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 An important mechanism to survive cycles of nutrient 
scarcity and abundance is the ability to sequester energy 
stores and readily access them. One effi cient method of 
storing excess energy is the conversion of nutrients into 
triglyceride, which provides 9,300 kcalories of energy per 
kilogram of fatty acid ( 1 ). The major triglyceride storage 
site in mammals is adipose tissue, which expresses many 
lipid-metabolizing enzymes and is able to accumulate large 
amounts of lipid without causing cellular toxicity. How-
ever, under conditions where adipose tissue becomes defi -
cient in the ability to store triglyceride, fatty acids may 
accumulate in peripheral tissues, such as muscle and liver, 
causing lipotoxicity and metabolic perturbations ( 2–4 ). 
This phenomenon is commonly associated with obesity, in 
which enlarged adipocytes exhibit low triglyceride syn-
thetic capability. Obesity is now a global health epidemic 
as are its associated medical disorders, including type 2 
diabetes, hypertension, dyslipidemia, and atherosclerosis 
( 5, 6 ). Understanding how adipocytes regulate fatty acid 
storage and release is important in identifying how obesity 
causes these serious metabolic abnormalities. 

 The adipose tissue stores triglyceride and other neutral 
lipids in lipid droplets that initially emanate from the en-
doplasmic reticulum within adipocytes and enlarge as fat 
is deposited. Such lipid droplets are composed of a neu-
tral lipid core surrounded by a phospholipid monolayer 
and associated proteins ( 7, 8 ). The best characterized lipid 
droplet-associated protein is perilipin, which shares se-
quence similarity with two other lipid droplet-associated 
proteins, adipophilin/adipocyte differentiation-related 
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mains. Thus, the various functions of Cidea to target to 
lipid droplets, increase triglyceride deposition, and pro-
mote the development of very large lipid droplets can be 
ascribed to specifi c domains of the protein. 

 MATERIALS AND METHODS 

 Materials 
 Rabbit anti-human calreticulin IgG was purchased from Cal-

biochem. Mouse anti-hemagglutinin (HA)-epitope IgG (mono-
clonal HA.11) was purchased from Covance. Alexa 568 donkey 
anti-rabbit IgG, Alexa 488 chicken anti-mouse IgG, and Prolong 
Gold anti-fade reagent were purchased from Invitrogen. The 
glycerol and triglyceride determination kit and Oil Red O were 
purchased from Sigma. 

 Plasmids 
 The Cidea cDNA was purchased from Open Biosystems. PCR 

was performed to generate DNA encoding a full-length or trun-
cated product by using a 5 ′ -linker containing a Bgl2 restriction 
site and a 3 ′ -linker containing a Sal1 site. After cutting with the 
restriction enzymes, the purifi ed PCR fragments were cloned 
into pEGFPC1 vector (Clontech). For the generation of HA-
tagged proteins, PCR was performed using a 5 ′ -linker containing 
an Mlu1 restriction site and a 3 ′ -linker containing a Sal1 site. Af-
ter cleavage with the restriction enzymes, the purifi ed PCR frag-
ments were cloned into the 3XHA-pCMV5 (F3) vector. This 
vector was generated from the pCMV5 vector (gift from Dr. Da-
vid Russel, Southwestern Medical Center, Dallas, TX) by insert-
ing a linker containing the DNA sequences for a 3 HA tag at the 
EcoR1 and Mlu1 sites. 

 Cell culture and electroporation 
 Cells were cultured in DMEM supplemented with 10% FBS, 50 

 � g/ml streptomycin, and 50 units/ml penicillin ( 33 ). For experi-
ments performed in preadipocytes, 2.5 × 10 6  cells were electro-
porated with 8  � g of plasmid DNA. The electroporation was 
performed using a Bio-Rad gene pulser II at the setting of 0.18 kV 
and 960 microfarads. Immediately after electroporation, the cells 
were reseeded into 1 well of a 6-well plate. For experiments in 
mature adipocytes, fi broblasts were cultured for eight days, dif-
ferentiated into mature adipocytes by adding differentiation me-
dia (2.5  � g/ml insulin, 0.25  � M dexamethasone, and 0.5 mM 
isobutylmethylxanthine in the culture media described above) 
for 72 h, then cultured for an additional 24–48 h. Adipocytes 
were then electroporated as described above using 5 × 10 6  cells 
and 15  � g of plasmid DNA. After electroporation, cells were re-
seeded into 1 well of a 6-well plate. For experiments in COS-7 
cells, transfection was performed using TransIT-LT1 transfection 
reagent (Mirus Bio) according to the manufacturer’s instructions. 

 Oil Red O staining for intracellular triglycerides 
 To stain neutral lipids, cells were fi rst washed with PBS and then 

fi xed in 4% formaldehyde solution in PBS (1 h). After three PBS 
washes, the cells were stained with Oil Red O solution (5 mg/ml Oil 
Red O solid dissolved in isopropanol, then diluted to a 60% work-
ing solution with ddH20 and fi ltered through a 0.45  � m fi lter) for 
30 min at room temperature, followed by six washes with water. 

 Immunofl uorescence 
 Cells were washed with PBS and fi xed in 4% paraformalde-

hyde in PBS (1 h), then washed three times with PBS, permeabi-
lized with 0.05% Triton X-100 in PBS containing 1% FBS (15 

protein (Adrp) and tail-interacting protein 47 (Tip47) ( 9, 
10 ). Together, these proteins compose the PAT (perilipin-
adipophilin-Tip47) family of proteins, which are involved 
in promoting triglyceride storage. Perilipin, however, is 
unique among the PAT proteins, because it is also required 
for triglyceride hydrolysis in response to  � -adrenergic 
stimuli ( 11–13 ). The PAT family now includes other lipid 
droplet-associated proteins, such as S3-12 and Oxpat ( 14, 
15 ). In addition to the PAT family of proteins, there have 
been many proteins found associated with lipid droplets, 
including the CIDE family [Cidea, Cideb, and Cidec (hu-
man); Fsp27 (mouse)]; caveolin 1; SNARE proteins; vari-
ous lipid-synthesizing enzymes, lipases (Hsl and Atgl); the 
RAB family of GTPases; and the small GTPase Arf1 ( 10, 
16–28 ). This growing list of lipid droplet-associated pro-
teins includes members that regulate lipid droplet forma-
tion and movement and control lipid storage and turnover. 
Importantly, through lipolysis, lipid droplets provide fatty 
acids for energy production, phospholipid and membrane 
biosynthesis, and cholesterol for membrane rigidity. They 
may also act as a depot for proteins involved in transcrip-
tion and apoptosis ( 7, 29 ). 

 Not only do lipid droplet proteins regulate many cellu-
lar processes, but they also dramatically regulate whole 
body processes, such as energy homeostasis. For example, 
Perilipin  � / �  , Cidea  � / �  , and Fsp27  � / �   mice are lean and 
insulin-sensitive on a high-fat diet. These mice have lower 
intracellular triglyceride levels and white adipose tissue 
weight, but they have increased fatty acid oxidation rates 
( 11, 30, 31 ). Thus, these proteins may promote obesity 
and insulin resistance by increasing fat storage and de-
creasing fat oxidation in mice. Nordstrom et al. found that 
small interfering RNA (siRNA)-mediated depletion of Ci-
dea in human preadipocytes resulted in increased lipoly-
sis, supporting the idea that, similar to mouse Cidea, 
human Cidea enhances adipocyte lipid storage ( 32 ). In 
obese humans, however, lipid droplet protein levels in adi-
pose tissue appear to correlate with increased insulin sen-
sitivity. For example, Puri et al. found that in body mass 
index (BMI)-matched obese patients, Cidea, Cidec, and 
perilipin expression was elevated in adipose tissue of sub-
jects with low homeostatic model assessment of insulin re-
sistance (HOMA-IR) scores (increased insulin sensitivity) 
( 18 ). Therefore, these proteins may protect obese humans 
from developing insulin resistance by promoting the se-
questration of fat into adipocyte lipid droplets, thereby 
preventing lipotoxicity in peripheral tissues. 

 Due to the impact that Cidea has on whole body me-
tabolism in mice and possibly humans, it is important to 
understand how Cidea regulates adipocyte lipid storage. 
In the present study, we demonstrate that human Cidea 
reduces lipolysis, increases triglyceride accumulation, and 
associates with lipid droplets in adipocytes as well as other 
cell types by a mechanism that is directed by its carboxy-
terminal domain. Additionally, Cidea expression in COS 
cells or in preadipocytes simultaneously induces the ap-
pearance of large lipid droplets and reduces the number 
of lipid droplets. This change in lipid droplet morphology 
is dependent on both the amino and carboxy-terminal do-
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droplet proteins may indicate a conserved function for this 
motif. The second region of Cidea (domain II) shares 51% 
homology with the amino terminal triglyceride-shielding 
domain of perilipin. This segment of perilipin is required 
for blocking lipase association with the lipid droplet and 
preventing lipolysis ( 35 ). Because Cidea also inhibits lipol-
ysis ( 30 ), this region is potentially important for Cidea 
function. The third and fourth regions of Cidea (domains 
III and IV) share approximately 30% and 48% homology, 
respectively, with the two regions of perilipin responsible 
for lipid droplet targeting and anchoring and, therefore, 
may be required to target Cidea to the lipid droplet ( 18 ). 
Finally, the fi fth region of Cidea (domain V) shares 32% 
homology with the second triglyceride-shielding domain 
found in the carboxy-terminal portion of perilipin ( 30 ). 
The constructs generated include the full-length protein 
(Cidea), the amino terminal 116 amino acids (Nt), which 
encompass regions I and II, and the carboxy-terminal 104 
amino acids (Ct), which encompass regions III and IV 
fused to either enhanced green fl uorescent protein (EGFP) 
or HA. To further analyze the amino terminal region, 
EGFP constructs were generated to express amino acids 
1–35 (NI) or amino acids 35–116 (NII) ( Fig. 1 ). 

min), and incubated overnight at 4°C with primary antibody 
against HA or calreticulin in permeabilization buffer. Cells were 
then washed, labeled with secondary antibody, and washed again 
with permeabilization buffer before mounting on slides using 
Prolong Gold (Invitrogen). 

 Confocal microscopy 
 Images were taken on a Zeiss Axiophot microscope equipped 

with a Hamamatsu digital camera and processed using Meta-
morph imaging software, version 6.1 (Universal Imaging, Down-
ingtown, PA). 

 Fluorescence-activated cell sorting (FACS) analysis 
 Green-fl uorescent protein (GFP) positive cells were sorted on 

a BD Biosciences (San Jose, CA) FACS Vantage DiVa Cell Sorter. 
The acquisition software used was FACS DiVa 6.0. 

 Triglyceride determination 
 Cells were transfected as described above, and GFP positive 

cells were sorted by FACS. The cells were then lysed with water, 
sonicated, and quantitated for triglyceride using the Triglyceride 
Determination Kit (Sigma) according to the manufacturer’s 
instructions. 

 Measurement of glycerol release 
 3T3-L1 cells were grown and differentiated in 12-well plates. At 

day four after differentiation, HA-control or Cidea adenovirus 
(10 13  viral particles/well) was added. After 44–48 h, the cells were 
washed three times in PBS, and then incubated in either phenol 
red-free DMEM or Krebs-Ringer Hepes buffer supplemented 
with 4% BSA. Glycerol content in the medium was determined 
after 2.5 h using the free glycerol determination kit (Sigma 
Chemical) according to the manufacturer’s protocol. 

 Statistical analysis 
 Quantitative data is represented as mean ± SEM. For statistical 

analysis, the differences between groups were examined with 
Student’s paired  t -test.  P  < 0.05 was considered statistically 
signifi cant. 

 RESULTS 

 The carboxy-terminus of human Cidea is necessary and 
suffi cient for lipid droplet targeting 

 Although the functional domains of many lipid droplet-
associated proteins have been identifi ed ( 34–37 ), analysis 
of the functional domains of Cidea has not yet been per-
formed. To address this, various domains of human Cidea 
were fused to GFP or HA-epitope to identify which regions 
are required for lipid droplet targeting and triglyceride 
shielding (  Fig. 1  ). As human and mouse Cidea are approx-
imately 90% homologous, the domains were chosen based 
on the sequence similarity previously described for mouse 
Cidea to the PAT family protein perilipin ( 18 ). These re-
gions also share homology with Fsp27, another CIDE fam-
ily protein that binds lipid droplets ( 18 ). The fi rst region of 
Cidea (domain I) shares an approximately 22% homology 
with perilipin in a short amino terminal sequence that also 
shares homology with adipophilin and Tip47, the other 
PAT family proteins. No function has yet been identifi ed 
for this region, but the shared homology among the lipid 

  Fig.   1.  Diagram showing the predicted amino acid (aa) similarity 
of Cidea and Fsp27 to perilipin and the Cidea constructs generated 
based on these motifs. A: The adipophilin-like sequence of per-
ilipin (aa 11–38; region I) shows a sequence similarity of 32% with 
Fsp27 (aa 2–29) and 22% with Cidea (aa 2–28). Region II of per-
ilipin (aa 120–152) is responsible for shielding triglyceride from 
cytosolic lipases and has a sequence similarity of 40% with Fsp27 
(aa 46–77) and 51% with Cidea (aa 38–69). Regions III (aa 313–
352) and IV (aa 365–391) of perilipin are responsible for lipid 
droplet targeting and anchoring and have 40% and 30% similarity 
with the respective sequences of Fsp27 (aa 137–173 and aa 174–
200) and 38% and 48% similarity with Cidea (aa 122–158 and 159–
185). The homology between Cidea and perilipin within each 
domain is shown. B: Cidea constructs of EGFP or hemagglutinin 
(HA) fused to the full length or various fragments of Cidea were 
generated based on the homology to the known perilipin domains.   
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  Fig.   3.  The carboxy-terminus of Cidea (aa 116–219) is necessary 
and suffi cient for lipid droplet localization in 3T3-L1 preadipo-
cytes. EGFP only or the EGFP-Cidea constructs were expressed in 
preadipocytes for 24 h. Then the cells were fi xed, and the neutral 
lipid was labeled with Oil Red O. The left two panels show a 60× 
confocal Z section of two different cells. The right panel shows a 
100× confocal Z section for closer inspection of Cidea localization 
to the lipid droplet. The images for each construct are from three 
different cells.   

 To determine if the lipid droplet targeting of human 
Cidea is an adipocyte-specifi c phenomenon, EGFP-tagged 
constructs were expressed in 3T3-L1 fi broblasts and COS-7 
monkey kidney cells. Similar to 3T3-L1 adipocytes, in 3T3-
L1 fi broblasts, both the EGFP-Cidea and EGFP-Ct were 
targeted to lipid droplets, while the EGFP protein alone 
and EGFP-Nt showed diffuse cytoplasmic and nuclear 
staining (  Fig. 3  ). These fi ndings suggest that Cidea target-
ing to lipid droplets is not fully dependent on a mecha-
nism specifi c to differentiated adipocytes. To eliminate 
the possibility that 3T3-L1 fi broblasts may express low lev-
els of an adipocyte-specifi c protein that facilitates target-
ing of Cidea to lipid droplets, COS-7 kidney cells were also 
analyzed. These experiments again showed that the EGFP 
control and EGFP-Nt do not have distinct localization pat-
terns but that EGFP-Cidea and EGFP-Ct localize to the 
lipid droplets. Although EGFP-Cidea and EGFP-Ct par-
tially colocalize with lipid droplets in a punctate staining 
pattern, they do not show as tight an association with droplets 
in COS cells as they do in adipocytes or preadipocytes. In 
particular, they do not form the same ring-like structures sur-
rounding the lipid droplets, suggesting there may be compo-
nents or mechanisms in adipocytes and preadipocytes that 
enhances Cidea association or prevents Cidea dissociation 
from lipid droplets (  Fig. 4   and supplementary Fig. III). 

 Cidea and the carboxy-terminus of Cidea induce distinct 
changes in lipid droplet morphology 

 Expression of full-length Cidea or its carboxy-terminus 
in 3T3-L1 preadipocytes and COS-7 cells also revealed a 
striking change in lipid droplet morphology ( Fig. 4A ). In 
cells expressing the EGFP control or EGFP-Nt, lipid drop-
lets remained small and dispersed throughout the cyto-

 Since previous fi ndings by Puri et al. demonstrated that 
the endogenous Cidea protein targets to the periphery of 
lipid droplets in primary human adipocytes, it was ex-
pected that the ectopic expression of the full-length hu-
man Cidea fused to EGFP would also colocalize to lipid 
droplets in 3T3-L1 adipocytes ( 18 ). As expected, Cidea 
concentrated around the periphery of lipid droplets 
stained with Oil Red O, a hydrophobic dye that binds to 
neutral lipids, such as triglyceride and cholesterol esters 
(  Fig. 2   and supplementary Fig. I). Conversely, the EGFP 
control, EGFP-Nt, EGFP-NI, and EGFP-NII showed diffuse 
cytoplasmic and nuclear staining, indicating no distinct intra-
cellular localization. In contrast, EGFP-Ct has a localization 
pattern similar to EGFP-Cidea, with ring-like labeling sur-
rounding lipid droplets ( Fig. 2  and supplementary Fig. I). 

 To ensure that these fi ndings were not an artifact of the 
EGFP fused to the Cidea segments, the experiments were 
repeated with HA-Cidea, HA-Nt, and HA-Ct. These experi-
ments showed a similar intracellular localization pattern 
for the EGFP- and HA-tagged proteins, indicating that Ci-
dea localization around lipid droplets is not infl uenced by 
the presence of these modifi cations (supplementary Fig. 
II). Furthermore, these experiments reveal that Cidea tar-
geting to lipid droplets in adipocytes is solely dependent 
on the 104 amino acid carboxy-terminus. 

  Fig.   2.  The carboxy-terminus of Cidea (aa 116–219) is necessary 
and suffi cient for lipid droplet localization in 3T3-L1 adipocytes. 
EGFP only or the EGFP-Cidea constructs were expressed in day 5 
adipocytes for 24 h. Then the cells were fi xed, and the neutral lipid 
was labeled with Oil Red O. In the left two panels, 3D images with 
both green and red visualize the Cidea localization to lipid drop-
lets; images with green only visualize the cellular distribution of 
Cidea. The right two panels show confocal Z sections with both 
green and red or green only. All images are 100× magnifi cation.   
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 The C terminus of Cidea is necessary and suffi cient to 
stimulate triglyceride storage 

 Multiple lines of evidence indicate that Cidea pro-
motes lipid storage by inhibiting lipolysis. To date, sup-
port for this Cidea function has been obtained through 
loss of function studies ( 30, 32 ). To determine if Cidea 
can also promote lipid storage, the various EGFP-Cidea 
constructs were expressed in COS-7 cells. The EGFP-
positive cells were then isolated through FACS and the trig-
lyceride levels were analyzed in cells expressing each of 
the constructs. Not surprisingly, expression of EGFP-Nt 
causes no signifi cant change in triglyceride level com-
pared with the EGFP control. However, expression of 
either EGFP-Cidea or EGFP-Ct causes a signifi cant in-
crease in triglyceride accumulation above the EGFP con-
trol (an increase of 35% and 27%, respectively). Although 
expression of the carboxy-terminus causes slightly less 
triglyceride accumulation, this is not statistically differ-
ent from the full-length protein, suggesting that the car-
boxy-terminus of Cidea is necessary and suffi cient to 
inhibit lipolysis and promote triglyceride accumulation 
(  Fig. 5  ). These data also suggest that while the N termi-
nus is required to promote large lipid droplet formation 
seen in response to the full-length protein, this change 
in morphology is not required to promote triglyceride 
accumulation. 

plasm. However, in cells expressing EGFP-Cidea, the lipid 
droplets tended to be fewer in number and much larger in 
size ( Fig. 4B ). This increase in lipid droplet size is also 
seen when mouse Cidea is expressed in 3T3-L1 adipocytes 
and COS-7 cells ( 18 ). In cells expressing EGFP-Ct, the 
lipid droplets form distinct clusters, but they do not form 
large droplets during the time course analyzed ( Fig. 4B ). 
This clustered morphology has been reported for other 
lipid droplet-shielding proteins, such as perilipin and 
Mldp, suggesting that the carboxy-terminus may contain 
the shielding domain required to inhibit lipase association 
with the droplet ( 38, 39 ). These results were confi rmed by 
expressing HA-Cidea, HA-Nt, and HA-Ct (supplementary 
Fig. IV). Even after 72 h of expression, the carboxy-termi-
nus did not induce the appearance of large lipid droplets 
observed with the full-length protein. To determine if the 
carboxy-terminus could induce large lipid droplet forma-
tion in the presence of the N-terminus, these constructs 
were coexpressed in COS-7 cells. In cells expressing both 
constructs, lipid droplets were clustered but remained 
small, similar to what was observed upon expressing the 
carboxy-terminus alone (data not shown). Therefore, dual 
expression of the amino and carboxy-termini together 
did not result in the full-length phenotype, suggesting the 
carboxy-terminus is required for the proper targeting of 
the N terminus for large lipid droplet formation. 

  Fig.   4.  Cidea changes lipid droplet morphology in 
COS-7 cells but does not tightly associate with lipid 
droplets. A: EGFP only or the EGFP-Cidea constructs 
were expressed in COS-7 for 24 h in the presence of 
400  � M oleate. Then the cells were fi xed, and the 
neutral lipid was labeled with Oil Red O. The left 
panel shows a 60× confocal Z section of a cell 
expressing EGFP. The right panel shows a 100× 
confocal Z section for closer inspection of Cidea lo-
calization to the lipid droplet. The images for each 
construct are from four different cells. B: Lipid 
droplet morphology was determined in 200 cells 
from three independent experiments as being small 
and dispersed, large and few, or clustered.   
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  Fig.   6.  Expression of full-length Cidea attenuates glycerol release 
from 3T3-L1 adipocytes. Differentiated adipocytes were infected 
with hemagglutinin (HA)-control or Cidea adenovirus for 48 h. 
Then cells were incubated in Krebs-Ringer Hepes (KRH) (Set I) or 
DMEM (Set II), and glycerol concentration in the media after 2.5 h 
was assayed. Cells were then harvested for total protein measure-
ment and immunoblotting. A: Representative immunoblot of pro-
tein lysates from cells infected with HA-control or Cidea adenovirus 
(experimental duplicates of each). Upper panel, anti-Cidea anti-
body. Lower panel, actin (loading control) antibody. B: Glycerol 
release normalized to total protein from cells infected as in (A) is 
shown relative to HA-adenovirus control. Averages ± SEM of three 
or fi ve experiments per set. The  P  value was calculated using Stu-
dent’s  t -test. ** P  < 0.01; *** P  < 0.001.   

which suggests that Cidea promotes triglyceride accumula-
tion largely through lipolysis inhibition rather than triglyc-
eride synthesis ( Figs. 5 and 6 ). Nevertheless, this conclusion 
cannot be defi nitively drawn because different cell lines 
were used to assay triglyceride accumulation and lipolysis. 

 However, many studies have shown that inhibiting lipol-
ysis by various means stimulates triglyceride accumulation 
in isolated adipocytes. For example, the depletion of Atgl 
expression with siRNA inhibits lipolysis, resulting in in-
creased triglyceride levels ( 40, 41 ). Conversely, expression 
of lipid droplet-shielding proteins, such as perilipin, Adrp, 
or Mldp, increases triglyceride storage in a variety of non-
adipocyte cell lines ( 35, 39, 42, 43 ). It is not surprising that 
the carboxy-terminus of Cidea is responsible for both lipid 
droplet localization and triglyceride accumulation, as this 
region of Cidea shares sequence similarity to the carboxy-
terminal triglyceride-shielding domain and the targeting 
and anchoring domains of perilipin ( Fig. 1 ) ( 35, 36 ). 

 Fsp27, another protein of the CIDE family, also binds 
lipid droplets and negatively regulates lipolysis ( 17, 31 ). 
This protein exhibits 65% sequence similarity to Cidea, 
and the two proteins show a similar phenotype when de-
pleted or expressed. Interestingly, expression of Fsp27 in 
3T3-L1 preadipocytes increases triglyceride storage to an 
extent similar to Cidea expression, suggesting these two 
proteins may have redundant functions ( 19 ). 

 Human Cidea promotes lipid storage by 
inhibiting lipolysis 

 While previous studies indicate that a loss in Cidea func-
tion results in increased lipolysis and decreased triglyceride 
storage, it is necessary to verify that the converse is also true; 
i.e., that the expression of Cidea inhibits lipolysis and pro-
motes lipid storage. During basal conditions, adipocytes un-
dergo a low rate of lipolysis to release free fatty acids for 
both peripheral and cellular energy production. During the 
hydrolysis of triglyceride, glycerol is released along with the 
free fatty acids, and the glycerol can be measured to deter-
mine the lipolytic state of the cells. To determine if human 
Cidea reduces lipolysis, adenoviral constructs expressing 
HA control or HA-Cidea were expressed in fully differenti-
ated 3T3-L1 adipocytes, and the glycerol release was assayed. 
As seen in   Fig. 6  , the expression of Cidea results in an ap-
proximately 32% reduction in basal glycerol release com-
pared with the HA control, indicating that Cidea does 
inhibit lipolysis. In addition, this effect was not dependent 
on a particular media formulation, as a similar effect was 
found in cells cultured in KRH or DMEM ( Fig. 6 ). 

 DISCUSSION 

 Currently, published reports suggest that Cidea pro-
motes lipid storage by inhibiting lipolysis, but the mecha-
nism driving this function is still unknown ( 30, 32 ). In this 
study, we show that the expression of either human Cidea 
or a domain comprising its carboxy-terminal 104 amino 
acids directs both lipid droplet targeting ( Figs. 2 and 3 ) 
and triglyceride accumulation ( Fig. 5 ), which identifi es 
the carboxy-terminus as both necessary and suffi cient for 
these two functions. As expected, the triglyceride accumu-
lation due to Cidea expression occurs, at least partially, 
through lipolysis inhibition ( Fig. 6 ). Interestingly, the 32% 
reduction in lipolysis with Cidea expression in adipocytes 
is very similar to the 35% percent increase in triglyceride 
accumulation found with Cidea expression in COS cells, 

  Fig.   5.  Cidea overexpression causes increased triglyceride accu-
mulation. EGFP only or the EGFP-Cidea constructs were expressed 
in COS-7 for 24 h in the presence of 400  � M oleate, and then trig-
lyceride levels were determined. The triglyceride levels with each 
condition were normalized to cell number and then expressed as a 
fold change compared with the EGFP-only control. The values rep-
resent the average of three experiments. There is no signifi cant 
difference in triglyceride in cells expressing the full length or car-
boxy-terminal domain. The asterisks denote a  P  value < 0.01.   
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tant regulator of insulin sensitivity and glucose homeosta-
sis in humans. 

 Perhaps Cidea regulates whole body insulin sensitivity 
by controlling the rate of lipolysis in the adipose tissue and 
promoting proper sequestration of fatty acids as triglycer-
ide within lipid droplets. This function would be particu-
larly important during the obese state to prevent the 
elevation of free fatty acid levels in serum, which could 
then accumulate in the liver and muscle, causing lipotox-
icity and insulin resistance ( 4 ). Additionally, increasing 
the free fatty acid concentration within adipocyte lipid 
droplets may lead to changes in membrane phospholipid 
composition and alter cell signaling events, negatively af-
fecting adipocyte function. Furthermore, because increas-
ing evidence suggests that different populations of droplets 
are involved in different cellular functions, Cidea may 
function on lipid droplets that mediate a specifi c cell func-
tion. Interestingly, the carboxy-terminus of Cidea induces 
apoptosis when ectopically expressed at high levels ( 44 ). 
This effect could be due to the mislocalization of Cidea to 
lipid droplets due to the absence of the amino terminal 
localization signal, altering cell signaling events and lead-
ing to apoptosis. Further mechanistic studies of lipid drop-
let-associated proteins, such as Cidea, will enhance our 
understanding of these newly recognized organelles that 
may infl uence many disease states.  

 The authors thank Drs. Silvia Corvera, Heidi Tissenbaum, Stephen 
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