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Abstract

Cytoplasmic lipid droplets (LDs) are organelles in which cells store neutral lipids for use as an energy
source in times of need, but they also play important roles in the regulation of key metabolic processes.
Although LDs are essential for normal cell function, excess accumulation of intracellular lipid is
associated with several metabolic diseases, including obesity, type 2 diabetes, and atherosclerosis.
The function of LDs is regulated by their associated proteins, including the members of the PAT
family: perilipin, adipophilin/adipose differentiation—related protein, tail-interacting protein 47,
S3-12, and OXPAT/myocardial LD protein/lipid-storage droplet protein 5. In this review we discuss
the PAT proteins in two cardiovascular contexts: 1) in the atherosclerotic vessel wall, where LDs
within macrophage foam cells store cholesteryl esters derived from modified lipoproteins, and 2) in
the myocardium, where LDs store fatty acids, the major energy substrate for normal heart function,
as triglyceride.

Introduction

Previously considered intracellular depots where cells store neutral lipids, mostly triglycerides
(TG) and cholesteryl esters (CE) to be used in times of need, we currently understand lipid
droplets (LDs) as dynamic functional organelles. LDs play crucial roles in cellular energy
balance and in the regulation of other important cellular processes [1-4]. The structure of LDs
resembles that of plasma lipoproteins, with a core of lipid esters (neutral lipid) coated and
stabilized in the cytoplasm by an interface composed of a monolayer of phospholipids, free
cholesterol (FC), and proteins. Proteomic analyses have identified many LD-associated
proteins, including enzymes, lipid transporters, and caveolins [5,6], but the most abundant
proteins in LDs are the PAT family proteins, which are characterized by sequence similarity
and localization on lipid droplets [7,8]. The PAT family takes its name from the founding
member, perilipin, as well as adipose differentiation-related protein (ADFP) and tail-
interacting protein of 47 kDa (TIP47). The remaining two mammalian family members are
S3-12 and OXPAT. Although perilipin, TIP47, and S3-12 are generally the only names for
these proteins used in the LD literature, ADFP is also known as adipophilin (the original name
for the human ortholog), ADPH, and ADRP. OXPAT is also known as myocardial LD protein
(MLDP) and as lipid-storage droplet protein 5 (LSDP5). For consistency and clarity in this
review, we refer to these proteins as perilipin, ADFP, TIP47, S3-12, and OXPAT. The
fundamental importance of PAT protein function is reflected in the fact that members of the
family have also been identified in insects, fungi, and slime molds [8,9].
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Perilipin and ADFP are exclusively associated with LDs and are degraded by proteosomal and/
or lysosomal pathways when not bound to LDs. In contrast, TIP47, S3-12 and OXPAT
exchange on and off LDs depending on the cell's metabolic state and are stable both when
associated with LDs or when in the cytoplasm [10-12]. ADFP and TIP47 have a ubiquitous
tissue distribution, and ADFP is the most abundant LD-associated protein in cells that do not
express perilipin. Expression of perilipin is restricted to white and brown adipose tissue, but
lower levels are also found in steroidogenic tissues. S3-12 is expressed mostly in white adipose
tissue, but lower levels are also found in heart and skeletal muscle. The expression of OXPAT
is enriched in tissues capable of high rates of fatty acid 3-oxidation, such as brown adipose
tissue, fasted liver, heart and slow-twitch muscles [13es,14ee 15¢¢].

The best-characterized member of the PAT family is perilipin, which has a dual function in
adipocytes [16,17]. Under basal conditions perilipin limits access of cellular lipases, such as
hormone-sensitive lipase (HSL) and adipocyte triglyceride lipase (ATGL), to the core of TG
within LDs, thereby preventing uncontrolled TG hydrolysis and limiting release of free fatty
acids and glycerol. However, activation of protein kinase A by rising levels of cyclic adenosine
monophosphate leads to polyphosphorylation of perilipin and stimulation of TG lipase activity.
The molecular mechanisms of this activation are still being investigated but involve
interactions between perilipin, HSL, ATGL, and CGI-58, an activator of ATGL [7]. Consistent
with this model, perilipin-knockout mice have increased basal lipolysis but reduced stimulated
lipolysis in isolated adipocytes and in the whole animal [18,19].

In healthy cells, LDs play a very important role in the control of lipid homeostasis, serving as
energy reservoirs and providing substrates to fuel cellular oxidative processes when needed,
and providing lipids for membranes, membrane trafficking, signaling, and protein
modification. However, the hypercaloric and fat-rich diet characteristic of Western countries
has resulted in an epidemic of metabolic disorders, such as obesity, insulin resistance, diabetes,
and cardiovascular disease, which are associated with excessive or aberrant lipid accumulation
in adipose and nonadipose tissues. Understanding the mechanisms by which lipids are stored
in and mobilized from LDs will illuminate both the physiology of healthy cells and tissues and
the basis of some important metabolic diseases. In this review, we provide an overview of the
role of the PAT family proteins in LD metabolism in different cells of the cardiovascular
system.

Vascular Cells: Foam Cell Formation and Atherosclerosis

Atherosclerosis is the main underlying pathology of cardiovascular disease and stroke, which
are the number one and number three causes of death in the developed countries [20].
Atherosclerosis has its origins in the response of the arteries to subendothelial accumulation
of madified low-density lipoproteins (mLDL). Circulating monocytes migrate to the
subendothelial space and take up mLDL via scavenger receptor (SR)-mediated endocytosis.
Interestingly, unlike the LDL receptor, the SRs are not down-regulated by intracellular lipids,
which leads to unfettered uptake of cholesterol-rich mLDL by subendothelial macrophages.
Once internalized, the CE carried by the mLDL is hydrolyzed in lysosomes by the acid lipase,
and FC is exported to the cytosol. Part of the FC can be effluxed to extracellular acceptors or
used as a structural component of cell membranes, but a large proportion of this FC is re-
esterified in the endoplasmic reticulum (ER) by the acyl-coenzyme A (CoA):cholesterol
acyltransferase-1 (ACAT-1) and stored in LDs. The accumulation of LDs in the cytoplasm of
lipid-laden macrophages gives them a foamy appearance; therefore, lipid-laden macrophages
in atherosclerotic lesions are commonly known as “foam cells” (Fig. 1A). Foam cells are a
hallmark of atherosclerosis through all stages of lesion development [21]. Furthermore, plaque
rupture, akey event in arterial thrombosis, usually happens in foam cell-rich areas of the lesions
[22].
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Among the proteins of the PAT family, ADFP plays a major role in foam cell formation and
in the pathogenesis of atherosclerosis. ADFP expression increased in response to different
forms of lipid loading in primary human monocytes [23], in thioglycollate-elicited mouse
peritoneal macrophages [24+], and in several macrophage/monocytic cell lines [25,26¢,27].
Further, ADFP overexpression increased lipid accumulation in THP-1 macrophages upon
incubation with acetylated (ac) LDL, whereas depletion of ADFP using small interfering (si)
RNA reduced lipid accumulation [26]. Peritoneal macrophages isolated from ADFP-deficient
mice displayed a substantial reduction in the accumulation of cytoplasmic LDs following
incubation with oxidized (ox) LDL and acLDL [24e¢]. Analysis of human carotid
endarterectomy specimens and coronary arteries by reverse transcription polymerase chain
reaction (RT-PCR) and in situ hybridization demonstrated high ADFP expression localized
mostly in a subset of lipid-rich macrophages [28]. Furthermore, RT-PCR analysis of carotid
endarterectomy specimens showed that ADFP expression was 3.5-fold higher in
atherosclerotic plagues than in healthy areas of the same artery [26¢]. Interestingly, the
expression of ADFP in the atherosclerosis-studded arteries of apolipoprotein E-deficient mice
in C57BL/6J background was also about 3.5-fold higher than in the atherosclerosis-free arteries
of wild-type C57BL/6J mice [24e¢]. Thus, lipid accumulation and ADFP expression in
macrophages positively correlate with one another, regardless of whether lipid accumulation
is being driven by lipid loading or whether ADFP levels are being manipulated by
overexpression or RNA interference.

These data have been extended in a murine model of ADFP deficiency. The effects of Adfp
gene inactivation in apolipoprotein E—deficient mice significantly reduced the number of LDs
in foam cells in atherosclerotic lesions, and both the global inactivation of ADFP and the
specific inactivation in bone marrow—derived cells protected mice against atherosclerosis
[24¢¢]. From a more mechanistic viewpoint, ADFP overexpression increased lipid
accumulation by preventing cholesterol efflux from THP-1 macrophages [26¢]. Although
siRNA knockdown of ADFP did not result in the expected increase in cholesterol efflux from
THP-1 macrophages, peritoneal macrophages isolated from ADFP-deficient mice displayed
greater cholesterol efflux than those isolated from their wild-type litter mates [24¢¢]. These
data suggest that, by facilitating CE confinement in the LDs, ADFP hinders the reverse
transport of cholesterol out of atheromatous lesions.

How does ADFP promote macrophage LD accumulation and foam cell development? Clues
are available from studies of triglyceride lipolysis in nonmacrophages. In those studies, forced
ADFP expression promoted TG accumulation by inhibition of TG hydrolysis that was
associated with decreased association of the major murine TG lipase, ATGL, with LDs [29].
Itis possible that in macrophages ADFP excludes one or more of the proposed cholesteryl ester
hydrolases from LDs. However, the rate of CE hydrolysis was similar in mouse macrophages
whether they expressed ADFP or not. On the other hand, one group has reported that ADFP
overexpression led to increased TG content in THP-1 macrophages by stimulating the
incorporation of fatty acyl CoAs into TG and by inhibiting fatty-acid oxidation [30].

Although ADFP clearly plays a significant role in regulating foam cell formation, it is still a
controversial issue whether the other PAT proteins also play a role. Initial studies restricted
the expression of perilipin to adipose and steroidogenic tissues, but there are more recent reports
of perilipin expression in human macrophage cell lines and in human atherosclerotic lesions.
Perilipin protein has been detected in THP-1 and human monocyte-derived macrophages
[31e¢,32-34]. In human atherosclerotic lesions, Faber et al. [35] showed perilipin expression
in foam cells adjacent to ruptured plaques, but it was completely absent in stable plaques.
Forcheron et al. [36] reported the presence of perilipin in atheromata, but also in healthy arterial
wall. In contrast, Hofnagel et al. [31+] observed strong perilipin staining in regions rich in
intimal macrophages and weak staining in regions of medial smooth muscle cells of advanced
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atherosclerotic lesions, but they did not detect perilipin in coronary arteries with early and
intermediate lesions.

The strongest evidence supports perilipin expression in advanced or ruptured human
atherosclerotic lesions, where it might influence the metabolism of LDs in macrophages or
even replace ADFP. A scenario in which a PAT protein is replaced by another family member
would not be new. For example, Adfp gene expression is induced early at day 1 of adipocyte
differentiation and ADFP coats the initial LDs in early adipocytes; but after the onset of
perilipin expression, ADFP is displaced from the LDs and, despite high ADFP mRNA
expression, ADFP protein is hardly detectable in the mature adipocyte [37]. However, ADFP
coats the surface of LDs of mouse perilipin-null adipocytes [19], and it is possible that, in case
of ADFP depletion, perilipin could eventually take over its role in foam cells. In at least one
other pathologic condition of lipid accumulation, human hepatic steatosis, perilipin appears to
be ectopically expressed in hepatocytes [38]. However, several arguments exist against the
possibility that perilipin plays a major role in foam cell formation or that it could become a
substitute for ADFP. In contrast to ADFP expression in macrophages, perilipin expression is
constitutive: perilipin was not up-regulated by lipid loading [32,34], nor in response to
knockdown of ADFP by siRNA [16,32]. Furthermore, perilipin was not detected in mouse
lipid-laden macrophages that do not express ADFP [24ee].

Another strong candidate to play a role in foam cell formation is TIP47, the PAT protein with
the highest structural similarity and the most similar tissue distribution to ADFP [7]. In fact,
TIP47 has been shown to be up-regulated in mouse fibroblasts isolated from ADFP-deficient
embryos [39], but no compensatory up-regulation was observed in livers and atherosclerotic
lesions of ADFP-deficient mice [24++,40]. Furthermore, in the mouse macrophage cell line
RAW 264.7 and in thioglycollate-elicited mouse peritoneal macrophages, TIP47 was not up-
regulated by lipid loading, and TIP47 expression did not increase in peritoneal macrophages
isolated from ADFP-deficient mice cultured under basal conditions or upon incubation with
oxLDL [9]. TIP47 is also expressed in human THP-1 macrophages [41-43], but no detailed
studies on the role of TIP47 in foam cell formation have been performed in human macrophages
or in human atherosclerotic lesions. With respect to S3-12, the protein was not detected in
mouse macrophages and mouse atherosclerotic lesions [24e¢], but no studies have been
performed using human samples. Similarly, to our knowledge the role of OXPAT in foam cell
formation has not been tested yet. It will be important to clarify whether other PAT proteins
play a role in foam cell formation, or are able to replace ADFP in foam cells, in order to better
understand lipid homeostasis in foam cells and to discover novel therapeutic interventions to
prevent foam cell formation. Regarding the issue of compensation in the setting of PAT protein
deficiencies, future studies should not only assess the total cellular expression of candidate
compensating proteins, but also test the protein composition of LDs under different metabolic
conditions.

Cardiomyocytes

The heart is an organ of high energy turnover that can oxidize both fat and carbohydrates. In
the fasted state, the energy needs of the cardiomyocyte are predominantly met by B-oxidation
of long-chain fatty acids [44]. Although the heart needs to burn large amounts of “fuel” to
provide energy for contraction, the healthy heart has a relatively low TG reserve, which is
stored in multiple minute LDs distributed throughout the sarcoplasm. However, compared with
other tissues such as liver and white adipose tissue, the heart has an extremely high rate of
lipolytic turnover. Inhibition of this high turnover by gene knockout of ATGL in the mouse
resulted in severe lipid overload of myocardium to the point of mechanical disruption of the
contractile elements and early death due to heart failure [45].
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Among the PAT proteins that are expressed in the myocardium (ADFP, TIP47, S3-12, and
OXPAT), OXPAT deserves particular attention. OXPAT is the fifth and most recently
described member of the PAT family, and has been characterized independently by three
groups [13ee,14 15¢¢]. These groups agreed on several points that support a physiologically
relevant role of this protein as a regulator of lipid homeostasis in the myocardium, where it has
been shown to coat the LDs in isolated mouse cardiomyocytes [14e¢] (Fig. 1B). For example,
the three groups found that OXPAT expression is particularly high in tissues that oxidize fat
as a primary source of energy and that its expression is upregulated by fasting, a condition of
increased free fatty acid (FFA) mobilization from adipose tissue and increased FFA utilization
in heart, liver, and skeletal muscle. In addition, they also agreed that OXPAT expression is
upregulated by peroxisome proliferator-activated receptor a (PPARa) agonists, and it is well
documented that there are relatively high levels of PPARa expression in the heart, where it
acts as a critical transcriptional regulator of cardiac lipid and energy substrate metabolism
[46]. An interesting point is that the genes coding for the three exchangeable PAT proteins
(TIP47, S3-12, and OXPAT) are clustered within 200-kb pairs, in the human, mouse, and rat
genomes. Other cases of gene clustering, such as that observed between certain apolipo-
proteins, have been shown to facilitate transcriptional and functional interplay between
different proteins. An argument against this being the case with the exchangeable PAT proteins
is the fact that, although TIP47 is ubiquitously expressed, the tissue distribution of S3-12 and
OXPAT is noticeably different, with higher S3-12 expression in white adipose tissue, a tissue
specialized in lipid storage, while OXPAT is predominantly expressed in “lipid-consuming”
tissues. Nevertheless, since S3-12 is also expressed in heart, albeit at a relatively low level, it
is possible that different combinations of exchangeable PAT proteins on the surface of LDs in
cardiomyocytes might facilitate the storage or use of TG depending on the myocardial energy
requirements under different physiologic situations. Furthermore, certain pathologies, such as
diabetic cardiomyopathy, are associated with increased lipid accumulation in the myocardium
[47]. Understanding the LD protein composition in the diseased heart may also help to shed
light on the pathophysiology of these diseases and perhaps eventually result in new therapeutic
approaches.

Conclusions

Despite the relevance of intracellular lipid storage and mobilization to atherosclerosis and
cardiomyopathy, studies of the major coat proteins of cytoplasmic LDs, the PAT proteins, in
the heart and vascular cells are in the early stages. Most attention in the PAT protein field has
centered on triglyceride-containing LDs in adipocytes and the liver. The next decade of PAT
protein research will no doubt build on the provocative data that have emerged in the
cardiovascular system as reviewed here. Manipulation of ADFP expression dramatically
affects the degree of cholesteryl ester accumulation in macrophages and the amount of
atherosclerosis in a murine model. Another key finding is that, of all murine tissues, the
myocardium expresses the highest levels of OXPAT, the PAT protein that appears to package
triglyceride so that it is available for use by p-oxidation. Future work will no doubt explore
additional murine models of PAT protein deficiency and excess for their cardiovascular
phenotype. Additionally, many other proteins outside the PAT family also coat LDs. Just as
OXPAT is particularly enriched on myocardial LDs, so there may be other cardiac-enriched
LD proteins that influence cardiac lipid metabolism. The most important priority for the field
will be to extend the findings about PAT proteins made in cell- and animal-based systems to
human cardiovascular disease. Do genetic variations in the PAT genes account for differences
in susceptibility to atherosclerosis or cardiomyopathy? Can we pharmacologically or
nutritionally manipulate myocardial and vascular PAT protein levels to protect against lipid
overload in these common human diseases? The tools and talent are now available to address
these important questions.
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Figure 1.

A, Electron microscopy image of lipid-laden macrophages resident in a mouse atherosclerotic
lesion. The foamy appearance of the cytoplasm is due to abundant lipid droplets (LDs). Similar
images have been reported previously [24e¢]. B, Photomicrographs of isolated mouse
cardiomyocytes that contain scattered LDs coated by adipose differentiation—related protein
(ADFP) and oxidative tissues—enriched PAT protein (OXPAT), as detected by
immunofluorescence microscopy. Similar images have been reported previously [14se].
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