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Abstract

Cholesterol-engorged macrophage foam cells are a critical component of the atherosclerotic
lesion. Reducing the sterol deposits in lesions reduces clinical events. Sterol accumulations within
lysosomes have proven to be particularly hard to mobilize out of foam cells. Moreover, excess
sterol accumulation in lysosomes has untoward effects, including a complete disruption of
lysosome function. Recently, we demonstrated that treatment of sterol-engorged macrophages in
culture with triglyceride-containing particles can reverse many of the effects of cholesterol on
lysosomes and dramatically reduce the sterol burden in these cells. This article describes what is
known about lysosomal sterol engorgement, discusses the possible mechanisms by which
triglyceride could produce its effects, and evaluates the possible positive and negative effects of
reducing the lysosomal cholesterol levels in foam cells.
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Atherosclerosis is a progressive disease that eventually leads to the impairment vascular
function in ways that can promote heart attacks and strokes, usually as a result of
atheromatous plaque rupture. Plaque development is a multi-factoral process and
understanding the various mechanisms that produce structural instability and rupture of the
lesion are key areas of research towards more effective treatments. A hallmark feature of the
atherosclerosis lesion, particularly those areas prone to rupture, is the presence of sterol-
engorged macrophages [1]. Thus, understanding the factors that influence macrophage
accumulation of cholesterol remains an important line of clinical study.

Importance of lysosomes in atherosclerotic lesion development

The macrophages in the artery wall arise from monocytes that leave the circulation, enter the
artery wall and differentiate into macrophages. Simultaneously, lipids also enter the artery
wall from the blood stream. Most, but certainly not all, of the lipids enter the artery as
components of lipoproteins. LDLs, HDLs, VLDLSs, and their metabolic remnants, have all
been identified within atherosclerotic lesions. These particles are the source of most of the
excess lipids that accumulate within macrophages [2]. The lipid content in macrophages can
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occupy a large proportion of the cell volume and give the cell a foamy appearance (Figure
1). For this reason, the cells are often referred to as foam cells.

Although the lipid particles that enter the artery wall carry a variety of lipids, it is
predominantly sterol that is accumulated in macrophages, with cholesteryl esters and native
cholesterol being the most common. During the initiation phase of atherosclerosis, the sterol
is found mainly within lipid droplets in the cell cytoplasm. However, as lesions progress into
more clinically important stages, substantial amounts of sterol accumulate within the
lysosomes of the foam cells [3]. Normal macrophages contain between 20 and 40 mg of
cholesterol (mostly free cholesterol [FC]) per milligram of cell protein. Foam cells can have
in excess of 300 mg of cholesterol per milligram of cell protein. The majority of this occurs
as cholesteryl esters. In late-stage lesions, up to 80% of the excess sterol can be found within
large, lipid-swollen lysosomes. This article summarizes what we know about the causes of
this lysosomal accumulation, examines some schemes for reducing this and discusses
whether such lysosomal accumulation is beneficial or detrimental to arterial health.

Normal cellular lipoprotein cholesterol metabolism

The sterol found in foam cells in atherosclerotic lesions is primarily derived from plasma
LDL [2]. Much of our understanding of macrophage metabolism of sterol derived from
lipoproteins has come from tissue culture experiments [4]. As the normal LDL receptor is
highly regulated, uptake by this receptor does not produce massive sterol accumulation [5].
However, as professional phagocytic cells, macrophages have a number of alternate
receptors that are not highly regulated. It is now generally believed that the uptake of the
majority of the cholesterol found within foam cells occurs by these unregulated receptors
[6,7]. As these receptors are not downregulated, they have the potential to mediate the
accumulation of large amounts of cholesterol. The chemical or physical modifications
associated with the induction of massive cholesterol accumulation in culture and animal
models include acetylation, oxidation and aggregation [8-10]. Although acetylation is a
purely artificial alteration, there is strong evidence that both oxidation and aggregation of
LDL particles occurs in atherosclerotic lesions [11,12]. In the lesion, both oxidation and
aggregation can, and probably do, occur by a variety of mechanisms. This has led to the
hypothesis that a key factor in the uptake of lipoproteins by foam cells is the retention of
native LDL particles, within the lesion, long enough to become modified [13]. Given the
prevalence of modifying factors in the extracellular regions, it is highly probable that in late-
stage lesions very little LDL remains in its native state. Moreover, cholesterol esters
associated with phospholipids, such as those found in the extracellular spaces of lesions, also
produce cholesterol accumulation in macrophages [14—16]. In addition to retained lipids, in
late-stage lesions, the death of foam cells also contributes to the extracellular lipid pool [17].
Importantly, intracellular metabolism of this lipid could modify the lipid to make it more
atherogenic after its release during the cells death [18].

Thus, there are numerous modified particle types that could promote macrophage
cholesterol accumulation. However, no matter the uptake mechanism, the cholesteryl esters
(CEs) contained in the modified particle are eventually delivered to a hydrolytic
compartment for degradation. This is critical because the cell does not have the capability of
ridding itself of CEs. For removal, the CEs must first be hydrolyzed to an unesterified
cholesterol. Although a few novel compartments have been identified for degradation of
some specialized particles [19,20], most sterol-containing particles are thought to be
internalized via the canonical, endocytic pathway, involving uptake into an early endosome
and delivery to a late endosome-lysosome compartment (Figure 2). The late endosome-
lysosome compartment is a specialized digestive organelle. Within this compartment, the
action of lysosomal acid lipase (LAL) converts CE to FC. The liberated FC then partitions
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into the lysosomal membrane. Removal of the majority of FC from lysosomes occurs via
vesicular transport with most of the released cholesterol going to the plasma membrane [21].
Cholesterol is an important component of the plasma membrane and may become highly
concentrated here. However, there is a finite solubility of cholesterol in the plasma
membrane. When the plasma membrane content exceeds this limit, excess sterol is shunted
to other locations, such as the endoplasmic reticulum (ER). In the ER, the cholesterol can be
esterified to a fatty acid (FA) by the action of acyl-CoA:cholesterol acyltransferase (ACAT).
The CEs thus formed accumulate within the cytoplasm as neutral lipid-containing droplets
surrounded by other lipids and proteins. Therefore, the extralysosomal component of foam
cells is an important regulator of the extralysosomal FC content. The action of another
enzyme, neutral cholesterol—ester hydrolase, can convert the stored CEs back to FC for use
by the cell [22]. Alternatively, if there are sterol acceptor particles, such as HDLs, in the
fluid surrounding the cell, the plasma membrane FC can be extracted by these acceptor
particles in a process known as efflux [23,24]. This is an alternative way of reducing the
plasma membrane FC concentration.

Implication of lysosomes as a factor in atherosclerosis

The presence of large, lipid-swollen lysosomes in late lesions indicates an inhibition of
normal lysosomal hydrolysis and clearance of sterol. Beginning in the mid-1960s, evidence
began accumulating suggesting that specific aspects of atherosclerosis have features
consistent with an acquired lysosomal storage disease [25]. Lysosomal storage disorders are
characterized by excess accumulation of material in lysosomes due to innate or acquired
defects in the process of lysosomal hydrolysis. In the best characterized lysosomal disorders
the link between defect and dysfunction is clear and is related to defective lysosomal
enzymes [26]. However, in others, the accumulation appears to be the result of secondary
effects which create imbalances in the cell homeostatic mechanisms or metabolism [27]. As
detailed below, the lysosomal sterol accumulation accompanying atherosclerosis appears to
represent this latter type of defect.

As previously described, macrophages have two key sites for regulating intracellular sterol
stores; the lysosome and extralysosomal lipid droplets. Despite the consistent evidence of
sterol accumulation in lysosomes, the relative importance of lysosomal cholesterol
accumulation in the disease process has not been fully established. Considerable
circumstantial evidence, however, suggests it is a key event. For example, we know that
during the initial fatty streak phase of lesion development, CEs accumulate mainly in
cytoplasmic inclusions, indicating that lysosomal hydrolysis and sterol clearance is effective
and suggesting an important role for ACAT-1 (iso-form of ACAT found in macrophages)-
derived lipid droplets at this stage [28]. However, as lesions progress to fibrous plaques,
substantial accumulation of CE and FC occurs in lysosomes in lesions from humans,
nonhuman primates, rabbits and pigeons [28-30], indicating a failure of lysosomal
hydrolysis of CE and clearance of sterol, and suggesting that lysosomal dysfunction is a
participant in late-stage disease. Consistent with this, the Avasimibe and Progression of
Coronary Lesions Assessed by Intravascular Ultrasound (A-PLUS) and Acylcoenzyme
A:cholesterol Acyltransferase Inhibition on the Progression of Coronary Atherosclerosis
(ACTIVATE) clinical trials demonstrated that ACAT inhibition, which would reduce the
lipid droplet sterol pool, did not reduce advanced atherosclerosis [31,32]. Together, these
studies suggest that ACAT-1 may not be the most critical player in late-stage lesions and
indicate that lysosomal sterol may be an important pool of sterol during the later disease
stages. Similarly, in pigeons, an animal model that closely mimics human atherosclerosis,
medial smooth muscle cell proliferation and migration into the intima does not occur until
after the lysosomal accumulation in macrophages [33]. Smooth muscle cell involvement in
the lesion is a key transition point from reasonably benign lesions to clinically important
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ones. In addition, cholesterol trapped in lesion foam cell lysosomes remains trapped even
when total plasma cholesterol returns to normal [34]. By contrast, cytoplasmic CE droplets
are cleared rapidly. These animal studies parallel experiments on cultured macrophages,
which demonstrate that lysosomal cholesterol (FC and CEs) is trapped and not available for
efflux even under conditions that rapidly remove cytoplasmic and plasma membrane
cholesterol stores [35]. Indicating that the lysosomal sterol is particularly difficult to remove
and is resistant to treatment.

In addition to their effects on LAL, several genes for other lysosomal enzymes, including
those for cathepsin D and acid sphingomyelinase, are altered in atherosclerosis, further
suggesting a link between lysosomes and atherosclerosis, and indicating that sterol
accumulation may produce other nonsterol-associated effects. Interestingly, exogenous
administration of LAL to mice reduces atherosclerosis [36]. Several questions remain about
how exogenous LAL exerts its effect but the studies are provocative and further highlight
the potential for lysosomes to influence atherogenesis.

Unesterified cholesterol can partition into the lysosomal membrane &
influence lysosomal function

The FC generated by lysosomal hydrolysis partitions into the lysosome membrane for
clearance. Lipids in membranes are ordered into functional microdomains that greatly
influence membrane function and cellular metabolism [37]. Changes in the distribution of
cholesterol within membranes can have important consequences. Cholesterol-rich regions
show an association with, and modulation of, specific protein and lipid functions [37,38].
Membrane proteins can also modulate cholesterol organization in the bilayer and regulate
intracellular cholesterol movement [39-41]. In addition to modulating protein function, the
lipid content of membranes affects the physical properties of membranes [42] and
cholesterol is one of the most important regulators of lipid organization [43]. Altering the
cholesterol content of membranes disrupts vesicle formation in the endocytic pathway [44]
and the induction of intracellular signals [45]. Thus, there is reason to suspect that excess FC
in the lysosome membrane could affect lysosomal membrane function.

Recently, we demonstrated that the generation of FC from the uptake of modified forms of
LDL by human macrophages in culture produced a rise in the lysosomal pH [46] to levels
above the functional range of LAL [47]. This led to an inhibition of hydrolysis and
accumulation of undigested CE within lysosomes producing large, sterol-engorged
lysosomes similar to those observed in atherosclerotic lesions [46]. The cause of the
increased pH was an FC-induced inhibition of the vacuolar-ATPase pumps (v-ATPase) in
the lysosomal membrane [46]. The v-ATPases are membrane-bound protein complexes that
pump hydrogen ions into the lysosome lumen in order to maintain the necessary acidic pH
of the lysosome. Pump inhibition appeared to be produced by the partitioning of excess FC
into the lysosome membrane since it was possible to mimic this inhibition
pharmacologically by inserting excess FC into the membranes of isolated lysosomes [46].
Moreover, the pumps could be reactivated by removing excess sterol [46]. This is not
surprising, since it is known that this type of extreme alteration of the lipids within
membrane domains can affect many membrane properties [48]. However, a failure of
lysosomal hydrolysis caused by increased pH would explain the CE accumulation that
accompanies late-stage atherosclerosis. It is not clear how the initial accumulation of
cholesterol in the membrane occurs but preliminary, unpublished evidence implicates the
rate of delivery of cholesterol to lysosomes as one determinant [Jerome WG, Unpublished
Data]. When uptake and delivery is slow, the lysosome can efficiently clear the FC
generated by hydrolysis. It is only when delivery of cholesterol to lysosomes is rapid that the
dysfunction is stimulated and v-ATPase activity inhibited.
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Besides v-ATPase activity, a major determinant of lysosomal pH is leakiness of the
lysosomal membrane [49]. Tissue culture experiments have shown that a number of factors,
including sterol, can affect lysosomal membrane permeability. Membrane leakiness can be
decreased through stabilization by FC and increased by sterol oxidation [43,50]. In the case
of oxysterols, the leakiness generally leads to apoptosis [50]. Increased apoptosis is
associated with the areas of the plague most prone to rupture [51].

Although there are probably multiple factors involved in the initiation of cholesterol-induced
lysosome malfunction, our current data suggest a scenario where unregulated uptake of
cholesteryl ester-containing particles leads to a massive accumulation of FC in lysosomes
which alters lysosome function leading to pathologic changes, including inhibition of CE
hydrolysis and the subsequent accumulation of CE in lysosomes, as particles continue to be
delivered to the malfunctioning lysosomes. Besides the described direct effects on lysosome
function, the increased lysosomal FC also has the potential for indirect effects. The
inhibition of sterol removal from lysosomes, either due to the inability to hydrolyze CEs or
trafficking defects, is related to several pathologies, including Niemann-Pick type C and
Wolman disease [52,53]. Kruth reports that inhibiting lysosomal function in cultured cells
produces a reduction in cholesterol microdomains on macrophage plasma membranes,
suggesting that alterations in lysosome function can inhibit the trafficking of lysosomal
membrane sterol to other locations [54]. In addition, alterations in membrane cholesterol can
influence membrane sphingomyelin content and changes in membrane sphingomyelin can
influence membrane and lysosome function. Under normal circumstances, there is
coordinate regulation of membrane FC and sphingomyelin content and dysregulation of one
can produce dysregulation of the other [55]. Sphingomyelin is an important structural
component of membranes but more importantly, products of sphingomyelin metabolism are
potent signaling molecules affecting cell viability, cytokine production, intracellular
vesicular trafficking and cholesterol homeostasis [55-58].

Perhaps even more importantly, the trapping of sterol within lysosomes removes it from the
normal metabolic pools. In addition to re-esterification, some extralysosomal cholesterol
moves into alternative metabolic pools that can act to signal specific changes in the
macrophage. Among these is activation of apoptosis pathways or processing to oxysterols
[59-63]. Several oxysterols have been identified as liver X receptor (LXR) agonists which
can upregulate the expression of genes involved in sterol efflux, amongst other functions
[59,61].

Effect of triglycerides on lysosomal sterol trapping & lysosome function

Reducing the lesion cholesterol burden by stimulating removal of arterial cholesterol via the
reverse cholesterol transport pathway is a major area of atherosclerosis research [64]. The
first step in this pathway is the mobilization of intracellular cholesterol stores to the plasma
membrane for efflux. Clearly, the trapping of sterol within lysosomes would prevent its
movement into efflux pools. Therefore, the resistance to clearance of lysosomal sterol
presents a barrier to treatment. Thus, it would appear that it is important to identify
mechanisms to stimulate the mobilization of sterol out of the lysosome.

Atherosclerosis studies have tended to focus on cholesterol because it is the principal lipid
which accumulates within the atherosclerotic lesion. Most tissue culture studies utilize LDL
or modified LDL as the sole lipid source. However, circulating triglyceride (TG) levels are
also associated with increased atherosclerosis risk. The mechanism(s) by which TG affects
atherosclerosis is unclear and whether it is an independent risk factor remains controversial
[65]. It is also not clear whether increased circulating TG levels directly affect arterial wall
metabolism, since larger TG-rich particles (TRPs) do not appear to enter the artery wall.
However, TGs are found in circulation as a component of TRP; including chylomicrons and
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VLDL and their corresponding remnants and some smaller TRPs have been identified
within atherosclerotic plaques [66]. In primary cultures of human monocyte-derived
macrophages and within the artery wall, the interaction of macrophages with smaller TRP
can induce TG accumulation within the macrophage [67—-69].

There are good reasons to suspect that cellular TG accumulation in macrophage foam cells
could influence macrophage cholesterol metabolism. TGs are more metabolically active than
CE and thus represent a more dynamic lipid pool than cholesterol which provides more
opportunities to influence cellular lipid metabolism [70]. It is also known that macrophage
lysosomes hydrolyze CE faster when it is introduced as a mixed CE and TG particle
compared with CE without TG [71]. This is indicated by TGs altering the physical state of
the CE and keeping it more fluid [71,72]. This physical state effect is not limited to
lysosomal hydrolysis. The association of TGs with CEs in cytoplasmic CE droplets makes
the CEs more susceptible to hydrolysis by neutral cholesteryl ester hydrolase [73,74]. This is
important because the mobilization of FC from CE stores, either within lysosomes or from
droplets, is a necessary first step for clearance [74].

Physical effects are not the only potential mediators of cholesterol homeostasis. The free
FAs hydrolytically released during TG metabolism are also potential mediators of
cholesterol homeostasis. FAs are key signaling molecules that greatly affect the expression
of critical genes controlling cellular cholesterol mobilization. FAs can act at the level of
nuclear receptors to affect the transcription of a number of genes important in cholesterol
homeostasis. For example, the individual or cooperative upregulation of PPAR and LXR
expression by FA has been shown to regulate the expression of a number of cholesterol
homeostatic genes including the ATP-binding cassette (ABC) gene family members, Al and
G1, which are influential in intracellular sterol transport and efflux [75]. Activation of
ABCA1 and ABCGL1 genes enhances cholesterol movement and efflux. LXRs also influence
inflammatory genes [76]. Macrophage inflammatory responses and sterol metabolism are
intimately linked in the atherosclerosis environment and are important regulators of lesion
progression [77-79].

Owing to the potential for interaction between TG and sterol metabolism, we explored the
effect of TRP on macrophage lysosomal cholesterol sequestration [80]. These studies
demonstrated that TGs delivered to cultured macrophages as part of TRPs dramatically
reduced lysosomal CE accumulation and almost completely eliminated the CEs stored in
cytoplasmic droplets. The effect of TRPs on cholesterol accumulation was proportional to
the TG content of the cells. The reduction in lysosomal CEs was observed when cholesterol-
containing particles were delivered simultaneously with TRP but, more importantly, the
incubation of cells with TRPs subsequent to lysosomal sterol engorgement stimulated a
greater than 50% reduction in pre-existing lysosomal sterol stores. This is a very exciting
observation given that we have previously demonstrated that, without the presence of TG,
the sterol in lysosomes is trapped and unresponsive to stimuli that normally enhance efflux,
even when the stimulation removed 90% of the nonlysosomal cholesterol stores [35].

With TRP treatment, not only were the lysosomal sterol stores of cultured cells depleted, but
the bulk of the generated cholesterol also exited the cell, presumably by sterol efflux
pathways. In addition to naturally occurring TRPs, TG-phospholipid micelles also
stimulated lysosomal sterol release, implicating the TG component of the particles as a
causative agent [80]. The mechanism by which TG produced its effect(s) is still not clear.
However, we were able to demonstrate that treatment with TG-containing particles returned
the lysosomal pH to its normal acidic levels and restored lysosomal CE hydrolysis [80].
Thus, the TRP restored v-ATPase activity, which would, at least in part, contribute to the
clearance of lysosomal sterol. Other than these clues it is unclear whether this was a direct
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effect of TG or the result of metabolites from cellular TG metabolism. However, what is
clear is that in some manner, TRP treatment dramatically affected lysosome function.

At present, we do not know exactly how TRP treatment influences lysosome function.
Figure 3 summarizes macrophage TG metabolism and highlights the multiple pathways
involved; each of which could potentially influence some aspect of lysosomal function. The
predominant mechanism for normal macrophage degradation of TG involves lipases on the
surface of the macrophage [81], which can hydrolyze the TG to generate free FAs [82,83].
These FAs can be internalized into the macrophage cytosol where they can be used to form
the acyl chains of newly synthesized lipids, such as di- and tri-glycerides, phospholipids,
and CEs. Such an influx of FAs could alter macrophage metabolism via a number of
mechanisms. For example, altering the make-up of phospholipid FAs could alter the
properties of membranes such as those of the lysosome. Moreover, in addition to altering the
character of cellular lipids, the FAs generated from increased TG hydrolysis are potential
signaling molecules for PPAR- and LXR-regulated pathways. Of course, many of the FAs
end up being converted back to TGs. It is possible that these cytoplasmic TGs could
influence cellular lipid metabolism.

Furthermore, the FA flux within cells is highly dynamic, with acyl changes liberated from
TG hydrolysis ending up not only as part of new TG but also as components of
phospholipids and even esterified to cholesterol. A particularly interesting possibility is that
the uptake of large amounts of TG could alter the phospholipid acyl chain distribution in
ways that influence some aspect of lysosome membrane function. Our VLDL preparations
are typically enriched in both linoleic and oleic acids; a finding consistent with those in the
literature [84]. Given the membrane-stiffening effects of saturated FAs, it is possible that
displacing saturated FA-containing phospholipids with unsaturated FA-enriched
phospholipids could increase membrane fluidity and restore v-ATPase activity and lysosome
function [85,86]. Finally, under certain conditions, the cellular TGs can be incorporated into
lysosomes through autophagocytosis [87]. This presents the intriguing possibility that either
TGs in the lysosomes or FAs generated from hydrolysis of autophagocytically delivered
TGs could interact with the cholesterol stores in the lysosome lumen.

Surface hydrolysis is not the only method by which TGs could influence macrophage
cholesterol metabolism. An alternative pathway exists for the cellular metabolism of TG-
containing particles. Similar to CE-containing particles, TRPs can be internalized by
receptor-mediated endocytosis [88,89]. Under normal circumstances, this pathway makes a
minor contribution to cellular lipid accumulation. However, modification of TRPs can
enhance their endocytic potential [88,89]. These enhancements include changes in size and
composition and in the concentration of specific apolipoproteins on the particles [19,90,91].
Several of these changes have been associated with atherogenesis. The uptake of TRP via
endocytosis leads to the direct delivery of TG to lysosomes. Within the lysosome, TG itself
can affect the physical state of cholesterol-containing emulsions in ways that increase CE
hydrolysis [92-94]. Presumably, a major effect is altering CE fluidity, making it more
available for attack by lipases. In addition, lysosomal TGs can be hydrolyzed resulting in the
liberation of FAs within the lysosome lumen, which could potentially interact in yet
unspecified ways with other lysosomal lipids. However, under normal circumstances, these
FAs rapidly exit the lysosome and join the cytosolic pool of FAs [95] with the same fate as
those generated by surface hydrolysis of TG. Thus, cellular TG metabolism could
potentially influence lysosomes through the following:

»  Endocytic delivery of TGs to lysosomes;
*  Generation of FAs from either lysosomal or surface hydrolysis;

» Altering the pool of FAs available for cytoplasmic assembly of lipids;
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» Influencing signaling pathways involved in lipid metabolism.

Which, if any, of these contribute to TG-induced cholesterol release remains to be
determined.

Is release of lysosomal sterol into the extralysosomal compartment a good thing?

At first glance, the removal of cholesterol from the lysosome would appear to be a positive
occurrence with respect to atherosclerosis. As the first step in cholesterol clearance,
lysosomal CE hydrolysis and FC clearance are obligate steps in reducing the cholesterol
burden of foam cells. However, this positive effect would appear to be at odds with findings
from some clinical studies in which hypertriglyceridemia has been associated with increased
atherosclerosis [96]. Two important points need to be made here regarding this apparent
paradox. First, the epidemiologic evidence is controversial and does not determine whether
hypertriglyceridemia has a direct or indirect effect on coronary disease [65]. Thus, it is
possible that high TG levels have a positive effect on foam cells while promoting other
negative systemic effects.

Second, it remains to be determined whether the increased lysosomal cholesterol clearance
induced by TG has a positive or negative impact on macrophages and lesion development.
With regard to this point, there is growing evidence that excess cellular FC, if delivered into
the wrong intracellular pools, can have adverse effects on macrophages. Although the
removal of foam cell cholesterol is an important step in lesion regression [97], the triggered
release of large FC stores from lysosomes would be expected to generate high
extralysosomal pools of FC. If these over-whelmed the normal homeostatic mechanisms and
were not efficiently directed into efflux or storage pathways, the FC could potentially
accumulate in alternate cellular pools. Increases in some of these pools could have adverse
effects. For example, several studies have demonstrated that disrupting normal intracellular
cholesterol trafficking can induce cell death [60,98]. One effect of disrupting cholesterol
trafficking is to redirect extralysosomal FC into the ER regulatory pool [99]. Excess
accumulation in this pool is cytotoxic [59,100]. Thus, although proper membrane FC
concentrations are required for normal cell growth and membrane stability, cellular health is
regulated not only by the level but also the cellular location of sterol. Therefore, it is
possible that the sequestration of cholesterol within the lysosomal compartment may be a
protective measure to save the cell from the potentially toxic effects of FC accumulation in
these regulatory pools. If this is true, then the rapid release of these protective pools could
potentially flood the normal homeostatic mechanisms and produce excess accumulation
within cytotoxic pools. This possibility highlights a critical area of macrophage biology and
atherogenesis that requires further study.

Dynamics of late-stage atherosclerotic plaques

Our experiments on the ability of TG to reverse the process of cholesterol-induced lysosome
malfunction are based primarily on cell culture experiments (although our results are
consistent with evidence from animal and human studies). The strength of cell culture is that
it provides greater control over variables. However, the late-stage atherosclerotic plaque is a
complicated and highly dynamic milieu and it is almost impossible to mimic in culture all
that occurs in the artery wall. Thus, it will be necessary to explore these same processes
within the context of the artery wall before conclusions about their importance to
atherosclerosis are confirmed. Nonetheless, our studies to date do provide important
information regarding the interaction of cellular TG and cholesterol metabolism and provoke
interesting questions regarding the role of their interaction in the disease process.
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The necrotic core of the late-stage atherosclerotic lesion is a key area in which the
interaction of lysosomes, cholesterol and TGs would be expected to play a role. The necrotic
cores are areas rich in foam cells but also containing large amounts of cellular debris,
extracellular lipid and other free molecules. In fact, the core often contains as much or more
cholesterol and CEs as that within foam cells. The term necrotic core highlights the
hypothesis that much of the extracellular material in these areas is derived from the death
and decay of cells in the plaque. There is clear evidence that necrotic cores do contain the
remains of dead cells but the exact mechanisms of core formation are hard to pinpoint and,
similar to much of the atherogenesis, are probably the result of a variety of factors
interacting [51,101-103]. However, there is strong evidence that the death of cells in the
plaque occurs by both apoptosis and oncosis [102]. Undoubtedly, the various contributions
of each process are dependent upon the state of the lesion at different points in time. The
highly dynamic nature of the core makes it difficult to study in a controlled manner.
However, macrophages are usually found surrounding the core and also exist within the core
[104]. Some of these may be dying cells but many are undoubtedly recruited to the area to
aid in removing the debris [105]. Unfortunately, the debris includes excess cholesterol,
which can potentially be toxic to the macrophages. This sets up a scenario in which uptake
of debris leads to cell death, which leads to further uptake of debris. Thus, macrophages play
a role both as contributors to the pathologic features of lesion and as a major mechanism for
resolving the pathology. Not discussed here, but equally important, is the fact that
macrophages are important inflammatory mediators within the lesion and this function also
influences atherogenesis and, potentially, the necrotic core.

There is still a lot to be learnt with regard the dynamics of the necrotic core but two recent
themes have emerged that have some importance to the discussion of the role of cholesterol
and TG in lysosome function. The first theme began with elegant cell culture experiments
indicating that the lipid from the uptake of apoptotic cells is less toxic to the macrophage
than that derived from lipoproteins [106]. The exact reasons why this is so are still being
investigated but it has been shown that a partial explanation is that cholesterol from
apoptotic cell uptake is more available for efflux [106]; a process that rids cells of excess
cholesterol. In addition, cholesterol-trafficking patterns are altered so that cholesterol is
directed away from toxic pools [106]. Finally, uptake of apoptotic cells stimulates
upregulation of a number of signaling pathways that render the cells resistant to death
signals [106]. These studies raise the exciting possibility that the dynamics of metabolism
within the necrotic core might be manipulated towards regression of the atherosclerotic
lesion. Therefore, an important question would be what role TG accumulation might play in
either enhancing or disrupting these beneficial effects and the extent to which lysosomes are
involved.

The second exciting observation regarding the necrotic core is the evidence of autophagy
within some cells in the core region of the plaque [107,108]. Although the evidence in
plaques is still circumstantial, studies in cultured cells reveal that cholesterol accumulation
and other factors present within the lesion are capable of stimulating autophagy [109-111].
Autophagy is a mechanism by which cells partition their own intracellular components and
deliver them to hydrolytic compartments for digestion. This is now recognized as a key
homeostatic mechanism in cells allowing for the removal and recycling of worn out
components and the removal of toxic material. However, when autophagy is excessive and
prolonged it can lead to cell death [103]. If this occurred within the atherosclerotic lesion, it
would contribute (along with apoptosis and oncosis) to further increase the necrotic core. To
date, the evidence of plaque autophagy only relates to endothelial cells and smooth muscle
cells in the lesion. However, this may well be because autophagy is much harder to
distinguish in macrophages. At present, there is no reason to rule out autophagy as a key
process occurring within lesion macrophages.
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Since the lysosome is a central player in autophagic digestion, understanding how
cholesterol and TG influence autophagy should provide important information towards a
better comprehension of the dynamics of the necrotic core. This, in turn, would promote a
better appreciation of the multiple factors that drive the changes occurring in late-stage
atherosclerotic lesions.

Conclusion

The foam cell is a major regulator of atherosclerotic plaque development and it is clear that
the increased cholesterol accumulation observed in foam cells can impact macrophage
function and thus lesion development. For this reason, understanding what mediates foam
cell intracellular cholesterol homeostasis is a key goal of atherosclerosis research.
Lysosomal cholesterol accumulation is a major constituent of clinically important
atherosclerotic macrophage foam cells. Most importantly, the lysosomally sequestered free
and esterified cholesterol has been shown to be highly resistant to removal, even under
conditions that promote extralysosomal cholesterol efflux. However, we have recently
demonstated that TGs delivered to macrophage foam cells as part of lipoproteins or
phospholipid micelles can stimulate a large reduction in the lysosome sterol levels.
Moreover, much of the cholesterol liberated from lysosomes became available for exit from
the cell via efflux pathways. The combined effect was to dramatically reduce the
macrophage lipid burden.

The proximate cause of the lysosomal release of sterol appears to be a TG-induced
restoration of normal lysosome function, especially the restoration of lysosome membrane
proton pump activity. This indicates that TG treatment would not only enhance lysosome
clearance of sterol but it could also improve overall lysosome function and help re-establish
normal macrophage homeostasis. If these in vitro effects of TG-containing particles can be
reproduced in vivo, it suggests that TG-induced removal of cholesterol from foam cell
lysosomes, if properly managed, might be harnessed as an aid in atherosclerosis regression.
However, more work must still be carried out in order to ascertain whether this TG effect
can be harnessed therapeutically.

Future perspective

Reduction of circulating LDL-C and increasing reverse cholesterol transport-mediated
removal of lesion sterol have shown some efficacy in reducing the overall burden of
cholesterol in lesions. However, there is growing evidence that this has little effect on
lysosomal cholesterol stores. Although this article presents circumstantial evidence that the
build-up of sterol within lysosomes is detrimental, it is still unclear how much the lysosomal
stores of sterol play in the resistance of atherosclerotic lesions to regression therapies. This
remains an important area for investigation. Nonetheless, given the potential for these stores
to damage macrophages and effect overall vascular health, understanding the mechanism(s)
for the lysosomal sterol engorgement and determining strategies for liberating the sterol
remain important areas of investigation for understanding the nuances of atherosclerosis
lesion development and determining novel treatment options. The realization that TG-
containing particles, at least in tissue culture, can liberate lysosomally sequestered sterol
presents an exciting opportunity to investigate the causes of the lysosome engorgement and
to design treatment methods. However, to reach this goal, several important questions
remain to be answered. These include:

» Can TG-containing particles liberate the lysosome sterol in macrophages within the
artery wall?
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*  What is the mechanism by which TG produces its effects on macrophage
lysosomes?

»  Can the liberation of cholesterol from lysosomes be carried out in a manner that
shunts the liberated cholesterol directly into storage pools or to efflux and bypasses
delivery to potentially pathologic pools of sterol?

»  Can methods be designed to deliver TG to macrophages in the artery wall without
the potential complications produced by hypertriglyceridemia? For example, can
TG be delivered as part of inert particles rather than lipoproteins?
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Figure 1. Light micrograph of early atherosclerosis lesion in the aorta of a White Carneau
pigeon

The atherosclerotic plaque fills the intima of the artery. The intima is the space between the
thin layer of ECs facing the lumen of the artery and the underlying media layer. Normally,
the intima is very thin. The presence of the atherosclerotic plaque has thickened the artery
wall by expanding the intimal space. The plaque consists primarily of cholesterol-engorged
macrophage FCs that are identifiable by the numerous round lipid droplets inside the cells.
Cross-sections through approximately 14 such cells are visible in the image. The plaque sits
on top of the arterial media which is composed of smooth muscle cells and elastic
connective tissue.

EC: Endothelial cell; FC: Foam cell.
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Figure 2. Normal cellular lipoprotein-derived cholesterol metabolism

CE-containing lipoproteins, such as modified forms of LDL, are taken up by receptor-
mediated endocytosis and delivered to the late endosome-lysosome compartment for
digestion. In the lysososme, LAL hydrolyzes the CE to FC and FA. Most of the FC
partitions into, and is removed as vesicles form, from the lysosome membrane. The bulk of
the lysosomal FC is delivered to the plasma membrane where it plays a critical role in
modulating plasma membrane function. FC can be removed from the plasma membrane by
transfer to acceptor particles in a process known as efflux. Excess FC that cannot be
effluxed can be stored as CE droplets in the cytoplasm. The re-esterification of FC to CE
occurs in the ER by the ACAT enzyme. CE within these cytoplasmic lipid droplets can be
hydrolyzed back to FC by the enzyme NCEH.

ACAT: Acyl-CoA:cholesterol acyltransferase; CE: Cholesteryl ester; ER: Endoplasmic
reticulum; FA: Fatty acid; FC: Free cholesterol; LAL: Lysosomal acid lipase; NCEH:
Neutral cholesterol ester hydrolase.
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Figure 3. Normal cellular lipoprotein-derived triglyceride metabolism

The TG in lipoproteins can be hydrolyzed on the surface of macrophages by lipase enzymes.
The FAs generated by this hydrolysis can be internalized by cells. In the cytoplasm, the FAs
can be activated and incorporated into newly synthesized TGs or other molecules, such as
phospholipids or CEs. In macrophages, the TGs and CEs are stored within cytoplasmic lipid
droplets. Although, under normal conditions, this is the predominant method for degradation
of lipoprotein TGs, macrophages can also process TGs through the uptake of particles into
endosomes and the delivery of the particles to lysosomes. In the lysosome, lysosomal acid
lipase (and possibly other lipases) can hydrolyze the TGs and liberate the FAs. Liberated
FAs can then be transported out of lysosomes and join the pool of FAs that are utilized for
the synthesis of new lipids.

CE: Cholesteryl ester; FA: Fatty acid; TG: Triglyceride.
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