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Background: PPAR� is an important regulator of hepatic lipid metabolism via target gene regulation.
Results: HILPDA is regulated by PPAR� via an upstream PPRE. Targeted overexpression of HILPDA increases hepatic triglyc-
eride storage via reduction of TG secretion.
Conclusion: HILPDA is a novel PPAR� target involved in hepatic triglyceride secretion.
Significance: HILPDA might be a potential target in the treatment of non-alcoholic fatty liver disease.

Peroxisome proliferator-activated receptors (PPARs) play
major roles in the regulation of hepatic lipid metabolism
through the control of numerous genes involved in processes
such as lipid uptake and fatty acid oxidation. Here we identify
hypoxia-inducible lipid droplet-associated (Hilpda/Hig2) as a
novel PPAR target gene and demonstrate its involvement in
hepatic lipid metabolism. Microarray analysis revealed that
Hilpda is one of the most highly induced genes by the PPAR�
agonist Wy14643 in mouse precision cut liver slices. Induction
of Hilpda mRNA by Wy14643 was confirmed in mouse and
human hepatocytes. Oral dosing with Wy14643 similarly
induced Hilpda mRNA levels in livers of wild-type mice but not
Ppara�/� mice. Transactivation studies and chromatin immu-
noprecipitation showed that Hilpda is a direct PPAR� target
gene via a conserved PPAR response element located 1200 base
pairs upstream of the transcription start site. Hepatic overex-
pression of HILPDA in mice via adeno-associated virus led to
a 4-fold increase in liver triglyceride storage, without any
changes in key genes involved in de novo lipogenesis, �-oxi-
dation, or lipolysis. Moreover, intracellular lipase activity was
not affected by HILPDA overexpression. Strikingly, HILPDA
overexpression significantly impaired hepatic triglyceride
secretion. Taken together, our data uncover HILPDA as a
novel PPAR target that raises hepatic triglyceride storage via
regulation of triglyceride secretion.

The liver is a key organ in the control of lipid metabolism.
During the postprandial phase, the liver is responsible for
uptake and processing of chylomicron remnants and actively
synthesizes cholesterol, bile acids, and fatty acids. In the fasted
state, the liver serves as a sink for adipose tissue-derived plasma
free fatty acids, which are fully oxidized or converted into
ketone bodies. In addition, incoming fatty acids are esterified
into triglycerides and stored within lipid droplets or secreted as
VLDL (1, 2). Disturbances in these metabolic pathways can
impair liver function and predispose to non-alcoholic fatty liver
disease. Many genes involved in the above-mentioned pro-
cesses are regulated by nuclear receptors (3, 4). Nuclear recep-
tors comprise a family of transcription factors that bind to spe-
cific response elements across the genome and regulate the
expression of a large network of genes (5). As a group, they are
activated by a variety of steroid hormones and other lipid-de-
rived compounds, including fat-soluble vitamins, cholesterol,
and fatty acids (6). A group of nuclear receptors that has been
extensively studied and that plays a central role in the regula-
tion of nutrient homeostasis in liver and other organs are the
peroxisome proliferator-activated receptors (PPARs)2 (7).
PPARs are ligand-activated transcription factors that bind a
variety of (dietary) fatty acids and fatty acid-derived com-
pounds, including various eicosanoids (8). Furthermore,
PPARs are the molecular target of the thiazolidinedione and
fibrate classes of drugs used in the treatment of diabetes and
dyslipidemia, respectively (9). Three different PPARs can be

* This work was supported by Fondation Leducq Grant 12CVD04 and by
Netherlands Organization for Health Research and Development Grant
40-00812-98-08030, NWO ZonMW.

1 To whom correspondence should be addressed: Nutrition, Metabolism, and
Genomics Group, Wageningen University, Bomenweg 2, 6703 HD Wage-
ningen, The Netherlands. Tel.: 31-317-485787; 31-317-483342; E-mail:
sander.kersten@wur.nl.

2 The abbreviations used are: PPAR, peroxisome proliferator-activated recep-
tor; HILPDA, hypoxia-inducible lipid droplet-associated; PPRE, PPAR
response element; AAV, adeno-associated virus; TG, triglyceride; qPCR,
quantitative PCR; TSS, transcription start site.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 28, pp. 19279 –19293, July 11, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JULY 11, 2014 • VOLUME 289 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 19279



distinguished: PPAR� (Nr1c1), PPAR�/� (Nr1c2), and PPAR�
(Nr1c3) (10, 11). PPAR� is highly expressed in adipose tissue,
where it regulates genes involved in fat cell development, lipid
deposition, insulin signaling, and inflammation (12). PPAR�/�
is found at high levels in many tissues, and compelling evidence
indicates that it stimulates fatty acid oxidation, at least in skel-
etal muscle and adipose tissue (13, 14). Expression of PPAR� is
highest in tissues that oxidize fatty acids at a rapid rate, includ-
ing liver, brown adipose tissue, heart, and kidney (15). Activa-
tion of PPAR� leads to induction of a large set of target genes
involved in various pathways of lipid metabolism, including
fatty acid transport, activation, storage, and oxidation (16, 17).
Indeed, PPAR� can be considered as the master regulator of
hepatic lipid metabolism. As a consequence, mice lacking PPAR�
suffer from hepatic steatosis, hypoglycemia, hypoketonemia, and
elevated plasma free fatty acids, all of which are aggravated during
fasting (18). Inasmuch as almost all PPAR� target genes carry out
functions related to hepatic lipid homeostasis,3 suggesting that
regulation of a gene by PPAR� is predictive of a role in lipid metab-
olism, screening for PPAR� targets may be helpful in the identifi-
cation of novel genes involved in hepatic lipid homeostasis. In this
study, we set out to identify novel PPAR� targets using mouse liver
slices. We identify Hilpda as a PPAR target in mouse and human
hepatocytes and show that it plays an important role in hepatic
triglyceride storage and secretion.

EXPERIMENTAL PROCEDURES

Recombinant Adeno-associated Viruses (AAVs)—AAVs were
made by Vector Biolabs (Philadelphia, PA). In short, mouse
Hilpda cDNA was inserted in pAAV-ALBp-3�iALB, a vector
containing a modified albumin promoter flanked by two
AAV2-derived inverted terminal repeats. To produce viruses,
the above construct was packaged into AAV8 capsid in HEK293
cells by transfecting pAAV-ALBp-3�iALB, AAV2/AAV8 rep/
cap vector, and Ad helper vector. Viral particles were purified
by two sequential CsCl2 gradients and titrated by qPCR to
determine viral genomes. The same amount of AAV2/AAV8
hybrid virus expressing GFP was injected to serve as a control.

Animal Studies—Male wild-type Sv129 and Ppara�/� mice
on an Sv129 background were obtained from the Jackson Lab-
oratory (Bar Harbor, ME). Five-month-old wild-type and
Ppara�/� mice were fed a diet containing Wy14643 at a con-
centration of 0.1% for 5 days, after which the livers were excised
and snap-frozen. Five-month-old wild-type and Ppara�/�

mice were fasted for 24 h, and their livers were collected for
analysis of Hilpda mRNA and protein levels.

Male 8-week-old C57BL/6J mice were purchased from
Charles River Laboratories (Sulzfeld, Germany) and main-
tained on a 12-h light-dark cycle with ad libitum access to chow
and water. Adeno-associated viruses were administrated in a
volume of 100 �l via the tail vein. Ten animals were injected
with different amounts of AAV ranging from 1 � 1011 to 5 �
1011 genomic copies to determine the dose required for a sig-
nificant increase in hepatic HILPDA expression. Subsequent
experiments were performed after injection of 2.5 � 1011

genomic copies. Body composition analysis of AAV-GFP and

AAV-HILPDA animals 4 weeks postinjection was performed
using EchoMRI (Echo Medical Systems, Houston, TX).

Male wild-type C57BL/6 animals (9 –12 weeks old) were fed
a low fat or high fat diet containing 10 or 45 energy percent fat,
respectively (D12450B/D12451, Research Diets Services, Wijk
bij Duurstede, The Netherlands). After 16 weeks, the livers
were analyzed for triglyceride content and HILPDA expression.
All animal experiments were approved by the local animal wel-
fare committees of Wageningen University or the German Cancer
Research Center (DKFZ, Heidelberg, Germany), respectively.

VLDL Production Test—AAV-GFP and AAV-HILPDA ani-
mals were fasted for 16 h and subsequently anesthetized via
intraperitoneal injection of a mixture of Dormicum (midazo-
lam, Roche Applied Science) and Hypnorm (fentanyl/fluani-
sone, VetaPharma, Leeds, UK) prepared in saline at 7 and
14/0.5 mg/kg, respectively. Then a blood sample was drawn,
and the animals were injected intravenously with 500 mg/kg
body weight tyloxapol (Sigma-Aldrich) diluted in saline to a
10% (w/v) solution. Every 30 min thereafter, blood was collected
via the tail vein over the course of 2 h. Serum samples were assayed
for triglycerides using a Triglycerides liquicolormono kit (HUMAN,
Wiesbaden, Germany).

Hepatic Ppar�1 Overexpression—Ppara�/� mice were injected
with adenovirus encoding LacZ or Ppar�1 via the tail vein and
sacrificed 6 days later (19).

Liver Slices—Livers from C57BL/6 mice were briefly perfused
with saline, excised, and submerged in ice-cold Krebs-
Henseleit buffer supplemented with 11 mM glucose, 25 mM

sodium bicarbonate, 10 mM HEPES, and penicillin/streptomy-
cin. Next, 5 mm cylindrical liver cores were prepared with a
surgical biopsy punch and sectioned to 200 �m slices using a
Krumedieck tissue slicer (Alabama Research and Development,
Munford, AL) filled with carbonated Krebs-Henseleit buffer.
Liver slices were incubated in William’s E Medium (Lonza, Ver-
viers, Belgium) in 6-well plates at 37 °C/5% CO2 under contin-
uous agitation. After 1 h, the media were replaced with fresh
William’s E Medium containing 0.1% DMSO or 20 �M

Wy14643, and the slices were incubated for 6 or 24 h.
Hepatocytes and Hepatoma Cell Line—Rat (Wistar) and mouse

(Sv129) hepatocytes were isolated by two-step collagenase perfu-
sion. Cells were plated on collagen-coated 6-well plates. Viability
was determined by trypan blue exclusion and was at least 75%.
Hepatocytes were suspended in William’s E medium (Lonza Bio-
science, Verviers, Belgium) supplemented with 10% (v/v) fetal calf
serum, 20 milliunits/ml insulin, 50 nM dexamethasone, 100
units/ml penicillin, 100 �g/ml streptomycin, 0.25 �g/ml fungi-
zone, and 50 �g/ml gentamycin. The next day, cells were incu-
bated in fresh medium in the presence or absence of Wy14643
dissolved in DMSO for 24 h, followed by RNA isolation.

Rat hepatoma FAO cells were grown in DMEM containing
10% (v/v) fetal calf serum, 100 units/ml penicillin, and 100
�g/ml streptomycin. Cells were harvested at different time
points after the addition of Wy14643 (5 �M) or DMSO.

Transactivation Assays—A fragment of 645 and 519 bp con-
taining the PPRE localized 1200 bp upstream of the transcrip-
tion start site (TSS) was amplified from human and mouse
genomic DNA, respectively, using the following primers:
human Fwd1, 5�-GCCTTCACCTGGCAAAGTAG-3�; human3 S. Kersten (2014) Mol. Metab., in press.
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Rev1, 5�-AAGAGCCAGGAGGTCACAGA-3�; mouse Fwd1,
5�-GGATGACTCCCAGAAGTGGA-3�; mouse Rev1, 5�-
GACCTGCCTTACCAGTCACC-3�. The resulting fragments
were gel-purified using a QIAquick gel extraction kit (Qiagen,
Venlo, The Netherlands) and employed in a second PCR to
introduce KpnI and BglII restriction sites to the resulting 278-
and 219-bp fragments containing the human and mouse PPRE,
respectively. Primers used for this PCR were as follows: human
Fwd2, 5�-aaggtaccAGTTGGCTCCAAATGTCTGC-3�; human
Rev2, 5�-cgaaagatctTGGTGGCTTTAGAACTGGCG-3�; mouse
Fwd2, 5�-aaggtaccATTTCCACCTCCTGTGCTTG-3�; mouse
Rev2, 5�-cgacagatctTGCGTTCTCATGACTTCCAG-3�. To
introduce mutations in both the human and mouse PPRE, an
overlap PCR strategy was carried out. First, to generate par-
tially overlapping fragments, the human Fwd2 primer was
used together with reverse primer 5�-TCCCCACTGCGAC-
CGGGCCCCTCCTTTCCT-3�, and human Rev2 primer was
used with forward primer 5�-AGGAAAGGAGGGGCCCG-
GTCGCAGTGGGGA-3�, using a wild-type insert as tem-
plate. The resulting fragments were gel-purified and used in
a second PCR with human Fwd2 and Rev2 primers. For mice,
the Fwd2 primer was combined with reverse primer 5�-
CTTCCGCTGTGACCGGGCCCCTACTTTTCA-3�, and
Rev2 primer was combined with forward primer 5�-TGAA-
AAGTAGGGGCCCGGTCACAGCGGAAG-3�. For the
final PCR, purified fragments were combined in a PCR to
generate a mutant insert using mouse Fwd2 and Rev2 prim-
ers. Resulting fragments were cloned in the KpnI and BglII
sites of the pGL3-Promoter vector (Promega, Leiden, The
Netherlands). The presence of the correct insert was confirmed
with sequencing (EZ-Seq, Macrogen, Amsterdam, The Nether-
lands) using RV3primer (5�-CTAGCAAAATAGGCTGTCCC-
3�) (Promega). Reporter vectors were transfected into the
human hepatocellular cell line HepG2 (ATCC, Manassas, VA)
in the presence or absence of pSG5 vector expressing PPAR�,
PPAR�/�, PPAR�, or pSG5 empty vector. pSG5 expression ve-
ctor encoding RXR was co-transfected with PPAR expression
vectors. A �-galactosidase expression vector was co-transfe-
cted in all cases for determination of transfection efficiency. All
transfections were performed using polyethyleneimine (PEI).
Sixteen hours post-transfection, the cells were incubated with
Wy14643 (50 �M), GW510516 (5 �M), rosiglitazone (5 �M), or
DMSO, respectively. Reporter activity was measured 24 h after
adding the corresponding ligands using the Promega luciferase
assay kit (Promega) on a Fluoroskan Ascent apparatus (Thermo
Scientific). �-Galactosidase activity in cell lysates was determined
using 2-nitrophenyl �-D-galactopyranoside as a substrate, and
absorbance values were used to normalize the luciferase meas-
urements. Data presented are based on three individual
experiments.

ChIP—Primary hepatocytes were isolated from 10 –12-
week-old wild-type or Ppara�/� animals on a C57BL/6 back-
ground according to published methods (20). Hepatocytes were
plated on 15-cm dishes coated with rat tail collagen at a density
of 1 � 105 cells/cm2. To cross-link proteins to DNA, the cells
were incubated with 1% formaldehyde for 10 min, after which
glycine was added to a final concentration of 0.125 M to stop the
cross-linking reaction. Cells were collected in ice-cold PBS,

washed twice, and snap-frozen in liquid nitrogen. Cell pellets
were lysed in 500 �l of lysis buffer containing 0.1% SDS, 1%
Triton X-100, 0.15 M NaCl, 1 mM EDTA, 20 mM Tris, pH 8, and
protease inhibitor mixture (Pierce). Following 30 cycles of son-
ication (30 s on, 30 s off, high intensity) at 4 °C, the samples were
centrifuged at 20,000 � g for 30 min. Next, 100 �l of the super-
natant was diluted 4 times with incubation buffer (0.15% SDS,
1% Triton X-100, 0.15 M NaCl, 1 mM EDTA, 20 mM HEPES) and
subsequently mixed with antibodies (anti-PPAR� (Santa Cruz
Biotechnology, Inc., catalog no. H-98) or IgG (Santa Cruz Bio-
technology, catalog no. sc2027)) for 2 h at 4 °C on a rotating
wheel. To reduce nonspecific binding, Protein A-Sepharose
beads (GE Healthcare) were washed twice and preincubated
with incubation buffer supplemented with 1 �g/�l BSA for 2 h
at 4 °C on a rotating wheel. Then blocked Protein A-Sepharose
mixture was combined with chromatin/antibody mixtures and
incubated overnight at 4 °C on a rotating wheel. The beads were
subsequently washed in a series of buffers: twice in buffer 1
(0.1% SDS, 0.1% NaDOC, 1% Triton X-100, 0.15 M NaCl, 1 mM

EDTA, 20 mM HEPES), once in buffer 2 (0.1% SDS, 0.1%
NaDOC, 1% Triton X-100, 0.5 M NaCl, 1 mM EDTA, 20 mM

HEPES), once in buffer 3 (0.25 M LiCl, 0.5% NaDOC, 0.5% Non-
idet P-40, 1 mM EDTA, 20 mM HEPES), and twice in buffer 4 (1
mM EDTA, 20 mM HEPES). Protein-DNA complexes were
eluted in 200 �l of elution buffer (1% SDS � 0.1 M NaHCO3). To
disrupt the cross-links between protein-DNA, eluted samples
were supplemented with 8 �l of 5 M NaCl, 8 �l of RNase A (0.5
mg/ml), and 10 �l of Proteinase K (20 mg/ml; Qiagen) and
incubated overnight at 65 °C. DNA was purified using a
QiAQuick PCR purification kit (Qiagen) according to the man-
ufacturer’s protocol and analyzed by real-time PCR using prim-
ers directed against a 125-bp fragment encompassing the PPRE
located 1200 base pairs upstream of the TSS of Hilpda. Sequences
of the primers that were used were as follows: Hilpda Fwd, 5�-
GCACGTCTCTCTTCTTCTAGGT-3�; Hilpda Rev, 5�-TCGC-
CTCTAAACTAAACGGAA-3�. Primers against an intergenic
region 100 kb upstream of Pdk4 served as control: Fwd, 5�-TTG-
GCTTGCCAAGCTTCTTC-3�; Rev, 5�-AGGGAACGCAT-
TTCCATCAC-3�.

Plasma Analysis—Non-esterified fatty acids were measured
using a NEFA-HR(2) kit, and ketone bodies were measured
using an Autokit Total Ketone Bodies assay (Wako Chemicals
GmbH, Neuss, Germany). Triglycerides were determined with
a Triglycerides liquicolormono kit (HUMAN). Glucose, glycerol,
and cholesterol were measured using kits from DiaSys (DiaSys
Diagnostic Systems, Holzheim, Germany).

Plasma Lipoprotein Analysis—Pooled plasma samples from
AAV-GFP and AAV-HILPDA animals were fractionated using gel
filtration high-performance liquid chromatography (HPLC)
offered by LipoSEARCH (Skylight Biotech, Inc., Akita, Japan).
Effluent was subsequently analyzed for triglycerides and choles-
terol content.

Histology—For GFP fluorescence microscopy, samples were
fixed in 4% formaldehyde (Sigma-Aldrich) overnight, soaked in
PBS containing 15% (w/v) sucrose for 12 h, and then incubated
in PBS containing 30% (w/v) sucrose overnight. Tissues were
subsequently frozen in Tissue-Tek� O.C.T.TM (Sakura Finetek
Holland B.V., Alphen aan de Rijn, The Netherlands) and sec-
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tioned to 5 �m and mounted on Superfrost microscopy slides.
GFP fluorescence was determined using an Olympus CKX31
fluorescent microscope (Olympus Nederland B.V, Zoeter-
woude, The Netherlands).

For hematoxylin and eosin staining, liver pieces were fixed in
4% formaldehyde for 24 h and subsequently embedded in par-
affin. Samples were sectioned to 5 �m and stained in hematox-
ylin for 8 min and eosin for 30 s. Following dehydration in 95%
ethanol and two xylene changes, the sections were mounted
using a xylene-based mounting medium.

To visualize neutral lipids, liver samples were frozen in
Tissue-Tek� O.C.T.TM, sectioned to 5 �m using a cryostat, and
mounted on Superfrost microscopy slides. After drying at room
temperature for 30 min, the tissue sections were fixed in 4% form-
aldehyde (Sigma-Aldrich) for 10 min. Following three washes with
double-distilled H2O, the slides were incubated in Oil Red O (Sig-
ma-Aldrich) solution (30 mg/ml in 60% isopropyl alcohol) for 10
min. Finally, the slides were rinsed with double-distilled H2O twice
and mounted using an aqueous mounting medium.

Hepatic Triglycerides—Liver pieces of �50 mg were homog-
enized to a 5% lysate (m/v) using 10 mM Tris, 2 mM EDTA, 0.25
M sucrose, pH 7.5. Lysates were assayed for triglyceride (TGs)
using a Triglycerides liquicolormono kit (HUMAN). TG levels
were normalized against liver weight.

Hepatic Glycogen—Tissues (�50 mg) were homogenized in
0.5 ml of 30% KOH, incubated at 95 °C for 30 min, and centri-
fuged at 15,000 � g to pellet undigested material. Glycogen was
precipitated from the supernatants by the addition of 0.75 ml of
95% ethanol and subsequent centrifugation at 3000 � g for 20
min. Glycogen pellets were washed with fresh 95% ethanol, cen-
trifuged, and air-dried. Pellets were dissolved in 0.25 ml of dou-
ble-distilled H2O and incubated at 37 °C for 30 min. To digest
the glycogen, 5 mg of amyloglucosidase (catalog no. A7420,
Sigma-Aldrich) was dissolved in 15 ml of 0.2 M sodium acetate,
pH 4.8, and 450 �l of the resulting enzyme solution was mixed
with 50 �l of glycogen solution. After incubation at 40 °C for
2 h, the samples were neutralized using 10 �l of 30% KOH.
Glucose concentrations were determined with a kit from Dia-
Sys, and protein concentrations were measured with a Pierce
BCA kit (Thermo Scientific, Landsmeer, The Netherlands).

Western Blot—Liver samples were homogenized in 50 mM

Tris, pH 8.0, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (v/v)
sodium deoxycholate, 0.1% SDS, supplemented with Complete
EDTA-free protease inhibitor mixture with a Qiagen Tissue-
Lyser II. Samples were incubated on a rotating wheel for 30 min
at 4 °C and subsequently centrifuged at 15,000 � g for 15 min at
4 °C. Protein concentration was determined using a Pierce BCA

kit (Thermo Scientific), and equal amounts of protein were
diluted with 2� Laemmli sample buffer. After boiling, the sam-
ples were separated on 4 –20 or 8 –16% gradient Criterion gels.
For plasma analysis, 1 �l of plasma from AAV-GFP or AAV-
HILPDA animals was loaded on an 8 –16% Criterion gel. Pro-
teins were transferred to PVDF membrane using the Transblot
turbo system (Bio-Rad). Antibodies against HILPDA (1:1000;
Santa Cruz Biotechnology, catalog no. sc-137518), actin
(1:2000; Sigma-Aldrich, catalog no. A2066), HSP90 (1:4000;
Cell Signaling Technology, Inc., catalog no. 4874), and goat
anti-rabbit (1:5000; Jackson ImmunoResearch, catalog no. 111-
035-003) were diluted in 5% (w/v) skimmed milk powder in
PBS-T. Primary antibodies were applied overnight at 4 °C, and
secondary antibody was applied for 1 h at room temperature.
Bands were visualized using Pierce ECL Plus (Thermo Scien-
tific) and a ChemiDoc MP (Bio-Rad). The presence of plasma
proteins on the PVDF membrane was confirmed using Ponceau
S solution (Sigma-Aldrich).

Gene Expression Analysis Including Microarrays—Mouse
liver slices and tissues were homogenized in TRIzol� (Invitro-
gen) using the Qiagen TissueLyser II and stainless steel beads.
One microgram of RNA was subsequently employed for cDNA
synthesis using the First Strand cDNA synthesis kit (Thermo
Scientific). RNA from a selection of slices and tissues was purified
with RNeasy Minikit columns (Qiagen) and analyzed for quality
with RNA 6000 Nano chips on the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Amsterdam, The Netherlands). Purified RNA
(100 ng) was labeled with the Ambion WT expression kit (Invitro-
gen) and hybridized to an Affymetrix Mouse Gene 1.1 ST array
plate (Affymetrix, Santa Clara, CA). Hybridization, washing, and
scanning were carried out on an Affymetrix GeneTitan platform,
and readouts were processed and analyzed according to published
methods (21). After filtering with interquartile range of 0.25 and
expression signal of 20 on a minimum of two arrays, 1575 genes
remained, which were used to generate a scatter plot and volcano
plot. Microarray data were submitted to the Gene Expression
Omnibus (accession number pending).

qPCRs were performed using SensiMix (Bioline, GC Biotech,
Alphen aan den Rijn, The Netherlands) and a CFX384 real-time
PCR detection system (Bio-Rad). Primer sequences were
derived from the Harvard PrimerBank and synthesized by
Eurogentec (Seraing, Belgium). Primer sequences are listed in
Table 1. Normalization was performed using the expression of
36b4. qPCR analysis of mouse and human hepatocytes exposed
to DMSO or Wy14643 for 6 h was performed as described
above using RNA from hepatocytes of six different mouse
strains and six human hepatocyte sample sets as described (20).

TABLE 1
Primer sequences of forward and reverse primers used in qPCR analysis

Gene Forward (5�–3�) Reverse (5�–3�)

36b4 ATGGGTACAAGCGCGTCCTG GCCTTGACCTTTTCAGTAAG
Hilpda TGCTGGGCATCATGTTGACC TGACCCCTCGTGATCCAGG
Pparg CACAATGCCATCAGGTTTGG GCTGGT CGATATCACTGGAGATC
Cpt1a CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
Cyp4a10 ACCACAATGTGCATCAAGGAGGCC AGGAATGAGTGGCTGTGTCGGGGAGAG
Pdk4 TCTACAAACTCTGACAGGGCTTT CCGCTTAGTGAACACTCCTTC
Srebp1c GGAGCCATGGATTGCACATT CCTGTCTCACCCCCAGCATA
Fasn TCCTGGGAGGAATGTAAACAGC CACAAATTCATTCACTGCAGCC
Ldlr GCATCAGCTTGGACAAGGTGT GGGAACAGCCACCATTGTTG
Mttp ATACAAGCTCACGTACTCCACT TCCACAGTAACACAACGTCCA
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ATGL and HSL Activity Assay—COS-7 cells were grown in
DMEM (Invitrogen) supplemented with 10% fetal calf serum
(Sigma-Aldrich) and 100 IU/ml penicillin, 100 �g/ml strepto-
mycin (Invitrogen). cDNAs encoding ATGL/PNPLA2, HSL,
HILPDA, and LacZ were cloned in the pcDNA4/His Max vec-
tor (Invitrogen) and transfected into COS-7 cells using Meta-
fectene (Biontex GmbH, München, Germany). 50 �g of either
ATGL or HSL recombinant lysate was combined with 50 �g of
LacZ or HILPDA lysate. Radioactive emulsion was prepared by
sonication of 0.3 mM triolein, phosphatidylcholine/phosphati-
dylinositol, and 9,10-[3H]triolein (PerkinElmer Life Sciences)
in 100 mM potassium phosphate buffer (pH 7) supplemented
with 2% BSA (essentially fatty acid-free; Sigma). Protein lysates
and radioactive emulsion were incubated for 60 min at 37 °C.
Next, the reactions were stopped by adding 3.25 ml of metha-
nol/chloroform/heptane (10:9:7) and 1 ml of 0.1 M potassium
carbonate/boric acid buffer (pH 10.5). Samples were centri-
fuged at 800 � g for 20 min, and radioactivity was determined in
1 ml of the supernatant using a scintillation counter (Beckman
Coulter, Fullerton, CA).

Total TG Hydrolase Activity Assay—Liver TG hydrolase
activity was measured using published methods (22). In short,
samples from AAV-GFP and AAV-HILPDA animals were
homogenized in lysis buffer (0.25 M sucrose, 1 mM EDTA, pro-
tease inhibitor mixture, pH 7.0) and centrifuged at 20,000 g for
30 min at 4 °C to collect the soluble infranatant fraction. Trio-
lein and 9,10-[3H]triolein (PerkinElmer Life Sciences) were
sonicated with phosphatidylcholine and phosphatidylinositol
in 100 mM potassium phosphate buffer (pH 7.0) to a final con-
centration of 1.67 mM triolein. 200 �g of infranatant from each
liver sample was incubated with 0.1 ml of radioactive substrate
at 37 °C for 60 min. The reaction was terminated by adding 3.25
ml of methanol/chloroform/heptane (10:9:7) and 1 ml of 0.1 M

potassium carbonate/boric acid buffer (pH 10.5). Following
centrifugation at 800 � g for 20 min, radioactivity was deter-
mined in 1 ml of the upper phase using an LS 6500 multipur-
pose scintillation counter (Beckman Coulter).

Statistical Analysis—Student’s t tests or two-way analysis
of variance with Bonferroni post hoc tests where appropriate
were calculated using GraphPad Prism (GraphPad Software,
Inc., La Jolla, CA). Results were considered significant at p �
0.05.

RESULTS

Hildpa Is Regulated by PPAR� in Liver Slices and Hepato-
cytes—To identify potential novel target genes of PPAR�,
mouse liver slices were treated with the PPAR� ligand
Wy14643. Whole genome microarray analysis using Affymetrix
GeneChips revealed increased expression of numerous classical
PPAR� targets with roles in fatty acid oxidation (e.g. Ehhadh,
Slc22a5, Pdk4, Abcd2, and Cpt1b) and other lipid metabolic
pathways (e.g. Acot2, Creb3l3, Fabp4, Mgll, and Cidec) (Fig. 1A).
However, several genes of the top 40 genes most highly induced
by Wy14643 have not been or have only been very poorly char-
acterized. Among those genes, 2310016C08Rik/Hig2, later
annotated as Hilpda, was of particular interest because it has
recently been identified as a putative lipid droplet-associated
protein that is regulated via a hypoxia-dependent mechanism

involving HIF1 (23). The Hilpda gene contains one intron and
two exons and encodes a highly conserved protein of 63 and 64
amino acids in humans and mice, respectively (Fig. 1B). Induc-
tion of Hildpa expression by Wy14643 was confirmed by qPCR
analysis, showing a �3-fold increase of Hilpda mRNA (Fig. 1C).

To substantiate our findings in mouse liver slices, we ana-
lyzed Hilpda expression in isolated mouse and human hepa-
tocytes exposed to DMSO or Wy14643 for 6 h. Wy14643
treatment significantly increased Hilpda mRNA in both cell
types (Fig. 1, D and E). Induction of Hilpda mRNA by
Wy14643 was abolished in hepatocytes from Ppara�/� mice
(Fig. 1F). In rat hepatocytes Hilpda mRNA was also induced
by fenofibrate and by a synthetic ligand for RXR, which
serves as a permissive heterodimeric partner for PPARs, but
not by ligands for LXR and FXR (Fig. 1G). Finally, Hilpda
mRNA was rapidly induced by Wy14643 in rat FAO hepa-
toma cells, which represent a very suitable cell line to study
PPAR�-mediated gene regulation, and quickly returned to
baseline upon removal of Wy14643 (Fig. 1H). Thus, expres-
sion of Hilpda is positively regulated by PPAR� in mouse,
rat, and human hepatocytes, suggesting that Hilpda may
represent a novel putative PPAR� target.

Hepatic Hilpda Expression Is Regulated by PPARs in Vivo—
We next sought to explore the PPAR�-dependent regulation of
HILPDA in vivo by employing wild-type and Ppara�/� animals
fed either a control diet or the same diet supplemented with
Wy14643 for 5 days. Interestingly, Wy14643 significantly up-
regulated Hilpda mRNA in wild-type mice, but not Ppara�/�

mice, suggesting a PPAR�-mediated regulation of Hilpda (Fig.
2A). Wy14643 also markedly increased HILPDA protein levels
in a PPAR�-dependent manner (Fig. 2B).

PPAR� is an important regulator in the metabolic response
to fasting, and the expression of many PPAR� regulated genes
increases upon fasting (18). However, we found a much less
pronounced increase in Hilpda mRNA and protein in livers of
fasted wild-type mice compared with Ppara�/� mice. Indeed,
Hilpda mRNA was increased 1.4- and 9.2-fold by fasting in
wild-type and Ppara�/� mice, respectively (Fig. 2C), which was
confirmed by Western blot (Fig. 2D). Other Wy14643-induced
genes that show a similar expression pattern during fasting
include Plin4 and Acacb (Fig. 2E). PPAR� has been shown to
partially compensate for PPAR� deletion during high-fat diet
feeding or fasting (24, 25). Indeed, Pparg expression was
increased in livers of Ppara�/� animals (Fig. 2F). Moreover,
adenovirus-mediated hepatic Pparg1 overexpression markedly
increased Hilpda mRNA expression (Fig. 2G). Together, these
data suggest that Hilpda expression in liver is regulated by both
PPAR� and PPAR�.

Hilpda Is a Direct PPAR Target—In silico screening using
Nubiscan revealed the presence of a potential PPRE around
1200 base pairs (bp) upstream of the TSS of Hilpda, which is
highly conserved between mice and humans and part of a highly
conserved region (26). To determine whether this PPRE con-
tributes to PPAR-dependent regulation of Hilpda, we generated
luciferase reporter vectors containing a �200-bp genomic frag-
ment flanking the mouse or human PPRE (Fig. 3A). Notably, all
PPARs stimulated luciferase activity driven by mouse wild-type
PPRE (Fig. 3, B–D). By contrast, mutating the indicated adenine
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residues (Fig. 3A) completely abolished the PPAR-dependent
increase in luciferase activity (Fig. 3, B–D). Similarly, PPAR�
induced luciferase reporter activity when co-transfected with
human wild-type PPRE but not mutant PPRE (Fig. 3E).

To explore if the PPRE is occupied by PPAR� in liver, we
performed chromatin immunoprecipitation experiments using
primary hepatocytes from wild-type and Ppara�/� mice. Con-

sistent with direct PPAR binding, we efficiently recovered a
125-base pair region surrounding the conserved PPRE from
PPAR� immunoprecipitates in wild-type hepatocytes com-
pared with Ppara�/� hepatocytes (Fig. 3F). Taken together,
these data demonstrate the presence of a functional PPRE 1200
bp upstream of the TSS of Hilpda, suggesting that Hilpda is a
novel PPAR target gene.

FIGURE 1. Wy14643 increases Hilpda expression in liver slices and hepatocytes. A, the top 40 most highly induced genes in mouse liver slices exposed to
20 �M Wy14643 for 24 h. Values are expressed as -fold changes over DMSO-treated slices from the same animal (n � 4). B, amino acid sequence of mouse and
human HILPDA. C, Hilpda mRNA levels determined by qPCR in mouse liver slices exposed to 20 �M Wy14643 for 6 h. Samples include the four mice described
in A plus two additional mice (n � 6). Shown are Hilpda mRNA levels in mouse hepatocytes (D, n � 6 animals from different strains) and human hepatocytes (E,
n � 6) after exposure to Wy14643 (10 and 50 �M, respectively) for 6 h. F, Hilpda mRNA levels in primary hepatocytes of wild-type and Ppara�/� mice incubated
with Wy14643 (10 �M) for 24 h. G, Hilpda mRNA levels in rat hepatocytes incubated with various nuclear receptor ligands for 24 h (RXR agonist LG1069, 1 �M;
Wy14643, 5 �M; Fenofibrate, 50 �M; LXR agonist T0901317, 1 �M; FXR agonist chenodeoxycholic acid, 50 �M). H, Hilpda mRNA levels in rat FAO hepatoma cells
incubated with Wy14643 (10 �M) for various times. Wy14643 was removed after 4 h of incubation. Data are mean 	 S.E. (error bars). Asterisks, significant
differences according to Student’s t test: *, p � 0.05; **, p � 0.01.
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Hepatic Overexpression of HILPDA Results in a Fatty Liver—
To address the functional role of HILPDA in liver, we employed
adeno-associated viruses expressing GFP (AAV-GFP) or
HILPDA (AAV-HILPDA) under the control of a modified albu-
min promoter. Intravenous injection of 2.5 � 1011 genomic
copies led to the infection of almost all cells and caused a
marked increase in HILPDA expression 4 weeks after injec-
tion (Fig. 4, A and B). Importantly, HILPDA protein
expressed by the AAV had the same molecular weight as the
endogenous protein (Fig. 4C). Consistent with the absence of
a signal peptide as observed by in silico analysis but in con-
trast to published data (27), we were unable to detect
HILPDA in the circulation, even after injecting higher doses
(Fig. 4D). No differences were found in body weight between
AAV-GFP and AAV-HILPDA mice 4 weeks postinjection
(Fig. 4E). Similarly, the weights of livers, epididymal fat pads,

and brown adipose tissue (Fig. 4, F–H) were not different
between the two sets of mice. Furthermore, EchoMRI anal-
ysis did not show any difference in lean mass or fat mass (Fig.
4, I and J).

Strikingly, livers from AAV-HILPDA animals showed a differ-
ent, more yellowish color compared with AAV-GFP animals (Fig.
5A), which often indicates increased fat deposition. Hematoxylin
and eosin staining of livers from AAV-GFP and AAV-HILPDA
animals indicated no major histological perturbations associated
with HILPDA overexpression (Fig. 5B). However, qualitative and
quantitative analysis revealed a significant increase in hepatic
TG deposition upon HILPDA overexpression (Fig. 5, C and D).
In contrast, hepatic hepatic glycogen content was unchanged
(Fig. 5E). Plasma TG, NEFA, glycerol, glucose ketone bodies,
and cholesterol were not different between AAV-GFP and
AAV-HILPDA mice (Fig. 5, F–K). Thus, HILPDA is involved in

FIGURE 2. PPAR-dependent regulation of Hilpda expression in vivo. Hilpda gene expression (A, n � 4–5/group) and Western blot (B) analysis of livers from
wild-type and Ppara�/� mice fed chow containing 0 or 0.1% Wy14643 for 5 days. Hilpda gene expression (C, n�4–5/group) and Western blot (D) analysis of livers from
fed and 24-h fasted wild-type and Ppara�/� mice. E, analysis of Plin4 and Acacb mRNA levels (E) and Pparg mRNA levels (F) in livers from fed and 24-h fasted wild-type
and Ppara�/� mice (n � 4–5/group). G, Hilpda mRNA levels in livers from Ppara�/� mice intravenously injected with adenovirus encoding LacZ or Pparg1 (n �
4/group). Data are mean 	 S.E. (error bars). Two-way analysis of variance with Bonferroni post hoc test (A, C, E, and F) or Student’s t test (G) was performed. *, p � 0.05;
**, p � 0.01; ##, p � 0.01. *, difference between WT and Ppara�/� (A, C, E, and F); #, difference between control/Wy14643 (A) or fed/fasted (C, E, and F).
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regulation of hepatic TG metabolism but has no effect on
plasma lipid levels.

HILPDA Does Not Affect Neutral Lipase Activity—Hepatic
TG storage is the net result of several processes, including fatty
acid �-oxidation, de novo lipogenesis, fatty acid uptake, TG
hydrolysis, and TG secretion as VLDL. To identify the mecha-
nism underlying increased lipid deposition in livers of AAV-
HILPDA mice, we analyzed the expression of a selection of
genes involved in the above mentioned metabolic pathways.
However, no differences were found in the expression of rele-
vant genes involved in �-oxidation, lipogenesis, fatty acid
uptake, TG hydrolysis, and TG secretion (Fig. 6A). Gene expres-
sion profiling by microarray revealed only very minor changes in

hepatic gene expression in AAV-HILDPA mice, with only 139
genes significantly altered upon HILPDA overexpression (liberal p
value � 0.01), and more than 75% of these genes were changed less
than 1.5-fold (Fig. 6, B and C). Gadd45g, a PPAR� target, was the
most highly induced gene, showing a 2.5-fold increase in expres-
sion (Fig. 6C). Furthermore, Ingenuity Pathway analysis revealed
no significantly altered pathways related to lipid metabolism (data
not shown). Together, these data suggest that HILPDA overex-
pression does not induce major changes in expression of genes
involved in hepatic lipid metabolism.

So far, HILPDA shows several similarities to the previously
identified G0s2 gene (28): small proteins with no homology to
other proteins, PPAR� targets, and overexpression causes fatty

FIGURE 3. PPAR mediated regulation of Hilpda expression is mediated by a PPRE 1200 bp upstream of the transcription start site. A, sequence of the human
and mouse PPRE located 1200 bp upstream of the TSS of Hilpda. Three adenine residues were mutated to cytosine to serve as negative controls. B–D, HepG2 cells were
transfected with luciferase reporter constructs containing wild-type or mutant mouse (B–D) or human (E) PPRE together with empty vector or PPAR/RXR� expression
vectors as indicated. All conditions contain equal amounts of DNA, and �-galactosidase was co-transfected for normalization. Transfected cells were subsequently
exposed to DMSO, 50 �M Wy14643, 5 �M GW501516, or 5 �M rosiglitazone for 24 h. Luciferase readings in cell lysates were normalized against �-galactosidase activity
(n �3). F, chromatin was extracted from wild-type and Ppara�/� primary hepatocytes, and a ChIP assay was performed using antibodies specific for PPAR� or IgG. PCR
was performed using primers flanking the conserved PPRE 1200 bp upstream of the Hilpda TSS or negative control primers to amplify an intergenic region 100 kb
upstream of Pdk4 (n � 3). Data are mean 	 S.E. (error bars). *, significant difference according to Student’s t test (p � 0.01).
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liver (29, 30). Recently, G0S2 was characterized as a regulator of
adipose tissue triglyceride lipase (ATGL/PNPLA2) (31). To
explore a possible effect of HILPDA overexpression on intracellu-

lar lipase activity, we performed TG hydrolase activity assays. No
difference in total TG hydrolase activity was observed
between AAV-GFP and AAV-HILPDA livers (Fig. 7A).

FIGURE 4. Hepatic overexpression of HILPDA does not impact body weight. A, fluorescent microscopy of liver sections from AAV-GFP and AAV-HILPDA mice 4
weeks postinjection of the corresponding AAVs. B, HILPDA protein expression in livers from AAV-GFP and AAV-HILPDA animals. HSP90 served as a loading control. C,
Western blot analysis of endogenous and overexpressed HILPDA. For endogenous protein an aliquot of a sample used in Fig. 2B (wild-type animal fed a diet
supplemented with Wy14643) was loaded. D, HILPDA Western blot on plasma samples of animals injected with 1–5�1011 genomic copies of AAV-HILPDA. An aliquot
of diluted liver lysate from an animal injected with 2.5 � 1011 genomic copies of AAV-HILPDA virus was used as a positive control. Ponceau S staining is shown to
illustrate the presence of plasma proteins. E, body weight of AAV-GFP and AAV-HILPDA animals 4 weeks after injection of corresponding AAVs (n � 10 –13
animals/group). F–H, liver (F), epididymal white adipose tissue (eWAT) (G), and brown adipose tissue (BAT) (H) weight of AAV-GFP and AAV-
HILPDA animals (n � 8 animals/group). I and J, fat mass (I) and lean mass (J) in AAV-GFP and AAV-HILPDA animals determined using EchoMRI (n � 10 –13
animals/group). Data are mean 	 S.E. (error bars).
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HILPDA also did not affect the activity of ATGL and HSL in
vitro (Fig. 7B). Thus, HILPDA does not seem to directly
impact neutral lipase activity.

Hepatic TG Secretion Is Decreased with HILPDA Overexpres-
sion—To determine if HILPDA might impact TG secretion, we
performed a VLDL production test in AAV-GFP and AAV-
HILPDA mice using the lipase inhibitor tyloxapol. Remarkably,
HILPDA overexpression markedly reduced hepatic TG secre-
tion (Fig. 7C). To investigate whether HILPDA overexpres-

sion is associated with a difference in lipoprotein particle
size or composition, we performed lipoprotein profiling
using gel filtration high-performance liquid chromatogra-
phy. However, chylomicron and VLDL particle size and TG
content, as well as LDL and HDL size and cholesterol con-
tent, were unchanged between the two sets of mice (Table 2
and Fig. 7, D and E).

Finally, we explored the potential role of HILPDA in high fat
diet-induced fatty liver. Interestingly, feeding wild-type mice a

FIGURE 5. AAV-mediated HILPDA overexpression induces hepatic steatosis. A, gross morphology of livers from AAV-GFP and AAV-HILPDA animals 4 weeks
after injection of viruses. Animals were sacrificed under fed conditions. B, representative H&E staining of livers from AAV-GFP and AAV-HILPDA animals. C, Oil
Red O staining of liver sections from AAV-GFP and AAV-HILPDA animals. D, hepatic TG content determined 4 weeks postinjection of AAVs (n � 8 animals/
group). E, hepatic glycogen levels in AAV-GFP and AAV-HILPDA animals (n � 8 animals/group). F–K, plasma TG (F), NEFA (G), glycerol (H), cholesterol (I), glucose
(J), and ketone body (K) levels in AAV-GFP and AAV-HILPDA animals 4 weeks postinjection of respective viruses (n � 7– 8 animals/group). Data are mean 	 S.E.
(error bars). Asterisks, significant difference according to Student’s t test (**, p � 0.01).

FIGURE 6. Hepatic overexpression of HILPDA does not affect the expression of key genes involved in �-oxidation or de novo lipogenesis. A, qPCR
analysis of important genes related to �-oxidation, lipogenesis, hepatic lipid uptake, and VLDL production in livers of AAV-GFP and AAV-HILPDA animals
(n � 7– 8 animals/group). B, scatter plot of the logarithmic expression signal of 1575 genes left after the set filter criteria (see “Experimental Procedures”).
Average expression signal of each gene in the GFP group is plotted on the x axis, and expression in the HILPDA group is plotted on the y axis (n � 2
arrays/group). C, volcano plot displaying the fold induction of 1575 genes (x axis) related to their significance level (y axis) upon HILPDA
overexpression. Genes that met the inclusion criteria (see “Experimental Procedures”) were included in the analysis. Arrow, Gadd45g. Data are mean 	
S.E. (error bars).
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high-fat diet for 16 weeks did not elicit a change in liver
HILPDA expression (Fig. 7, F and G), despite the development
of severe hepatic steatosis (Fig. 7H). According to microarray
analysis, HILPDA expression in liver was also not significantly
changed in healthy obese subjects, in patients with steatosis,
and in NASH patients (-fold change �1.1, raw p value � 0.2)
(32). Similarly, microarray indicated that HILPDA expression

was not related to human liver phenotype ranging from healthy
to inflamed without steatosis, inflamed with steatosis, and
inflamed with steatosis and fibrosis.4

4 F. Mattijssen, M. V. Boekschoten and S. Kersten, unpublished data.

FIGURE 7. AAV-HILPDA animals secrete less triglyceride. A, total TG hydrolyase activity in liver samples from AAV-GFP and AAV-HILPDA animals (n � 8
animals/group). B, mouse ATGL or HSL was overexpressed in COS-7 cells, and lysates were assayed for hydrolase activity in the presence of COS-7 lysates from
cells transfected with expression vectors for LacZ or HILPDA (n � 2). C, plasma TG levels after intravenous administration of tyloxapol to determine hepatic TG
secretion in 16-h fasted AAV-GFP and AAV-HILPDA animals (n � 7 animals/group). D and E, lipoprotein-associated TG (D) and cholesterol (E) levels in HPLC
fractions of pooled plasma samples from AAV-GFP and AAV-HILPDA animals. F–H, Hilpda mRNA (F) and protein levels (G) in wild-type animals after a 16-week
HFD intervention resulting in the development of hepatic steatosis (H) (n � 8 –10 animals/group). Data are mean 	 S.E. (error bars). Asterisks, significant
differences according to Student’s t test (**, p � 0.01).
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DISCUSSION

PPAR� plays important roles in hepatic lipid metabolism by
regulating the transcription of numerous genes involved in lipid
metabolic pathways. Here we provide evidence that Hilpda is a
novel PPAR� target gene that promotes hepatic TG deposition
by reducing TG secretion.

One of our main findings is the inhibition of VLDL-TG
secretion by hepatic HILPDA overexpression. VLDL assembly
and secretion have been studied extensively over the last few
decades (33). Central to the synthesis of VLDL is the lipidation
of apolipoprotein B100 (APOB100) in the endoplasmic reticu-
lum by the microsomal triglyceride transfer protein to generate
pre-VLDL (34). Next, large amounts of lipids are transferred to
pre-VLDL to yield mature VLDL, although it is not exactly clear
whether this lipidation takes place solely in the endoplasmic
reticulum or whether the Golgi-apparatus is involved as well
(35, 36). Indeed, many details regarding VLDL synthesis, endo-
plasmic reticulum to Golgi transport, and VLDL exocytosis
remain unknown. Recently, additional players have been impli-
cated in the lipidation and secretion of VLDL, including other
apolipoproteins (APOC3), lipid droplet-associated proteins
(CIDEB), and sorting receptors (SORT1) (37–39). In vitro stud-
ies have previously identified HILPDA as a lipid droplet-asso-
ciated protein (23), and it is therefore of particular interest that
the lipid droplet-associated protein PLIN2 has been shown
to inhibit VLDL synthesis due to increased shunting of TG to
cytosolic lipid droplets (38, 40). Future studies will have to
determine the precise molecular mechanism underlying regu-
lation of hepatic TG levels and secretion by HILPDA as well as
the molecular details of its association with lipid droplets.

Reduced hepatic VLDL-TG secretion might be expected to
lead to a decrease in plasma TG levels. However, we did not
observe a change in plasma TG levels when comparing AAV-
GFP and AAV-HILPDA animals under either random fed con-
ditions or after an overnight fast. A possible explanation is that
VLDL produced in livers of mice overexpressing HILPDA is
cleared from the circulation less efficiently, potentially due to
an altered apolipoprotein make up decorating the VLDL.

The limited data available on HILPDA suggest that it may
represent a lipid droplet-associated protein that is induced by
hypoxia (23). Hypoxia is known to elicit numerous metabolic
changes driven by the HIF transcription factors, including up-
regulation of many glycolytic genes (41, 42). The specific regu-
latory effect of hypoxia/HIF1 on lipid metabolism is less well
characterized, yet it is well known that hypoxia raises intracel-
lular lipids (43). The rationale for hypoxia-induced lipid accu-
mulation is not well characterized, but it may be part of a gen-
eral mechanism aimed at directing non-oxidized fatty acids
toward storage and thus shifting them away from potential lipo-

toxic effects. Taking into account the ability of HILPDA to pro-
mote intracellular lipid storage, it can be hypothesized that
HILPDA may play a role in hypoxia-induced lipid accumulation.

The great majority of PPAR� target genes identified so far are
induced by fasting and by synthetic PPAR� agonists specifically
in wild-type mice but not Ppara�/� mice, which include Fgf21,
Cpt1a, Ehhadh, Hmcgcs2, and many others (44). In contrast,
Hilpda expression was induced by fasting specifically in
Ppara�/� mice but much less in wild-type mice, resembling the
expression pattern of a small set of PPAR� targets that includes
Lpin2, Plin4, and Acacb. A number of genes with a similar
expression pattern were found to be regulated by PPAR�/�,
which may also be true for Hilpda (44). Alternatively, up-regu-
lation of Hilpda in fasted Ppara�/� mice may be mediated by
PPAR�, expression of which is elevated in livers of Ppara�/�

mice and which potently induces Hilpda expression in liver, as
shown by adenoviral overexpression of PPAR�. In this context,
it would have been worthwhile to have information on PPAR�
protein in Ppara�/� livers. Transactivation experiments indi-
cated that all three PPARs were able to activate a reporter con-
struct driven by a portion of the Hilpda promoter, suggesting
that Hilpda probably represents a pan-PPAR target gene.
Accordingly, it can be hypothesized that, depending on the spe-
cific stimulus, Hilpda can be regulated by either PPAR�,
PPAR�/�, or PPAR�.

Induction of HILPDA by PPAR� can be predicted to pro-
mote liver TG storage. By contrast, administration of synthetic
PPAR� agonists to rodents decreases fatty liver (45–50). This
apparent discrepancy can be reconciled by the notion that
Hilpda is one of more than 100 genes involved in lipid
metabolism that are induced by PPAR�. A number of these
PPAR� targets, including several genes involved in lipid
droplets and TG synthesis, will oppose lowering of liver TG.
The disparate effects of different PPAR� targets are seem-
ingly counterintuitive but may reflect delicate feedback
mechanisms aimed at maintaining lipid homeostasis. It can
be hypothesized that induction of genes involved in lipid
droplet biology and TG synthesis by PPAR� may reflect a
broader role of PPAR� in metabolizing and neutralizing
large amounts of free fatty acids.

Synthetic PPAR� agonists in the form of fibrates are used
clinically for their ability to raise plasma HDL and reduce
plasma TG levels (9). The plasma TG-lowering action of
fibrates is primarily achieved via augmentation of plasma TG
clearance, although there is in vivo and in vitro evidence that
PPAR� agonists also lower VLDL-TG production, potentially
due to induction of PLIN2 and FABP1 and subsequent storage
of TGs in cytosolic lipid droplets (51–54). Conversely, deletion
of PPAR� leads to elevated VLDL-TG production (55, 56).
Conceivably, HILPDA may be involved in mediating the sup-
pressive effect of synthetic PPAR� agonists on TG secretion by
the liver. Overall, it is evident that the role of PPARs in regula-
tion of hepatic lipid homeostasis goes beyond the induction of
genes involved in �-oxidation and ketogenesis. The direct effect
of HILPDA on �-oxidation, lipid uptake, and lipogenesis has
not been tested; nevertheless, we did not observe any difference
in mRNA levels of key genes involved in these processes
between AAV-GFP and AAV-HILPDA animals.

TABLE 2
Diameter of chylomicron, VLDL, LDL, and HDL particles in AAV-GFP
and AAV-HILPDA animals

AAV-GFP AAV-HILPDA

nm nm
Chylomicron 
100 
100
VLDL 46.46 46.99
LDL 24.67 24.78
HDL 11.08 11.15
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In conclusion, we identify Hilpda as a novel PPAR-regulated
gene involved in the regulation of hepatic TG metabolism.
Increased HILPDA expression decreases the production of
VLDL-TG, resulting in the development of a fatty liver. Future
experiments aim to elucidate the mechanism underlying the
decrease in VLDL production.
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