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Abstract

Cytosolic lipid storage droplets are primary functional organelles that regulate cellular lipid 

metabolism and homeostasis. Paradoxically, excess lipid stores are linked to both adaptive (fasting 

and chronic exercise) and mal-adaptive (obesity and related health complications) conditions. 

Thus, collective metabolic and physiological processes must balance lipid storage and utilization 

with prevention of lipocytotoxicity and compounding tissue dysfunctions, urging the need to 

further define the connection of mammalian lipid droplet function and lipid homeostasis. The 

perilipins are a multi-protein family that targets lipid droplet surfaces and regulates lipid storage 

and hydrolysis. Study of perilipin functions has provided insight into the physiological roles of 

cytosolic lipid droplets and their relationship with obesity-related pathologies. Here, we review the 

current knowledge of the multiple perilipin proteins in regulating tissue-specific lipid droplets and 

associations with tissue and systemic energetics.
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1. Complex relationships among CLDs, obesity, and health; more than meet 

the eyes

The worldwide pandemic of obesity has serious health consequences, including increased 

risks for hypertension, insulin resistance, diabetes, and coronary heart disease, and 
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constitutes serious challenges to both biomedical research and treatment [1]. A general 

consensus is that we become “fat" because our intake of energy (food) exceeds our caloric 

expenditure. Our bodies first adapt to this chronic state of positive energy, using the unique 

high capability of white adipose tissue (WAT) to store surplus energy as neutral lipids [e.g. 

triacylglycerols (TAG)] in large unilocular cytosolic lipid droplets (CLDs). With time, and 

for reasons not yet fully determined, adipose tissue becomes limited in its lipid storage 

capacity. Lipids “spill over” to non-adipose tissue, such as skeletal and heart muscles, liver, 

and pancreas, which increase its own CLD number and size, to entrap these excess lipids, 

commonly termed “ectopic fat”. Chronic excess lipid flux in non-adipose tissues is thought 

to cause and/or potentate tissue insulin resistance, lipotoxicity, and eventually tissue 

dysfunction [2]. The pathophysiological consequences of deficient or ill-distributed adipose 

lipid storage and the importance of adipose CLD function to maintain systemic glucose and 

lipid homeostasis are best illustrated in lipodystrophies, which are often associated with 

monogenic mutations that affect adipose CLD growth and function [3].

While the presence of ectopic fat is highly correlated with insulin resistance, dyslipidemia, 

diabetes type 2 (T2D), and cardiovascular diseases, the relationships among ectopic fat and 

insulin resistance in skeletal and cardiac muscles and liver are complex, and indeed puzzling 

[4–6]. Skeletal muscle from exercised-trained subjects can display high insulin sensitivity, 

despite intramuscular TAG levels that exceed those of obese and diabetic individuals, a 

phenomenon described as the “athlete paradox” [4,5]. This dissociation between insulin 

resistance and accumulated CLDs is not restricted to muscle tissue, but is also described for 

liver, as evidenced by several studies in mouse models and humans [6].

Genetic manipulations that promote muscle TAG storage through enhanced esterification of 

fatty acids (FA) or inhibition of TAG hydrolysis protect muscle to insulin resistance. 

Transgenic mice with skeletal muscle over-expression of diacylglycerol acyltransferase-1 

(DGAT1), an enzyme that catalyzes the last step in TAG synthesis, replicate the “athlete 

paradox” [7]. Although these mice have comparable levels of intramuscular CLDs observed 

in mouse models with fat-induced insulin resistance, they are insulin sensitive, with reduced 

levels of DAG and ceramides and increased FA oxidation [7]. Inhibition of TAG hydrolysis 

may also improve systemic insulin sensitivity; mice lacking ATGL (adipose tissue 

triglyceride lipase), a key ubiquitous lipolytic enzyme, are insulin sensitive, although 

exhibiting an ectopic fat phenotype [8] and other pathologies (see below).

While CLD content in non-adipose tissues is a reliable marker of altered lipid homeostasis, 

it does not indicate if dysfunction is in lipid storage or utilization. Non-adipose lipotoxicity 

and lipodystrophy are not due to the mere presence of TAG, but to a defect in CLD 

function(s), urging more focused studies for fuller mechanistic understandings.

2. Cytosolic lipid droplets: warehouses of fuel, signaling molecules, and 

lipid “detox” units

The CLD compartment is an essential storage organelle for multifaceted functions of lipid 

homeostasis [9]. CLD biogenesis is a fundamental and evolutionary conserved cellular 

function. Most cells have the ability to store free FA and sterols in the chemical form of 
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lipid esters (neutral lipids) in CLDs. As storage depots, CLDs are sources of essential 

substrates for energy metabolism, membranes, signaling molecules, and steroid hormones. 

The diverse developmental- and cell-specific lipid requirements indicate that CLD 

compartments are highly dynamic and must interact closely with other cellular 

compartments, balancing TAG storage (e.g. ER) and utilization (e.g. mitochondria, 

endosomes) [10–12].

However, CLDs are also protective from lipotoxicity and serve to sequester (buffer) excess 

cytoplasmic FA or cholesterol to suppress their damaging effects on cellular function. By 

their biochemical nature, FA and cholesterol can incorporate in membrane bilayers and other 

cellular compartments, modifying membrane fluidity and charge and affecting key functions 

such as transport and receptor signaling. FAs and their metabolites can also trigger tissue 

insulin resistance and stimulate reactive oxygen species (ROS), which can induce 

inflammatory response and apoptosis. Still the connection of CLD storage to cytoprotection 

is not clear. The TAG synthetic pathway, and not the ATGL-mediated hydrolytic pathway, 

may be a source for the 1,2 diacylglycerols (1,2 DAGs) that activate atypical protein kinase 

C (aPKC), which is mechanistically linked to the development of tissue insulin resistance 

[13]. Such studies highlight the significance of a “lipid detoxification” role for CLDs by 

cycling potential “toxic” 1,2 DAGs into non-signaling 1,3 and 2,3 DAG isomers.

CLD function is dependent upon gene expression that is induced by the several nuclear 

transcription factors of the PPAR family [14–17], and, in turn, PPARs are activated by 

ligands produced through the catabolic functions of the CLDs [18–21], a feedforward loop. 

In addition, PPARs drive expression of FA oxidative genes. Thus, CLDs may play a 

significant protective role against lipid induced cytotoxicity, by regulating PPAR nuclear 

activities that promote an increased FA flux thru the mitochondrial oxidative pathway [22]. 

Strikingly, patients with defective ATGL function suffer myopathy and cardiomyopathy, 

illustrating the importance of CLD hydrolytic regulation and the essential interplay between 

TAG storage and FA availability for tissue-specific energetic function and adaptive 

cytoprotection [23]. Further, while mice lacking ATGL exhibit cardiac steatosis, severe 

cardiomyopathy, and premature death, treatment with exogenous PPARα ligands can 

reverse the cardiac steatosis, indicating a critical contribution of cardiac CLD hydrolysis for 

production of lipid moieties for nuclear signaling [19], apart from energy supply.

3. Perilipins, major CLD coat proteins

CLDs are comprised of a neutral lipid [TAG and/or cholesteryl ester (CE)] core surrounded 

by a single phospholipid/protein layer. The CLD proteome has been extensively studied 

across organisms and cell types. Studies performed in vertebrates and flies identified a 

proteome “signature” for CLDs that consistently includes at least one member of the 

perilipin multi-protein family [24,25]. Perilipin (as derived from Greek peri lipos, meaning 

surrounding lipid) proteins are defined by N-terminal sequence similarity within and across 

species [26,27] and quantitatively represent the most abundant signature of the CLD 

machinery. The mammalian genome encodes five perilipin (Plin) genes, and additional 

mRNA splice variants, with individual tissue-dependent expression patterns [26,27].
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Perilipin 1 (Plin1) is expressed in WAT, brown adipose tissue (BAT), and steroidogenic 

tissue. Perilipin 2 (Plin2; previously ADRP, adipophilin) and perilipin 3 (Plin3; previously 

TIP47) are ubiquitously expressed. Perilipin 4 (Plin4; previously S3–12) is highly expressed 

in adipocytes, and perilipin 5 (Plin5; previously LSDP5, OXPAT, MLDP, PAT1) is 

expressed in oxidative tissue including heart, liver, BAT, and skeletal muscle [28]. Plins can 

differ in their preferential sub-cellular patterns [29]. Plin1 and Plin2 mostly localize to CLDs 

[24], whereas Plins3,4,5 may also be cytosolic or ER enriched [30,31]. Finally, Plins display 

differential targeting to TAG or CE cargos [32]. Thus, the Plins may regulate distinct 

metabolic pathways and control CLD tissue-specific adaptation to lipid utilization. Here, we 

review studies on recent mouse models toward understanding CLD association with tissue 

energetics and their impact on systemic glucose and lipid homeostasis (Table 1, Figure 1).

3.1. Perilipin 1, a WAT CLD coat protein with demonstrated functions in systemic glucose 
and lipid homeostasis

Studies of Plin1, the founding member of the perilipin family [25], in WAT were the first to 

indicate a regulatory function involving global Plin function in lipid storage and hydrolysis 

[33,34]. Under fed or high circulating insulin conditions, WAT has low lipolytic activity. 

Protein kinase A (PKA) activation, via β-adrenergic stimulation, raises lipolytic rates ~50x, 

with Plin1 regulating substrate/CLD access of adipose lipolytic enzymes to coordinate TAG 

and DAG hydrolysis [35].

Under basal lipolytic conditions, lipases ATGL and HSL (hormone sensitive lipase) are 

cytosolic, sequestered from their lipid substrates [36–40]. In contrast, CGI-58 (comparative 

gene identification-58; ABHD5), the causative factor for Chanarin-Dorfman lipodystophy 

syndrome and a co-activator of ATGL, is localized at the CLD in association with 

unphosphorylated Plin1 [41,42], the major CLD coat protein of WAT. Plin1 also interacts 

with an A-kinase anchor protein (AKAP) to tether and regulate PKA type 1 and type 2 

subunits at the CLD surface [43]. Upon β-adrenergic stimulation, Plin1 and HSL are 

phosphorylated by PKA, and the CLD scaffold structure is re-organized. pHSL binds pPlin1 

at the CLD surface [35–40,44,45], CGI-58 dissociates from pPlin1 and recruits ATGL to the 

CLD, and lipolysis is activated [46]. Thus, unphosphorylated Plin1 serves a barrier to 

lipases, whereas pPlin1 participates in their recruitment; basal lipolytic rates in WAT of 

plin1−/− mice are elevated compared to WT, but absolute lipolytic activity in stimulated 

plin1−/− adipocytes was less than in WT, an indication that Plin1 is also required for 

maximal lipolytic activity [34].

Plin1 interacts with other proteins to balance lipid storage and hydrolysis. Cav-1 (caveolin 

1), a component of caveolae, is highly enriched in adipose cells and is proposed to regulate 

FA trafficking and accumulation in WAT [47,48]; CIDE-C/Fsp27 can promote CLD growth 

via lipid transfer and exchange among CLDs [49–52]. Cav-1 and CIDE-C interaction with 

Plin1 on CLDs may facilitate FA flux through CLDs and be crucial to protect the adipose 

cell against lipotoxicity [47,48,51–53].

Adaptive signaling during adipose CLD hydrolysis can trigger other protections to 

lipocytotoxicity. AMPK (AMP-dependent protein kinase) is activated in response to acute 

FA release that is mediated by Plin1 phosphorylation. Increased AMPK activity may sustain 
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FA-oxidative functions of mitochondria to suppress ROS production [54]. Loss of function 

mutations of Plin1 and CIDE-C and specific over-expression of ATGL in WAT lead to a 

chronic increase in adipose CLD hydrolysis and a concurrent adaptive response that 

enhances mitochondrial biogenesis and β-oxidation, possibly via enhanced production of 

PPAR ligands [55,56]. By contrast, the genetic loss of HSL in mice can reduce adipocyte 

differentiation and maturation [57,58]. Thus, CLD hydrolysis may stimulate the 

accumulation of lipid mediators that signal to cytosolic and nuclear compartments, 

promoting adaptive and compensatory effects on lipid storage or disposal [59].

The importance of Plin1 to regulate adipose LD stores, the largest mammalian lipid storage 

of the body, is highlighted by the serious metabolic consequences of Plin1 absence in mice 

and deficiency in humans [33,34,55,60]. The plin1−/− mice have very reduced WAT stores 

and enhanced ectopic fat, and develop insulin resistance with aging [33,34,55]. Humans, 

heterozygote for a truncated form of Plin1, display partial lipodystrophy, severe 

dyslipidemia, and insulin-resistant diabetes [60]. Thus, Plin1 is a central regulator of adipose 

CLD hydrolysis, adipose tissue function, and consequent systemic glucose and lipid 

homeostasis.

3.2. Perilipins 2–5, protective CLD functions in non-adipose tissues

Results from Plin1 studies further suggest that all of the Plins may have a primary function 

to regulate CLD/lipase access. Thus, lipolytic rates in cells expressing either Plin1 or Plin2 

have a distinct hierarchy [61]. Basal cells expressing Plin1 are less active than Plin2-

expressing cells, which are less active than stimulated Plin1-cells; lipolysis in Plin2-cells is 

unchanged by PKA-activation [61]. It was suggested that CLDs coated with 

unphosphorylated Plin1 is more protective to lipases than those with Plin2, which is more 

protective than with pPlin1. These conclusions are additionally supported by comparative 

studies of lipolysis in plin1+/+ (WT) and plin1−/− WAT. Plin2 is the major CLD coat protein 

of plin1−/− WAT and, accordingly, plin1−/− adipocytes have elevated basal lipolytic rates 

compared to WT,but decreased rates of stimulated lipolysis [34]. Two targeted Plin2 

mutation models [62,63] have been characterized, which support the basic tenet that Plin2 

can protect CLDs to hydrolysis.

In one [62], exons 2 and 3 of Plin2 were deleted (plin2Δ2,3/Δ2,3); full-length Plin2 protein 

was absent in these mice, but a large C-terminal variant was expressed in some (non-

hepatic) tissues, through an alternative AUG translational start [64,65]. In response to 

starvation or a short (4 week) high-fat diet, the plin2Δ2,3/Δ2,3 mice have decreased hepatic 

CLD content, but normal adipose tissue growth and metabolism [62]. When maintained on a 

high-fat diet for a longer duration, plin2Δ2,3/Δ2,3 mice gain less weight than their WT 

littermates [63]. Absence of Plin2 also confers protection to genetic obesity; PlinΔ2,3/Δ2,3 

mice lacking leptin (ob−/−) have improved systemic glucose and lipid homeostasis and 

reduced hepatic steatosis compared to leptin-deficient controls [65].

A second Plin2 targeted-mutant mouse was deleted of exon 5 (plin2Δ5/Δ5) and absence of 

Plin2 expression was confirmed [63]. In response to a prolonged (8–12 week) high-fat diet, 

these mice were also protected to CLD accumulation and chronic inflammation in liver, but 

also in WAT. Careful examination of subcutaneous WAT revealed an increased presence of 
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brown-type adipose cells and expression of uncoupling protein 1 (UCP1), which dissipates 

oxidative energy as heat in contrast to ATP synthesis. Resistance to the high-fat diet in 

plin2Δ5/Δ5 mice was attributed partly to decreased food intake and increased physical 

activity, not simply to increased metabolic rates and “browning” in subcutaneous adipose 

tissues [63].

Plin2 has also been successfully depleted in adult mice, by treatment with antisense 

oligonucleotides (ASO). A highly similar phenotype was observed to that of plin2Δ5/Δ5 

mice, although changes in lipid homeostasis were more attributed to differences in metabolic 

rate [66,67].

Plin2 is the most abundant perilipin in liver, and the collective data clearly indicate a 

significant in vivo role for Plin2 in hepatic lipid sequestration [62,63,65–67]. Indeed, Plin2 is 

shown to reduce the association of ATGL with CLDs [68], and, thus, overexpression of 

Plin2 will enhance CLD accumulation in hepatic and other cells [69]. In the absence of 

Plin2, hepatic CLDs are coated with Plin3 and Plin5, which together seem less permissive to 

accumulate ectopic lipid in hepatic cells.

Despite the extreme differences in hepatic lipid levels with Plin2 deficiency or Plin2 over-

expression, neither condition increases lipotoxicity or insulin resistance in response to a 

high-fat diet [62,63,69]. While this appears a seemingly contradictory relationship, both 

situations may involve adaptive cytoprotection. Plin2 excess may promote sequestration of 

excess bioactive lipids in CLDs, whereas the absence of Plin2 may enhance FFA utilization 

and flux via mitochondria. A recent study shows that an S251P missense polymorphism in 

Plin2 was associated with reduced plasma TAG in humans, hinting that Plin2 may be an 

important regulator of human systemic lipid homeostasis [70]. Since, Plin2 has near 

ubiquitous tissue expression, its impact on overall energy homeostasis likely involves 

multiple tissue-specific functions, crosstalk, and signaling.

Although Plin2 limits ATGL binding to CLDs, Plin5 binds ATGL, as well as, CGI-58 [71–

74]. The enhanced accumulation of Plin5 on CLDs in liver cells of plin2−/− mice, may partly 

explain protection to hepatic steatosis. In addition, Plin5 has a unique ability to tether 

mitochondria and CLDs [75,76], perhaps optimizing oxidative efficiency to buffer excess 

FA. Plin5 may offer an important protective feedback mechanism at the CLD surface to 

regulate ATGL-mediated hydrolysis and a futile TAG/FA cycle in plin2−/− hepatocytes, and 

other cells.

Nonetheless, Plin5 has a protective role to CLDs in other tissues. plin5−/− mice have 

decreased cardiac CLD/TAG content, elevated lipolysis, activated PPARα-dependent gene 

expression, and enhanced mitochondrial β-oxidation [77]. Still, while plin5−/− mice are 

protected from cardiac steatosis, they exhibit age-related cardiac dysfunction, which is 

prevented by treatment with antioxidants [77]. Absence of Plin5 is not associated with 

changes in systemic lipid and glucose homeostasis in mice consuming low fat, chow diets 

[77].

Cardiac specific over-expression of Plin5 has certain cardiac phenotypes that are opposite to 

plin5−/− mice [78,79], including pronounced cardiac steatosis and decreased PPARα-
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regulated gene expression and β-oxidation, but without impaired cardiac function. Cardiac 

over-expression of Plin5 also strongly activates the Nrf2 anti-oxidative pathway and 

increases expression of gluthatione enzymes [78]. The precise relationships among Plin5, 

PPARα, and Nrf2 signaling pathways remained to be defined. Plin5 mouse models will be 

valuable to understand the impact of Plin5 in other oxidative tissues and on lipid 

homeostasis, under obesity, exercise, and cold challenge.

Similar to Plin2, Plin3 is very widely distributed, although Plin3 is most predominant in the 

mouse small intestine [80]. The small intestine is the primary site of dietary lipid absorption 

in mammals and Plin3 expression is highly increased in response to an acute bolus of dietary 

fat. In cell culture experiments, Plin3 seems to have the least ability of the perilipin family to 

protect CLDs against the action of lipases [81]. One might speculate that by facilitating CLD 

hydrolysis at the small intestine, Plin3 could allow efficient packaging and transport of 

dietary lipids. However, Plin3 function is more complex. Plin3 accumulates in hepatic cells 

during a high-fat diet and, perhaps surprisingly, although Plin2 is the major CLD species in 

these cells, depletion of Plin3 by ASO suppresses hepatic steatosis [82], as is observed in 

plin2−/− mice [62,63].

Plin4 [25–27,83] was first identified in adipocytes, is induced by PPARγ during 

adipogenesis, and has stronger affinity for CE-enriched CLDs than for TAG [32]. Plin4 is 

structurally the most diverged of the perilipins, with a very highly expanded 11-mer repeat 

region, which may facilitate interaction with CLDs. Plin 4 expression is limited to WAT, 

heart, and skeletal muscle [84]. Surprisingly, loss of Plin4 did not lead to perturbation in 

adipocyte differentiation or related metabolism [84]. By contrast, loss of Plin4 was 

associated with decreased cardiac Plin5 expression and reduced cardiac CLDs [84]. Since 

Plin4 and Plin5 are linked genes, further studies will determine the more global functions of 

Plin4 and if the physical targeting of Plin4 had an unexpected impact on transcriptional 

action at the Plin5 locus.

4. Perspectives

Results from cell culture, mouse models, and human studies indicate that the primary 

function of the collective Plin protein family is to sequester lipids into CLDs by protection 

to neutral lipase action. This may be achieved by orchestrating relative lipase activities at the 

CLDs, via protein/protein interactions or substrate competition to channel lipid flux. 

Exquisite regulation of energy and substrate release also suppresses lipocytotoxicity. 

Intriguingly, although all five Plin proteins are suggested to share an ability to inhibit the 

action of the same set of CLD lipases [85], their actions seem to involve very different 

mechanisms. The tissue-specific distributions of the different Plin variants may reflect the 

relative degree toward either lipid storage or utilization (Figure 1, Table 1). The rapidity of 

phosphorylation/dephosphorylation in WAT, facilitates Plin1-dependent energy storage, as 

well as, efficient energy release, but the mechanisms for Plin2–5 inhibition of CLD 

hydrolysis remain to be firmly established.

A thorough understanding of Plin functions may help resolve the conundrum involving 

obesity, insulin resistant conditions, ectopic fat, and lipocytotoxicity. An uncoupled balance 
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of CLD lipid storage and FA utilization may direct signals that decrease insulin sensitivity. 

The protective function of the Plins on CLDs in WAT and critical non-adipose tissues, such 

as liver, skeletal and cardiac muscles, and pancreas, impact global energy homeostasis and 

metabolic disease.
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Highlights

• CLDs are storage depots for energy, signaling molecules, and lipid “detox” 

units.

• Lipid droplet coat perilipins (Plins) regulate lipid stores and hydrolysis.

• The Plins are adapted for tissue-specific needs and systemic lipid homeostasis.

• Plin 1 main function is to regulate lipase access to CLDs of WAT and BAT 

adipocytes

• Plin 2–5 regulate lipid stores in non-adipose tissues, protect against lipotoxicity
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Figure 1. The lipid droplet coat is adapted to cellular and systemic energy needs
Storage: Dietary lipids are absorbed in the gut, where Plin3 (and Plin2) may play a 

significant function. Plin3 coats CLDs of the small intestine, an organ that balances 

transitional storage and maximal transport of lipids for circulation. Perilipin 2 coats the 

CLDs of liver, an organ with the second greatest capacity for lipid storage. Plin1 coats the 

CLDs of the “professional” lipid storage unit, the adipose cell. Most abundant (and 

additional) perilipins for each tissue are indicated.

CLD Hydrolysis: BAT has thermogenic activity; WAT releases energy for whole-body 

function. Plin5 coats CLDs in energy-requiring, oxidative muscles. Most abundant (and 

additional) perilipins for each tissue are indicated.
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Table 1

Main Phenotypes of Existing Genetic Mouse Models of the Perilipins

Gene Mouse Genetic
Manipulation

Phenotypes,
Compared to WT controls

Refs.

Plin1

plin1−/− Severe decrease in WAT mass, but no change in
body weight (BW); Increased basal adipose
lipolysis, but attenuated stimulated lipolysis;
Increased β-oxidation; Mild hypertriglyceridemia
and insulin resistance with aging.

(33,34)

plin1−/− fed a high-fat
diet (HFD)

Resistance to obesity. (33,34)

plin1−/− in db/db (leptin-
receptor deficient)

Decreased WAT mass and BW; Improved insulin
sensitivity.

(33)

Adipose-specific Plin1
over-expression on
HFD

Increased whole-body energy expenditure;
Increased WAT browning; Resistance to obesity
and improved insulin sensitivity.

(53)

Plin2

plin2Δ2,3/Δ2,3 Reduced hepatic CLDs (hepatic steatosis);
Increased VLDL secretion; No change in
adipogenesis; No change in fasting serum insulin,
glucose, and lipids.

(62)

plin2Δ2,3/Δ2,3 in ob/ob
(leptin deficient)

Reduced hepatic steatosis; Improved insulin
sensitivity.

(65)

Plin2Δ5/Δ5 on HFD Reduced hepatic steatosis; Resistant to obesity;
Increased WAT browning; Decreased food
consumption and increased physical activity.

(63)

ASO on HFD or in
ob/ob

Reduced hepatic steatosis; Improved insulin
sensitivity; Decreased VLDL secretion; Decreased
hypertriglyceridemia; Decreased WAT mass,

(66,67)

Liver-specific Plin2
over-expression

Increased hepatic steatosis; Increased systemic
insulin sensitivity; No change in BW.

(69)

Plin3 ASO on HFD Reduced hepatic steatosis; Improved insulin
sensitivity; Improved glucose tolerance; Improved
liver, adipose, and muscle insulin resistance;
Decreased VLDL secretion; Decreased WAT
mass; Decreased hypertriglyceridemia.

(82)

Plin4 plin4−/− No change in systemic glucose and insulin;
Decreased cardiac CLDs; No change in
adipogenesis or WAT mass.

(84)

Plin5

plin5−/− Decreased cardiac CLDs; Increased cardiac β-
oxidation and ROS, and dysfunction with aging;
No change in systemic glucose and insulin.

(77)

Cardiac-specific Plin5
over-expression

Severe cardiac steatosis; Mild mitochondrial
dysfunction; Increased ROS; Increased Nrf2
signaling; Cardiac hypertrophia, but no cardiac
dysfunction.

(78,79)
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