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these proteins are highly regulated, indicating that turn-
over of the lipid droplet is also a highly controlled process 
( 1 ). The regulation of lipid droplet metabolism not only 
determines the size and morphology of the lipid droplet, 
but also infl uences the release of fatty acids from triacyl-
glycerol (TAG) stores. Because intracellular TAG continu-
ously undergoes hydrolysis, this pathway may represent a 
signifi cant source of intracellular fatty acids. 

 In addition to their historical roles in energy storage 
and as membrane constituents, fatty acids are also bioac-
tive molecules that regulate a multitude of physiological 
processes ( 2 ). Fatty acids elicit these biological effects 
through a host of mechanisms, including the regulation of 
transcription factors to control gene expression. For in-
stance, fatty acids serve as ligands for peroxisome prolifer-
ator-activated receptor  �  (PPAR � ) ( 3 ), the predominant 
PPAR isoform in the liver that governs the expression of 
genes involved in fatty acid oxidation and gluconeogenesis 
( 4 ). In particular, eicosapentaenoic acid (EPA), an omega-3 
fatty acid, elicits the most robust response in PPAR �  
activity ( 5, 6 ). The predominant sources of intracellular 
fatty acids are exogenous uptake, de novo synthesis, chylo-
micron remnant uptake, and the hydrolysis of TAG and 
phospholipid. Fatty acids from each of these sources may 
form separate pools within cells that infl uence cellular 
metabolism and signaling activities ( 7 ). For example, fatty 
acids released from phospholipids are preferentially chan-
neled toward eicosanoid production, thereby initiating a 
multitude of signaling pathways that infl uence cellular 
function ( 8 ). Furthermore, it has been hypothesized that 
fatty acids derived from de novo synthesis are important 
for the activation of PPAR �  ( 9 ). Therefore, it is possible 
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have important roles in intracellular signaling. This study 
was conducted to determine if fatty acids liberated from 
TAG hydrolysis regulate peroxisome proliferator-activated 
receptor  �  (PPAR � ). Primary rat hepatocyte cultures were 
treated with adenoviruses overexpressing adipose differen-
tiation-related protein (ADRP) or adipose triacylglycerol li-
pase (ATGL) or treated with short interfering RNA (siRNA) 
targeted against ADRP. Subsequent effects on TAG metabo-
lism and PPAR �  activity and target gene expression were 
determined. Overexpressing ADRP attenuated TAG hydro-
lysis, whereas siRNA-mediated knockdown of ADRP or 
ATGL overexpression resulted in enhanced TAG hydrolysis. 
Results from PPAR �  reporter activity assays demonstrated 
that decreasing TAG hydrolysis by ADRP overexpression re-
sulted in a 35–60% reduction in reporter activity under basal 
conditions or in the presence of fatty acids. As expected, 
PPAR �  target genes were also decreased in response to 
ADRP overexpression. However, the PPAR �  ligand, WY-
14643, was able to restore PPAR �  activity following ADRP 
overexpression. Despite its effects on PPAR � , overexpress-
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 Lipid droplets are now recognized as important organ-
elles in lipid storage and fatty acid traffi cking. Recent stud-
ies have characterized a host of proteins involved in lipid 
droplet biogenesis and turnover, including the perilipin/
adipophilin/TIP-47 family of lipid droplet binding pro-
teins and numerous lipases. The expression and activity of 
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dexamethasone, and 10 nM insulin. For experiments involving 
ADRP siRNA, hepatocytes were electroporated with either a 
nontargeting control (Qiagen All-Starts Negative Control) or 
ADRP siRNA at a concentration of 2.0 µg/10 6  cells immediately 
following isolation using a Rat Hepatocyte Nucleofector kit 
from Amaxa Biosystems. The sense and antisense strands for 
ADRP siRNA are r(GUCUGUCUGUUCCGAAUAA)dTdT and 
r(UUAUUCGGAACAGACAGAC)dGdT, respectively. Murine 
ADRP cDNA (kindly donated by Dr. Ginette Serrero of Harvard 
Medical School), fused to FLAG cDNA at its N terminus, was 
cloned into an adenovirus expression system using the AdEasy 
adenoviral vector system (Stratagene). The methods used to gen-
erate the ADRP virus are the same as those used for the ATGL 
virus production and are previously described ( 24 ). For ADRP 
adenovirus experiments, after a 4 h attachment period, cells were 
exposed to either 5 multiplicities of infection of adenovirus ex-
pressing green fl uorescent protein (Ad-GFP) or Ad-ADRP for 2.5 
h in M199 maintenance media; the GFP adenovirus was kindly 
provided by Wade Bresnahan, University of Minnesota, Twin Cit-
ies. For ATGL adenovirus experiments, cells were infected with 
20 multiplicities of infection of Ad-GFP or Ad-ATGL. Subsequently, 
all transduced cells were cultured in M199 maintenance media. 

 Cell radiolabeling, lipid extraction, and analysis 
 Cells were pulsed with 500 µM [1- 14 C]oleate bound to fatty 

acid-free BSA in a 3:1 molar ratio for 1.5 h at 22 h or 43 h post-
plating for ADRP and ATGL adenovirus or ADRP siRNA experi-
ments, respectively. Following the pulse, some cells were harvested 
for lipid extractions to measure radiolabel incorporation into 
lipid classes as described below. The media were removed, cells 
were washed with PBS, and fresh medium without oleate was 
added on other cells for a 6 h chase period. Subsequently, cells 
were collected and lipids were extracted ( 25 ). Following extrac-
tion, cellular lipids were separated by TLC on silica gel plates in 
a solvent system of hexane:ethyl ether:acetic acid (80:20:2, v/v). 
Known standards (Sigma-Aldrich and BioChemika) were used to 
identify lipids. Radiolabeled lipids were detected by iodine vapor 
and quantifi ed by scintillation counting. 

 PPAR �  and PPAR �  reporter gene assays 
 Hepatocytes were cotransfected with the pSG5-GAL4-hPPAR �  or 

pSG5-GAL4-hPPAR �  expression plasmids and a TK-MH-UAS-LUC 
reporter plasmid at 1  � g of each plasmid per million cells. Plasmids 
were kindly provided by Dr. Philippe Thuillier, Oregon Health and 
Science University. A renilla luciferase vector (pRL-SV40; Promega) 
was transfected at a concentration of 20 ng per million cells as 
an internal control reporter. The plasmids were transfected with 
Lipofectamine (Invitrogen) upon adenovirus removal or after the 
4 h attachment period for the siRNA experiments. Cells were 
exposed to one of the following fatty acid treatments: BSA, 250 µM 
oleate, 250 µM EPA, or a combination of 250 µM oleate and 250 µM 
EPA. EPA was used because it robustly activates PPAR � , whereas 
oleate was used because it is the most abundant fatty acid in tissues. 
The combination of the two fatty acids represents a more physiolog-
ical condition in which the liver is exposed to more than a single 
fatty acid. For overexpression experiments, cells were exposed to 
the above treatments at 24 h posttransduction unless otherwise 
noted. For ADRP siRNA experiments, cells were exposed to the 
fatty acid treatments at 43 h after plating. PPAR �  or - �  activity was 
determined in cell lysates by dual luciferase reporter gene assays 
(Promega) and expressed as relative luciferase units. 

 Quantitative RT-PCR 
 For both ADRP overexpression and knockdown experiments, 

RNA was isolated using Trizol, and reverse transcription and 

that intracellular fatty acids derived from distinct sources 
may differentially regulate numerous physiological pro-
cesses, including gene expression. 

 Recent data have suggested that manipulations to li-
pases and lipid droplet proteins, both of which infl uence 
TAG turnover, affect gene expression. Gene array analysis 
of tissues from adipose triacyglycerol lipase (ATGL) null 
mice revealed that the expression of genes in numerous 
pathways are altered, including decreased expression of 
genes involved in fatty acid  � -oxidation ( 10 ). Similarly, 
overexpression of lipid droplet proteins decreased the ex-
pression of genes related to fatty acid  � -oxidation, whereas 
knockdown of these proteins increased genes involved in 
fatty acid catabolism ( 11–16 ). In this study, we investigated 
the direct effects of manipulating TAG hydrolysis on 
PPAR �  activity. To modulate TAG hydrolysis in primary 
rat hepatocytes, we either overexpressed or knocked down 
adipose differentiation-related protein (ADRP) or overex-
pressed ATGL. Previous studies have shown that overex-
pression of ADRP results in lipid accumulation, while its 
knockdown promotes TAG breakdown and fatty acid re-
lease ( 17–20 ). ATGL is a lipase with high preference for 
TAG and is highly expressed in adipose tissue, heart, and 
muscle ( 21, 22 ). We found that overexpressing ADRP re-
sulted in decreased TAG hydrolysis and reductions in 
PPAR �  reporter activity and target gene expression, 
whereas hepatocytes with ADRP knocked down or ATGL 
overexpressed had increased PPAR �  reporter activity. 
These data implicate TAG hydrolysis as an important 
source of fatty acids that serve as signaling molecules to 
regulate PPAR �  activity. Because PPAR �  plays a central 
role in governing hepatic energy metabolism, fi ndings 
from this study provide further insight into the underpin-
nings of the development of fatty liver, insulin resistance, 
and metabolic diseases in general. 

 MATERIALS AND METHODS 

 Materials 
 Tissue culture plates were from Nunc and media were ob-

tained from Invitrogen. Rat-tail collagen I was obtained from BD 
Biosciences. Silica gel A plates were from Whatman. EPA was 
from Cayman Chemical, and [1- 14 C]oleate was from PerkinElmer 
Life Sciences. Short interfering RNA (siRNA) duplexes were ob-
tained from Qiagen. All other chemicals were obtained from 
Sigma-Aldrich. 

 Primary hepatocyte cell culture, siRNA electroporation, 
and adenoviral infection 

 Male Sprague-Dawley Rats (250–300 g) were fed ad libitum 
prior to primary hepatocyte isolation using the collagenase per-
fusion method as described previously ( 23 ). The protocol for ani-
mal use was approved by the University of Minnesota Institutional 
Animal Care and Use Committee. Hepatocytes were plated on 
collagen-coated multiwell dishes for 4 h with M199 plating media 
that contained 23 mM HEPES, 26 mM sodium bicarbonate, 10% 
FBS, 1% penicillin/streptomycin, 100 nM dexamethasone, 100 
nM insulin, and 11 mM glucose. M199 maintenance media con-
tained 23 mM HEPES, 26 mM sodium bicarbonate, 1% penicil-
lin/streptomycin, 5.5 mM glucose, 100 µM carnitine, 10 nM 
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 To characterize the selectivity of ADRP in modulating 
lipid turnover, we investigated if ADRP overexpression in-
fl uenced fatty acid incorporation into phospholipids and 
cholesterol esters and their subsequent turnover. After 
performing the same pulse-chase experiments, we found 
that ADRP overexpression did not infl uence fatty acid in-
corporation into phospholipids or cholesterol ester ( Fig. 
1B ) or the loss of fatty acids from these lipid species dur-
ing the chase period ( Fig. 1D, E ). Moreover, cellular ra-
diolabeled free fatty acids were unaffected during either 
pulse or chase period. Thus, it appears that ADRP infl u-
ences only TAG turnover and is a viable method to alter 
TAG hydrolysis. 

 Overexpressing ADRP decreases PPAR �  activity 

 To determine if blocking TAG hydrolysis infl uences 
PPAR �  activity, we overexpressed ADRP and treated hepa-
tocytes with BSA, 250 µM oleate, 250 µM EPA, or a combi-
nation of 250 µM oleate and 250 µM EPA for 6 h and 
measured PPAR �  reporter activity. As expected, cells ex-
posed to EPA alone or in combination with oleate demon-
strated a 40- and 20-fold increase in PPAR �  reporter 
activity, respectively ( Fig. 1F ). This was a more robust re-
sponse than observed with oleate alone, which typically 
only resulted in a 2- to 3-fold induction of PPAR � . When 
ADRP was overexpressed, reporter activity decreased 
35–60% in all treatment groups, suggesting that the activa-
tion of PPAR �  requires fatty acids derived from TAG hy-
drolysis. Moreover, the fold induction in response to fatty 
acids was similar between Ad-GFP and Ad-ADRP trans-
duced cells. Confi rming the effect, overexpressing ADRP 
decreased basal mRNA abundance of three major targets 
of PPAR � , acyl-CoA thioesterase-1, uncoupling protein-2, 
and phosphoenolpyruvate carboxykinase from 35% to 
70% ( Fig. 1G ). Therefore, overexpressing ADRP resulted 
in suppressed TAG hydrolysis, decreased activity of PPAR � , 
and lower expression of PPAR �  target genes. 

 ADRP knockdown increases fatty acid loss from 
intracellular TAG 

 To further manipulate TAG hydrolysis, we electropo-
rated cells with siRNA targeted against ADRP. After 8 h, 
ADRP mRNA abundance, as measured by qRT-PCR, was 
decreased 92% compared with cells electroporated with a 
nontargeting control (  Fig. 2B  ),  and protein abundance 
was also suppressed after 48 h ( Fig. 2A ). After 43 h, we 
performed pulse-chase labeling experiments to determine 
if the decrease in ADRP expression would facilitate fatty 

quantitative RT-PCR (qRT-PCR) were performed using the SYBR 
GreenER Two-step qRT-PCR Universal kit (Invitrogen). Primers 
for all gene expression experiments are listed in   Table 1  .  Samples 
were analyzed on an ABI 7300 sequence detection system (Ap-
plied Biosystems). Abundance of mRNA was normalized to ribo-
somal protein L32, and data were analyzed using the delta CT 
method. 

 Western blot analysis 
 Hepatocytes were lysed at 24 h posttransduction, and pro-

teins were separated by gel electrophoresis on a 10% poly-
acrylamide gel and transferred to an immobilin-P membrane 
(Millipore). The membrane was incubated with mouse mono-
clonal anti-FLAG M2-peroxidase (HRP) conjugated antibody at 
a 1:500 dilution to confi rm ADRP overexpression. For ATGL 
analysis, membranes were incubated with a 1:1,000 dilution of 
anti-ATGL antibody ( 24 ) followed by a 1:5,000 dilution of anti-
rabbit HRP-conjugated secondary antibody. Bands were visual-
ized by the ECL Plus chemiluminescent detection reagent 
(Amersham). 

 Statistics 
 Data were analyzed by Student’s  t -test, and signifi cance was de-

clared at  P  < 0.05. 

 RESULTS 

 ADRP overexpression decreases fatty acid loss from 
intracellular TAG 

 Because previous data show that manipulating ADRP 
infl uences TAG content, we chose to overexpress ADRP in 
order to suppress TAG hydrolysis. Primary hepatocytes 
were transduced with adenoviruses containing either GFP 
or ADRP. To confi rm ADRP overexpression, we harvested 
protein from cells 24 h after transduction for Western blot 
analysis, which showed that ADRP was highly expressed at 
this time (  Fig. 1A  ).  To measure the effects of ADRP over-
expression on TAG turnover, we performed pulse-chase 
experiments with 500 µM [1- 14 C]oleate. Ad-ADRP overex-
pression resulted in a 22% increase in [1- 14 C]oleate incor-
poration into TAG during the pulse period when compared 
with cells transduced with Ad-GFP ( Fig. 1B ). During the 
chase period in which the exogenous radiolabel was re-
moved, overexpressing ADRP resulted in 46–65% less loss 
of [ 14 C]TAG compared with cells overexpressing GFP ( Fig. 
1C ). The effects of ADRP on loss of TAG was independent 
and not infl uenced by duration of the chase period. There-
fore, ADRP overexpression effectively decreased the loss 
of fatty acids from TAG stores. 

 TABLE 1. Primer sequences for qRT-PCR 

Gene Forward Primer Reverse Primer

ADRP CTCTCGGCAGGATCAAAGAC CGTAGCCGACGATTCTCTTC
ACOT-1 GATGGCCTCAAGGATGTTGT TCCAGTTGTGGTCATCCTGA
PEPCK TGTGCCAGCCAGAGTATATTC GTGAGAGCCAGCCAACAG
UCP-2 ATGACAGACGACCTCCCTTG GAAGGCATGAACCCCTTGTA
RPL-32 AAACTGGCGGAAACCCAGAG GCAGCACTTCCAGCTCCTTG

ACOT-1, acyl-CoA thioesterase-1; PEPCK, phosphoenolpyruvate carboxykinase; UCP-2, uncoupling protein-2; 
RPL-32, ribosomal protein L32.
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 Overexpressing ADRP decreases PPAR �  activity 
following removal of exogenous fatty acids 

 Because of the differences in PPAR �  activity observed 
under basal conditions, we wanted to further characterize 
how TAG hydrolysis infl uences PPAR �  activity indepen-
dent of exogenous fatty acids. To do so, we overexpressed 
GFP or ADRP and exposed cells to BSA or a mixture of 
oleate and EPA for 6 h. After this exposure, the exogenous 
fatty acids were removed for an additional 6 h chase pe-
riod. By measuring the PPAR �  reporter activity before and 
after fatty acid exposure, we could eliminate the effect of 
the exogenous fatty acids and isolate the role of TAG hy-
drolysis alone in regulating PPAR �  activity. For cells ex-
posed to BSA alone, overexpressing ADRP did not 
infl uence the change in PPAR �  reporter activity during 
the 6 h after the exogenous fatty acids were removed (  Fig. 3  ).  
Ad-GFP-treated cells that were exposed to fatty acids 
showed a slight increase in PPAR �  reporter activity during 
this time period. However, compared with Ad-GFP trans-
duced cells, overexpressing ADRP resulted in a 50% de-
crease in reporter activity following removal of exogenous 
fatty acids. These data show that inhibiting TAG hydrolysis 
reduces PPAR �  reporter activity following removal of ex-

acid incorporation or loss from TAG or other lipid species. 
ADRP knockdown did not signifi cantly alter [1- 14 C]oleate 
incorporation into TAG during the pulse ( Fig. 2C ). How-
ever, following the 6 h chase, there was a 75% loss of [ 14 C]
TAG in cells with ADRP knocked down, whereas cells ex-
posed to the control siRNA lost only 40% ( Fig. 2D ). No 
changes in fatty acid incorporation or loss from other lipid 
species were observed. Thus, ADRP knockdown enhanced 
the amount of fatty acid lost from intracellular TAG. 

 ADRP knockdown increases PPAR �  activity 

 Similar to the overexpression protocol, we exposed he-
patocytes to BSA or fatty acids as described above and mea-
sured PPAR �  reporter activity following ADRP knockdown. 
Hepatocytes with ADRP knocked down demonstrated sig-
nifi cantly higher PPAR �  activity when treated with EPA, 
oleate, or BSA alone compared with cells treated with con-
trol siRNA ( Fig. 2E ). ADRP siRNA did not infl uence 
PPAR �  activity when cells were exposed to both EPA and 
oleate, which cannot be readily explained. Taken together, 
increasing TAG hydrolysis increased PPAR �  reporter ac-
tivity in response to exogenous fatty acids and under basal 
conditions. 

  Fig. 1.  ADRP overexpression decreases the loss of fatty acids from TAG and inhibits PPAR �  activity and target gene expression. A: West-
ern blot analysis of ADRP overexpression showing endogenous rat ADRP and overexpressed murine FLAG-tagged ADRP, which ran ap-
proximately 2 kDa higher during electrophoresis. B: Incorporation of [1- 14 C]oleate into cellular lipids. C–E: Chase experiments evaluating 
turnover of TAG, phospholipids, and cholesterol esters. Statistics for the chase period were analyzed as a percentage of the pulse. F: PPAR �  
reporter gene activity following exposure to fatty acids. G: Expression of PPAR �  target genes. All data are reported as means ± SE from 
three to four experiments. * P  < 0.05 and ** P  < 0.01 when compared with Ad-GFP controls.   
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 Overexpressing ATGL increases PPAR �  activity 

 We next sought to test the effects of overexpressing 
ATGL on PPAR �  activity. Hepatocytes were transduced 
with Ad-GFP and Ad-ATGL for 24 h prior to exposure to 
fatty acids and reporter gene assays. Compared with cells 
overexpressing GFP, Ad-ATGL transduced cells treated 

ogenous ligands. Thus, it appears that fatty acids liberated 
from TAG hydrolysis may have an important role in main-
taining PPAR �  activity following exposure to exogenous 
fatty acids. 

 Overexpressing ATGL alters fatty acid incorporation in 
lipid species and their subsequent turnover 

 Although ADRP is exclusively localized to TAG droplets 
and regulates TAG turnover, it is possible that the observed 
effects on PPAR �  activity could be due to altering ADRP 
rather than TAG hydrolysis. Thus, we sought an additional 
mechanism to modulate TAG hydrolysis. Because ATGL is 
a lipase with high specifi city toward TAG, we overexpressed 
ATGL and characterized its effects on fatty acid metabo-
lism and TAG turnover. We expected that ATGL overex-
pression would mimic the effects of ADRP knockdown on 
TAG hydrolysis. After 24 h of overexpression, we observed 
a marked increase in ATGL protein abundance (  Fig. 4A  ).  
Ad-ATGL-treated cells had decreased [1- 14 C]oleate incor-
poration in TAG during pulse radiolabeling as expected 
( Fig. 4B ). Overexpressing ATGL also increased oleate 
incorporation into phospholipids and cholesterol esters 
during the pulse. Overexpressing ATGL increased loss of 
radiolabeled fatty acids from TAG ( Fig. 4C ) but did not 
infl uence loss of fatty acids from other lipid species dur-
ing any time during the chase period (data not shown). 
Therefore, although ATGL altered metabolism of exoge-
nous fatty acids into other lipids, the effects on hydrolysis 
were specifi c to TAG. 

  Fig. 2.  ADRP knockdown enhances fatty acid loss from intracellular TAG and increases PPAR �  activity. A: ADRP protein abundance 
measured with Western blotting at 48 h after transfection. B: Eight hours after siRNA transfection, cells were lysed and RNA was harvested 
and analyzed for ADRP mRNA abundance with qRT-PCR. C: Incorporation of [1- 14 C]oleate into cellular lipids. D: Chase experiments evalu-
ating turnover of lipid species. Statistics for the chase period were analyzed as a percentage of the pulse. Statistics for the chase period were 
analyzed as a percentage of the pulse. E: PPAR �  reporter gene activity following exposure to fatty acids. Data are reported as means ± SE, 
n = 3. * P  < 0.05, ** P  < 0.01, and *** P  < 0.001 when compared with siRNA controls.   

  Fig. 3.  Overexpressing ADRP decreases PPAR �  reporter activity 
following removal of exogenous fatty acids. Fourteen hours after 
transduction, cells were exposed to a combination of 250  � M EPA 
and 250  � M oleate for 6 h (pulse). The media was removed and 
replaced with media devoid of fatty acids for an additional 6 h 
(chase). Reporter gene assays were performed immediately after 
removal of exogenous fatty acids and 6 h later. Data are presented 
as PPAR �  reporter activity after the 6 h chase period expressed as a 
percentage of the pulse period. Data are reported as means ± SE, 
n = 3. * P  < 0.05 when compared with Ad-GFP controls.   
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mine PPAR �  reporter gene activity in response to ADRP 
overexpression. Exogenous EPA or a combination of EPA 
and oleate increased PPAR �  activity (  Fig. 6  ).  However, 
overexpressing ADRP did not affect PPAR �  activity under 
any condition tested. Since fatty acids from both exoge-
nous and endogenous (i.e., TAG hydrolysis) sources regu-
lated PPAR � , but only exogenous fatty acids infl uenced 
PPAR � , these data indicate that fatty acids released from 
TAG hydrolysis form a distinct intracellular pool that dif-
ferentially regulates hepatic gene expression. 

 DISCUSSION 

 Taken as a whole, these data strongly support the con-
clusion that fatty acids released from TAG hydrolysis acti-

with BSA alone, oleate, EPA, or a combination of EPA and 
oleate exhibited 2.2-, 2.7-, 3.1-, and 1.8-fold increases, re-
spectively, in PPAR �  reporter activity ( Fig. 4D ). Addition-
ally, overexpressing ATGL increased the mRNA abundance 
of the PPAR �  target genes acyl-CoA thioesterase-1, uncou-
pling protein-2, and phosphoenolpyruvate carboxykinase 
( Fig. 4E ). These experiments further support the ADRP 
data showing that altering TAG hydrolysis has a direct ef-
fect on PPAR �  activity. 

 WY-14643 prevents the decrease in PPAR �  activity 
following ADRP overexpression 

 Although manipulating TAG hydrolysis infl uences the 
fl ux of fatty acids, which can act as ligands for PPAR � , it is 
possible that indirect mechanisms could also link TAG hy-
drolysis to PPAR �  activity. To determine if a high-affi nity 
PPAR �  ligand could rescue PPAR �  activity in cells overex-
pressing ADRP, we incubated cells with 1  � M WY-14643. 
Exposure to this PPAR �  ligand robustly increased PPAR �  
activity. Furthermore, at 6 h, treatment with WY-14643 re-
sulted in similar activities of PPAR �  in Ad-GFP and Ad-
ADRP treated cells (  Fig. 5  ).  Therefore, because a potent 
PPAR �  ligand was able to normalize PPAR �  activity, these 
data suggest that inhibiting TAG hydrolysis decreases 
PPAR �  activity by limiting the amount of endogenous fatty 
acid ligands. 

 ADRP overexpression does not alter PPAR �  activity 

 To determine if fatty acids released from TAG hydroly-
sis can also activate PPAR � , we overexpressed a pSG5-
GAL4-hPPAR �  expression plasmid together with the 
TK-MH-UAS-LUC reporter plasmid to specifi cally deter-

  Fig. 4.  Overexpressing ATGL enhances the loss of fatty acids from TAG and increases PPAR �  activity and target gene expression. A: 
Western blot analysis of ATGL overexpression. B: Incorporation of [1- 14 C]oleate into cellular lipids. C: Chase experiments evaluating turn-
over of TAG. Statistics for the chase period were analyzed as a percentage of the pulse. D: PPAR �  reporter gene activity following exposure 
to fatty acids. E: Expression of PPAR �  target genes. All data are reported as means ± SE, n = 3. * P  < 0.05 and ** P  < 0.01 when compared 
with Ad-GFP controls.   

  Fig. 5.  The PPAR �  ligand, WY-14643, normalizes PPAR �  activity 
in cells overexpressing ADRP. At 24 h after viral transduction, cells 
were treated with DMSO or 1  � M WY-14643 for 6 h prior to harvest-
ing for reporter gene assays. Data are reported as means ± SE, n = 
3. * P  < 0.05 when compared with Ad-GFP controls.   
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 Although the most direct explanation for the effects ob-
served on PPAR �  activity is that TAG hydrolysis produces 
fatty acids that are PPAR �  ligands, these released fatty ac-
ids could have indirect effects on PPAR �  via lipin-1 or 
AMP-activated protein kinase (AMPK). Hepatic lipin-1 is 
activated by fatty acids ( 31 ) and physically interacts with 
the ligand binding domain of PPAR � , although the mech-
anisms through which this interaction enhances PPAR �  
activity are not known ( 32 ). Furthermore, altering TAG 
hydrolysis alters the activation of AMPK ( 33 ). In skeletal 
muscle, it has been demonstrated that AMPK increases 
fatty acid oxidation by activating PPAR �  and PGC-1 ( 34 ). 
Although it is not known if AMPK directly phosphorylates 
the ligand binding domain of PPAR � , this could also con-
tribute to the changes in PPAR �  activity following altera-
tions in TAG hydrolysis. Despite the possible role of lipin-1 
or AMPK in modulating PPAR �  activity, our data showed 
that exposure of ADRP overexpressing cells to a potent 
synthetic PPAR �  ligand, WY-14643, overcame the decrease 
in PPAR �  activity. Thus, it appears that the primary mech-
anism through which TAG hydrolysis regulates PPAR �  is 
through the production of fatty acid ligands. Moreover, 
data from this study suggest that fatty acids derived from 
TAG hydrolysis constitute a separate and important pool 
of ligands for PPAR �  that cannot be substituted by exoge-
nous fatty acids. 

 The fi ndings that overexpressing ADRP does not infl u-
ence PPAR �  activity, despite activation by exogenous fatty 
acids, indicates that fatty acids derived from these differ-
ent sources form distinct pools with unique signaling 
properties. Although it is inherently diffi cult to quantify 
these distinct pools, it is known that fatty acids are differ-
entially channeled depending upon their source. Studies 
indicate that exogenous fatty acids are preferentially in-
corporated into TAG, whereas fatty acids synthesized de 
novo are preferentially channeled to phospholipid and 
diacylglycerol ( 35–37 ). Similarly, fatty acids derived from 
TAG hydrolysis are more likely to be incorporated into 
VLDL than exogenous fatty acids or fatty acids synthesized 
de novo ( 38 ). Additionally, manipulating enzymes in fatty 
acid metabolism, such as acyl-CoA synthetases or stearoyl-
CoA desaturase-1, also result in differential traffi cking of 
fatty acids, which infl uences their signaling properties ( 7, 
39 ). Our data identify TAG hydrolysis as a critical physio-
logical process that can regulate intracellular fatty acid sig-
naling. Additionally, it has been estimated that the entire 
pool of TAG in hepatocytes is turned over in <24 h ( 38 ). 
Thus, this rapid turnover supports the concept that fatty 
acids released from TAG hydrolysis may comprise a signifi -
cant portion of intracellular fatty acids. 

 Recent data from other laboratories support our fi nd-
ings that TAG hydrolysis plays an important role in regu-
lating PPAR �  target genes. Adenoviral overexpression of 
hormone-sensitive lipase (HSL) and/or ATGL in  ob/ob  
mice results in increased plasma  � -hydroxybutyrate levels 
and increased expression of the PPAR �  target genes, car-
nitine palmitoyl transferase-1 and acyl-CoA oxidase, in the 
liver ( 40 ). Additionally, microarray analyses of liver in 
ATGL or HSL null mice show profound changes in gene 

vate PPAR �  as well as the expression of PPAR �  target 
genes. The overall fi ndings of the study are that  1 ) ma-
nipulating the intracellular TAG pool by overexpressing 
ADRP or knocking down ADRP with siRNA modulates the 
subsequent release of fatty acids;  2 ) hepatocytes overex-
pressing ADRP demonstrated a signifi cant reduction in 
PPAR �  reporter activity and target gene expression, 
whereas hepatocytes with ADRP knocked down or ATGL 
overexpressed had signifi cantly higher PPAR �  activity;  3 ) 
ADRP overexpression caused a more rapid decline in 
PPAR  �   reporter activity following removal of exogenous 
fatty acids;  4 ) exposure to WY-14643 alleviated the sup-
pression of PPAR �  activity in ADRP overexpressing cells; 
and  5 ) ADRP overexpression did not alter PPAR �  activity. 

 In adipocytes, the lipases responsible for hydrolysis of 
TAG, and glycerolipids in general, have been well charac-
terized. Studies in this area have primarily explored the 
activities of ATGL, hormone-sensitive lipase, and mono-
acylglycerol lipase and the signaling cascades responsible 
for their regulation. Despite this research in adipose tis-
sue, little is known about the enzymes responsible for TAG 
hydrolysis in the liver or the mechanisms governing this 
process. Thus, in order to regulate hepatic TAG hydroly-
sis, we manipulated ADRP or ATGL. ADRP is ubiquitously 
expressed, and both in vivo and in vitro studies demon-
strate that manipulating ADRP specifi cally infl uences he-
patic TAG content ( 19, 26, 27 ). Additionally, ATGL is a 
lipase that shows specifi city to TAG and is expressed in the 
liver ( 21, 22 ). Our metabolic labeling studies are in agree-
ment with these prior studies in that overexpression of 
ADRP decreased TAG loss, while ADRP knockdown or 
ATGL overexpression promoted TAG hydrolysis. 

 Although the exact mechanism through which changes 
in TAG hydrolysis infl uences PPAR �  activity is not known, 
the most likely explanation is through the supply of li-
gands. Because the PPAR �  expression construct used in 
this study contained only the ligand binding domain 
(amino acids 167–468) of PPAR � , it appears that ligand 
binding most likely mediates the effects of manipulating 
TAG hydrolysis on PPAR �  activity. Previous studies have 
shown that fatty acids bind and activate PPAR �  ( 3, 28 ). 
Moreover, exogenous omega-3 polyunsaturated fatty acids 
elicit the most robust response in PPAR �  activity both in 
vitro and in vivo ( 5, 29, 30 ). 

  

  Fig. 6.  ADRP overexpression does not alter PPAR �  activity. 
PPAR �  reporter gene activity following exposure to fatty acids. Data 
are reported as means ± SE, n = 3. There were no signifi cant differ-
ences between Ad-GFP and Ad-ADRP transduced cells.   
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expression ( 10 ). Genes involved in  � -oxidation are down-
regulated in cardiac muscle of ATGL null mice and brown 
adipose tissue of both ATGL and HSL null mice. Since 
ATGL and HSL are highly expressed in the tissues that 
displayed altered patterns of gene expression, these data 
suggest that blocking TAG or diacylglycerol hydrolysis di-
minishes PPAR �  and - �  controlled pathways of  � -oxidation. 
FSP27 and perilipin null animals also show increased ex-
pression of PPAR target genes in numerous tissues and 
protection from diet-induced insulin resistance ( 11–15 ). 
Similar to ADRP, perilipin is a member of the perilipin/
adipophilin/TIP-47 domain family of lipid droplet pro-
teins that infl uences TAG hydrolysis. FSP27 has been 
shown to interact with lipid droplets to infl uence lipolysis 
and droplet morphology ( 16, 41 ). Overexpression of 
FSP27 decreased TAG hydrolysis and the expression of 
genes involved in  � -oxidation in 3T3-L1 cells, whereas 
knockdown of FSP27 resulted in increased expression of 
the same genes ( 16 ). These previous results together with 
the fi ndings of this study show that TAG hydrolysis is a 
signifi cant factor that controls transcription of catabolic 
pathways of fatty acid metabolism. 

 In summary, our data demonstrate that TAG hydrolysis 
and release of fatty acids regulate PPAR �  activity and tar-
get gene expression in rat hepatocytes. The data suggest 
that fatty acids liberated from TAG constitute a specialized 
pool of ligands for PPAR � . Because of this novel regula-
tory role, understanding the regulation of TAG hydrolysis 
and its alterations in diseased states should provide further 
insights into the regulation of gene expression and into 
the etiology of diseases, such as hepatic steatosis and insu-
lin resistance. Moreover, these data implicate that proteins 
involved in TAG hydrolysis, such as lipases and lipid drop-
let proteins, have central roles in regulating gene expres-
sion and energy metabolism.  
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