
ered specifically to the site of lesion development. In contrast,
no known physiological role has been established for
S-SMase. In particular, all known consequences of mutations
in the acid sphingomyelinase gene arise from the lack of its
other product, lysosomal SMase. Indeed, a genetically engi-
neered mouse model in which S-SMase was eliminated but
lysosomal SMase was preserved showed no signs of the type
of central nervous system dysfunction and systemic disease
that occurs in complete acid sphingomyelinase deficiency.!?
Thus, S-SMase might be a more amenable target for inhibi-
tion. In the case of LpL, potential problems associated with
enzymatic inhibition could be avoided by specifically block-
ing its physical interaction with proteoglycans and/or lipopro-
teins (ie, its nonenzymatic bridging function). However, it
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would be important to avoid blocking the interaction of LpL
with chylomicrons and cell-surface scaffolding molecules, a
process that is critical for chylomicron hydrolysis and may
contribute to hepatic uptake of remnants.!!"-'12 In this context,
recent data suggest that a key endothelial LpL-chylomicron
scaffolding molecule on endothelium is not a proteoglycan.”
Thus, the goal would be to screen for drugs that inhibit the
interaction of LpL specifically with atherogenic lipoproteins
and subendothelial matrix molecules.

Conclusions
Despite the complexity of advanced atherosclerosis, a clear
root cause exists—subendothelial retention of apoB-
containing lipoproteins—that has been and should continue to
be a major focus of interventions to combat atherothrombotic
vascular disease. The unequivocal success of LDL-lowering
therapy is a testimony to this overall concept, as is the
emerging discussion on how early such therapy should be
instituted in at-risk young individuals. In this sense, a
critically important goal remains the continued development
of drugs that complement the LDL-lowing actions of statins,
like cholesterol absorption inhibitors, which are in current
clinical use, and inhibitors of PCSK9, apoB transcription, and
apoB lipoprotein secretion, which are being developed.!20-12°
However, unless future improvements in the potency and
safety properties of LDL-lowering drugs and drug combina-
tions enable widespread and early-onset reduction of LDL
levels to the 20- to 40-mg/dL range in high-risk individuals,
complementary approaches will be needed. We believe that
other targets suggested directly by the Response-to-Retention
model of atherogenesis offer promising opportunities in this
regard. In particular, increasing knowledge of how athero-
genic lipoproteins enter the arterial wall and are retained will
likely suggest new therapeutic approaches. Although not
addressed in this review, complementary approaches that
work through the removal of atherogenic lipoprotein compo-
nents from the arterial wall and by promoting regression of
the atherogenic responses to retained lipoproteins also offer
important therapeutic opportunities and represent a major
area of current drug development.?27 Finally, whether oppor-
tunities lie in preventing biological responses to retained
lipoproteins, in particular the maladaptive inflammatory re-
sponse, remains to be determined.? At present, no examples
exist of antiinflammatory drugs per se having a beneficial
effect on cardiovascular disease specifically through their
ability to decrease the inflammatory component of atherogen-
esis.? Nonetheless, ongoing and future research in this area
and in other biological responses to retained lipoproteins may
someday suggest novel ways to suppress atherogenesis and/or
atherosclerotic plaque progression. While these new areas are
being explored, efforts to develop new LDL-lowering drug
combinations, to improve physician and patient education and
patient compliance in the use of LDL-reducing drugs and
lifestyle changes, and to explore the use of LDL-lowering
therapy in at-risk young subjects represent the best strategies
to combat subendothelial lipoprotein retention and the ensu-
ing cardiovascular disease. Examples of ~90% risk reduction
in certain human populations with lifelong low risk factor
levels give hope that our extensive understanding of the
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pathogenesis of this leading killer could lead to its
eradication.
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