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Original Article

OXPAT/PAT-1 Is a PPAR-Induced Lipid Droplet Protein
That Promotes Fatty Acid Utilization

Nathan E. Wolins,' Benjamin K. Quaynor,' James R. Skinner,! Anatoly Tzekov,' Michelle A. Croce,?
Matthew C. Gropler,? Vijayalakshmi Varma,®> Aiwei Yao-Borengasser,®> Neda Rasouli,? Philip A. Kern,?

Brian N. Finck,? and Perry E. Bickel'*

Lipid droplet proteins of the PAT (perilipin, adipophilin,
and TIP47) family regulate cellular neutral lipid stores. We
have studied a new member of this family, PAT-1, and found
that it is expressed in highly oxidative tissues. We refer to
this protein as “OXPAT.” Physiologic lipid loading of
mouse liver by fasting enriches OXPAT in the lipid droplet
tissue fraction. OXPAT resides on lipid droplets with the
PAT protein adipophilin in primary cardiomyocytes. Ec-
topic expression of OXPAT promotes fatty acid-induced
triacylglycerol accumulation, long-chain fatty acid oxida-
tion, and mRNAs associated with oxidative metabolism.
Consistent with these observations, OXPAT is induced in
mouse adipose tissue, striated muscle, and liver by physi-
ological (fasting), pathophysiological (insulin deficiency),
pharmacological (peroxisome proliferator-activated re-
ceptor [PPAR] agonists), and genetic (muscle-specific
PPAR«a overexpression) perturbations that increase fatty
acid utilization. In humans with impaired glucose toler-
ance, PPARy agonist treatment induces adipose OXPAT
mRNA. Further, adipose OXPAT mRNA negatively corre-
lates with BMI in nondiabetic humans. Our collective data
in cells, mice, and humans suggest that OXPAT is a marker
for PPAR activation and fatty acid oxidation. OXPAT likely
contributes to adaptive responses to the fatty acid burden
that accompanies fasting, insulin deficiency, and overnutri-
tion, responses that are defective in obesity and type 2
diabetes. Diabetes 55:3418-3428, 2006
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LCFA, long-chain fatty acid; PAT, perilipin, adipophilin, and TIP47; PPAR,
peroxisome proliferator-activated receptor; Sdha, subunit a of succinate
dehydrogenase; STZ, streptozotocin; TAG, triacylglycerol; TZD, thiazolidinedi-
one; WAT, white adipose tissue.
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ost mammalian cells have the capacity to
store fatty acids as triacylglycerol (TAG) for
subsequent use as substrates for membrane
synthesis, ATP production, and gene regula-
tion. How and to what extent cells and tissues store,
mobilize, and utilize fatty acids is influenced by the family
of PAT (perilipin, adipophilin, and TIP47) proteins (1-5),
which share regions of sequence similarity and a propen-
sity to coat lipid droplets. As components of the lipid
droplet coat, PAT proteins lie at the interface between the
neutral lipid core and the aqueous cytosol, and therefore
are positioned to regulate lipid storage and mobilization.
This control over cellular lipid has proved important in
whole-organism energy homeostasis (6-8).

Five potential mammalian PAT family members were
reported when the family was defined (1). Protein prod-
ucts for four of the five mammalian genes in this family
have been characterized and shown to bind lipid droplets
(9-13). These proteins likely are synthesized in the cytosol
and bind lipid droplets posttranslationally (14,15). Perili-
pin and adipophilin are stable only in the presence of
neutral lipid and, otherwise, are targeted to proteosomes
for degradation (16,17). Perilipin and adipophilin are nec-
essary for accumulation of large TAG stores in adipose
tissue (7,8) and liver (6), respectively, and likely are
important for regulation of constitutive TAG stores. Also,
evidence has amassed that perilipin regulates and orches-
trates the hydrolysis of adipose TAG stores (2,4,5,7,8). In
contrast, TIP47 and S3-12 are stable in the absence of
neutral lipid and are found in the cytosol when ambient
lipid levels are low. For most cultured cells, when stan-
dard lean media are supplemented with long-chain fatty
acid (LCFA), nascent TIP47-coated TAG droplets emerge;
in adipocytes, droplets emerge coated with both TIP47 and
S3-12 (9,10,18) that are recruited from a preexisting cyto-
solic pool. TIP47 and S3-12 likely serve as a reserve of
exchangeable lipid droplet coat necessary for rapid TAG
storage (18). A fifth PAT protein, PAT-1, was discussed in
the article that defined the family (1), but the cDNA and
protein sequences for this protein were not reported.

Genomic sequences and expressed sequence tags
(ESTs) from several species that are similar but not
identical to the known PAT proteins have been deposited
in GenBank (19). Based on these sequences and the prior
report of a fifth PAT protein, we deduced the existence of
an uncharacterized PAT protein. We obtained a full-length
mouse cDNA that corresponded to these genomic and EST
sequences and raised antibodies against the predicted
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protein. We have found that this protein is most highly
expressed in tissues that catabolize large amounts of fatty
acids, is upregulated by treatments that increase fatty acid
utilization, promotes both TAG storage and fatty acid
oxidation when ectopically expressed in cells, and coats
lipid droplets during rapid TAG synthesis. Further, the
relevance of this novel PAT protein to human lipid metab-
olism is suggested by its regulation in adipose tissue by
peroxisome proliferator—activated receptor (PPAR)-y ac-
tivation and its negative correlation with BMI in nondia-
betic humans. The association of this protein with
oxidative metabolism and its similarity to other PAT
proteins have led us to name it OXPAT.

RESEARCH DESIGN AND METHODS

Identification of OXPAT. Query of GenBank with TIP47 revealed a mouse
cDNA sequence similar to but distinct from the previously characterized PAT
proteins (19). This sequence in the expression vector pCMV-SPORT6 (Invitro-
gen, Carlsbad, CA) was purchased from Open Biosystems (clone ID 5136320).
Sequencing of pCMV-SPORTG6-OXPAT revealed a full-length cDNA identical to
NCBI accession no. AK075872.

PAT proteins sequence alignment. Protein alignments of OXPAT with
mouse adipophilin (NM_007408) and mouse TIP47 (NM_007408) utilized Align
X in the Vector NTI program (Invitrogen).

Mouse studies. Adult male C57BL/6 mice were utilized. Mice with general-
ized PPARa deficiency (PPARa KO mice) or muscle-specific PPAR« overex-
pression (MCK-PPAR«) have been previously described (20-22) and were
extensively backcrossed into the C57BL/6 background. For high-fat diet
studies, mice were given ad libitum access to chow providing 43% of its energy
as long-chain triglycerides (21) for 12 weeks before they were killed. Ligands
for PPARa (Wy-14643; 0.1% wt/wt) or PPARy (rosiglitazone; 0.06% wt/wt)
were incorporated into standard rodent chow (Diet 5053; Purina Mills, St.
Louis, MO), and mice were given ad libitum access to PPAR ligand-containing
chow for 1 week before they were killed.

For fasting studies, mice were separated into individual cages at the
beginning of each experiment. Fasting was initiated at 0800 and mice were
fasted for 24 h. Control mice were allowed ad libitum access to standard
rodent chow. Insulin deficiency was induced by a single intraperitoneal
injection of streptozotocin (STZ; 180 mg/kg body wt; Sigma Chemical) and
was confirmed 3 days postinjection by tail blood glucose monitoring (B-
GLUCOSE Analyzer; Hemacue AB, Angelholm, Sweden). Mice with blood
glucose of >400 mg/dl were considered insulin deficient and were killed 7
days after STZ injection. All animal experiments were approved by the Animal
Studies Committee of Washington University School of Medicine.

Northern blotting of mouse tissues. Total cellular RNA was isolated and
Northern blot analyses performed as previously described (23).

Protein extraction from tissues and immunoblotting. For the tissue
immunoblot in Fig. 2B, tissues were harvested from a 22-g, 8-week-old, male
CH7BL/6 mouse. For all immunoblots, proteins were extracted (10) and
immunoblotted (18) as described previously. Lanes were equally loaded for
protein (30 pg/lane) on all immunoblots, except for the cell/tissue fraction-
ation blots, in which lanes were loaded with equal proportions of each
fraction.

Antibodies. Proteintech (Chicago, IL) generated the following antisera by
injecting the following keyhole limpet hemocyanin-conjugated peptides into
rabbits: MDQRGEDTTLAPHSRMSGDC, which corresponds to the NH,-termi-
nus of OXPAT (a-N-OXPAT); EAEPPRGQGKHTMMPELDFC, which corre-
sponds to the COOH-terminus of OXPAT (a-OXPAT-C) (see Fig. 1); and
GPFAPGITEKTPEGKC, which corresponds to the COOH-terminus of TIP47
(a-TIP47-C). Antibodies were purified from antiserum using the immobilized
immunizing peptide. Peptide immobilization, antibody binding, and elution
were done as recommended by the manufacturer (Pierce, catalog no. 44895).
The rabbit antibodies against the NH,-termini of mouse S3-12 («-N-S3-12) (10)
and mouse TIP47 (a-N-TIP47) (18) have been described previously. The
guinea pig antisera against mouse adipophilin (18) and perilipin (24) were
purchased from Fitzgerald Industries International (Concord, MA; catalog
nos. RDI-PROGP40 and RDI-PROGP29, respectively). Mouse monoclonal
antibodies against caveolin-2 and calnexin were purchased from BD Bio-
sciences (San Jose, CA; catalog no. 610684 and 610523, respectively). Mouse
monoclonal antibodies against adipophilin were purchased from American
Research Products (Belmont, MA; catalog no. 03-651102).

Tissue culture. COS-7 (18) and OP9 (25) cells lines were cultured as
previously described.
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Construction of OXPAT and S3-12 expression constructs. To generate
OXPAT expression vectors with Kozak sequences and without OXPAT un-
translated sequence, the following oligonucleotides were used as primers in a
PCR: forward primer TCTGGTGTGCGGGTCTGTCCCTAC and reverse primer
GCGGCCGCGTCACATGACCACCAGGGGGC. To attach a myc-epitope to the
NH,-terminus of OXPAT, the following forward primer was used in a PCR with
the reverse primer described above: GAAGATCTACCATGGAGCAGAAACTC
ATCTCTGGTGAAGAGGATCTGATGGACCAGAGAGGTGAAGACACC. pCMV-
SPORT6-OXPAT was used as the template. The resulting PCR product was TA
cloned into pcDNA3.1/V5-His-TOPO according to the manufacturer’s recom-
mendations (Invitrogen, Carlsbad, CA). The coding regions of these con-
structs were subcloned into the A U3 retroviral vector (26).

Generation of stable cell lines. To generate pseudotyped retroviral parti-
cles, the A U3 vector with the appropriate insert was transfected into 293 GPG
cells (26). These viral particles were used to make the following stable cell
lines: COS 7 cells expressing myc-OXPAT-A (COS-7 myc-OXPAT-A), COS-7
cells expressing LacZ with a nuclear localization sequence (COS-7 LacZ), OP9
cells expressing OXPAT (OP9 OXPAT), and OP9 cells expressing NLS-LacZ
(OP9-LacZ).

Liver fractionation. Livers from 11-week-old fed and fasted male C57BL/6
mice were homogenized by three strokes in a motor-driven Teflon pestle
tissue homogenizer. The 2,000g X 5 min supernatant was weighted to 45%
(wt/wt) sucrose with 70% sucrose in lysis buffer (10 mmol/l HEPES, 1 mmol/1
EDTA, pH 7.3). In centrifuge tubes, the sucrose-weighted liver extracts were
overlaid with successive layers of 1 ml 40% sucrose and 1 ml 10% sucrose. The
tubes were then filled to the 5-ml capacity with lysis buffer. The gradients were
centrifuged at increasing forces as follows: 5 min at 2,700g, 10 min at 10,700g,
20 min at 43,000¢, and 30 min at 172,000g and then allowed to coast to a stop.
Fractions were harvested as described previously (18).

Adult mouse cardiomyocyte isolation. The heart from an 18-week-old male
C57BL/6 mouse was harvested and cardiomyocytes isolated and plated onto
coverslips as previously described (27).

TAG measurements. Since the gradient fractions were from well-disrupted
cells, these fractions were added directly to the colorimetric TAG quantifica-
tion reagent (10). To make the TAG in intact cells accessible, the TAG was
solvent extracted before colorimetric quantification (25).
Immunofluorescence microscopy. Imaging of COS-7 myc-OXPAT-A cells
and adult mouse cardiomyocytes was performed as described previously (10).
Palmitate oxidation assays. COS-7 or OP9 cells stably transduced with
OXPAT or LacZ (control) were plated in 24-well culture dishes. Twenty-four
hours after plating, palmitate oxidation rates were determined using [9,10-
SH]palmitic acid as previously described (28). Rates were corrected for
cellular protein and normalized (= 1.0) to LacZ values.

TAG accumulation assay. Oleate complexed to albumin in a 5.5:1 molar
ratio was added to culture media from an 18 mmol/l stock to a final
concentration of 1 mmol/l. At the times indicated, cells were dispersed.
Aliquots of dispersed cells were then used to measure protein and were
solvent extracted before TAG measurement.

Mouse muscle histology. Gastrocnemius muscle from high fat-fed MCK-
PPARa and nontransgenic control mice were frozen in Optimal Cutting
Temperature compound (Sakura Finetech, Torrance, CA), sectioned, stained
with «-OXPAT-C (400 ng/ml), and visualized using fluorescently labeled
secondary antibodies.

Human subjects. Healthy weight-stable subjects without diabetes were
recruited and provided written, informed consent under protocols that
were approved by the local institutional review board, and studies were
conducted at the University of Arkansas for Medical Sciences General
Clinical Research Center. Subjects were receiving no drugs likely to affect
adipose tissue or lipid metabolism, such as fibrates, ACE inhibitors, or
angiotensin II receptor blockers. Based on an initial 75-g oral glucose
tolerance test, subjects were defined as either normal glucose tolerant
(NGT; fasting blood glucose <110 mg/dl, 2-h glucose <140 mg/dl) or
impaired glucose tolerant (IGT; 2-h glucose 140-199 mg/dl). Eighty-five
subjects were included in this study, of which 69 were women, 16 were
men, 46 were NGT, and 39 were IGT, and the age range was 21-66 years
old. Subcutaneous adipose tissue and muscle biopsies were performed,
along with insulin sensitivity testing, and IGT subjects were then random-
ized to receive either metformin or pioglitazone for 10 weeks, as described
previously (29), after which the studies were repeated. Insulin sensitivity
was measured by an insulin-modified frequently sampled intravenous
glucose tolerance test using 11.4 g/m? of glucose and 0.04 units/kg of
insulin, as described previously (30). Plasma insulin and glucose were
measured as described (29), and insulin sensitivity was calculated using
the MINMOD Millennium program (31).

RNA isolation and real-time RT-PCR. Real-time quantitative RT-PCR was
performed on cultured cells and mouse tissues as previously described
(21). Arbitrary units of target mRNA were corrected to levels of 36B4
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mouse chromosome 17C O intron
Bl exon
W CDs
LRG1 OXPAT $3-12
2150 bp 1770 bp
B
1 * 70
OXPAT MDQRGEDTTLAPHSRMSGDQTAQDPGSSLGELDQONVVNRVVALPLVKATCTAVSSAYNSAKDRHPLLGS
TIP4T - =—————mm MSSNGTDAPAEAQAAMEEPVVQPSVVDRVAGLPLISSTYGMYSAAYTSTKENYPHVRT
Mipopl‘lilin ------------------------- MAAAVVDPQQSVVMRVANLPLVSSTYDLVSSAYVSTKDQYPYLRS
71 140

OXPAT ACRLAEHCVCSVTTCALDHAQPLLEHLQPQLATVNDLACRGLDKLEEKLPFLOQPSDMV=-~=========
TIP47 VCDVAEKGVKTLTITAAVSTAQPILSKLEPQIATASEYAHRGLDRLOESLPILOQPTEKVLADTKELVSST
Adipophilin VCEMAEKGVKTVTSAAMTSALPIIQKLEPQIAVANTYACKGLDRMEERLPILNQPTSEIVASAR--==GA

210
OXPAT ---——=——--= VTSAKDTVAKSVTGMVDLAQRGRRWSGELRRS-~---~=====-=--—-— MSQAMDMVLG
TIP47 VSGAQEMVSSSVSSAKETVATRVTGAVDVTLGAVQNSVDKTKSAMTSGVQSVMGSRVGQMVISGVDRVLV
Adipophlilin VTGAKDVVTTTMAGAKDSVASTVSGVVDKTKGAVTGSVERTKSVVNGSINTVLG--MVQFMNSGVDNAIT

211 280
OXPAT KSEKLVDRFLPMTEAELAVLAAEAEGPEVGTVEEQRQQQGYFVRLGSLSARLRHLAYEHSLGKLRQSKHR
TIPA7 KSEAWADNRLPLTEAELALIATPPEDSDMASLQQQRQEQNYFVRLGSLSERLRNHAYEHSLGKLQNARQK

Adipophilin KSEMLVDQYFELTQEELEMEAKKVEGFDMV~~--~-~ QKPSNYERLESLSTKLCSRAYHQALSRVKEAKQK
281 350
OXPAT TQEMLAQLQETLELIQHMORG---ASPSPTFHPPKTQELWGSWSP----- CLENGRSHSEVELETLALSR

TIP47 AQETLQQLTSVLGLMESVKQG---VDQRLGEGQEKLHQMWLSWNQKTPQDAEKDPAKPEQVEARALSMFR
Adipophilin SQETISQLHSTVHLIEFARKNMHSANQKIQGAQDKLYVSWVEWKRSIGYDDTDESHCVEHIESRTLAIAR

351 420

OXPAT SLTLELQNAVDALAGCVRGLPPSAQAKVAEVQRSVDALQATFADAHCLGDVAPTALAEGRGSVARAHACV
TIP47 DITQQLQSMCVALGASIQGLPSHVREQAQQARSQVNDLQATFSGIHSFQDLSAGVLAQTRERIARAREAL
Adipophilin NLTQQLQTTCQTVLVNAQGLPONIQDQAKHLGVMAGDIYSVFRNAASFKEVSDGVLTSSKGQLQKMKESL

421 490

OXPAT DEFLDLVLRAMPLPWLVGPFAPILVEQSEPLINLATCVDEVVGDPDPRWAHMDWPAQKRAWEAESADPGG
TIP47 DNTVEYVAQNTPAMWLVGPFAPGI TEKTPEGK= === === === === == === e mmmmm oo
Adipophilin DEVMDYFVNNTPLNWLVGPFYPQSTEVNKASLKVQQSEVKAQ--====================cce=m-

491 510

OXPAT QEAEPPRGQGKHTMMPELDF
TIP47 === mmmmmmmeemeeeee
Adipophilin —=-------c—eeeeaeo

FIG. 1. Position of OXPAT in the mouse genome and OXPAT alignment with TIP47 and adipophilin. A: Oxpat gene structure and the surrounding
region of mouse chromosome 17C are depicted. The relative distances between the genes are noted. B: The amino acid sequences of mouse
OXPAT, TIP47, and adipophilin are aligned. Bold type indicates the NH,- and COOH-terminal epitopes against which we raised a-N-OXPAT and
a-OXPAT-C antibodies, respectively. Shaded residues are identical among the three sequences at those positions. The asterisk indicates a
reported translation start site for PAT-1 (1) (GenBank accession no. AY919875).

mRNA. Total RNA from human adipose tissue and muscle biopsies was
isolated and used as template for real-time RT-PCR as previously described
(32). The quantity and quality of the isolated RNA were determined by
Agilent 2100 Bioanalyser (Palo Alto, CA). All data were expressed in
relation to 18S RNA, where the standard curves were generated using
pooled RNA from the samples assayed. The primer sequences used for
gene expression analysis in mouse and human tissues are provided in
supplementary Tables 1 and 2, which are available as online appendixes at
http://diabetes.diabetesjournals.org.

Statistics. Student’s two-sample ¢ tests were used to compare groups, and
paired ¢ tests were used to compare baseline and posttreatment values within
a group. Pearson’s correlation coefficients were used to describe the linear
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association between variables. For each of these analyses, distributional
assumptions were evaluated and natural log transformations were applied as
necessary. Results based on analyses requiring transformations are noted. All
data from human samples are expressed as means * SEM.

RESULTS

Database identification of OXPAT. We sought to detect
novel members of the PAT family by targeted database
searches. These searches revealed a cDNA sequence with
a conceptual translation homologous to PAT proteins
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FIG. 2. OXPAT is expressed in tissues with high oxidative capacity. A:
Mouse tissues were analyzed by Northern blot. Each lane contained 15
g pooled RNA isolated from male C57BL/6 mice. The blot was sequen-
tially hybridized with radiolabeled cDNA probes for OXPAT, S3-12, and
36B4. B: Proteins extracted from 3T3-L1 adipocytes and from the
indicated mouse tissues were immunoblotted (30 pg protein per lane)
and proteins detected with specific antibodies or antisera at the
following concentrations: a-OXPAT-C 400 ng/ml, «-N-TIP47 320 ng/ml,
guinea pig antiserum against mouse adipophilin diluted 1:750, «-N-
S$3-12 800 ng/ml, and guinea pig antiserum against perilipin diluted
1:5,000.

(NCBI accession no. AK075872). This cDNA sequence also
has been deposited with the name PAT-1 (1) (accession
no. AY919875). Based on the results of our characteriza-
tion of the protein product of these sequences, we refer to
the protein as OXPAT. The gene encoding OXPAT is found
on mouse chromosome 17C juxtaposed between the LrgI
and S3-12 genes (Fig. 14). In addition, the gene encoding
TIP47 is also found on chromosome 17 within 200 kbp of
the Oxpat gene. The human gene for OXPAT resides on
chromosome 19 (19 pl13.3) and, as in the mouse, lies
immediately upstream of the S3-12 gene. The deduced
sequence of mouse OXPAT protein is encoded in seven
exons flanked by one upstream noncoding exon. OXPAT is
a hydrophilic, slightly acidic protein of 463 amino acids
with a predicted molecular weight of 51.4 kDa. No intra-
cellular targeting motifs (33,34), other than its similarity to
other lipid droplet proteins, were detected (35) (Pfam
accession no. PF03036).

The predicted amino acid sequence of mouse OXPAT is
30% identical and 41.4% similar to TIP47 and is 25.6%
identical and 38.1% similar to adipophilin. Differences in
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size and structure between OXPAT and S3-12 and perilipin
limit sequence identity and similarity to specific domains.
For example, OXPAT, TIP47, adipophilin, and S3-12 all
share the PLxWLGFPxxP motif (36) near the COOH-
termini. Also, OXPAT is 41.6% identical and 57.4% similar
to perilipin within the first 100 amino-terminal residues.
OXPAT, like other PAT proteins, lacks long runs of hydro-
phobic residues that would correspond to a signal peptide
or transmembrane domains. These data suggest that
OXPAT, like the other PAT proteins, is not directed into
the secretory pathway (9,14,15).

The OXPAT protein is longer than TIP47 and adipophi-
lin, leaving unique overhanging sequence at both termini.
We raised antipeptide antibodies to epitopes within the
unique termini of OXPAT. Both antibodies (a-N-OXPAT
and a-OXPAT-C) precipitate OXPAT and recognize SDS-
PAGE-resolved OXPAT by immunoblot (supplemental
Fig. 1). We have confirmed that neither antibody recog-
nizes an epitope of OXPAT that is exposed on the surface
of intact cells (supplemental Fig. 2).

As noted above, an mRNA sequence identical to OXPAT
termed PAT-1 has been deposited recently in GenBank.
The predicted start methionine for PAT-1 corresponds to
the internal methionine at position 16 in the OXPAT
protein sequence shown in Fig. 1B. Residues 1-15 in the
OXPAT sequence are encoded within exon 2 of the Oxpat
gene. Although OXPAT proteins that start with either
methionine could be generated by alternative splicing or
by using different translation start sites within the same
transcript, we have determined experimentally that the
predominant OXPAT protein expressed in mouse tissues
begins with the methionine at position 1 (supplemental
Figs. 1B and 3). We refer to the longer, more abundant
isoform as OXPAT-A and the slightly shorter, less abundant
isoform as OXPAT-B. OXPAT-A is recognized by both the
NH,- and COOH-terminal OXPAT antibodies, but OXPAT-B is
only recognized by a-OXPAT-C (supplemental Fig. 3).
OXPAT expression is enriched in tissues with high
oxidative capacity. To define the tissues wherein OXPAT
is highly expressed, Northern blot and immunoblot analy-
ses using RNA and protein isolated from mouse tissues
were performed. Interestingly, OXPAT is abundantly ex-
pressed in brown adipose tissue (BAT), liver, heart, and
soleus, all of which have a high capacity for fatty acid
oxidation (Fig. 2A and B). Expression is lower, but still
detectable, in tissues that are relatively less reliant on
mitochondrial oxidative metabolism for energy produc-
tion, including epididymal WAT and more glycolytic skel-
etal muscles, such as the anterior tibialis and quadriceps.
Interestingly, although OXPAT and S3-12 are expressed
largely in the same tissues (adipose tissues and striated
muscle), the pattern of expression is reciprocal. For
example, the OXPAT content of WAT is less than that of
BAT, but the opposite is true for S3-12. We have previously
shown that contaminating WAT likely accounts for the
S3-12 content of BAT depots (10). Similarly, among stri-
ated muscles, OXPAT expression is greatest in heart,
whereas S3-12 expression is least in heart. OXPAT, but not
S3-12, is expressed in liver.

PAT protein expression varies greatly between tissues
in mice (Fig. 2). Consistent with previous reports, adipose
tissue contains large amounts of perilipin (12). However,
here we show that adipose tissue also expresses the other
four PAT proteins, with the exception of BAT, which lacks
S3-12. Striated muscles, on the other hand, lack perilipin,
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FIG. 3. Analysis of endogenous OXPAT by fractionation of mouse liver and by fluorescence microscopy of adult mouse cardiomyocytes. A: Lipid
loading of mouse liver by fasting induces OXPAT protein and drives it on to lipid droplets. Liver extracts from fed and fasted mice were
fractionated by sucrose density gradient centrifugation. Fractions were immunoblotted and probed with the indicated antibodies (fop panels) at
the following concentrations: a-OXPAT-C 400 ng/ml, «-N-TIP47 400 ng/ml, guinea pig adipophilin antiserum 1:750, 250 ng/ml «-calnexin, and 500
ng/ml a-carbonic anhydrase. Protein and TAG concentration were measured and depicted in the bar graph below the gradients. B: OXPAT and the
lipid droplet protein adipophilin coat the same structures in adult mouse cardiomyocytes. Cardiomyocytes were stained on coverslips for OXPAT
and adipophilin as indicated (a-OXPAT-C at 400 ng/ml; guinea pig adipophilin antiserum 1:500). The light image was produced by differential

interference contrast. Bar = 10 pm.

but have the other four PAT proteins, whereas liver has
only TIP47, OXPAT, and trace adipophilin.

Endogenous OXPAT coats lipid droplets in fasted
mouse liver and in primary mouse cardiomyocytes.
We next sought to determine whether OXPAT, like PAT
proteins, binds lipid droplets, either constitutively or in-
ducibly. To address this question in a physiological model,
we turned to the fasted mouse liver, in which there is
significant accumulation of intracellular lipid droplets due
to increased delivery of free fatty acids from adipose
stores. As expected, fasting significantly increased hepatic
TAG content by over 10-fold, as determined biochemically
and by steatotic gross appearance of the fasted liver.
Livers from chow-fed and fasted mice were analyzed by
sucrose density gradient fractionation and immunoblot-
ting (Fig. 3A4). In the fed liver, OXPAT and TIP47 cofrac-
tionated with markers of soluble proteins (carbonic
anhydrase) and membrane proteins (calnexin), but neither
OXPAT nor TIP47 was detected in the floating (lipid
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droplet) fraction. Adipophilin, in contrast, was detected
only in the lipid droplet fraction of the fed liver. Fasting-
induced hepatic TAG accumulation was associated with 1)
increased TAG in the most buoyant (lipid droplet) frac-
tion, 2) significant induction of OXPAT and adipophilin
protein levels, and 3) enrichment of OXPAT, TIP47, and
adipophilin in the lipid droplet fraction. These findings are
consistent with our previous report of enrichment of
TIP47 and adipophilin in the lipid droplet fraction of
oleate-loaded 3T3-L1 adipocytes (18) and with cell frac-
tionation data obtained in COS-7 cells that ectopically
express epitope-tagged mouse OXPAT-A (supplemental
Figure 4).

To confirm by an independent method that endog-
enously expressed OXPAT coats lipid droplets, we immu-
nostained isolated adult mouse cardiomyocytes both for
OXPAT and for adipophilin, as a marker of lipid droplets
(Fig. 3B). The antibodies for OXPAT and adipophilin
colabeled 1-2 micron punctate structures that aligned in
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FIG. 4. OXPAT-A increases fatty acid uptake and oxidation. A: The left
graph depicts mean (= SEM) TAG-to-protein ratios in COS-7 myc-
OXPAT-A cells and COS-7 LacZ cells at increasing durations of oleate
treatment (n = 9 for each time point). The right bar graph depicts
mean (+ SEM) TAG-to-protein ratios in OP9 LacZ and OP9 OXPAT-A
cells after 24 h of oleate treatment (n = 14). *P < 0.01. B: The graphs
depict mean (= SEM) rates of palmitate oxidation in COS-7 (left
graph) and OP9 (right graph) cells that stably express LacZ or myc-
OXPAT-A (COS-7) or OXPAT-A (OP9) in the presence or absence of 50
pmol/l sodium etomoxir. *P < 0.05 vs. LacZ-expressing cells. C: Graph
depicts mean (= SEM) levels of Acadvl, Acadm, Sdha, COX2, and COX4
mRNA determined by SYBR green RT-PCR (n = 7) using RNA isolated
from OP9 cells stably transduced with LacZ or OXPAT-A expression
vectors. Values are normalized to LacZ samples (= 1.0) and corrected
for 36B4 RNA levels. *P < 0.05 vs. LacZ-expressing cells.

the axis of the myofibers. The adipophilin staining identi-
fied these structures as lipid droplets. This punctate lipid
droplet staining pattern is similar to that reported for
TIP47 and adipophilin in rat soleus muscle (37).

OXPAT-A ectopic expression drives increased rates
of TAG accumulation and LCFA oxidation. To inves-
tigate the role of OXPAT in cellular lipid metabolism,
we generated stable lines of COS-7 cells that express
OXPAT-A tagged with an NH,-terminal myc-epitope
(COS-7 myc-OXPAT-A cells) or LacZ (COS-7 LacZ cells), as
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a control. We first confirmed by cell fractionation and by
immunofluorescence microscopy that myc-OXPAT-A in-
ducibly coats lipid droplets upon oleate loading in this
heterologous cell system (supplemental Fig. 4). We next
asked whether ectopic expression of OXPAT-A increases
the cellular capacity to store fatty acid as TAG, as has been
shown for perilipin (4) and adipophilin (38,39), by measur-
ing the rates of TAG storage in COS-7 myc-OXPAT-A cells
and COS-7 LacZ cells (Fig. 4A). Ectopically expressed
OXPAT-A in COS-7 cells significantly increased the period
in which the initial high rate of TAG accumulation was
sustained (Fig. 4A). This sustained rapid storage resulted
in about twice as much TAG storage by 24 h, as compared
with the LacZ control. Similar results were seen in OP9
cells ectopically expressing OXPAT-A (Fig. 4A). Interest-
ingly, unlike perilipin (4), OXPAT-A does not increase
cellular TAG levels when cells are cultured in normal lean
media (Fig. 44, time 0), which suggests that OXPAT-A may
provide a less effective barrier to basal lipolysis compared
with perilipin.

OXPAT protein is enriched in tissues that rely heavily
on oxidation of fatty acids for ATP synthesis. To deter-
mine whether constitutive high levels of OXPAT are
sufficient to drive fatty acid catabolism, rates of palmi-
tate (C16:0) oxidation were assessed in COS-7 myc-
OXPAT-A cells and COS-7 LacZ cells using *H-palmitic
acid. Palmitate oxidation rates were significantly in-
creased in COS-7 myc-OXPAT-A cells compared with
COS-7 LacZ cells (Fig. 4B). OXPAT-A ectopic expression
also increased the rate of palmitate oxidation in OP9
preadipocytes. In both cell types, the OXPAT-mediated
increase in LCFA oxidation was abolished by coincuba-
tion with sodium etomoxir, which inhibits carnitine
palmitoyltransferase 1, the enzyme that catalyzes fatty
acid transport into the mitochondrion. These data show
that OXPAT-A expression promotes [p-oxidation of
LCFA and is associated with an increased reliance on LCFA
catabolism for energy production.

We next sought to determine whether increased rates of
palmitate oxidation were associated with increased ex-
pression of genes encoding fatty acid oxidation enzymes,
the tricarboxylic acid (TCA) cycle, and oxidative phos-
phorylation. Real-time quantitative RT-PCR analyses re-
vealed that OXPAT-A ectopic expression increases the
expression of genes encoding very-long-chain acyl-CoA
dehydrogenase (Acadvl), medium-chain acyl-CoA dehy-
drogenase (Acadm), subunit a of succinate dehydrogenase
(Sdha), and cytochrome C oxidase 4 (Cox4) (Fig. 4C).
Collectively, these findings suggest that OXPAT-A drives
mitochondrial fatty acid oxidation by increasing fatty acid
uptake and augmenting expression of enzymes involved in
oxidative catabolism.

OXPAT is a PPAR target gene and is induced in liver
by fasting and insulin deficiency in a PPAR«-depen-
dent manner. Coincident with the identification of
OXPAT by a database search as described above, unbiased
gene expression microarrays using RNA from mice over-
expressing the PPARa in skeletal muscle (MCK-PPAR«
mice) (21) revealed robust activation of OXPAT gene
expression. The PPAR family («, B, and ) of nuclear
receptor transcription factors controls the expression of
multiple genes involved in cellular fatty acid uptake,
utilization, and storage (40). Moreover, three members of
the PAT family are known targets of the PPAR system
(36,41-45). Northern blotting and immunoblotting with
cDNA and antibody reagents described above confirm that
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FIG. 5. PPAR« controls OXPAT gene expression in striated muscle and liver. Northern blot (4) and immunoblot (B) depict analyses of RNA or
protein isolated from gastrocnemius of MCK-PPAR« or nontransgenic (NTG) littermate control mice. Control mice were fed chow. High-fat-fed
mice were fed a diet with 43% of its calories from fat. Immunoblot was probed with a-OXPAT-C. C: Representative micrographs from high-fat—fed
MCK-PPARa mice or NTG littermates. Arrows point to OXPAT staining at the cell cortex. D: Mean (£ SEM) levels of OXPAT mRNA determined
by SYBR green RT-PCR (n = 6) using liver RNA isolated from mice given ad libitum access to standard rodent chow (chow) or diet containing 0.1%
wt/wt Wy-14643 (Wy). *P < 0.05 vs. chow-fed mice. E: Representative results of Northern (top panels) and immunoblot (bottom panels) analyses
using cardiac extracts from PPARa KO mice are shown. “Nonspec.” labels a nonspecific band from the same lane, demonstrating that similar
protein amounts were loaded. F: Mean (= SEM) levels of OXPAT mRNA determined by SYBR green RT-PCR (n = 6) using RNA isolated from liver
of control, fasted, or STZ-treated NTG and PPAR« KO mice. *P < 0.05 vs. NTG mice in the same treatment group; **P < 0.05 vs. NTG control mice.

OXPAT mRNA and protein are increased markedly (~15-
fold) in gastrocnemius muscle of MCK-PPAR«a mice (Fig.
5A and B) compared with nontransgenic littermate control
mice. Gastrocnemius OXPAT protein levels were further
increased in MCK-PPAR«a mice by high-fat feeding, which
also modestly increased OXPAT levels in nontransgenic
mice (Fig. 5B). A similar PPARa-induced increase in
OXPAT protein was seen histologically in gastrocnemius
muscle of high-fat-fed animals (Fig. 5C). Under high-fat
conditions in vivo (gastrocnemius of MCK-PPARa mice)
and in vitro (COS-7 myc-OXPAT-A cells), OXPAT coats
brightly staining puncta that in COS-7 myc-OXPAT-A cells
are lipid droplets. Further, in both cell types a small
amount of OXPAT is found at the cell cortex (Fig. 5C and
supplementary Fig. 4B). The PPAR«a-responsiveness of the
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Oxpat gene was also tested in liver. A 1-week course of the
PPARa ligand Wy-14643 provided in chow strongly in-
duced hepatic OXPAT gene expression (Fig. 5D).

We next took a PPARa loss-of-function (PPARa KO
mice) approach to examine PPAR«a regulation of OXPAT
expression. The effect of PPARa deficiency on OXPAT
expression was first examined using cardiac RNA and
protein since both OXPAT and PPAR«a are normally ex-
pressed at high levels in heart. Northern blotting and
immunoblotting analyses demonstrate that myocardial
OXPAT levels are markedly diminished in hearts of PPAR«
KO mice compared with wild-type controls (Fig. 5F),
indicating that PPAR«a is required for full expression of
OXPAT in heart. Hepatic OXPAT gene expression was
significantly increased by fasting and insulin deficiency
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FIG. 6. OXPAT is a PPARY target gene in mouse WAT. Graphs depict
mean (x SEM) levels of OXPAT (A); Acadvl and Acadm (B); Sdha,
Cox2, and Cox4 (C); and UCP1 mRNA (D) determined by SYBR green
RT-PCR (n = 6) using epididymal WAT RNA isolated from mice given
ad libitum access to standard rodent chow (chow) or chow containing
0.06% wt/wt rosiglitazone (rosi). *P < 0.05 vs. chow-fed mice.

(Fig. 5F), two metabolic states wherein hepatic fatty acid
oxidation and the PPARa system are activated (22,46).
Interestingly, induction of hepatic OXPAT gene expression
in response to fasting and insulin deficiency did not occur
in PPARa KO mice (Fig. 5F). Thus, PPARa is both
sufficient and necessary to activate OXPAT gene expres-
sion in striated muscle and liver.

OXPAT is a PPARy target in WAT. PPARy is the
predominant PPAR isoform in WAT. The thiazoledinedi-
ones, a class of insulin-sensitizing drugs, are synthetic
agonists for PPARy and strongly activate PPARy in adi-
pose tissue (47). Recent evidence suggests that PPARvy
agonists also activate oxidative metabolism in white adi-
pose tissue (48,49). OXPAT gene expression in WAT was
examined in mice in response to 1 week feeding of the
PPARv agonist, rosiglitazone. As observed in liver with the
PPARa agonist, PPARy activation robustly stimulated
OXPAT expression in epididymal WAT (Fig. 64). Coinci-
dent with an increase in the expression of OXPAT, rosi-
glitazone treatment activated expression of several
markers of fatty acid oxidation (Acadvl and Acadm),
mitochondrial oxidative phosphorylation (Cox4), and the
TCA cycle (Sdha). As previously described (49,50), rosi-
glitazone also increased expression of uncoupling protein
1 (UCP1) in WAT. Collectively, these data indicate that
OXPAT expression is activated in WAT coincident with
gene markers of increased oxidative catabolism in this
storage depot.

PPAR regulation of OXPAT in human adipose tissue.
To determine whether the PPAR regulation of OXPAT
expression in mouse tissues would translate to human
physiology, we measured PAT family mRNA levels in
subcutaneous fat and skeletal muscle of humans with
impaired glucose tolerance before and after treatment
with insulin sensitizers, including the PPAR+y agonist pio-
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FIG. 7. OXPAT is a PPARYy target in adipose tissue of humans with
impaired glucose tolerance. Human subjects with impaired glucose
tolerance were randomized to receive either pioglitazone or metformin
for 10 weeks. Adipose tissue biopsies were performed and insulin
sensitivity was measured before (baseline) and after treatment (pio-
glitazone or metformin). PAT gene expression before and after pio-
glitazone (n = 14) (A) and metformin (n = 14) (B) treatments is
shown. *P < 0.05 vs. before treatment.

glitazone. Although pioglitazone treatment did not affect
OXPAT expression in skeletal muscle (data not shown), it
did lead to a significant increase in OXPAT mRNA in
subcutaneous fat (Fig. 7). Metformin treatment was not
associated with changes in OXPAT expression in adipose
tissue or skeletal muscle. Other PAT family mRNAs were
not induced significantly in adipose or muscle by either
insulin sensitizer, though there was a trend toward in-
creased perilipin expression in adipose tissue with pioglit-
azone. That OXPAT expression was increased with
pioglitazone but not metformin treatment suggests that the
result was likely a direct effect of PPARvy activation in
adipocytes.

Because OXPAT RNA was increased by pioglitazone, we
hypothesized that OXPAT expression might correlate with
obesity and insulin resistance in a larger population. To
test this hypothesis, we measured OXPAT gene expression
in subcutaneous adipose tissue of 85 nondiabetic subjects
with a wide range of obesity and insulin sensitivity (Sy)
(Fig. 8). There was a significant negative correlation
between OXPAT expression and BMI in subcutaneous
adipose tissue (r = —0.32, P < 0.003) and a significant
positive correlation between OXPAT expression and S;
(r = 0.28, P < 0.002). BMI is significantly inversely related
to S;, and hence we used partial correlation coefficients to
separate the independent effects of BMI and S;. Whereas
the correlation between adipose OXPAT expression and
BMI remained significant when controlled for S; (r =
—0.27, P < 0.02), the correlation between adipose OXPAT
expression and S; did not remain significant when con-
trolled for BMI (» = 0.07, P < 0.58). These data suggest
that OXPAT expression in subcutaneous adipose tissue is
decreased with obesity and, moreover, that the decrease in
OXPAT with insulin resistance is driven predominantly by
the association between obesity and insulin resistance.
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FIG. 8. OXPAT gene expression negatively correlates with BMI in
nondiabetic human subjects. OXPAT adipose tissue expression was
measured in the fasting state of human subjects covering a range of
BMI (n = 85) and S; (n = 74). The natural log of OXPAT was plotted
against BMI (r = —0.32, P < 0.003) (A) and the natural log of S| (r =
+0.28, P < 0.002) (B).

DISCUSSION

Four members of the PAT family have been shown to bind
lipid droplets. We have begun to characterize the fifth
member in this family, OXPAT. We have shown that, as
with other PAT proteins, OXPAT can bind to lipid droplets
and promote LCFA-induced TAG accumulation. OXPAT
also increases oxidation of LCFA. Consistent with these
data, OXPAT mRNA and protein are most highly ex-
pressed in mouse tissues that have large capacities for
fatty acid oxidation. In these tissues, OXPAT expression is
induced by physiologic, pharmacologic, and genetic per-
turbations that increase utilization of fatty acids for oxi-
dative phosphorylation. Hepatic OXPAT is induced
significantly during fasting, and a significant subset of
OXPAT redistributes to lipid droplets in response to the
increased lipid flux induced by fasting. In liver and striated
muscle, PPAR«a activation is both necessary and sufficient
to drive increased OXPAT gene expression. Treatment of
both mice and humans with PPARvy agonists also in-
creased OXPAT gene expression in adipose tissue. Multi-
ple complete mammalian genomes have been sequenced,
and no other sequence that is obviously similar to the PAT
genes has been identified. This suggests that OXPAT likely
completes the mammalian PAT family.

The Oxpat gene is located immediately upstream of the
gene that encodes S3-12 and is in close proximity to the
gene for TIPA7 on mouse chromosome 17. These physical
relationships between the three genes are conserved on
human chromosome 19. Thus, it is likely that one or more
of these genes arose by gene duplication. TIP47 is most
likely the primordial gene, because its expression in
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tissues is ubiquitous, as opposed to the much more
restricted expression of OXPAT and S3-12 in tissues that
use fatty acids as an energy source or an energy depot. Our
data suggest that OXPAT and S3-12 gene expression is
coordinately and reciprocally regulated. Coordinate ex-
pression is revealed by the significant overlap in tissues
that express both genes. There is an additional level of
reciprocal regulation, however, that results in relatively
greater OXPAT expression in tissues with higher oxidative
metabolic capacity (BAT, heart, soleus) and greater S3-12
expression in WAT, which is specialized for lipid storage.
This observation suggests that the functions of these two
exchangeable lipid droplet proteins may be reciprocal as
well, with OXPAT packaging TAG that is available for
hydrolysis and subsequent oxidation, and S3-12 packaging
TAG that is destined for storage. Recently, Larigauderie et
al. (39) have suggested that adipophilin increases TAG in
human macrophages by both stimulating TAG synthesis
and by inhibiting B-oxidation. Thus, a possible mechanism
by which OXPAT increases LCFA oxidation is by displac-
ing an inhibitor of B-oxidation, adipophilin, from the lipid
droplet coat. Notably, all three PAT proteins encoded by
genes on mouse chromosome 17 associate with the sur-
face of lipid droplets in an inducible and reversible man-
ner, as opposed to the constitutive lipid droplet
association observed for the other PAT proteins, adipophi-
lin and perilipin.

Concomitant with our database discovery of the gene
encoding OXPAT, unbiased gene expression array profil-
ing of transgenic mice suggested that OXPAT was a target
gene of PPARa. The PPAR family of ligand-activated,
nuclear receptor transcription factors controls the expres-
sion of nearly every step in the cellular fatty acid uptake,
oxidation, and storage pathways (51). Recent work has
demonstrated that the other members of the PAT family,
with the exception of TIP47, are induced in response to
PPARY ligand administration (36,41,43) in mice. Adipophi-
lin expression is induced in liver of PPAR« agonist—treated
mice (45). Several lines of evidence presented herein
indicate that OXPAT is also a bona fide PPAR target gene.
First, OXPAT expression was robustly induced by PPAR«
overexpression, PPARa-specific ligand administration,
and physiologic conditions known to activate PPARa
(fasting and insulin deficiency). Secondly, PPARYy ligands
activate OXPAT expression in human and mouse WAT, a
tissue enriched in PPARYy. Finally, PPARa KO mice exhibit
markedly diminished hepatic and cardiac expression of
OXPAT at baseline and are refractory to the induction of
OXPAT expression in liver by fasting and insulin defi-
ciency. These latter findings place OXPAT in the class of
PPARa« target genes, including acyl-CoA oxidase (Acoxl)
and Acadm, that require PPARa for full induction by
fasting (22). This requirement contrasts with other PPAR«
target genes, including adipophilin (45) and Cptla (22),
that are induced robustly during fasting in liver of PPAR«
KO mice. Interestingly, we also show that OXPAT overex-
pression activates expression of other known PPAR target
genes involved in mitochondrial fatty acid oxidation and
oxidative metabolism in OP9 cells. This suggests that
OXPAT may drive import of fatty acids that act as PPAR
ligands and potentially places OXPAT both upstream and
downstream of PPAR« in this gene-regulatory cascade.
The activation of OXPAT by fasting and insulin deficiency
may provide a ‘feed-forward’ mechanism to boost fatty
acid oxidation capacity and catabolize excess fatty acids
under physiologic and pathophysiologic conditions.
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Some of the findings from the mouse and cell culture
experiments were replicated in the more heterogeneous
human subjects. In mice and humans, TZD treatment
increased adipose OXPAT expression, though the effect
was more modest in humans. Such an effect in human
adipose would be predicted to have a favorable effect on
adiposity by promoting oxidative lipid metabolic path-
ways. We observed a negative correlation between expres-
sion of OXPAT in human subcutaneous adipose tissue and
BMI. Our data do not indicate whether OXPAT expression
is a determinant of human adiposity or is determined by it.
Microarray studies have suggested that genes involved in
oxidative phosphorylation pathways in muscle of diabetic/
insulin-resistant humans are downregulated (52,53). Thus,
the reduction in adipose OXPAT expression that we have
observed with increasing BMI may reflect a more general-
ized effect on a coordinately regulated set of genes.
Alternatively, our in vitro and in vivo data that are consis-
tent with OXPAT being both upstream and downstream of
PPAR activation suggest the possibility that OXPAT itself
may influence adiposity. Gain- and loss-of-function exper-
iments in mice will be helpful in addressing this and other
questions.

Recently, Yamaguchi et al. (64) published findings that
myocardial lipid droplet protein (MLDP), a protein identi-
cal in amino acid sequence to OXPAT-B, is a lipid droplet
protein regulated by PPARa and induced by fasting in
heart and liver. These findings are consistent with our
data, although we also demonstrate significant OXPAT
protein expression in BAT, liver, and oxidative versus
glycolytic muscles. Also, whereas MLDP was not thought
to be PPARy regulated, we have found that PPARy ago-
nists induce OXPAT gene expression in mouse and human
adipose tissue.

Our data collectively suggest that OXPAT is a marker of
a favorable metabolic adaptation to increased fatty acid
availability in the adipose tissue of lean healthy individu-
als. Whether this adaptation represents preferential deliv-
ery of cellular lipid for oxidation, as suggested by the in
vitro studies, or other favorable adaptations remains for
future investigations. It has been proposed that obese
humans exhibit “metabolic inflexibility” with regard to
oxidative fuel selection in skeletal muscle (55). According
to this model, during fasting lipid oxidation does not
appropriately increase in skeletal muscle, which leads in
turn to increased intramyocellular lipid. Increased muscle
lipid may then provide substrates that negatively influence
insulin signaling pathways, thereby leading to insulin
resistance (56). We have shown that OXPAT is a fasting-
and PPAR-induced, exchangeable lipid droplet protein
that can promote LCFA esterification into TAG and LCFA
oxidation. As such, OXPAT may be important for main-
taining flexible metabolic fuel selection, and its downregu-
lation in obesity may contribute to loss of this adaptive
response.
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