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intracellular distribution of adipose differentiation-related 
protein during triacylglycerol accumulation in the liver. 
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 Intracellular lipid droplets (LD) are cellular organelles 
observed ubiquitously in physiological and pathological 
conditions. LDs are composed of a core of neutral lipids 
containing cholesteryl esters and/or triacylglycerol (TG), 
a surrounding surface monolayer of phospholipids, and 
several associated proteins. LDs are considered to be a 
storage site of neutral lipids and to play a role in whole-
body energy homeostasis ( 1–3 ). 

 A number of proteomic studies on LD in various cells 
have revealed the unique protein profi les of LD ( 4–8 ). A 

       Abstract   Cellular lipid droplets (LD) are organelles in-
volved in cellular lipid metabolism. When liver cellular com-
ponents were fractionated using sucrose density gradient 
centrifugation, adipose differentiation-related protein (ADRP) 
was distributed in both the top and bottom fractions, which 
correspond to the LD and membranous fractions, respec-
tively, in the mouse liver under normal feeding conditions. 
After overnight fasting, triacylglycerol and ADRP increased 
nearly 2.5-fold in the mouse liver, and a portion appeared in 
the intermediate-density LD (iLD) fractions. ADRP in the iLD 
fractions was also increased in a mouse nonalcoholic ste-
atohepatitis model induced by methione/choline-defi cient 
diet. When HuH-7 human hepatoma cells were incubated 
with oleic acid for 24 h, the amount of ADRP increased, and 
it was distributed in both the LD and membrane fractions. 
However, ADRP appeared in the iLD fractions upon treat-
ment of HuH-7 cells with glucagon. This behavior of ADRP 
was cAMP-dependent, as the ADRP-positive iLD fractions 
were induced by dibutylyl cAMP and were blocked by pro-
tein kinase A inhibitors. A portion of ADRP colocalized mi-
croscopically with calnexin, which is present in the iLD 
fractions, by treatment of HuH-7 cells or human primary 
hepatocytes with oleic acid and glucagon, but not by treat-
ment with oleic acid alone.   Glucagon has a role in the 
reorganization of endoplasmic reticulum membranes to 
generate ADRP-associated lipid-poor particles in hepatic 
cells, which is related to LD formation during lipid storage.  —
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toma cell line HuH-7, and we found that glucagon induces 
the change in ADRP distribution. This response was me-
diated by PKA-dependent signaling pathway. These ob-
servations suggest the novel idea that the intracellular 
distribution of ADRP to the iLD fraction is hormonally 
regulated and could be coupled with LD particle forma-
tion during lipid loading in the liver. 

 EXPERIMENTAL PROCEDURES 

 Animals 
 Male C57BL6/J mice (10 weeks old) purchased from Oriental 

Yeast Co. (Tokyo, Japan) were maintained in a temperature-con-
trolled facility with fi xed 12 h light and 12 h dark cycles and free 
access to regular chow and water. Animals from 10 to 12 weeks of 
age were used throughout this study unless otherwise indicated. 
For the fasting experiment, diet was withdrawn from the mice for 
16 h. For the NASH experiment, mice were fed a methionine/
choline-defi cient (MCD) diet (CLEA Japan, Tokyo, Japan) for 
2 weeks ( 28, 29 ). 

 Subcellular fractionation 
 Subcellular fractionation of the mouse liver was carried out by 

sucrose density gradient ultracentrifugation. Briefl y, the dissected 
tissues were disrupted by homogenization with a Tefl on/glass ho-
mogenizer in isotonic buffer [5 mM Tricin-NaOH (pH 7.4), 0.75 
mM EDTA, 250 mM sucrose, and a protease inhibitor cocktail]. 
The homogenate was centrifuged at 10,000  g  for 5 min at 4°C, 
yielding a postnuclear supernatant (PNS). The sucrose concen-
tration of the PNS was adjusted to 35% and layered beneath a 
2–35% sucrose gradient. The ultracentrifugation was carried out 
at 154,000  g  for 2 h at 4°C using an RPS40T rotor and a Himac 
CP65 �  ultracentrifuge (Hitachi, Japan). Following centrifugation, 
the samples were collected from the top (0.8 ml each), and 13 
(liver PNS samples) or 15 (HuH-7 PNS samples) fractions were 
recovered. The density of each fraction was determined using a 
multi-wavelength Abbe refractometer (Atago Co. Ltd.). 

 Cell culture experiments 
 Human hepatoma cell line HuH7 was purchased from RIKEN 

Health Research Resource Bank. Cells were grown in DMEM 
containing 10% FBS, 200 mM L-glutamine, 100 U/ml penicillin, 
and 100  � g/ml streptomycin. Cells were incubated with the me-
dium supplemented with 0.6 mM oleic acid (OA) and/or 100 nM 
glucagon (Sigma, St. Louis, MO) for 24 h. Then the cells were 
collected using a cell scraper and homogenized in isotonic buffer 
using a glass homogenizer. After centrifugation at 10,000 rpm for 
5 min at 4°C, the recovered supernatant was used as PNS. Human 
primary hepatocytes were purchased from BD Biosciences, San 
Jose, CA (cat. no. 454550; lot no. 262). The hepatocytes were 
washed with ISOM’s medium, and then cultured in ISOM’s me-
dium containing 10% FBS for 12 h, followed by 2 days culture in 
ISOM’s medium without FBS according to the manufacture’s in-
struction. Then the cells were incubated with DMEM supple-
mented with 0.6 mM OA and 100 nM glucagon for 24 h. 

 Immunoblot analysis 
 Total lysates from the dissected murine tissues were prepared 

with SDS/Triton X-100 lysis buffer [50 mM Tris-HCl (pH 7.5), 
0.1% SDS, 1% Triton X-100, 1 mM EDTA, 150 mM NaCl, and a 
protease inhibitor cocktail (Sigma)]. Protein concentrations of 
the total lysates were measured using the BCA protein assay re-
agent (Pierce). Aliquots of the total lysates were subjected to 10% 

well-known family of LD-associated proteins is the PAT 
family, which includes adipose differentiation-related pro-
tein (ADRP, also called adipophilin or ADFP), perilipin, 
tail interacting protein of 47 kDa (TIP47), myocardial 
lipid droplet protein (MLDP, also called OXPAT or 
LPDP5), and S3-12 ( 9, 10 ). These proteins share the PAT 
domain, which is named after the three major family mem-
bers:  p erilipin,  A DRP, and  T IP47 ( 7 ). Perilipin is a special-
ized LD protein expressed in mature adipocytes, and it has 
a pivotal role in the regulation of TG hydrolysis in cells 
( 11, 12 ). Hormone-induced TG hydrolysis is regulated by 
protein kinase A (PKA)-dependent phosphorylation of 
hormone-sensitive lipase (HSL) and perilipin. In unstimu-
lated cells, perilipin forms a complex with comparative 
gene identifi cation-58 (CGI-58), but phosphorylated per-
ilipin dissociates from CGI-58, and then the CGI-58 binds 
to adipose triglyceride lipase (ATGL) to activate the en-
zyme. Phosphorylated perilipin facilitates the access of 
phosphorylated HSL to the surface of LD, and hydrolyzes 
the diacylglycerol formed from TG by ATGL ( 13–15 ). 

 ADRP was originally found as a major protein induced 
in the early stages of 3T3-L1 adipocyte differentiation ( 16 ). 
The expression of  Adrp  mRNA is induced not only in adi-
pocytes but also in many other types of cells upon lipid 
accumulation ( 17–21 ). It is reported that peroxisome-pro-
liferator activated protein (PPAR)-retinoid X receptor 
(RXR) heterodimers are responsible for ADRP transcrip-
tion, while PPAR �  is the major subtype in adipose tissue 
and the placenta ( 22, 23 ), PPAR �  is crucial in macrophages 
( 19 ), and PPAR �  acts in the liver ( 20, 24 ). 

 It is well known that ADRP is an LD-associated protein 
expressed in many cell types, and it is widely used as a 
marker of LD. However, the behavior and biological roles 
of ADRP remain to be investigated. One of the diffi culties 
in studying the behavior of ADRP is that the protein level 
is not necessarily dependent on the mRNA level. Previous 
in vitro studies have shown that ADRP is involved in LD 
formation by enhancing the uptake of free fatty acids 
(FFA), thereby stabilizing LD particles ( 25, 26 ). Recently, 
we and another group found that the ubiquitin-prote-
asome system regulates the ADRP level during the regres-
sion of lipid-accumulating cells, and it was apparent that 
ADRP escaped from the degradation system during LD 
formation ( 21, 27 ). In addition, the intracellular distribu-
tion of ADRP changed under various conditions. ADRP 
does not contain a signal sequence or transmembrane do-
main, so it is unlikely to be produced by membrane-bound 
ribosomes on rough endoplasmic reticulum (ER); rather, 
it may move between the cytosol and the LD surface after 
translation. We thought that monitoring the changes in 
the amount and distribution of ADRP would provide new 
insight into the biological functions of ADRP. 

 In the current study, we found the formation of inter-
mediate density LDs (iLD) in the liver that contain ADRP 
but are poor in TG. Induction of the iLD fraction is ob-
served during lipid accumulation in the fasted liver and in 
a dietary murine model of nonalcoholic steatohepatitis 
(NASH). We investigated the factors responsible for ap-
pearance of ADRP-positive iLD fractions using the hepa-
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decreases during the fasting period, glucagon stimulates 
glycogenolysis and adrenalin upregulates TG hydrolysis in 
WAT to increase the FFA released into the circulation, and 
then excess amounts of FFA are converted to TG in the 
liver ( 30, 31 ). After mice were fasted for 16 h, ADRP pro-
tein was increased in the liver of the fasted mice (2.6-fold) 
but not in the other tissues examined (  Fig. 1A  ).  This is in 
accordance with a previous report showing an increase in 
ADRP and TG in the fasted mouse liver ( 32 ). The amounts 
of TG in brain, heart, and muscle did not change signifi -
cantly after 16 h of fasting (data not shown). 

 TIP47, another member of the PAT family of proteins, 
was also induced approximately 4.1-fold ( Fig. 1B ) in the 
fasted liver. In addition, an ER membrane protein, SCD-1, 
which has a key role in providing unsaturated fatty acids 
for utilization in TG production, was induced in the fasted 
liver ( � 2.7-fold), suggesting that substantial changes in 
the ER occur during TG accumulation in the liver. 

 To study the intracellular distribution of ADRP in the 
hepatic cells during TG accumulation, we examined the 

SDS-PAGE, and then transferred to nitrocellulose membranes 
(Protron BA-83; Schleicher and Schuell). The membranes were 
probed with specifi c antibodies against mouse ADRP (Progen, 
Heidelberg, Germany); human ADRP (American Research Prod-
ucts); stearoyl-CoA desaturase (SCD-1; Santa Cruz); glucose-reg-
ulated protein of 78 kDa (GRP78/BiP; BD Biosciences), TIP47 
(Santa Cruz); perilipin (Progen); microsomal triacylglycerol 
transfer protein (MTP; BD Biosciences); Raf-1 and enolase (Santa 
Cruz); calnexin and mouse  � -actin (Sigma); and human  � -actin 
(Santa Cruz). Proteins were visualized using the ECL-plus system 
(Invitrogen, Carlsbad, CA). 

 Microscopic examinations 
 HuH-7 cells (5 × 10 4  cells/ml) cultured in Lab-Tek II slide 

chambers (Nalge Nunc International) were treated with or with-
out OA (0.6 mM) and glucagon (100 nM) for 24 h. The cells 
were fi xed with 10% formalin-PBS for 10 min at room tempera-
ture. The cells were then permeabilized and blocked by treat-
ment with PBS containing 0.2 M glycine and 0.1 mg/ml saponin 
for 45 min, followed by PBS containing 20  � g/ml nonimmune 
goat IgG and 0.1 mg/ml saponin for 1 h. The cells were incu-
bated with anti-ADRP guinea pig IgG (Progen), anti-calnexin 
rabbit IgG (Sigma), or anti-GRP78/BiP rabbit IgG (Sigma), fol-
lowed by the mixture of second antibodies (biotin-conjugated 
anti-guinea pig IgG and Alexa594-streptavidine, Alexa488-anti 
rabbit IgG). LDs were stained with BODIPY493/503 (Molecular 
Probes). The cells were observed and photographed using confo-
cal laser microscopy (Nikon A1-si). 

 Measurement of particle sizes 
 Fractions recovered from sucrose density gradient ultracen-

trifugation were diluted 1:10 with buffer A [10 mM Tricine-NaOH 
(pH 7.4) containing 3 mM EDTA]. The average particle size in 
the fractions were measured using a laser diffraction nanoparti-
cle size analyzer (Simadzu SALD-7100). 

 Measurement of TG and FFA 
 Mice were anesthesized and whole venous blood was obtained 

from the inferior vena cava. The amounts of TG and FFA in 
blood were determined using a Triglyceride E-Test and NEFA 
C-Test (Wako Chemical Co., Osaka, Japan) .

 Statistical analysis 
 Data are expressed as mean ± standard deviation. Results were 

analyzed using Student’s  t -test, and statistical signifi cance for all 
comparisons were assigned at  P  < 0.05. Asterisks indicate values 
signifi cantly different from the control: * P  < 0.05, ** P  < 0.01, 
*** P  < 0.005. 

 RESULTS 

 Intracelluar distribution of ADRP protein 
 The ADRP protein was detected by immunoblotting in 

various tissues from 10-week-old, male C57BL/6 mice. The 
expression of ADRP was the highest in the liver (supple-
mentary Fig. I), but ADRP was not detected in white adipose 
tissue (WAT). Perilipin was observed only in WAT among 
the tissues examined. Liver has a central role systemic lipid 
homeostasis, and we studied the behavior of the ADRP pro-
tein in liver cells during lipid accumulation. 

 Fasting induces mobilization of stored fat and accumu-
lation of TG in the liver. When the blood glucose level 

  Fig.   1.  Accumulation of ADRP in the liver of fasting mice .  A: 
Effects of fasting on ADRP protein levels in the tissues were exam-
ined. Male C57BL/6 mice (10 weeks old) were either fed chow 
diet or fasted for 16 h, euthanized, and then brain, heart, liver, 
skeletal muscle, and WAT were recovered. Immunoblot analysis 
of ADRP protein levels in each type of mouse tissue was per-
formed, and the intensity of the detected bands for ADRP and 
 � -actin were quantifi ed by densitometric scanning. The relative 
index of 1.0 is the ADRP/ � -actin in the liver from chow-fed mice. 
Bar graph shows mean and standard deviation of three mice. B: 
Fasting altered levels of TIP47, another LD protein, and SCD-1, 
an enzyme involved in lipid metabolism. Among the PAT family 
proteins, perilipin was not detectable. The intensity of the de-
tected bands of ADRP, TIP47, SCD-1, and  � -actin were quantifi ed 
by densitometric scanning. ADRP, adipose differentiation-related 
protein; LD, lipid droplet; SCD-1, stearoyl-CoA desaturase-1; 
TIP47; tail interacting protein of 47 kDa; WAT, white adipose 
tissue.   
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portions of MTP and GRP78/BiP were detected (Fr. No. 
8–11). TIP47 was detected in the top fractions (Fr. No. 
1, 2) of both the fed and fasted livers but not in the iLD 
fractions ( Fig. 2A ). 

 ADRP in a dietary murine model of NASH 
 Feeding mice with the MCD diet for more than one 

week induces strong accumulation of TG and tissue 
damage in the liver, a fact which is used in the experi-
mental model of NASH ( 28, 29 ). When 10 week-old 
male mice were fed the MCD diet for two weeks, they 
exhibited a 4-fold increase in the ADRP level together 
with a 3-fold increase in TG level in the liver ( Fig. 3A -
C).  Sucrose density gradient centrifugation of the liver 
PNS fractions from the mice fed with the MCD diet 
demonstrated that ADRP and TG were distributed in 
the iLD fractions (Fr. No. 5–9) in addition to a 3-fold 
increase in the top and bottom fractions ( Fig. 3B-E ). In 
the liver from control mice, TG was located in the top 
fractions (Fr. No. 1, 2) and ADRP was distributed in 
both the top and bottom fractions. The changes in the 
distribution pattern of ADRP and TG after MCD treat-
ment are very similar to those observed in the fasting 
liver. From these results, it is likely that the ADRP-posi-
tive iLD fractions are induced in response to TG accu-
mulation under pathological conditions, in addition to 
physiological metabolic changes. 

profi les of ADRP in the liver homogenates by sucrose 
density gradient centrifugation. The homogenate from 
the mice treated with a normal diet was separated into 
13 fractions by density gradient. Because the liver PNS 
fraction was placed in the bottom of the tube before 
centrifugation, the bottom fractions (Fr. No. 12, 13) 
would be expected to contain most of the proteins and 
membranous organelles. As shown in   Fig. 2A  ,  two ER 
proteins, MTP and GRP78/BiP, and a cytosolic protein, 
Raf-1, were localized in the bottom fractions. ADRP was 
distributed in both the top (Fr. No. 1, 2) and bottom 
fractions (Fr. No. 12, 13) but not in the middle fractions 
(Fr. No. 5–9) (Fig. 2A, B), while TG was also mainly dis-
tributed in the top fractions ( Fig. 2C ). The mouse liver 
after 16 h fast displayed a massive accumulation of TG 
in the top fractions. A small but substantial increase in 
TG was found in the middle fractions, but no TG in-
crease was observed in the bottom fractions ( Fig. 2C ). 
ADRP in the top fractions (Fr. No. 1–3) increased ap-
proximately 3-fold, and ADRP in the bottom fractions 
was also increased ( Fig. 2A ). It should be noted that sig-
nifi cant amounts of ADRP appeared in the iLD fractions 
(Fr. No. 5–9) in the fasted mouse liver. The iLD frac-
tions from the fasted mouse liver contained more TG 
than that from the fed mouse, suggesting dense, lipid-
poor LD particles had formed in the fasted mouse liver. 
Although the distribution of Raf-1 remained unchanged, 

  Fig.   2.  ADRP-LDs with intermediate density ap-
peared in the fasted liver. A: The profi les of ADRP, 
TIP47, MTP, GRP78/BiP, and Raf-1. The liver PNS 
fractions from mice under feeding conditions and 
after fasting for 16 h were fractionated by sucrose 
density gradient centrifugation. MTP and GRP78/
BiP are marker proteins for ER; Raf-1 is a marker for 
cytosol. Each fraction from sucrose density gradient 
centrifugation was analyzed by immunoblot analysis. 
MTP seems to increase in the fasted liver, although 
we have not done a quantitative confi rmation yet. B: 
Distribution of ADRP levels in the density gradient. 
The intensity of the detected bands of ADRP was 
quantifi ed by densitometric scanning. The relative 
index of 1 is defi ned as the intensity of ADRP in frac-
tion No. 1. C: Distribution of the TG levels in the den-
sity gradient. The TG levels of each fraction were 
quantitatively measured as described in “Experimen-
tal Procedures.” The relative index of 1 is the TG 
level in fraction No. 1. ADRP, adipose differentiation-
related protein; GRP78/BiP, glucose-regulated pro-
tein of 78-kDa/binding protein; LD, lipid droplet; 
MTP, microsomal triacylglycerol transfer protein; 
PNS, post-nuclear supernatant; TG, triacylglycerol; 
TIP47; tail interacting protein of 47 kDa.   

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2010/06/06/jlr.M004648.DC1
Supplemental Material can be found at:

http://www.jlr.org/


Glucagon regulates distribution of ADRP in the liver 2575

the iLD fractions, although the addition of glucagon 
had no effect on the amounts of ADRP and TG (Fig. 4A, 
B). Treatment of the cells with glucagon with OA 
changed the distribution of both ADRP and TG, sug-
gesting that the iLD fractions contained a small but defi -
nite amount of TG (Fig. 4D, E). The effect of glucagon 
on the TG increase was most potent in the iLD fractions 
( Fig. 4C ). 

 The intracellular distributions of enolase, GRP78/BiP, 
and calnexin in the cells treated with both OA and gluca-
gon were studied (  Fig. 5A  ).  Enolase, a cytosolic enzyme 
involved in glycolysis, was found in the bottom fractions. 
GRP78/BiP was found in the bottom fractions and in 
part in the top fraction, which corresponds to the data 
from the fasted liver and fatty liver models. Interestingly, 
calnexin showed a wide distribution from the top to the 
bottom, with a considerable amount detected in the iLD 
fractions either with or without OA and glucagon OA treat-
ment (Fig. 5A, B). 

 The distribution of ADRP in HuH-7 cells was examined 
under confocal laser microscopy. When HuH-7 cells were 
treated with OA, relatively large LD particles surrounded 
by ADRP were induced. After treatment with OA and glu-
cagon, both large and small LD particles, which were sur-
rounded by ADRP, were observed (  Fig. 6A  ).  The staining 
patterns of calnexin and GRP78/BiP corresponded to 
those of ER, with dense staining surrounding the nucleus 
and the reticular network all over the cytoplasmic space. 
Note that a part of calnexin, but not GRP78/BiP, colocal-
ized with ADRP when the cells were treated with OA and 
glucagon (Fig. 6B, C), which correlates with the result 

 Induction of ADRP-associated iLD fractions in HuH-7 
human hepatic cells 

 To elucidate the mechanisms involved in the distribu-
tion of ADRP to the iLD fractions, the distribution of 
ADRP was investigated in hepatic cells in culture. Human 
hepatoma cell line HuH-7 is widely used in studies of 
lipid metabolism related to LD and/or lipoprotein me-
tabolism ( 5, 33–35 ). After HuH-7 cells were incubated 
with OA for 24 h to induce intracellular LDs, the cell 
lysate was separated by sucrose ultracentrifugation. Com-
pared with cells without the OA treatment, the amounts 
of ADRP did not increase, although TG increased 2.5-
fold, ( Fig. 4A , B).  Under both conditions, most of the 
ADRP was localized in the top fractions (Fr. No. 1, 2) 
( Fig. 4D ). Such distribution patterns of ADRP and TG in 
OA-treated HuH-7 cells do not correspond to those ob-
served in the fasted liver and the MCD-induced fatty liver, 
suggesting that factors other than fatty acids are involved 
in formation of iLD fractions in hepatocytes, even though 
fatty acid is suffi cient to induce the accumulation of 
buoyant LDs. 

 During fasting, the blood sugar level decreases, and 
the energy supply is shifted from a glycolysis-dependent 
system to a fatty acid-dependent metabolism. Under 
such conditions, in addition to mobilization of FFA into 
the blood stream, the glucagon level increases to stimu-
late glycogenolysis. When HuH-7 cells were incubated 
with glucagon in the presence of OA for 24 h, ADRP was 
distributed in the iLD and bottom fractions ( Fig. 4A ). 
Interestingly, treatment of the cells with glucagon alone 
was suffi cient to induce the distribution of ADRP to 

  Fig.   3.  Distribution of ADRP in iLD fractions in the 
MCD diet-induced fatty liver .  Liver homogenates pre-
pared from mice before and after feeding with the 
MCD diet for 2 weeks were fractionated using sucrose 
density gradient ultracentrifugation. A: TG levels in 
the liver homogenates were quantitatively measured 
by enzymatic assay. B: Distribution of TG in the liver. 
The TG levels in each fraction were measured. The 
inset shows detailed pattern of TG distribution in iLD 
fractions. C: ADRP and GAPDH in the liver homoge-
nates were detected using immunoblot analysis. D, E: 
Distribution of ADRP after the fractionation was ana-
lyzed by immunoblot, and the band intensity was 
quantifi ed by densitometric scanning (n = 3). The 
relative index of 1 is defi ned as the ADRP/GAPDH 
ratio in the livers of control mice (0-week treatment). 
* P  < 0.05, ** P  < 0.01, *** P  < 0.005. ADRP, adipose 
differentiation-related protein; iLD, intermediate-
density lipid droplet; MCD, methione/choline defi -
cient; TG, triacylglycerol.   
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 Under our experimental conditions, the iLDs (Fr. No. 
5–8) have a density between 1.05 and 1.10 (supplementary 
Fig. II). Considering that the density of plasma LDL (d = 
1.019–1.063) and HDL (d = 1.063–1.215), the iLD frac-
tions are likely to contain neutral lipid-poor particles. By 
using a laser diffraction nanoparticle-size analyzer, the av-
erage particle size in the iLD fractions was estimated to be 
approximately 0.5  � m (supplementary Fig. III). It is inter-
esting that the estimated particle size seems to be even 
larger than the LDs in the top fractions. 

 Induction of ADRP-positive iLD fractions was observed 
after 5 h treatment of HuH-7 cells with OA and glucagon 
for 5 h, but 1 h treatment did not change the ADRP distri-
bution (supplementary Fig. IV). 

of the sucrose density gradient centrifugation ( Fig. 5 ). 
Enolase did not colocalize with ADRP under either con-
dition ( Fig. 6D ). 

 Because hepatoma cell lines, such as HuH-7, might 
differ from the hepatocytes, the effects of OA and gluca-
gon were also examined in human hepatocytes. The 
human hepatocytes accumulated a number of LD par-
ticles when incubated with OA or OA with glucagon 
(  Fig. 7A  ).  Colocalization of a part of ADRP with caln-
exin after treatment with glucagon and OA was again 
observed in the primary hepatocytes, while treatment of 
the hepatocytes with OA alone induced LDs, but the dis-
tribution of ADRP did not overlapped with calnexin 
(Fig. 7B, C). 

  Fig.   4.  ADRP appearance in the iLD fractions were induced by glucagon in HuH-7 human hepatoma cells .  
A: HuH-7 cells were incubated with or without 0.6 mM OA for 24 h, and in another set of cells, 100 nM glu-
cagon was added for 24 h. Then the cell lysate was fractionated by sucrose ultracentrifugation. The same 
volume (8  � l) from each fraction was applied to SDS-PAGE and immunoblotted with anti-ADRP antibody. B: 
HuH-7 cells were treated as above, and the amount of TG in the cell lysates was measured. C: Distribution of 
TG in the cells incubated with OA with or without glucagon was assessed by dividing them into three frac-
tions: LD fractions (Fr. No. 1–3), iLD fractions (Fr. No. 5–9), and high-density fractions (Fr. No. 11–15). D, 
E: Distribution of ADRP and TG in the cells incubated with OA with or without glucagon in each fraction 
separated by sucrose ultracentrifugation. The intensity of the detected bands of ADRP was quantifi ed by 
densitometric scanning. The relative index of 1 is defi ned as the intensity of ADRP in fraction No. 1 from the 
HuH-7 cells treated with OA and glucagon. ADRP, adipose differentiation-related protein; iLD, intermedi-
ate-density lipid droplet; OA, oleic acid; TG, triacylglycerol.   
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and that this change in distribution of ADRP was mediated 
by glucagon. Although fatty acid availability is crucial for the 
increase of the ADRP mass, the glucagon-dependent dis-
tribution of ADRP to the iLD fractions was regulated 
differently. 

 In sucrose density ultracentrifugation of the PNS frac-
tion from the fasted liver, we found that ADRP appeared 
in the iLD fractions. As the increase in ADRP is more obvi-
ous than the increase in TG in these fractions, ADRP is 
likely to form dense LD particles with a smaller amount of 
TG. Microscopic examination of the intracellular distribu-
tion of calnexin revealed an ER-like pattern, and glucagon 
treatment induced a portion of ADRP to colocalize with 
calnexin, which corresponds well with the presence of 
these proteins in iLD fractions in the cells treated with OA 
and glucagon. The different responses of calnexin and 
GRP78/BiP, the two ER proteins, suggest that there are 
subcompartments in ERs and iLDs that contain complex 
particles formed by nascent LDs and parts of ER membranes. 
It was proposed recently that LDs interact homotypically 
with other LD particles and heterotypically with other 
organelles ( 37 ). In particular, several recent studies have 
demonstrated a close association of LDs and ERs ( 38–41 ). 
Turró et al. reported a proteome study on hepatocytes 
showing calnexin was present as one of the associated pro-
teins in the LD fraction ( 40 ). Recently, Fujimoto et al. pro-
posed that LDs and ERs form complexes, which explains 
the unique structure called the “apoB crescent” ( 38, 39 ). 
Since our iLD fractions showed HDL-like density and much 
larger particle sizes, it is possible that there are LD-ER 
complexes like the apoB crescent in the iLD fractions. 

 The mechanisms for LD particle formation have not 
been fully clarifi ed, but there is a strong suggestion that 
nascent LDs are derived from the ER membrane, because 
diacylglycerol acyltransferase, the enzyme involved in TG 
synthesis, is located on the ER membrane ( 1, 30 ). Using 
immunoelectron microscopic analysis, Robenek et al. 
demonstrated that ADRP was present in ER membranes of 
macrophages ( 41 ), and we observed that a substantial part 
of ADRP was present in the bottom fractions. It is possible 
that iLD particles are generated upon stimulation from 
the ER membranes. However, another possibility is that 
small iLD particles are present constitutively and ADRP 
accumulates in these particles upon stimulation. We can-
not distinguish between these two possibilities currently 
because we do not have a distinct marker for iLDs. To an-
swer this issue, further study on dynamic behavior of LDs 
and iLDs in the cells is needed. Note that there was a limi-
tation of the sucrose density gradient method in separat-
ing iLD fractions and iLD/ER complex from the other 
cellular compartments. Proteome analysis as well as mor-
phological examinations with electron microscopy would 
be useful to characterize the iLD fractions. 

 It is well known that the addition of fatty acid to various 
cells induces ADRP expression and LD formation and that 
PPAR-RXR heterodimers are involved in mRNA expression 
of the ADRP gene ( 19–25 ). We tested the effect of fatty acids 
on the distribution of ADRP using HuH-7 hepatocytes, but 
we did not observe ADRP distribution in the iLD fractions by 

 Signaling pathway inducing ADRP redistribution 
 Since glucagon treatment of HuH-7 cells mobilized 

ADRP, the involvement of signaling pathways following 
glucagon receptor was studied. Treatment of HuH-7 cells 
with dibutylyl cAMP (db-cAMP) for 24 h induced ADRP 
distribution in the iLD fractions, just as glucagon did (  Fig. 
8A  ).  The appearance of ADRP in the iLD fractions by ei-
ther glucagon or db-cAMP was diminished in the presence 
of the PKA inhibitor Rp-8-Br-cAMPS (8-bromoadenosine-
3’,5’-cyclic monophosphothioate; Rp) or PKI14-22amide 
(PKI) ( Fig. 8B ). These results indicate that the redistribu-
tion of ADRP is induced, at least in part, through the PKA 
pathway. It was recently reported that the glucagon recep-
tor couples with the Gq as well as Gs proteins ( 36 ). The 
distribution of ADRP in the iLD fractions in glucagon-
treated HuH-7 cells was also abolished in the presence of 
the phospholipase C (PLC) inhibitor U-73122 ( Fig. 8C ). 

 DISCUSSION 

 In the present study, it was demonstrated that ADRP-asso-
ciated iLDs were formed in hepatic cells during TG accu-
mulation under physiological and pathological conditions 

  Fig.   5.  Distribution of ADRP and other proteins in HuH-7 cells 
after incubation with OA and glucagon. A: HuH-7 cells were incu-
bated with OA (0.6 mM) and glucagon (100 nM) for 24 h. Then 
the cell lysate was fractionated by sucrose ultracentrifugation, and 
the distribution of ADRP, enolase, BiP/GRP78, and calnexin were 
examined by Western blotting. B: Lysate of HuH-7 cells without 
treatment with OA and glucagon was fractionated by sucrose ultra-
centrifugation, and the distribution of BiP/GRP78, and calnexin 
were examined by Western blotting. ADRP, adipose differentiation-
related protein; GRP78/BiP, glucose-regulated protein of 78-kDa/
binding protein; OA, oleic acid.   
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havior. It was reported that platelet-activating factor-
induced LD formation in human polymorpholeukocytes 
was inhibited by U-73122 ( 42, 43 ). While the mechanism of 
LD formation in leukocytes might be diffi cult to compare 
with that of hepatocytes, it is possible that there is a PLC-
dependent pathway that leads to iLD fraction formation. 

 It is well known that perilipin, the major LD protein in 
adipocytes, is a good substrate for PKA phosphorylation; 
however, ADRP does not have a phosphorylation site based 
on the amino acid sequence. Therefore, it is unlikely that 
ADRP is phosphorylated by PKA and/or PKC upon activa-
tion of hepatic cells by glucagon. It is possible that certain 
regulatory proteins phosphorylated by PKA and/or PKC 
are involved in the generation of the iLD fractions. 

 Massive lipid accumulation is observed in certain patho-
logical conditions of the liver. Recently, NASH has gathered 
considerable attention because it is a manifestation of meta-
bolic syndrome in the liver, and many patients suffer from 
it. Treatment of rodents with an MCD diet for a short pe-
riod of time induces severe accumulation of lipids in the 
liver, which provides an animal model of NASH ( 28, 29 ). 

treatment of HuH-7 cells with OA alone. Therefore, we hy-
pothesized that metabolic factors that appeared under the 
fasting conditions would be responsible for such a response 
in the liver. It is an interesting fi nding that glucagon induces 
the distribution of ADRP to the iLD fractions, but it did not 
increase ADRP expression. As glucagon has a pivotal role in 
switching body energy sources between glucose and fatty ac-
ids, iLD formation might be involved in energy homeostasis 
by the formation of LDs and accumulation of TG in the liver 
when the availability of glucose is decreased. 

 The glucagon receptor has seven membrane-spanning 
domains and is coupled with Gs-type GTP binding protein, 
which suggests that a PKA-dependent pathway is involved 
in ADRP association with the iLD fractions. Experiments 
with db-cAMP, a nonhydrolyzable analog of cAMP, and 
two PKA inhibitors clearly indicated that the distribution 
of ADRP to the iLD fractions is mediated by PKA. How-
ever, a recent study reported that the glucagon receptor is 
also coupled with Gq ( 36 ). The PLC inhibitor U-73122 
also abolished the effect of glucagon, suggesting that both 
the PKA and PLC pathways are required for the ADRP be-

  Fig.   6.  Microscopic views of distribution of ADRP 
and other proteins in HuH-7 cells after incubation 
with OA or OA and glucagon. HuH-7 cells were 
treated with OA (0.6 mM) or with OA plus gluca-
gon (100 nM) for 24 h. A-D: The cells were stained 
with anti-ADRP IgG (red) in combination with 
BODIPY493/503, antibodies against calnexin, GRP78/
BiP, or enolase (green). The cells were also treated 
with DAPI to stain the nuclei (blue). The insets in 
(A) are enlarged images of LD particles in the HuH-7 
cells treated with OA plus glucagon showing that 
ADRP surrounds both large and small LD particles. 
The cells were visualized and photographed using 
confocal laser microscopy. The bars indicate 10  � m. 
ADRP, adipose differentiation-related protein; 
GRP78/BiP, glucose-regulated protein of 78-kDa/
binding protein; LD, lipid droplet; OA, oleic acid.   

  Fig.   7.  Microscopic views of distribution of ADRP 
and other proteins in human primary hepatocytes 
after incubation with OA or OA and glucagon .  Hu-
man primary hepatocytes were treated with OA (0.6 
mM) or with OA plus glucagon (100 nM) for 24 h. 
A-D: The cells were stained with anti-ADRP IgG (red), 
in combination with BODIPY493/503, anti-calnexin, 
or anti-GRP78/BiP antibodies (green) as in the  Fig. 
6 . The cells were also treated with DAPI to stain the 
nuclei (blue). The cells were visualized and photo-
graphed using confocal laser microscopy. The bars 
indicate 10  � m. ADRP, adipose differentiation-
related protein; GRP78/BiP, glucose-regulated protein 
of 78-kDa/binding protein; OA, oleic acid.   
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Methionine and choline in the diet are critical nutrients to 
generate phosphatidylcholine (PC), and in the liver a large 
amount of PC is needed to assemble VLDL particles, fol-
lowed by VLDL secretion ( 44 ). We found that ADRP was 
induced more than 4-fold along with an accumulation of 
TG in the liver of MCD mice. Interestingly, the subcellular 
distribution of ADRP in the MCD liver was quite similar to 
that in the liver of fasted mice, where a signifi cant part of 
ADRP appeared in the iLD particles. Recently, Motomura 
et al. reported that ADRP was upregulated in liver steatosis 
in humans ( 45 ). They also demonstrated the induction of 
ADRP in the mouse liver after treatment with a high-fat diet 
(82% fat by calories) for up to 12 weeks. It is interesting that 
the induction of ADRP-positive iLD fractions during lipid 
accumulation in the liver could be a common response in 
both physiological and pathological conditions. However, 
more work is needed to clarify the mechanism for induction 
of ADRP-positive iLD fractions in the NASH liver. 

 In conclusion, we suggest that the ADRP-positive iLD 
fractions are formed in hepatic cells during lipid stor-
age. In addition, we suggest that the induction and 
distribution of ADRP are regulated differently. The dis-
tribution of ADRP is mediated by PKA and/or PLC. Fur-
ther study on the nature of iLD particles as intracellular 
components is certainly needed and would provide 
an informative aspect on formation and function of 
LDs.  
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