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Lipid droplets (LDs) are dynamic subcellular organelles
whose growth is closely linked to obesity and hepatic steatosis.
Cell death-inducing DNA fragmentation factor-�-like effector
(CIDE) proteins, including Cidea, Cideb, and Cidec (also called
Fsp27), play important roles in lipid metabolism. Cidea and
Cidec are LD-associated proteins that promote atypical LD
fusion in adipocytes. Here, we find that CIDE proteins are all
localized to LD-LD contact sites (LDCSs) and promote lipid
transfer, LD fusion, and growth in hepatocytes. We have identi-
fied two types of hepatocytes, one with small LDs (small LD-
containing hepatocytes, SLHs) and one with large LDs (large
LD-containing hepatocytes, LLHs) in the liver. Cideb is local-
ized to LDCSs and promotes lipid exchange and LD fusion in
both SLHs and LLHs, whereas Cidea and Cidec are specifically
localized to the LDCSs and promote lipid exchange and LD
fusion in LLHs. Cideb-deficient SLHs have reduced LD sizes and
lower lipid exchange activities. Fasting dramatically induces the
expression of Cidea/Cidec and increases the percentage of LLHs
in the liver. The majority of the hepatocytes from the liver of
obese mice are Cidea/Cidec-positive LLHs. Knocking down
Cidea or Cidec significantly reduced lipid storage in the livers of
obese animals. Our data reveal that CIDE proteins play differ-
ential roles in promoting LD fusion and lipid storage; Cideb
promotes lipid storage under normal diet conditions, whereas
Cidea and Cidec are responsible for liver steatosis under fasting
and obese conditions.

Obesity and its associated diseases, including type II diabetes,
cardiovascular disease, and hepatic steatosis, have become
alarmingly common diseases (1). Liver plays a major regulatory
role in whole-body lipid metabolism. Disruption of the hepatic
lipid metabolism could lead to the initiation and progression of
several metabolic disorders (2, 3). The accumulation of fat in
the form of lipid droplets (LDs)4 is an early pathophysiological
feature of altered liver metabolism that is linked to insulin resis-
tance and the potential progression of severe liver diseases,
such as liver steatosis, liver cirrhosis, and hepatocellular carci-
noma (4). LDs are subcellular organelles composed of a neutral
lipid core surrounded by a phospholipid monolayer that is
coated with various types of proteins (5). LDs are involved in
several biologically significant processes, including neutral lipid
storage, protein storage and degradation, as well as viral pack-
aging (6, 7). LDs can grow in size via a tightly regulated mech-
anism (8, 9). The sizes of LDs reflect different biological pro-
cesses. Several models projecting the growth of LDs have been
proposed, including targeted lipid delivery from the endoplas-
mic reticulum to LDs mediated by fat storage-inducing
transmembrane proteins 1 and 2 (FITM1/2) (10), local lipid
synthesis on LDs mediated by CTP:phosphocholine cytidylyl-
transferase and diacylglycerol acyltransferase 2 (DGAT2) (11,
12), and the fusion of smaller LDs into larger LDs mediated by
CIDEs in adipocytes (13).

Many proteins are localized on the surface of LDs. These
proteins play important roles in regulating the size and function
of LDs (14). Perilipin1/2/3/4/5 (Plin1/2/3/4/5) are LD-associ-
ated proteins in mammalian cells (15). The expression levels of
Plin2, Plin3, and Plin5 are up-regulated in fatty livers (16). CIDE
proteins, including Cidea, Cideb, and Cidec (also called Fsp27),
are novel LD-associated proteins (17, 18). CIDEs play impor-
tant roles in LD morphology and function. Cidea and Cidec are
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predominantly expressed in adipocytes, although Cideb is spe-
cifically expressed in the liver of wild-type mice. Cidea and
Cidec are up-regulated in the steatotic liver (19, 20). Fasting can
induce the expression of Cidec in the liver of wild-type mice
(21–24). Both Cidea and Cidec localize on the surface of LDs
and are particularly enriched at LD-LD contact sites (LDCSs) to
promote atypical LD fusion and growth by lipid exchange and
transfer in adipocytes (25–28). Several factors are involved in
Cidea/Cidec-mediated LD fusion, including Plin1, Rab8a,
MSS4, and AS160 (29 –31). However, the role of Cidea/Cidec in
LD fusion in the liver has not been investigated. Cideb is local-
ized on the endoplasmic reticulum and LDs (32), and its defi-
ciency results in the accumulation of smaller LDs in the liver
(33). However, whether Cideb has the ability to localize on
LDCSs and promote lipid exchange and LD fusion is still
unknown.

Here, we systematically analyzed the role of CIDEs in LD
fusion and lipid storage in hepatocytes under normal, fasting,
and obese conditions. We found that Cideb is localized to
LDCSs and promotes LD fusion and growth in hepatocytes. In
the livers of normal diet-fed mice, the majority of hepatocytes
express Cideb alone and contain small LDs. A small proportion
of hepatocytes express Cidea and Cidec and contain large LDs.
Under fasting and obese conditions, the percentage of hepato-
cytes expressing Cidea and Cidec increases dramatically.
Finally, using Cideb�/�, ob/ob hepatocytes, we found that
CIDEs play important roles in LD size and lipid storage in
hepatocytes.

Materials and Methods

Mice—Wild-type, Cideb�/�, ob/ob mice were maintained as
described previously (33–35). All mice used were on a
C57BL/6J background. Four-month-old male mice were used
for hepatocyte isolation. In vivo delivery of siRNAs was per-
formed using Invivofectamine 2.0 (Invitrogen, 1377501). One
week after the injection of siRNAs, the mice were fasted for
16 h. Liver tissues were harvested for further analysis. Liver
TAG was measured as described previously (20). All animals
were maintained in the animal facility of the Center of Biomed-
ical Analysis, Tsinghua University (Beijing, China). The labora-
tory animal facility has been accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). The Institutional Animal Care and
Use Committee (IACUC) of Tsinghua University approved all
animal protocols.

Cell Culture and Transfection—293T cells and HepG2 cells
were cultured in DMEM (Invitrogen) containing 10% FBS
(Invitrogen). Mouse primary hepatocytes were isolated as
described previously (35). The isolated hepatocytes were
seeded at a density of 106 cells per dish in glass bottom microw-
ell dishes (P35G-1.5-14-C, MatTek Corp.) in DMEM (Invitro-
gen) containing 10% FBS (Invitrogen). Plasmid DNAs were
transfected into 293T cells, HepG2 cells, and primary hepato-
cytes using Lipofectamine 2000 according to the manufactu-
rer’s instruction (Invitrogen, 11668019). For the siRNA exper-
iment, 24 h after seeding, hepatocytes were transfected with
siRNA using Lipofectamine 2000 (Invitrogen). The sequences
used to target the CIDEs and Plin2 are as follows: Cidea, ACA-

CGCATTTCATGATCTT; Cideb, CCTCTGCATGGAGTA-
CCTT; Cidec, AATCGTGGAGACAGAAGAATA; Plin2,
GAATATGCACAGTGCCAAC. Cells were visualized using an
Axiovert 200 M microscope (Carl Zeiss) or an LSM710 confocal
microscope (Carl Zeiss) 48 h after transfection.

Fluorescent Microscopic Imaging—Twelve hours after seed-
ing, hepatocytes were fixed with 4% paraformaldehyde for 1 h at
room temperature. Cells were then treated with 0.4% Triton
X-100 for 20 min and then blocked with 10% goat serum for 1 h
at room temperature. The primary antibodies for Cidea, Cideb
and Cidec were added and the reaction was incubated for 1 h at
room temperature. Anti-rabbit IgG antibodies conjugated with
Alexa Fluor 568 (Molecular Probes, A11011) were used as sec-
ondary antibodies. Bodipy 493/503 (Molecular Probes, D3922)
was used for neutral lipid staining. For the Cideb and Cidea
co-staining and the Cideb and Cidec co-staining (Figs. 2E and 6,
C and D), a Cideb antibody (from goat) obtained from Santa
Cruz Biotechnology (sc-8733, 1:50) was used. Cidea and Cidec
antibodies were generated from rabbit (20). Donkey anti-rabbit
488 (Molecular Probes, A21206) and donkey anti-goat 568
(Molecular Probes, A11057) were used as secondary antibodies.
LDs were stained with Lipidtox (Molecular Probes, H34477).
For the staining in Fig. 3C, a Cideb antibody (generated from
rabbit) was used. Anti-rabbit IgG antibodies conjugated with
Alexa Fluor 405 (Molecular Probes, A31556) were used as sec-
ondary antibodies. The sections were observed using a Zeiss
200 M inverted microscope, and the images were collected
using an AxioCam MRm camera and Axio Vision software.

Antibodies and Western Blot Analysis—Methods for LD iso-
lation, tissue homogenization, immunoprecipitation, two-step
co-immunoprecipitation, and Western blot sample prepara-
tion were previously described (30, 35). The proteins were sub-
jected to Western blot analysis with the desired antibodies. The
antibodies against Cidea, Cideb, and Cidec were used as
described previously (35). Antibodies against �-actin (Sigma,
A5441, 1:2000), FLAG (Sigma, F1804, 1:1000), HA (Santa Cruz
Biotechnology, sc-7392, 1:1000), and Plin2 (Fitzgerald Indus-
tries, 20R-Ap002, 1:8000) were used for Western blot analysis.
The blots were detected using HRP-conjugated secondary anti-
bodies (GE Healthcare, UK) and the ECL-Plus system.

Measurement of LD Sizes—Quantitative analysis of LD size in
hepatocytes has been previously described (26, 29, 30). The
diameter of the largest LD in each hepatocyte was measured. At
least 50 hepatocytes were analyzed for each condition.

Calculation of Neutral Lipid Exchange Rate—The calculation
of the lipid exchange rate was essentially the same as described
previously (30). In brief, hepatocytes transfected with siRNAs
were incubated with 200 �M BSA-bound oleic acid (Sigma) and
1 �g/ml Bodipy 558/568 C12 fatty acids (Molecular Probes,
D3835) for 15 h and then transferred to fresh medium 1 h
before the experiment. Live cells were viewed under a confocal
microscope (LSM710) using a �63 oil immersion objective. LD
pairs were selected for bleaching. Selected regions were
bleached by 500 interactions at 100% laser power (543 diode
laser), followed by time-lapse scanning with 12.5-s intervals for
2 min for Cidea/Cidec-mediated exchange and a total recovery
of 6 min for Cideb-mediated exchange.
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Statistics—The statistical data reported include results from
at least three biological replicates. All results are expressed as
the mean � S.E. Quantitation of the Western blot bands was
performed using Quantity One software (Bio-Rad) and was
expressed as the fold change after correction for relative control
levels. All statistical analyses were performed in GraphPad
Prism Version 5 (GraphPad Software). Significance was estab-
lished using a two-tailed Student’s t test. Differences were con-
sidered significant at p � 0.05. p values are indicated in each
figure as follows: *, p � 0.05; **, p � 0.01, or ***, p � 0.001.

Results

CIDE Proteins Promote LD Fusion and Growth When Over-
expressed in HepG2 Cells—To investigate the role of CIDE pro-
teins in LD fusion and growth in hepatocytes, we transfected
HepG2 cells with no-tagged CIDE cDNAs. The expression lev-
els of these proteins were detected by their corresponding anti-
bodies (Fig. 1A). Similar to our observation in adipocytes (26),
Cidea and Cidec were enriched at the LDCS in HepG2 cells (Fig.
1B). Interestingly, Cideb proteins were also enriched at LDCSs

(Fig. 1B). We then measured the LD sizes and observed that
cells expressing Cidea and Cidec accumulated larger LDs com-
pared with control cells (Fig. 1C). Cideb also showed high activ-
ity in promoting large LD accumulation, albeit lower than that
of Cidea and Cidec (Fig. 1C). Next, we measured lipid exchange
activity, a hallmark of Cidea/Cidec-mediated LD fusion,
between LD pairs that were positive for CIDE proteins. Lipid
exchange activity for LD pairs positive for Cidea or Cidec was
high (all are 0.16 �m3/s) and was similar to that in adipocytes
(0.13 �m3/s) (26). Lipid exchange was also observed in Cideb-
positive LD pairs and appeared to be lower (0.078 �m3/s) than
that of Cidea and Cidec (Fig. 1D), consistent with the accumu-
lation of smaller LDs in Cideb-expressing HepG2 cells. Overall,
these data indicate that all CIDE proteins have the ability to
promote LD fusion and growth in hepatocytes.

Identification of Two Types of Hepatocytes with Differential
Expression of CIDE Proteins and Lipid Storage Capacity—We
then investigated the precise subcellular distribution and func-
tion of endogenous CIDEs in isolated wild-type hepatocytes.
We found that �95% of hepatocytes had small LDs, and the size

FIGURE 1. CIDE proteins promote LD fusion and large LD formation in HepG2 cells. A, Vector, Cidea, Cideb, and Cidec plasmids were transfected into HepG2
cells. Expression levels of CIDEs were detected by Western blot. B, protein localization of CIDEs in HepG2 cells as in A. Oleic acid was added to promote the
formation of LDs for 15 h. LDs were labeled with Bodipy 556/568 (C12, red). Scale bars, 10 �m. Arrowheads point to LDCSs. C, largest lipid droplet size per cell was
measured in A. Ten cells were analyzed in each group. D, lipid exchange rates were measured in A. Five pairs of LDs were measured. Quantitative data are
presented as the mean � S.E. Differences were considered significant at p � 0.05. *, p � 0.05; ***, p � 0.001.
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FIGURE 2. Endogenous CIDE proteins are localized at LDCSs in wild-type hepatocytes. A, representative image showing the LD morphology in wild-type
hepatocytes. A total of 95% of the hepatocytes have small LDs with a diameter below 4 �m (SLHs). A total of 5% of the hepatocytes have large LDs with a
diameter above 4 �m (LLHs). LDs were labeled with Bodipy 556/568 (C12, red). Scale bars, 10 �m. B, largest LD diameter in SLHs and LLHs. n � 20 for each group.
C, lipid exchange rates in SLHs and LLHs. n � 8 for each group. D, wild-type hepatocytes were stained with antibodies against Cidea, Cideb, and Cidec. LDs were
labeled with Bodipy 493/503 (green). Scale bars, 5 �m. E, LLHs were stained with antibodies against Cideb (red) and Cidea/Cidec (green). Scale bars, 5 �m. D and
E, arrowheads point to LDCSs. Quantitative data are presented as the mean � S.E. Differences were considered significant at p � 0.05. ***, p � 0.001.
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(in diameter) of the largest LD in these cells was below 4 �m.
We defined these hepatocytes as small LD-containing hepato-
cytes (SLHs). The remaining �5% of hepatocytes had large LDs,
and the size (diameter) of the largest LD in these cells was above
4 �m. We defined those hepatocytes as large LD-containing
hepatocytes (LLHs) (Fig. 2, A and B). In LLHs, the average size
of the largest LD in each cell was �6 �m in diameter, and the
average size of the largest LD in SLHs was 3 �m in diameter

(Fig. 2B). Lipid exchange activity between contacted LD pairs in
SLHs was 0.0025 �m3/s. Lipid exchange activity was 0.22 �m3/s
in LLHs, nearly 90-fold higher than that in the SLHs (Fig. 2C).
The heterogeneity in LD size and lipid exchange activity in the
hepatocytes prompted us to check the levels of CIDE proteins
in SLHs and LLHs using their corresponding antibodies. Cideb
proteins were detected in both SLHs and LLHs and were found
to be enriched at the LDCSs (Fig. 2D). However, Cidea and

FIGURE 3. CIDE proteins interact with each other and form a complex at LDCSs. A, FLAG-tagged CIDEs and Plin2 together with HA-tagged CIDEs were
coexpressed in 293T cells. Anti-FLAG M2 beads were used for immunoprecipitation. The immunoprecipitated products were detected by antibodies against
FLAG or HA. IP, immunoprecipitation; IB, immunoblot. B, two-step coimmunoprecipitation of complex containing Cidea, Cideb, and Cidec. Top, schematic
showing procedures for two-step coimmunoprecipitation assay. Cidea-FLAG or Plin2-FLAG (as a control) was transfected into 293T cells with Cideb-HA and
untagged Cidec. C, Cidea, Cideb, and Cidec were colocalized at the LDCS. HepG2 cells were cotransfected with Cidea-Cherry (red), Cidec-GFP (green), and Cideb.
Cells were stained with antibodies against Cideb (blue). Scale bar, 2 �m.
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FIGURE 4. Lower LD fusion activity and reduced LD size in Cideb�/� hepatocytes. A, reduced LD sizes in Cideb�/� SLHs. LDs were labeled with Bodipy
556/568 (C12, red). Scale bar, 5 �m. B, largest LD sizes in SLHs and LLHs were measured (n � 20). C, representative image showing the LD size of wild-type (WT)
and Cideb�/� hepatocytes transfected with CIDEs. Non-tagged CIDE proteins were transfected to hepatocytes. These proteins were stained by their corre-
sponding antibodies. LDs were labeled with Bodipy 556/568 (C12, red). Scale bar, 5 �m. D, representative image showing the lipid droplet size of SLHs from WT,
Cideb�/�, WT with siPlin2, and Cideb�/� with siPlin2. Scale bar, 5 �m. E, lipid exchange rates in SLHs as in D and LLHs (n � 6). F, protein expression levels in the
total lysate and LD fraction of the indicated liver tissues. Quantitation of the bands was performed using Quantity One software and are expressed as the fold
change, after correction for actin levels. Values are averages obtained from three independent experiments. Quantitative data are presented as the mean � S.E.
Differences were considered significant at p � 0.05. **, p � 0.01; ***, p � 0.001.
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Cidec were only detected in LLHs and were enriched at LDCSs
of contacted LDs (Fig. 2D). Co-staining of Cidea- or Cidec-
positive hepatocytes with the Cideb antibody showed that
Cideb was also present in LLHs and was enriched at the LDCSs
(Fig. 2E). These data indicate that hepatocytes can be separated
into two types according to their lipid storage capacity. Hepa-
tocytes with high lipid storage capacity express all three CIDE
proteins, whereas hepatocytes with low lipid storage capacity
express only Cideb.

CIDE Proteins Form a Complex at LDCSs—We then investi-
gated whether CIDEs interact with each other at LDCSs. We
co-expressed Cidea-FLAG, Cideb-FLAG, Cidec-FLAG, or
Plin2-FLAG with Cidea-HA in 293T cells. Then we used anti-
FLAG M2 beads to immunoprecipitate FLAG-tagged proteins.
The immunoprecipitated products were detected by using anti-
body against HA. Cidea was pulled down by Cidea, Cideb, and
Cidec but not Plin2 (Fig. 3A). The interaction between Cidea
and Cideb was slightly weaker than that of the Cidea-Cidea or
Cidea-Cidec interaction. We also found that Cidea-FLAG,
Cideb-FLAG, and Cidec-FLAG, but not Plin2-FLAG, were able
to immunoprecipitate Cideb-HA or Cidec-HA (Fig. 3A). These
data clearly showed that CIDE proteins can interact with each
other. We then did a two-step coimmunoprecipitation analysis
and to check whether Cidea, Cideb, and Cidec could form a
ternary complex. Cidea-FLAG, Cideb-HA, and non-tagged
Cidec were coexpressed in 293T cells. 1st step immunoprecipi-
tation was carried out using anti-FLAG antibody. The coimmu-
noprecipitate components were then eluted with the FLAG
peptide, and immunoprecipitation was carried out for the sec-
ond round using HA antibody. Cideb and Cidec were observed
in the final products (Fig. 3B). Contrary to that, Plin2 was not
pulled down by either Cideb or Cidec. Consistent with their
complex formation, Cidea, Cideb, and Cidec were colocalized
and enriched at the LDCSs (Fig. 3C).

Reduced LD Size and Lipid Exchange Activity in Cideb�/�

SLHs—To investigate the physiological role of Cideb in control-
ling LD fusion and lipid storage in hepatocytes, we isolated
wild-type and Cideb�/� hepatocytes. The ratio of SLHs and
LLHs was similar between the wild-type and Cideb�/� hepato-
cytes (data not shown). However, the sizes of the LDs were
dramatically reduced in the Cideb�/� SLHs (Fig. 4, A and B),
although the sizes of LDs in the LLHs were not affected by
Cideb depletion (Fig. 4B). Introduction of Cidea, Cideb, or
Cidec into Cideb�/� hepatocytes was able to increase the LD
sizes (Fig. 4C). Therefore, Cidea and Cidec could functionally
substitute for Cideb in enlargement of LDs. No lipid exchange
activity was detected in Cideb�/� SLHs (Fig. 4, D and E), con-
sistent with their reduced LD sizes and lower lipid storage
capacity. Our previous studies have shown that knockdown of
Plin2 enhanced LD size in WT and Cideb�/� hepatocytes (36).

We then tested the lipid exchange rate in hepatocytes with
Plin2 knockdown (with a knockdown efficiency of �80%, Fig.
4F). Plin2 knockdown did not affect the expression level of
Cidea and Cidec (Fig. 4F). The lipid exchange rate was dramat-
ically increased in wild-type SLHs with the depletion of Plin2
(18-fold higher, Fig. 4, D–F). However, the knockdown of Plin2
did not affect the lipid exchange activity of Cideb�/� SLHs and
LLHs (Fig. 4E). Therefore, Cideb is responsible for LD fusion
and lipid storage in SLHs.

Fasting-induced LD Growth and Lipid Storage in the Liver Is
Controlled by Cidea and Cidec—Many studies have shown that
fasting induces the accumulation of large LDs in hepatocytes
and induces higher hepatic lipid storage in mice (21–23). To
investigate the role of CIDE proteins in fasting-induced liver
steatosis, we analyzed expression levels of CIDE proteins, LD
sizes, and lipid exchange and fusion activity in the livers and in
isolated hepatocytes of animals fasted up to 16 h. The expres-
sion levels of Cideb in the liver were similar before and after
fasting (Fig. 5A). Levels of Plin2 in the fasted liver were
increased compared with that in the fed liver (4-fold, Fig. 5A).
Interestingly, the levels of Cidea and Cidec were both increased
in the LD fraction of liver tissue under the fasting condition
(Fig. 5B). The percentage of LLHs isolated from the livers of
fasted mice was dramatically increased compared with that of
fed animals (30% versus 5%, 6-fold higher in fasted livers, Fig. 5,
C and D). The lipid exchange rate in LLHs was similar between
the fed and fasted hepatocytes (Fig. 5E). To better understand
the relevance of Cidea, Cideb, and Cidec on the metabolic adap-
tation of the liver to fasting, we knocked down Cidea, Cideb, or
Cidec using an Invivofectamine-mediated siRNA delivery sys-
tem. As shown in Fig. 5F, the expression levels of Cidea, Cideb,
and Cidec in the liver were significantly reduced by targeted
delivery of siRNAs against Cidea, Cideb, or Cidec. Cideb knock-
down under fed conditions indeed led to 25% reduction in TAG
storage in liver (Fig. 5, G and H). However, in fasting wild-type
mice, Cideb knockdown alone did not affect hepatic TAG levels
(Fig. 5H). Lipid accumulation was dramatically reduced in the
livers of Cidea- or Cidec-depleted animals that were fasted for
16 h (Fig. 5, G and H). The knockdown of Cidea and Cidec led to
a further reduction in hepatic TAG levels and to the accumu-
lation of smaller LDs under fasting conditions (Fig. 5, G and H).
These data indicate that Cidea and Cidec mediate the elevated
hepatic lipid storage under the fasting condition by increasing
the LD fusion in LLHs and switching SLHs to LLHs.

Cidea and Cidec Promote Hepatic Lipid Storage in ob/ob
Mice—Cidea and Cidec are both shown to be dramatically
unregulated in the livers of ob/ob mice (Fig. 6A). Hepatocytes
isolated from ob/ob mice contained very large LDs (Fig. 6B).
Expression levels of Cidea and Cidec were detected in nearly all
hepatocytes and were enriched at LDCSs (Fig. 6, C and D).

FIGURE 5. Fasting induced the expression of Cidea and Cidec. A, left, representative Western blot showing the protein expression profiles of the liver total
lysate. The asterisk designates a nonspecific band. Right, quantitative analysis of the relative level of Plin2 and Cideb. n � 3. Actin was used as a loading control.
B, left, representative Western blot showing the protein expression profiles of the LD fraction. Right, quantitative analysis of the relative level of CIDE proteins.
n � 3. Plin2 was used as a loading control. C, representative image showing the lipid droplet morphology in fed and fasted wild-type (WT) hepatocytes. Scale
bar, 10 �m. D, ratio of LLHs was increased in fasted conditions (n � 4). E, lipid exchange rates in LLHs (n � 6). F, protein expression levels in the LD fraction of
the liver. Wild-type mice were injected with different siRNAs. n � 3. Quantitation of the bands was performed using Quantity One software and are expressed
as the fold change, after correction for Plin2 levels. Values are averages obtained from three independent experiments. G, electron microscopy (EM) showing
the morphology of the liver. H, liver TAG level. n � 3. Quantitative data are presented as the mean � S.E. Differences were considered significant at p � 0.05.
**, p � 0.01; ***, p � 0.001.
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FIGURE 6. CIDE proteins promote lipid storage in ob/ob hepatocytes. A, expression levels of CIDEs in the livers of wild-type (WT) and ob/ob mice. B,
representative image showing the lipid droplet morphology in wild-type and ob/ob hepatocytes. Scale bar, 10 �m. C, Cidea and Cideb localized on LDCSs.
ob/ob hepatocytes were stained with antibodies against Cidea (green) and Cideb (red). Scale bar, 10 �m. D, Cidec and Cideb localized on LDCSs. ob/ob
hepatocytes were stained with antibodies against Cidec (green) and Cideb (red). Scale bar, 10 �m. Arrowheads point to LDCSs. E, expression levels of the
indicated proteins. Quantitation of the bands was performed using Quantity One software and are expressed as the fold change, after correction for actin
levels. Values are averages obtained from three experiments. F, representative image showing the LD morphology after the depletion of different proteins.
Scale bar, 10 �m. G, hepatocytes TAG level (n � 4). H, lipid exchange rates (n � 4). Quantitative data are presented as the mean � S.E. Differences were
considered significant at p � 0.05. *, p � 0.05; ***, p � 0.001; NS, no significant difference.
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Cideb was also detected and enriched at LDCSs of all ob/ob
hepatocytes (Fig. 6, C and D). We knocked down individual
CIDE protein alone or in combination in ob/ob hepatocytes
using a Lipofectamine-mediated siRNA delivery system. This
strategy resulted in a substantial knockdown of Cidea (80%
knockdown efficiency), Cideb (90% knockdown efficiency), and
Cidec (80% knockdown efficiency), respectively (Fig. 6E). The
knockdown of Cidea and Cidec alone or in combination in the
ob/ob hepatocytes resulted in reduced lipid storage and accu-
mulation of smaller LDs (Fig. 6, F and G). However, the knock-
down of Cideb did not affect the LD size of ob/ob hepatocytes
(Fig. 6, F and G). Consistently, the depletion of Cidea or Cidec in
ob/ob hepatocytes led to reduced lipid exchange activity (Fig.
6H). The knockdown of Cideb did not affect the lipid exchange
activity of contacted LD pairs (Fig. 6H). The knockdown of both
Cidea and Cidec reduced the lipid exchange rate further com-
pared with Cidea or Cidec single depletion (Fig. 6H). These data
indicate that Cidea and Cidec play important roles in hepatic
lipid storage in ob/ob animals.

Discussion

CIDE family proteins (Cidea and Cidec) act as important
regulators of lipid storage and lipid metabolism in adipocytes by
promoting LD fusion and growth (17). Here, we examined the
precise function of individual CIDEs in controlling LD fusion
and growth in the liver. We found that overexpression of CIDE
proteins dramatically induced the formation of large LDs and
promoted the fusion and growth of LDs in hepatocytes. In addi-
tion, all CIDE proteins are enriched at LDCSs in hepatocytes or
when they were overexpressed in liver cell lines.

Interestingly, we identified two populations of hepatocytes
based on the size of LDs (SLHs and LLHs). We further observed
that �5% of wild-type hepatocytes are LLHs that express all

three CIDE proteins and have higher LD fusion activity. SLHs
express Cideb alone and have lower LD fusion activity (Fig. 7).
Cideb�/� SLHs have smaller LDs and lower lipid exchange
activity. In contrast, depletion of Cideb did not affect the LD
sizes and LD fusion activity of LLHs. The lipid storage capacity
in SLHs is primarily determined by Cideb, whereas Cidea and
Cidec regulate lipid storage in LLHs. Under fasting conditions,
the percentage of LLHs and the expression levels of both Cidea
and Cidec increased dramatically. However, the lipid exchange
activity in individual LLHs was similar to that of control hepa-
tocytes. Therefore, fasting induced the expression of Cidea/
Cidec in SLHs, promoting the conversion of SLHs to LLHs, but
did not affect the Cidea/Cidec expression in LLHs. Moreover,
the percentage of Cidea/Cidec-expressing cells reached nearly
100% in ob/ob hepatocytes. All hepatocytes from ob/ob livers
exhibited high expression levels of Cidea/Cidec and had higher
LD fusion activity (Fig. 7). The increased expression of Cidea
and Cidec in LLHs could be due to their transcriptional regula-
tion by various factors (22–24). Alternatively, increased Cidea
and Cidec protein levels in fasted or obese hepatocytes are most
likely due to the enhanced stability resulting from exposure to
high fatty acid levels and TAG synthesis (20 –23, 37). We think
the expansion of LLHs that express Cidea and Cidec contrib-
utes primarily to the development of hepatic steatosis. In addi-
tion, the percentage of LLHs may reflect the nutrition supply to
the liver and may play an important role in the development of
liver steatosis. Further characterization of gene expression pro-
files and physiological function (insulin sensitivity) of SLHs and
LLHs will be useful in the investigation of the origin and regu-
lation of SLHs and LLHs.

Previous data showed that the expressions levels of Cidea and
Cidec were significantly increased in human steatotic liver (20,
38, 39). A single nucleotide polymorphism of a G to T transver-
sion in CIDEA exon 4, which is equivalent to a V115F substitu-
tion, is associated with body mass index in Swedish male and
female obese patients (40). In Japanese and Chinese patients,
the CIDEA V115F polymorphism is associated with obesity and
metabolic syndrome (41, 42). A single nucleotide polymor-
phism involving a G to T transversion in CIDEC exon 6, which
causes a E186X nonsense mutation was also observed in a
female patient who showed partial lipodystrophy (43). Control-
ling the correct amount of CIDE proteins was important in
maintaining lipid homeostasis in the liver. If there was insuffi-
cient CIDE proteins in the liver, this would lead to reduced LD
sizes and lower lipid storage capacity. Free fatty acid levels may
increase in hepatocytes, resulting in lipotoxicity and increased
oxidative stress and inflammatory response (44). Previous data
showed that overexpression of CIDE proteins in many cell types
resulted in a caspase-independent cell death (45). However, the
rate of cell death was significantly reduced in CIDE-overex-
pressing cells when exogenous oleic acid was introduced (46).
In the presence of lipid-rich medium, CIDE proteins localized
to LDs promote LD fusion and lipid storage, resulting in
reduced lipotoxicity and oxidative stress.

In conclusion, we have shown that CIDE proteins are local-
ized to LDCSs and promote LD fusion in hepatocytes. Accord-
ing to the differential expression of CIDE proteins and the sizes
of LDs, hepatocytes can be characterized into two populations

FIGURE 7. Proposed model of CIDE-mediated LD fusion and growth in
hepatocytes. In wild-type (WT) hepatocytes, two types (SLHs and LLHs) are
observed. Cideb is expressed in SLHs and LLHs. Cidea and Cidec are expressed
in LLHs. Fasting enhances the percentage of LLHs. Cideb deficiency leads to
reduced LD size in SLHs. ob/ob hepatocytes have higher Cidea and Cidec
expression levels and higher lipid exchange rates.

CIDE Proteins and Liver Lipid Storage

FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4291



(SLHs and LLHs). Cideb plays an important role in promoting
lipid storage and maintaining lipid homeostasis in the liver
under normal conditions. Cidea and Cidec are crucial regula-
tors of hepatic lipid storage under fasting and obese conditions.
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