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Abstract
Cellular energy homeostasis is a crucial function of oxidative tissues and is altered in obesity, a
continuously rising health problem. Lipid droplets are thought to play a central role in lipid
homeostasis by mediating the transient storage of fatty acids in the form of triglyceride, while
preventing high levels of toxic lipid intermediates or oxidized lipids that mediate cellular
lipotoxicity. Members of the perilipin protein family coating lipid droplet surfaces have been
found to serve important regulatory and structural functions critical to regulation of lipid stores.
This review examines results of studies on one of the newest members of the perilipin family,
perilipin 5, which has emerged as a putative key player in lipid droplet function in oxidative
tissues.

Metabolic Syndrome: Prevalence of Lipid Droplets in Non-Adipose Tissue
(Ectopic Fat)

The striking surge in obesity has serious health consequences that increase risk for
hypertension, insulin resistance, diabetes and coronary heart disease [1]. An important clue
to the pathogenesis of these metabolic diseases is the presence of ectopic fat in liver, heart
and skeletal muscle of patients with “metabolic syndrome” [2]. Normally, excess energy
from dietary consumption, in the form of non-esterified fatty acids (FA), is converted into
triglyceride (TAG), i.e. fat, and stored in lipid droplets (LDs) within adipose tissue, a highly
specialized and expandable organ. Poorly understood defects in adipose tissue fat storage
lead to chronically elevated levels of circulating FA and are thought to mediate
accumulation of ectopic fat, triglyceride accumulation in non-adipose organs, most
prominently liver, muscle and heart [3].

Ectopic fat correlates with insulin resistance in skeletal muscle, hepatic steatosis,
dysregulated insulin secretion and heart failure [3–4]. However, despite a well-established
connection with these diseases, studies of endurance trained athletes found that increased
intramyocellular lipid (IMCL) correlates with insulin sensitivity [5–6]. Transgenic mice with
skeletal muscle over-expression of diacylglycerol acyltransferase-1 (DGAT-1), an enzyme
that catalyzes the last step in TAG synthesis, replicate the “athlete paradox”. These mice
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have comparable levels of intramuscular LDs as mouse models with fat-induced insulin
resistance; however, DGAT-1 mice are insulin sensitive, have reduced levels of
diacylglycerols and ceramides and increased levels of fatty acid oxidation efficiency [7].
Inhibiting hydrolysis of LD triglyceride also appears to improve systemic insulin sensitivity,
because mice lacking ATGL, a key ubiquitous lipolytic enzyme, are insulin sensitive
although their phenotype is also characterized by the presence of ectopic fat [8].

Strikingly, triglyceride accumulation is most pronounced in hearts of ATGL KO heart,
causing severe cardiomyopathy and premature death [9]. It remains to be determined if this
heart failure is due solely to physical damage from a large amount of fat accumulated within
cardiomyocytes or from an underestimated but critical contribution of cardiac LD hydrolysis
to supply energy or lipid intermediates to cardiac muscle. Patients with defective ATGL
function also suffer cardiomyopathy, illustrating the importance for proper LD hydrolysis
regulation in the mammalian heart [10]. The complexity of the role of the lipid droplet in
cardiac lipid homeostasis is further evidenced by the phenotype of mice over-expressing
DGAT-1 specifically in heart. These mice have similar levels of cardiac lipid content to
established mice models of cardiac lipotoxicity via over-expression of long chain acyl CoA
synthetase, fatty acid transport protein 1, LPL and PPARγ [11–14], but DGAT-1 mice are
free of cardiac lipotoxicity and dysfunction [14].

Overall, it is clear that development of tissue lipotoxicity and dysfunction is not simply due
to presence of fat in non-adipose tissues but is also due to alterations in LD function.
Whether LD biogenesis alone or regulation of LD TAG hydrolysis, or perhaps both, are
altered in conditions of excess cellular supply remains to be explored, as both pathways
release lipid intermediates with subsequent metabolic and signaling capabilities (Figure 1).
Thus, identifying key components regulating non-adipose tissue LD function will be
essential to prevent cellular dysfunction induced by lipotoxicity and reduce the adverse
impact of metabolic diseases. Here, we discuss the role of perilipin 5, a lipid droplet surface
scaffolding protein and a potential prime candidate to regulate LD hydrolysis function in
oxidative tissues.

LD Storage and Release of Lipid Intermediates – Cell Specific Energy
Homeostasis

The LD compartment is recognized as a storage organelle, but its role in maintaining lipid
homeostasis and metabolism is now also being realized. LD biogenesis is a fundamental
cellular function; most if not all mammalian and non-mammalian cells convert excess FA
into triglyceride for storage within LDs [15]. LD accumulation in “normal” cells maintains
low but sufficient intracellular FA levels for essential activities, e.g. β-oxidation, membrane
phospholipid synthesis and steroid production, depending on cell type and developmental
state. More importantly, increasing evidence indicates that LDs play an important role in
releasing endogenous ligands necessary to maintain activities of transcription factors, such
as PPARs, involved in regulating lipid metabolism [16–19].

Cell-specific FA needs dictate a highly dynamic LD compartment, to store and release FA
tailored to accommodate the cell’s requirements and function, ranging from highly efficient
FA storage/release from or into blood (white adipocytes, [20]), mitochondrial FA oxidation
for thermal regulation (brown adipocytes, [21]), FA oxidation for long term mobility
demands (skeletal slow-twitched fiber muscles, [22]), lipidation of very low density
lipoprotein production and mitochondria β-oxidation (liver, [23]), milk production
(mammary epithelial cells, [24]) and surfactant production (specialized lung cells [25]).
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Physiological evidence supports an essential role of LD in cellular lipid homeostasis. During
fasting, adipose tissue lipolysis provides a convenient source of FA fuel for energy demands
in non-adipose tissues. Intriguingly, concurrent with increasing fatty acid uptake and use,
oxidative tissues such as liver and heart also increase their LD content [26–27]. Progress in
imaging has confirmed in humans what had been observed in rodent models: an inherent
dynamic role of myocardial LDs, increasing 3-fold following a 48hr fast in healthy
individuals [28].

A growing body of evidence reveals the important role of LDs to store excess FA in the
form of TAG, in fact acting as a temporary local warehouse for subsequent cellular
demands. Evidence also indicates that LDs protect cells against lipotoxicity by efficiently
storing bioactive lipids and toxic lipid species when FA supply exceeds demand [29].
However, the mechanisms underlying LD biogenesis remain to be fully understood.
Nonetheless, progress in understanding LD TAG hydrolysis regulation has been boosted
considerably by the discovery of a family of LD surface-associated proteins, the perilipins,
which provide convenient tools to explore the role of LD in cellular lipid homeostasis.

The Perilipin Family: LD Surface Scaffolding and Regulators
Results from proteomic studies have highlighted the importance of LD surface-associated
proteins as a critical interface for lipid metabolism [30]. Even more importantly, these
studies identified a proteome “signature” for LDs in most eukaryotic organisms (except
yeast) that consistently include at least one member of the perilipin protein family, originally
named PAT proteins for Perilipin, ADRP and TIP47. The perilipin family currently includes
five members; here we will use the recently adopted nomenclature [31]: perilipin 1
(Perilipin), perilipin 2 (ADRP), perilipin 3 (TIP 47), perilipin 4 (S3–12) and perilipin 5
(MLDP, OXPAT, LDSP5). The perilipins are defined by a conserved primary sequence
homology across species [32–33]. A comprehensive overview of the perilipin family has
been recently published elsewhere [34], and some of the relationships between perilipin
family members are emerging.

The signature feature in all perilipin proteins is that they bind the LD surface in various cell
types cultured in the presence of FAs. Perilipins can be classified into two groups according
to their protein stability in the absence of LDs. Perilipin 1 and 2 are termed non-
exchangeable perilipin proteins and are always found in an LD-bound state; in absence of
LDs, perilipin 1 and 2 are rapidly degraded by lysosomal or proteosomal degradation,
respectively [35–37]. On the other hand, perilipin 3, 4 and 5 are termed exchangeable
perilipin proteins and exist either in a LD-bound state or in the cytosol [38]. Based on these
differences in protein stability, it was proposed that perilipin 3, 4 and 5 bind to more
transient pools of LDs, while perilipin 1 and 2 associate with more constitutive pools of LDs
[38]. This lays the foundation for an interesting concept of specialized pools of LDs, even
within the same cell, possibly reflecting different LD utilization.

Perilipin distribution is also clearly tissue- and utilization-dependent. While perilipin 1 and 4
are limited to adipose tissue, perilipin 2 and 3 are ubiquitous with perilipin 2 highly
abundant in liver; interestingly, perilipin 5 is found primarily in oxidative tissues [34]. When
LDs from human and rat skeletal muscles are immunostained with specific antibodies
against perilipin 2 and 5, it was shown that both perilipin proteins can either partially co-
localize or be segregated to individual droplets [39]. This clearly illustrates the dynamic
nature of the perilipins at the surface of the LD in oxidative tissues. Whether these
differences in perilipin protein composition of LD surface in oxidative tissues are indicative
of specific changes in LD metabolism remain to be determined.
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Among the perilipin proteins, perilipin 1 is the best studied and to date remains the only
perilipin in which a key role regulating adipocyte lipolysis has been well established [40].
On the basis of the work performed by several groups, it is now accepted that perilipin 1, a
multi-phosphorylated protein, acts as a scaffolding protein for key lipolytic proteins.
Perilipin 1 regulates lipolysis by phosphorylation/dephosphorylation events that induce
changes in protein/protein interactions at the LD surface [41–46]. The detailed molecular
mechanisms by which perilipin 1 facilitates LD TAG hydrolysis are still being investigated,
but the general working model is that perilipin 1 phosphorylation simultaneously triggers 1)
release of CGI-58, a co-lipase essential for ATGL activation; 2) ATGL activation including
access to its substrate triglyceride; and 3) binding of hormone sensitive lipase (HSL), acting
mainly as a diacylglycerol lipase for the second step in the lipolytic pathway [46–48]. In
addition, perilipin 1 phosphorylation is responsible for important structural modifications at
the LD surface, inducing fragmentation of large LDs into micro-LDs. This structural change
is proposed to promote rapid surface expansion of the LD surface, increase access to ATGL
and therefore increase the lipolytic rate [49].

Perilipin 5 is the most recently established family member, highly expressed in oxidative
tissues, but its function remains poorly understood. Here we review the recent published
evidence that perilipin 5, like perilipin 1, is a scaffolding protein for key lipolytic players
and also a multi-phosphorylated protein. Therefore, perilipin 5 may play an important role in
regulating LD TAG hydrolysis in oxidative mammalian tissues and be a convenient tool to
investigate oxidative tissue lipid homeostasis

Perilipin 5: a putative regulator of oxidative tissue LDs
The perilipin 5 gene, Plin5, is only found in mammalian species, mapped to mouse
chromosome 17D and human chromosome 19p13.3. Interestingly, in both species, it is
located adjacent to Plin4 and is in close proximity to Plin3 [50]. Evolution driven gene
duplication is a potential mechanism by which Plin3 is most likely the primordial gene and
plin4 and 5 ortholog genes, sharing related structures but more specialized functions [50]. A
comparison of murine perilipin 5 sequence with other perilipins reveals that its highest
sequence similarity is to perilipin 2 and 3 [50]. Homology to perilipin 1 is only in the amino
terminal “PAT-1” domain and in the 11-mer repeat region sometimes referred as the PAT-2
domain [50]. The conserved homologous sequences and variances found in different
perilipins offer strategic points to further investigate perilipin function and by extension, LD
function.

In mice, Plin5 mRNA expression is highly restricted to oxidative tissues: heart, slow-twitch
fibers of skeletal muscle, brown adipose tissue and liver. Plin5 is also induced by fasting
[50–52]. This tissue-selective protein expression pattern and regulation are found to be
highly similar to the tissue distribution of the fasting-induced nuclear receptor PPARα,
suggesting similar roles for perilipin 5 in fatty acid utilization and lipid metabolism [50–52].
Intriguingly, although perilipin 5 appears to be regulated by PPARα, the murine perilipin 5
promoter does not contain a DR-1 type response element, and does not respond to PPARα
activation based on in vitro transfection studies [50]. In addition, in mouse and human
subcutaneous adipose tissues, transcriptional regulation of Plin5 seems to be instead
regulated by PPARγ [52]. Still, treatments with rosiglitazone or pioglitazone do not affect
Plin5 expression in skeletal muscle of glucose intolerant patients (rosiglitazone) [39] or of
diabetic type 2 patients (pioglitazone) [39]. Due to the close proximity of the perilipin 4 and
5 genes, the promoter region for perilipin 5 has not yet been clearly defined, and additional
work is necessary to fully comprehend the regulation of perilipin 5 by the PPARs.
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Relying on reconstituted cell culture models using perilipin 5 over-expression systems, the
current general consensus is that perilipin 5 plays an important role in LD accumulation
[50–52]. Different underlying mechanisms have been proposed so far for this role, either via
increased fatty acid uptake [52] or decreased lipolysis [50]. Intriguingly, perilipin 5, despite
its role in increasing TAG accumulation, paradoxically also increases fatty acid oxidation
[52]. Concomitant coupling of TAG synthesis and fatty acid oxidation has also been
observed in skeletal muscle over-expressing DGAT-1 [14]. This suggests that perilipin 5,
like DGAT-1, acts by keeping the intracellular levels of FA metabolites below their
lipotoxic level by channeling lipid intermediates efficiently both into storage and utilization.
Future work is needed to better characterize perilipin 5’s role in cellular lipid metabolism
and define its potential effects on insulin sensitivity.

At the molecular level, independent work from two groups strongly supports a role for
perilipin 5 in LD TAG hydrolysis with a scaffolding role for three major key lipolytic
players: CGI-58, ATGL and HSL [53–55). It was first reported that perilipin 5 interacts with
CGI-58, the co-lipase for a key enzyme in LD TAG hydrolysis [54]. In experiments using
Fluorescent Resonance Energy Transfer (FRET) protein complementation technology,
CGI-58 protein was found to bind murine perilipin 5 with even greater affinity than to
perilipin 1. A single-point mutation in mouse CGI-58 (E262K) greatly disrupts its
interaction with perilipin 5, and a homologous mutation in human CGI-58 (E260K) inhibits
CGI-58 binding to perilipin 1 [54]. This initial work was confirmed by co-
immunoprecipitation studies [56]. Interestingly, CGI-58 interaction with perilipin 2 was
found in a yeast two-hybrid screen [56], but exhibits weak interaction by FRET [54]. These
perilipin-driven differences in CGI-58 recruitment may play a role in cell specific LD
metabolism. Interaction between perilipin1 and CGI-58 has been proposed to be an
important regulatory step of adipose tissue hydrolysis, and subsequent studies indicate that it
may also be an important step regulating perilipin 5-coated LD in oxidative tissues [54,55].

Murine perilipin 5 also interacts with ATGL [53,55]. Murine perilipin 5’s ATGL binding
domain has been determined to be between amino acids 200 and 463 [53,55]. Interestingly,
this region also appears to be responsible for binding CGI-58, since ATGL and CGI-58
binding are mutually exclusive [53]. Figure 2 illustrates structural features and domains of
perilipin 5. Experiments using FRET protein-complementation indicate that perilipin 5, like
other perilipins, self-assembles into oligomers. It has been proposed that perilipin 5
oligomerization at the LD surface facilitates recruitment of ATGL and CGI-58 to elicit
efficient oxidative tissue lipolysis [53]. Alternatively, based on measurements of lipolysis in
reconstituted cellular systems and the novel finding that perilipin 5 is a multi-
phosphorylated protein, it can be proposed that perilipin 5 protects TAG in LD against
lipolysis by sequestering ATGL and limiting interactions between ATGL and CGI-58, with
maximum lipolysis elicited through changes in perilipin 5 phosphorylation [55].

Perilipin 1 and 5 appear to share a mechanism for posttranslational regulation of LD TAG
hydrolysis. Both may modulate ATGL/CGI-58 protein/protein interactions via
phosphorylation, but perilipin 5 phosphorylation sites and regulation have yet to be
identified. Perilipin 5 is reported to bind Hormone Sensitive Lipase (HSL) via its N-terminal
domain or PAT-1 domain, a property shared with perilipin 1, 2 and 3 [46]. However, at least
one marked difference is that perilipin 5 is the only perilipin able to bind ATGL. Table 1
recapitulates the similarity and differences between perilipin 1 and perilipin 5. These
variations may reveal important tissue differences in regulation of LD TAG hydrolysis in
adipocytes versus oxidative tissues.
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Perilipin 5 provides a physical link between LDs and mitochondria
For thermoregulation and other cellular energy functions, LDs and mitochondria are
intimately and functionally related. Mitochondrial dysfunction results in lipid accumulation
and cardiomyopathy in both mice and humans [57]. Likewise, lipid storage is increased after
treatment with RNAi targeting genes encoding mitochondrial FA β-oxidation proteins [58].
Conversely, lack of some LD-associated proteins such as perilipin 1, Cidec, are associated
with increased mitochondrial FA β-oxidation in adipose cells [59,60]. Spatial interaction
between LDs and mitochondria has been anecdotally reported in electron microscopic
studies of adipocytes, heart and liver [61–63]. In skeletal muscle cells where lipids are
utilized for energy production, interaction between LDs and mitochondria is enhanced by
exercise [63]. Proteins usually associated with mitochondria are also found in LDs via
proteomic studies [64]. While there is always the possibility that these are contaminants,
interaction between these two organelles is expected because in mammalian cells, FA
oxidation occurs in mitochondria. Both LDs and mitochondria have been shown to be
dynamic organelles, and their movement relies essentially on the microtubule machinery,
but the mechanisms underlying mitochondria recruitment at the LD surface have not been
clarified. Recently, ex vivo experiments have revealed one SNARE protein, SNAP23, to be
important in potentially recruiting mitochondria at the LD surface [65]. It also has been
reported that perilipin 5 at the LD surface recruits mitochondria and that the physical
interaction is dependent on its C-terminal domain [66]. Furthermore, the ability to
constitutively recruit mitochondria to the LD appears to be unique to perilipin 5. Perilipin 3
was recently reported to associate to the mitochondria fraction, but this association happened
only under specific stress conditions, in cell culture conditions and also required an intact
perilipin 3 N-terminal domain [67].

Based on current knowledge, and by analogy to perilipin 1’s established role in regulating
adipocyte LD TAG hydrolysis in a PKA dependent manner, it can be hypothesized that
perilipin 5 provides a similar crucial function in oxidative tissues. Perilipin 5 may play a part
in protection against cellular lipotoxicity by transiently entrapping bioactive lipids in LDs in
close proximity of mitochondria at times of increased cellular FA influx, and by regulating
FA flux from LD to mitochondria (Figure 3). Further studies are necessary to fully
investigate the function of perilipins, specifically perilipin 5, in oxidative tissues; such
studies may provide insights into how energy metabolism is coupled to physical structures
and how such connectivity can be altered in a lipotoxic environment.

Concluding Remarks
The LD is an exquisite barometer of cellular lipid homeostasis in oxidative tissues, and its
presence frequently represents a mismatch between supply and use, for instance in
mitochondrial β-oxidation. In adaptive responses to fasting or moderate exercise training,
excess FAs are transiently packed into LD in the form of TAG, with an effective tight
coupling between TAG hydrolysis and FA utilization. However, in conditions of chronic
excess FA, the LD ceases to be an effective buffer for lipid supply and utilization.
Identifying key genes in the pathways that efficiently couple the LD storage compartment to
the mitochondria FA utilization compartment will help unravel the underpinnings of cellular
lipid homeostasis.

Perilipin 5 is a promising candidate to investigate LD function in oxidative tissues, just as
studies of perilipin 1 helped reveal the role and regulation of adipocyte LDs. So far, our
knowledge has relied on in vitro experiments and perilipin 5 over-expressing model systems.
Lack of endogenous expression of perilipin 5 in established cell lines and difficulties in
culturing primary culture of oxidative cells limit our capacity to undertake studies of the
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endogenous function of perilipin 5. For example, perilipin 5 endogenous protein expression
in oxidative cell line models is undetectable, probably due to experimental conditions
inducing a cellular energy shift from an oxidative to a glycolytic state. In addition, the
limited amount of LDs present in oxidative tissues requires large amounts of tissue. Much
can be learned by generating tissue specific transgenic mice with down- or up-regulated
perilipin 5. It is likely that multiple transgenic models may have to be generated to fully
comprehend perilipin 5 function, because of the presence of other perilipins and the
extremely dynamic nature of LDs.
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Figure 1. Importance of the role of LDs in cellular LD homeostasis
In physiological conditions, the main role of the lipid droplet (LD) is to store excess
intracellular fatty acid (FA) as neutral lipid, triglyceride (TAG). In chronic excess of cellular
FA (for example, with obesity), presence of ectopic fat is found highly associated to disease
states. A growing body of evidence supports the concept that defects in LD biogenesis,
hydrolysis and/or turnover lead to an excessive flow of lipid intermediates and/or oxidized
lipids into other metabolic pathways, perturbing ER and other membrane function, altering
signaling by stimulating PKCs and/or by upregulating PPARs and affecting mitochondria
function by increasing ROS and oxidized lipid formation.
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Figure 2. Schematic diagram of the structural features of murine perilipin 5
Structural domains that are shared by some of the perilipin family of proteins are depicted in
shades of black and grey. The N terminus of perilipin 5 contains 100 amino acid (AA)
sequences that are highly conserved between perilipin 1, 2, 3 but not 4 (PAT-1 domain,
(black)). Overlapping with these sequences are stretches of amino acids containing 11-mer
repeat sequences, a common feature for all perilipin proteins (PAT-2 domain, (medium
grey)). The C-terminus of perilipin 5 contains a highly conserved sequence of 14 amino
acids that folds into a hydrophobic cleft in perilipin 2, 3 and 4 but not in perilipin 1 (light
grey). Unique to perilipin 5 are the ATGL and CGI-58 binding domain (blue) between 189
amino acids (AA) and 391 AA as well as a mitochondria-binding domain between 443 AA
and 463 AA (yellow).
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Figure 3. Hypothetical model of the role of perilipin 5 in cellular lipid homeostasis in adaptive
response to excess FA flux in oxidative cells under physiological conditions
During fasting conditions, adipose tissue lipolysis provides FA fuel to other organs. Excess
FA supply to liver or heart leads to a rapid increase in LD biogenesis. Based on present
studies, it can be hypothesized that perilipin 5, already present in the cytosol, is rapidly
recruited to the surface of a nascent pool of LDs and regulates LD TAG hydrolysis, being a
novel protein kinase A (PKA) downstream target, by modifications in its scaffolding
properties for ATGL and CGI-58, controlling FA utilization through recruitment of
mitochondria to LDs by its C-terminal domain and finally protecting mitochondria against
lipotoxicity. Perilipin 2 coats a pool of constitutive droplets which are not coupled to
specific use.
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Table 1

Shared and different properties between murine perilipin 1 and 5

perilipin proteins Perilipin 1 references Perilipin 5 references

Tissue distribution Specific

• Adipose tissues (WAT and
BAT)

• Steroidogenic tissues

[68–69] Specific

• Cardiac skeletal muscle

• BAT

• Skeletal muscle (slow-
twitched)

• Liver

[50–52]

Tissue energetic function Storage Utilization [50–52]

Cell localization Lipid droplet surface Cytosol/lipid droplet surface

Metabolic pathway Lipid droplet hydrolysis [70] Lipid droplet hydrolysis [50]

Shared structural features
with perilipin protein family

• PAT-1 domain

• 11-mer repeats

[32] • PAT-1 domain,

• 11-mer repeats regions

• Hydrophobic cleft

[50]

Unique sequence features Hydrophobic sequences [71] Binding domains for mitochondria
recruitment

[66]

Scaffolding properties • HSL

• CGI-58

[44-46,48] • HSL

• CGI-58

• ATGL

[46,53–55]

Regulation • At least 6 known PKA
phosphorylation sites

• Established[PPARγ]
downstream target

[41–42]
[72]

• Incorporation of 32P PKA
activation
(phosphorylation sites
unknown)

• Presumed [PPARα]
downstream target

[55]
[50–52]

Trends Endocrinol Metab. Author manuscript; available in PMC 2012 June 1.


