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Abstract: Steatosis is a characteristic morphological change of alcoholic liver disease, but its pathologic significance 
is still obscure. Regardless of cell types, intracellular lipid droplets are coated with a phospholipid monolayer, on 
which many kinds of lipid droplet-associated proteins are present. These proteins, such as the perilipin family of 
proteins and the cell death inducing DNA fragmentation factor (DFF) 45-like effectors, are recognized to play im-
portant roles in lipid metabolism in the physiological settings. In addition, recent lipidology studies have revealed 
that expression of the lipid droplet-associated proteins possibly participate in the pathologic processes of many 
metabolic disorders, including fatty liver and insulin resistance. Hence, controlling protein expressions is expected 
to offer novel therapeutic options. In this review, we summarize collected data concerning the potential contribution 
of the lipid droplet-associated proteins to the development of alcoholic fatty liver. Without exception, existing data 
indicates that the lipid droplet-associated proteins, especially the perilipin family proteins, are important factors in 
alcoholic fatty liver. These proteins exert a prosteatotic effect, and their expression is closely associated with lipotox-
icity based on endoplasmic reticulum stress and oxidative injury. Although suppression of their expression may be 
beneficial, careful consideration is required because these proteins simultaneously function as protective factors 
against lipotoxicity.
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Introduction

In most East-Asian countries, especially in 
Japan, alcoholic beverages have been accept-
ed traditionally as “Hyakuyaku-No-Cho (a king 
of drugs)”. Certainly modest drinking is known 
to be beneficial in the prevention of cardiovas-
cular diseases [1, 2]. Meanwhile, excessive 
alcohol consumption is one of the leading 
causes of chronic liver disease that progress to 
cirrhosis, followed often by hepatocellular car-
cinoma [3]. Cessation of alcohol drinking is cur-
rently the most effective treatment for alcoholic 
liver disease (ALD). From this simplified point of 
view, all scientific efforts to develop novel ther-
apies for ALD appear to be in vain. However, in 
many countries, ALD is an expanding public 
health problem that requires special treatment 
frequently associated with a substantial and 
additional economic burden. Detailed patho-
logic mechanisms of ALD are still the subject of 

scientific investigation in order to establish 
time- and cost-effective therapy and pre- 
vention.

Hepatocellular steatosis is a characteristic mor-
phological change in ALD. In summary, its pro-
cess is explained as follows [4-6]: Hepatic 
metabolism of ethanol and its highly toxic 
metabolite, acetaldehyde, impairs mitochondri-
al function and the function of the endoplasmic 
reticulum (ER), affects lipid and protein metabo-
lism, and disturbs fatty acid oxidation and lipo-
protein secretion. As a result, excess intracel-
lular lipid forms as lipid droplets (LDs). Oxidative 
stress and ER stress, which are generated in 
association with this abnormal metabolic condi-
tion, are recognized as one possible origin of 
cellular injury in ALD. Hepatosteatosis has tend-
ed to be considered as an accompanying phe-
nomenon without an active contribution to the 
progression of the disease (so-called as an 
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proteins exhibiting amino acid-sequence 
homology have been reported (Figure 1). Each 
of them has a specific nomenclature, but 
recently they were unified as the ‘Plin family 
proteins’ [19]. All Plin family proteins play impor-
tant roles in LD metabolism, but they have 
slight differences in expression and function in 
different cell types. Plin 4 localizes to cholester-
ol-rich LDs, and largely contributes to the early 
phase of LD maturation and steroid-hormone 
metabolism [20-22]. Plin 1, Plin 2, Plin 3 and 
Plin 5 localize to TG-rich LDs in adipocytes and 
hepatocytes, and control LD size and lipolysis 
in cooperation with comparative gene identifi-
cation-58 (CGI-58), adipose triglyceride lipase 
(ATGL) and hormone-sensitive lipase (HSL) 
(details described later). As a result of changes 
in LD maturation and size, Plins expressed on 
the LD surface change from Plin 4, Plin 3, Plin 5 
(small LDs) to Plin 2 (small to medium-sized 
LDs) or Plin 1 (large LDs) [22, 23]. A similar 
alteration of pattern expression is noted in the 
process of hepatosteatosis (Figure 2) [11, 12, 
24]. In this section, Plin 1, Plin 2 and Plin 5, and 
particularly their pathophysiological roles in 
ALD are described.

Plin 1

Plin 1 is expressed primarily in mature adipo-
cytes. It controls lipolysis, and contributes to 
the LD-LD fusion process through interaction 
with cell-death-inducing DNA-fragmentation-
factor 45-like effector (CIDE)-C (Figure 2A) 
[25]. Once, Plin 1 was believed to localize very 

innocent bystander). In fact, steatosis in ALD is 
diminished after a relatively short period of 
abstinence. However, since the recent defini-
tion of nonalcoholic fatty liver disease as an 
independent entity [7], the pathologic signifi-
cance of hepatosteatosis has been renewed as 
a relevant and possibly critical subject of cur-
rent research.

Advanced lipidology has revealed that intracel-
lular LDs are not immobilized and dormant lipid 
pools (or nutrition stores) but organelles that 
are involved in many physiological functions 
[8]. LDs of adipocytes and hepatocytes, which 
are covered with a phospholipid monolayer, 
store mainly triglyceride (TG). In addition, vari-
ous LD-associated proteins are present on 
their surfaces, and these play key roles in cel-
lular metabolism, such as LD formation/main-
tenance, and TG lipolysis depending on energy 
demand [9, 10]. In association with step-by-
step discoveries of LD-associated proteins and 
their functions, LDs have been gradually recog-
nized as a vigorous player in cellular energy 
homeostasis.

The roles for LD-associated proteins are quite 
diverse. In addition to the physiological func-
tions described above, they appear to contrib-
ute to the development of metabolic disorders 
caused by ER stress, oxidative stress, and insu-
lin resistance (IR) related to lipotoxicity [8, 
11-14]. Accumulating evidence has suggested 
that LD-associated proteins potentially partici-
pate in pathologic mechanisms of ALD [15-17]. 

In this review, cellular biologi-
cal features of each LD- 
associated protein expressed 
in hepatocytes were scruti-
nized on the basis of recently 
published data. We especially 
focused on the relationship 
between lipotoxicity and the 
generation of ER stress and 
oxidative stress, and we dis-
cuss the pathologic signifi-
cance of hepatosteatosis in 
ALD.

Perilipin (Plin) family proteins

Plin is a representative 
LD-associated protein, which 
was discovered on the phos-
pholipid monolayer of LD in 
early 1990s [18]. To date, five 

Figure 1. Schematic diagram of the structural features and the amino acid 
sequence similarities of PAT family proteins [9]. (aa, amino acids).
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selectively to adipocyte LDs. We first reported 
Plin 1 expression in steatotic hepatocytes, 
which was later confirmed by another study 
group [26, 27]. Plin 1 preferentially coats large 
LDs, and the same tendency is reported in 
hepatocyte LDs [11, 12, 23, 24]. Probably, Plin 

1 directs LD fusion to com-
pose large unilocular LD via 
small LD-LD fusion and to sta-
bilize LD maturation and size. 
Expression of Plin 1 is syn-
chronized to the amount of TG 
stored and the expression of 
sterol regulatory element-
binding protein (SREBP)-1c 
[28]. Together with enhanced 
SREBP-1c expression in ALD 
[29], these facts suggest that 
Plin 1 positively contributes to 
form large LDs in the livers of 
ALD.

Plin 2

Plin 2 is ubiquitously ex- 
pressed in every somatic cell, 
and regulated by peroxisome 
proliferator-activated receptor 
(PPAR)-alpha [30]. As well as 
Plin 1, Plin 2 is expressed 
based on the amount of TG 
stored [15, 31]. Growing inter-
est has focused on the patho-
logical significance of Plin 2 in 
metabolic disorders, including 
hepatosteatosis. It was re- 
ported that chronic alcohol 
consumption-induced IR and 
hepatosteatosis were closely 
associated with enhanced 
Plin 2 expression [16]. Our 
previous study also indicated 
a relationship between Plin  
2 expression, hepatocellular 
ballooning and oxidative injury 
(Figure 3) [11]. In addition, it 
was elucidated by various 
methods that suppression of 
Plin 2 expression could pre-
vent hepatosteatosis and IR 
[13, 32, 33]. The same result 
was obtained in a mouse-
model of alcoholic fatty liver 
[17]. Plin 2 suppression also 
induces extrahepatic effects, 

Figure 2. Immunolocalization of Plin 1 (A) and Plin 2 (B) in human steatotic 
liver [11]. (A) Plin 1 expression is seen predominantly in large-sized LDs in 
steatotic hepatocytes. Note LD-LD fusion portions (arrows) (B) Plin 2 expres-
sion is clearly shown in small-sized LDs.

Figure 3. The colocalization/coexpression of Plin 2 and oxidized phospho-
lipid in ballooned hepatocytes [11]. A. Hematoxylin-eosin stained section of 
fatty liver with marked ballooning degeneration. B. Immunohistochemical 
double staining for Plin 2 (blue) and oxidized phospholipid (red). Most bal-
looned hepatocytes are positive for Plin 2 and/or oxidized phospholipid.

such as prevention of macrophage foamy 
degeneration [34]. However, recent research 
results indicate that Plin 2 suppression with 
antisense oligonucleotide might induce profi-
brotic effects and Plin 2 and Plin 3 double-
knockout actually induced IR [35, 36]. These 
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results suggest the necessity of giving very 
careful consideration of the potential for nega-
tive effects before attempting to develop simi-
lar therapeutics.

Plin 5

Plin 5 is the latest member to be identified of 
the PAT family proteins [37]. Its expression is, 
like Plin 2, regulated by PPAR-alpha, and is 
seen mainly in oxidative tissues/organs, such 
as liver, heart and skeletal muscle. This cell 
type-specific expression is closely related to its 
function as a fuel switch. To prevent excessive 
FA oxidation in the mitochondria, Plin 5 seques-
ters FA in LDs and stabilizes LDs, but when suf-
ficient energy supply is required, Plin 5 facili-
tates a linkage between LD and mitochondria 
to release FA to mitochondria [38]. Recent 
studies further revealed its cell-protective 
effect on cardiomyocytes and hepatocytes [39, 
40]. It can diminish ER stress and oxidative 
injury by the avoidance of excessive FA oxida-
tion. The roles of Plin 5 in ALD pathophysiology 
remain to be explored.

Cell-death-inducing DNA fragmentation-factor 
45-like effector (CIDE) proteins

CIDE proteins, as may be surmised from the 
name, possess an apoptosis-inducing property, 

but their actual roles in apop-
tosis are obscure. Alter- 
natively, like Plin family pro-
teins, CIDE proteins locate on 
the surfaces of LDs and ER, 
and play important roles in 
regulation of lipid metabolism 
and energy expenditure and 
homeostasis [41]. Their ex- 
pression is closely associated 
with metabolic disorders 
including fatty liver diseases 
[42]. To date, three CIDE  
proteins sharing homologous 
DNA/amino acid-sequences 
have been reported. Prior in- 
vestigations concerning CIDE 
proteins in humans, have 
aimed entirely at metabolic 
disorders and their hepatic 
manifestation: nonalcoholic 
fatty liver disease. However, in 
light of their functional effects 
on LDs, the pathological sig-
nificance of CIDE proteins in 

Figure 4. A present understanding of the process of lipolysis. Plin 1, binding 
with CGI-58, functions as a suppressor of lipolysis (upper left). Under cate-
cholamine stimulation, ATGL binds with CGI-58 and evokes lipolysis (center). 
HSL further progresses lipolysis to release FA (upper right). DG, diacylglyc-
erol.

ALD are suspected to be significant and compa-
rable with those in metabolic disorder-related 
fatty liver.

CIDE-A

CIDE-A, of which expression is regulated by 
SREBP-1c, is one of the factors in hepatoste-
atosis caused by high fat diet [43, 44]. The 
association of obesity with increased risk of 
ALD supports a likely association but additional 
studies are needed.

CIDE-B

CIDE-B is constitutively expressed in liver, and 
contributes to lipogenesis and lipidation of lipid 
moieties to very low-density lipoprotein (VLDL) 
[45, 46]. In controlling VLDL lipidation, CIDE-B 
and Plin 2 exert opposite functions [46].

CIDE-C

CIDE-C, also known as fat-specific protein  
27 (FSP27), contributes to enlarging LDs in  
adipocytes as a cofactor of Plin 1 for LD-LD 
fusion (Figure 2A). Also it participates in con-
trolling mitochondrial activity and insulin sensi-
tivity [25, 47, 48]. CIDE-C is regulated by PPAR-
alpha/gamma, and induces hepatosteatosis 
[44, 49].
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LD formation and lipolysis

Lipid storage is a physiological function of the 
liver. The amount of hepatic fat is determined 
by a balance between influx of FA, oxidation of 
FA and export of VLDL. In patients with ALD, 
FA-release from visceral adipocytes is 
increased because of enhanced lipolysis and 
suppressed by lipogenesis caused by acetalde-
hyde [50, 51]. Excess FA is transported to the 
liver and stored as the TG of LDs in hepato-
cytes. Plin family proteins induced according to 
the stored TG amount serve as a stabilizer of 
LDs. An interaction between Plin 1 and CIDE-C 
induces LD-LD causing fusion and formation of 
large unilocular LD in hepatocytes. Plin family 
proteins also control lipolysis in LDs that have 
been composed via these processes in order to 
supply FA to mitochondrial beta-oxidation. 
Following this process, LD-associated proteins 
additionally participate in the lipolysis process 
in LDs.

Comparative gene identification-58 (CGI-58) 
and adipose triglyceride lipase (ATGL)

Both CGI-58 and ATGL interact with the Plin 
family proteins, and contribute to lipolysis in 
LDs as shown in the schematic diagram (Figure 
4). ATGL is a rate-limiting enzyme of lipolysis, 
and CGI-58 acts as a cofactor [52]. CGI-58 
binds to Plin family proteins to stabilize LDs in a 
non-lipolytic phase. In response to catechol-
amine-stimulation, CGI-58 is released from Plin 
proteins and binds to ATGL. The CGI-58/ATGL 
binding initiates lipolysis, which is further accel-
erated by the action of hormone-sensitive 
lipase [40, 53]. It has been suggested that Plin 
5 can bind directly to ATGL initiating lipolysis 
[54]. Raised lipolysis in adipocytes in patients 
with ALD is considered to be mediated by up-
regulation of ATGL [50, 55].

Ras-related proteins in brain GTPases (Rab)-
18

Rab proteins are known to function in mem-
brane trafficking and fusion [56]. Rab-18 local-
izes to LDs and ER, and participates in lipid 
mobilization. Rab-18 and Plin 2 are reciprocally 
expressed on LDs in association with lipolysis 
status [57, 58]. Inversely, Rab-18 expression on 
LDs in ethanol-fed mice is suppressed by 
increased LD size and Plin 2 expression [59]. 
Further studies are required, but impaired Rab-

18 expression may be pivotal in alcoholic fatty 
liver.

Lipotoxicity, ER stress and oxidative injury

In livers of ALD, the metabolic capacity of hepa-
tocytes is considerably occupied by ethanol/
acetaldehyde metabolism, and hence, hepato-
cytes cannot appropriately utilize FA as a fuel 
for beta-oxidation [3]. Increased adipocyte-
derived FA by excessive ethanol consumption 
further exacerbates the hepatic FA overload 
[50, 51, 55], and the excess FA is thought to 
injure the hepatocytes [60]. These pathologic 
processes are recognized as lipotoxicity, which 
is conducted chiefly via ER stress and oxidative 
injury caused by excess FA [61-65].

Since the early 2000’s, processes of cellular 
injury based on ER stress have been consid-
ered to be one of the critical factors in the 
pathology of ALD [66, 67]. First of all, acetalde-
hyde is a robust ER stress inducer [68]. 
Additionally, because studies of ceramide-
related ER stress are currently in progress [65, 
69], the contribution of excessive FA-induced 
ER stress to ALD remains obscure. However, 
past experimental evidence has provided suffi-
cient insight into ER stress caused in the hepa-
tocytes of ALD by excess FA [61-63]. Plin 
2-knockout mice can escape from ceramide 
accumulation and oxidative injury, suggesting 
also that excess lipid accumulation and imbal-
anced lipolysis deeply contribute to ER stress 
in ALD.

Excess FA-induced oxidative injury has been 
recognized to constitute a large part of the 
pathological mechanisms of ALD. In other 
words, over-oxidation in mitochondria and ER 
due an excess of FA generates reactive oxygen 
species (ROS), which are considered a cause of 
severe cellular damage [70]. However, an asso-
ciation between the LD formation and lipolysis 
process and oxidative injury has been obscure 
although a long-standing theme of ALD 
research. Recent studies of LD-associated pro-
teins have opened a new way to understand 
the pathophysiology of ALD. Currently, innova-
tive findings concerning the relationship 
between LD metabolism and oxidative injury 
are increasing. A line of our previous joint work 
provided substantial progress to this field by 
demonstrating the association between LD for-
mation/Plin protein expression and oxidative 
injury in ballooned hepatocytes [11, 71-73]. 
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The results collectively suggested that hepato-
cellular ballooning is associated with the 
destruction of the cytoskeleton and with intra-
cellular accumulation of Plin-coated micro-LDs 
and peroxidation of the LD surface phospholip-
id (Figure 5). Orlicky et al. [12] further demon-
strated the concomitant expressions of Plin 
proteins and oxidized lipid (4-hydroxynonenal) 
on LDs, further suggesting a close association 
between LD metabolism and oxidative injury.

Hepatosteatosis in ALD: An enemy, a savior, or 
a good Samaritan?

Based on these comments, the ultimate ques-
tion is whether hepatocellular LD formation is 
itself pathological or not. Forced Plin family pro-
tein suppression, which leads to attenuation of 
hepatosteatosis, by drugs or genetic manipula-
tion is expected to be a novel therapeutic target 
[13, 17, 32-34, 74]. Controversially, several 
experimental facts have suggested that Plin 
family protein suppression is not a benefical 
strategy. Plin 2 and Plin 3 double-knockout 
mice demonstrate induction of IR [36], Plin 2 
suppression potentially exacerbates hepatic 
fibrosis [35], and finally, Plin 5 may prevent lipo-
toxicity by controlling lipolysis [39, 40].

Through the results obtained in many previous 
studies, it can be interpreted that hepatoste-
atosis itself is not pathogenic but the involved 

mechanisms carry risk. Plin 
family protein expression 
seems to be a physiological 
response (or a kind of an 
adaptation) to a temporary 
increase in intracellular free 
FA, which is more toxic than 
LDs. Plin family protein expres-
sion on LD surface appears to 
regulate sequestration of 
such toxic FA in the LDs. 
Several institutes are now try-
ing to develop a therapy for 
hepatosteatosis targeting Plin 
2. However, careful consider-
ation regarding its local and 
systemic effects, as well as 
balancing of benefit and  
risk will be required to mini-
mize potentially detrimental 
effects.

Conclusion

Figure 5. Evidence of cytoskeleton destruction due to oxidative injury in bal-
looned hepatocytes. A. Ballooned hepatocytes often show immunoreactivity 
with an antibody against oxidized phospholipid, a marker for oxidative cellu-
lar injury [72]. B. Ballooned hepatocytes are always negative for cytokeratin 
18 (arrows), indicating cytoskeleton destruction in the damaged cells [73].

We have reviewed the potential pathological 
significance of LD-associated proteins in ALD 
on the basis of the latest reports of relevant 
studies. Hepatosteatosis, which is a pathogno-
monic morphological change, together with 
LD-associated protein expression, appears to 
be closely associated with ER stress and oxida-
tive injury of hepatocytes. LD formation may be 
implicated in the cellular protective mechanism 
for escaping from the toxic effects of free FA. 
Expression of LD-associated proteins seems to 
contribute to the stabilization of LDs, which are 
fragile chambers accommodating TG to prevent 
releasing toxic FA. Intervention on LD-associated 
protein expression is a promising novel therapy 
for fatty liver diseases including ALD. However, 
it should be emphasized that further investiga-
tions are needed to assure the efficacy and 
safety.
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