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ABSTRACT Conventional treatment of obesity reduces
fat in mature adipocytes but leaves them with lipogenic
enzymes capable of rapid resynthesis of fat, a likely factor in
treatment failure. Adenovirus-induced hyperleptinemia in
normal rats results in rapid nonketotic fat loss that persists
after hyperleptinemia disappears, whereas pair-fed controls
regain their weight in 2 weeks. We report here that the
hyperleptinemia depletes adipocyte fat while profoundly
down-regulating lipogenic enzymes and their transcription
factor, peroxisome proliferator-activated receptor (PPAR)y
in epididymal fat; enzymes of fatty acid oxidation and their
transcription factor, PPAR«, normally low in adipocytes, are
up-regulated, as are uncoupling proteins 1 and 2. This trans-
formation of adipocytes from cells that store triglycerides to
fatty acid-oxidizing cells is accompanied by loss of the adi-
pocyte markers, adipocyte fatty acid-binding protein 2, tumor
necrosis factor «, and leptin, and by the appearance of the
preadipocyte marker Pref-1. These findings suggest a strategy
for the treatment of obesity by alteration of the adipocyte
phenotype.

Conventional treatment of obesity by caloric restriction
reduces fat in adipocytes through increased lipolysis and
hepatic oxidation of fatty acids to ketones. However, the
adipocytes retain their complement of lipogenic enzymes
capable of resynthesis of fat, which probably explains the
high rate of relapse after such treatment. We have previously
reported that adenovirus-induced hyperleptinemia rapidly
causes profound loss of body fat (1) without any increase in
plasma free fatty acids (FFA) or ketones (2). Moreover,
whereas pair-fed controls regained their body weight in
approximately 2 weeks, the weight loss of the hyperleptine-
mic rats persisted for 2 months after leptin levels had
returned to normal (G. Chen, K. Koyama, and R.H.U.,
unpublished observations). This study was designed to ac-
count for the striking clinical differences in hyperleptinemic
weight loss. Specifically, we wished to determine whether the
loss of fat without ketosis might signify in situ oxidation of
FFA in fat tissue, and whether the lag in weight regain might
reflect a reduction in lipogenic enzymes.

We report here that the ectopic hyperleptinemia induced by
adenovirus transfer of the leptin gene transforms adipocytes
into “post-adipocytes,” i.e., fat-depleted cells devoid of mRNA
encoding lipogenic enzymes and adipocyte markers, but with
increased expression of enzymes of fatty acid oxidation, un-
coupling proteins, and a preadipocyte marker. This transfor-
mation of the adipocyte phenotype suggests molecular targets
for pharmacologic treatment of morbid obesity.
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METHODS

Animals. Lean wild-type (+/+) male Zucker diabetic fatty
(ZDF) rats were bred in our laboratory from [ZDF-Drt-fa
(F10)] rats purchased from R. Peterson (University of Indiana
School of Medicine, Indianapolis). Their genotype was con-
firmed by the method of Phillips et al. (3).

To induce hyperleptinemia in wild-type ZDF rats, we in-
fused them for 30 min with 102 plaque-forming units of
recombinant adenovirus containing either the rat leptin cDNA
(AdCMV-leptin) or the bacterial p-galactosidase gene (AdCMV-
B-gal) under control of the cytomegalovirus (CMV) promoter.
The 2-ml infusate was prepared as previously described (1) and
delivered via polyethylene tubing (PE-50; Becton Dickinson)
previously anchored in the left carotid artery of 9-week-old
wild-type ZDF rats weighing 250-300 g. The catheter place-
ment was carried out while the animals were under sodium
pentobarbital anesthesia (50 mg/kg; Abbott) and exteriorized
via a subcutaneous tunnel 3 days before virus infusion. Ani-
mals were studied in individual metabolic cages, and food
intake and body weight were measured daily.

Tissue Preparation. Animals were sacrificed under sodium
pentobarbital anesthesia. Tissues were resected immediately,
washed with sterilized ice-chilled 10 mM phosphate-buffered
saline, and frozen in liquid nitrogen. Tissues were kept at
—70°C until RNA extraction.

Extraction of Total RNA and Semiquantitation by Reverse
Transcriptase—Polymerase Chain Reaction (RT-PCR). Total
RNA from epididymal fat was extracted by the Trizol isolation
method (Life Technologies, Gaithersburg, MD). RNA was
treated with RNase-free DNase (Promega), and first-strand
cDNA was generated from 1 ug of RNA in a 20-ul volume by
using the oligo(dT) primer in the 1st-strand cDNA synthesis kit
(CLONTECH). One microliter of the reverse transcription
reaction mix was amplified with primers specific for rat
acyl-CoA oxidase (ACO), carnitine palmitoyltransferase 1
(CPT-1), fatty acid synthetase (FAS), acetyl-CoA carboxylase
(ACC), glycerol-3-phosphate acetyltransferase (GPAT), tu-
mor necrosis factor-a (TNF-«), preadipocyte factor-1 (Pref-1),
adipocyte fatty acid-binding protein (aP»), lipoprotein lipase

Abbreviations: PPAR, peroxisome proliferator-activated receptor;
ACO, acyl-CoA oxidase; CPT-1, carnitine palmitoyl transferase 1;
TNF-qa, tumor necrosis factor-a; Pref-1, preadipocyte factor-1; aPs,
adipocyte fatty acid-binding protein 2; UCP, uncoupling protein; FFA,
free fatty acids; RT-PCR, reverse transcriptase—-PCR; TG, triglycer-
ide; ZDF, Zucker diabetic fatty; FAS, fatty acid synthetase; ACC,
acetyl-CoA carboxylase; GPAT, glycerol-3-phosphate acyltransferase;
LPL, lipoprotein lipase; CMV, cytomegalovirus; AdCMV-leptin, re-
combinant adenovirus containing the rat leptin cDNA under control
of the CMV promoter; AACMV-B-gal, recombinant adenovirus con-
taining the bacterial B-galactosidase gene under control of the CMV
romoter.
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(LPL), and uncoupling proteins (UCP) 1 and 2. All sequences
are shown in Table 1. Linearity of the PCR was tested by
amplification of 200 ng of total RNA per reaction from 15-50
cycles. The linear range was found to be between 15 and 40
cycles. In no case did the amount of RNA used for PCR exceed
200 ng per reaction. The samples were amplified for 25-35
cycles by using the following parameters: 92°C for 1 min, 55°C
for 1 min, and 72°C for 1 min. B-Actin primers were used as
acontrol. Levels of mRNA were expressed as the ratio of signal
intensity for the target genes relative to that for p-actin. The
PCR products were electrophoresed on an agarose gel and
Southern blotting on a nylon membrane was carried out.
Radiolabeled probes (Table 1) specific for each molecule were
hybridized to the membrane and quantitated by a molecular
imager (GS-363; Bio-Rad).

Protein Extraction and Immunoblotting. Epididymal fat
pads were washed with ice-cold PBS (137 mM NaCl/1.5 mM
KH,PO,/7 mM Na,HPO,/2.7 mM KCl) and homogenized
with a Polytron homogenizer in a buffer (pH 7.5) containing
20 mM Tris'HCI, 1 mM EDTA, and 0.1 mM phenylmethane-
sulfonyl fluoride. The extract was centrifuged at 8,000 X g for
5 min at 4°C and then at 100,000 X g for 1 h at 4°C. The
infranatant containing soluble protein was stored at —70°C
until use. Protein concentration in the extract was measured by
using the Bio-Rad protein assay with bovine serum albumin as
a standard. Extracted protein (100 wng) from each pool was
subjected to SDS/polyacrylamide gel electrophoresis (SDS/
PAGE) and electrophoretically transferred to nitrocellulose.
The blot was probed with goat polyclonal antibodies for rat
leptin, peroxisome proliferator-activated receptor (PPAR)a,
PPARYy (Santa Cruz Biotechnology), and rabbit antibody
against UCP-2 (kindly provided by Barbara Kahn and Brad-
ford Lowell of Beth Israel Hospital and Harvard Medical
School, Boston). First antibody was detected by incubation
with horseradish peroxidase-conjugated anti-goat or anti-
rabbit antibody with enhanced chemiluminescence (Pierce)
according to the manufacturer’s recommendation. Signal in-
tensity was quantitated by a molecular imager with a chemi-
luminescence detector (Bio-Rad).

Proc. Natl. Acad. Sci. USA 96 (1999)

Plasma Measurements. Fasting blood samples from the tail
vein were collected between 1 and 3 p.m. in capillary tubes
coated with EDTA. Plasma was stored at —20°C until the time
of leptin assay with the Linco leptin assay kit (Linco Research,
St. Charles, MO). Plasma insulin was assayed by radioimmu-
noassay (4). Plasma glucose was measured with a Glucose
Analyzer II (Beckman).

Triglyceride (TG) Content of Fat Tissue. Epididymal fat
pads were resected, weighed, and immediately frozen in liquid
nitrogen. About 100 mg of tissue was homogenized with a
Polytron in 4 ml of buffer containing 18 mM Tris'HCI (pH 7.5),
300 mM D-mannitol, and 5 mM ethylene glycol-bis(B-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). Lipids
were extracted by the method of Danno et al. (5).

Statistical Analysis. All data are expressed as the mean =
SE of four samples. Statistical analysis was performed by
unpaired Student’s ¢ test or by one-way ANOVA.

RESULTS

Effect of Hyperleptinemia on Adipocyte TG Content. Hy-
perleptinemia was produced in 9-week-old lean, wild-type
Zucker Diabetic Fatty rats (+/+) by the intravenous infusion
of 10 plaque-forming units of adenovirus containing the
leptin cDNA (AdCMV-leptin). Plasma leptin levels exceeded
20 ng/ml in all of these rats, compared with less than 1 ng/ml
in all control rats infused with adenovirus containing the
B-galactosidase cDNA (AdCMV-B-gal). The hyperleptinemia
was associated with a 30-50% reduction in food intake and a
32 = 9 g weight loss during the 6 days of observation, at the
end of which all grossly identifiable body fat had disappeared.
Instead of normal epididymal fat pads, only strands of highly
vascular tissue remained (Fig. 14). The mean wet weight of the
fat pads had declined by 87% and its total TG content by 95%,
but the total DNA per fat pad had declined by only 16%, which
was not significantly below uninfused controls (Fig. 1B). These
findings suggested that the loss of TG was the result not of
adipocyte death but rather of the 95% depletion of the
adipocytes’ fat content. This interpretation is consistent with
that of Sarmiento et al. (6), who demonstrated that in mice

Table 1. Sequences of PCR primers
GenBank
Gene Sense primer (5'-3") Antisense primer (5'-3") Internal primers (5'-3’, 30-mers) accession no.

B-Actin TTGTAACCAACTGGGAC- GATCTTGATCTTCATGG- GGTCAGGATCTTCATGAGGTAGTCTG- J00691
GATATGG TGCTAGG TCAG

ACO GCCCTCAGCTATGGTAT- AGGAACTGCTCTCACAA-  GCCTGCACTTTCTTCAGCCATCTTCAA- J02752
TAC TGC CGA

CPT-1 TATGTGAGGATGCTGCT- CTCGGAGAGCTAAGCTT- ACTCTGGTTGGAATCTGACTGGGTGG- L07736
TCC GTC GATT

ACC ACTCCAGGACAGCACAG- TCTGCCAGTCCAATTCT- ATGACATCTCGGCCATCTGGATATTCA- M76767
ATC AGC GGG

FAS GTTTGATGGCTCACACA- TCAACTCACTCGAGGCT- AAGAAGCATATGGCTTCAGCTTCAGC- M84761
CCT CAG CTCA

GPAT TGATCAGCCAGGAGCAG- AGACAGTATGTGGCACT- CCAAGGAGCACCAGCAATTCATCACC- M77003
CTG CTC TTTC

UCP-1 TGCAAGCACAAACGGTA- CATCAGCTCTTTCTTCA- TGGTGTACTTGGTCATTGCACAGCTG- M11814
GAC GCT GGTA

UCP-2 AACAGTTCTACACCAAG- AGCATGGTAAGGGCAC- GTCATCTGTCATGAGGTTGGCTTTCA- U69135
GGC AGTG GGAG

Pref-1 ATTCGTCGACAAGACCT- CCACCAGCCTGGTGAGC- TGTTGAGCTCTTTCATGGACACCTTCA- U25680
GCA ACG GGA

aP, GACCTGGAAACTCGTCT- CATGACACATTCCACCA- TGGTCGACTTTCCATCCCACTTCTGCA- U75581
CCA CCA CAT

TNF-« CTCGAGTGACAAGCCCG- TTGACCTCAGCGCTGAG- ATAAGGTACAGCCCATCTGCTGGTAC- D00475
TAG CAG CACC

LPL CCTGAAGACTCGCTCTC- TTGGTTTGTCCAGTGTC- ATGTCCACCTCCGTGTAAATCAAGAA- 103294
AGA AGC GGAG
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FiG. 1. (A) The appearance of epididymal fat pads of a control rat infused with AACMV-B-gal and a hyperleptinemic rat infused with AACMV-leptin.
Grossly visible fat is absent from the latter; arrow points to the stromal-vascular remnant. (B) Wet weight, DNA, and TG content of epididymal fat pads
of rats before and 6 days after hyperleptinemia and expressed as percent of the prehyperleptinemic value. =, P < 0.01 versus day 6 of hyperleptinemia.

treated with recombinant leptin, necrosis and apoptosis of
adipocytes are not the cause of the reduction in fat.

Effect of Hyperleptinemia on Expression of Enzymes of
Fatty Acid Oxidation and Thermogenic Proteins. Fat loss in
starvation and in insulin deficiency is associated with ketosis,
whereas in hyperleptinemic fat loss plasma FFA and ketones
remain normal (2). This lack of ketosis could signify that the
fatty acids are oxidized in or near adipocytes, thus preventing
them from reaching the liver, the site of ketogenesis. If so, one
might expect increased expression of enzymes of fatty acid
oxidation, such as CPT-1 and ACO, in adipose tissue during
the disappearance of the fat. We observed an 8-fold increase
in CPT-1 mRNA and a 6-fold increase in ACO mRNA in
epididymal fat tissue of normal rats (Table 1 and Fig. 24). That
the energy generated by increased fatty oxidation was dissi-
pated as heat can be inferred from the fact that the mRNA and
the protein of the uncoupling proteins, UCP-1 and UCP-2,
were also up-regulated (Table 2 and Fig. 2B), consistent with
the many observations that leptin-induced weight loss exceeds
that of pair-fed controls (7-9) and with our report of leptin-
induced up-regulation of UCP-2 (10).

Effect of Hyperleptinemia on Expression of Enzymes of
Lipogenesis. Because of the prolonged delay in the recovery of
body weight after the hyperleptinemia had returned to normal,
we suspected that down-regulation of lipogenic capacity of the
adipocytes had occurred. We therefore semiquantified the
expression of the lipogenic enzymes ACC, FAS, and GPAT.
We observed complete disappearance of the mRNA of all 3
(Table 1 and Fig. 2C). In control rats injected with AACMV-
B-gal, no changes in expression of any of these genes could be
detected (data not shown).

Effect of Hyperleptinemia on Expression of PPAR« and
PPARYy. To gain further insight into the mechanism of the
dramatic leptin-induced inversion of expression levels of en-
zymes of fatty acid oxidation and lipogenesis, we measured in
epididymal tissue two of the transcription factors that regulate

them, the o and y PPAR isoforms. PPARY, is expressed
exclusively in adipocytes and plays a role in their differentia-

Hyperleptinemia
o—
(days) 0 4 6 S-V
A. ACO B & = v

B. ucp-1 o —
UCP-2 W% S

C. Acc .
FAS =

GPAT W =%

B-actin . . —

*UCP-2 o s e e 1

FiG. 2. Expression of genes involved in fatty acid metabolism in
epididymal fat pads of normal rats before and after 4 or 6 days of
hyperleptinemia. (4) mRNAs encoding enzymes of fatty acid oxidation,
ACO and CPT-1. (B) mRNA of UCP-1 and UCP-2. (C) Enzymes of
lipogenesis, ACC, FAS, and GPAT. S-V, stromal-vascular tissue from
which adipocytes have been mechanically removed. *, Immunoblot.
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Table 2. Expression of various genes and proteins in epididymal fat tissue before and after induction of hyperleptinemia in normal rats

mRNA or protein level

Duration of hyperleptinemia

Gene or
Function protein 0 days 4 days 6 days N
mRNA Fatty acid oxidation ACO 0.24 = 0.074 1.36 = 0.36%0i 0.64 + 0.132 0.11 = 0.03
CPT-1 0.18 = 0.06 1.25 + 0.27&hi 0.69 = 0.22% 0.09 = 0.02
Lipogenesis ACC 1.76 £ 0.565h 0.21 =+ 0.05¢4 0.00 = 0.00 0.03 £ 0.01
FAS 1.48 = 0.445hi 0.02 £ 0.01¢d 0.00 = 0.00 0.01 = 0.00
GPAT 0.52 = 0.215hi 0.16 = 0.04¢d 0.05 £ 0.02 0.00 = 0.00
Thermogenesis UCP-1 0.00 = 0.00 0.10 = 0.03d 0.28 = 0.08>5 0.00 = 0.00
UCP-2 0.23 = 0.05¢ 0.94 = 0.2108i 0.41 + 0.13b 0.03 = 0.01
Preadipocyte marker Pref-1 0.03 = 0.01 0.63 = 0.19° 1.23 + 0.34Fei 0.48 = 0.13°
Adipocyte markers aP» 1.00 + 0.250h 0.03 = 0.01 0.04 = 0.00 0.07 £ 0.022¢
TNF-a 0.44 = 0.106h 0.02 = 0.00 0.01 = 0.00 0.05 = 0.012¢
LPL 0.78 = 0.20% 2.84 + (.58¢hi 0.27 = 0.041 0.07 £ 0.02
Protein Thermogenesis UCP-2 3.05 = 0.774 9.43 = 1.94ehi 2.88 = 0.434 2.13 £0.49
Adipocyte marker Leptin 16.48 + 3.465n 0.00 = 0.00 0.00 = 0.00 0.02 = 0.013¢
Transcription factors PPARYy 17.18 + 3.75thi 2.49 + (0.484h 0.01 = 0.00 1.88 = 0.34"
PPAR« 217 £0.39 12.64 = 2.6680 6.48 = 1.74d¢ 3.38 = 0.68°

Expression in stromal-vascular tissue (S-V) obtained from normal untreated rat appears on the right. Data are mean * SE from four

measurements of mRNA of various genes relative to B-actin mRNA or protein in arbitrary units.

ap < (.05 and 'P < 0.01 versus 4th day of hyperleptinemia.
bP < (.05 and &P < 0.01 versus day 0.

¢P < 0.05 and PP < 0.01 versus 6th day of hyperleptinemia.
dP < 0.05 and 'P < 0.01 versus S-V.

tion (11, 12) and in the expression of enzymes of lipogenesis
(13). PPARa, by contrast, is most abundant in liver but is also
expressed elsewhere in other tissues in which fatty acid oxi-
dation is a normal function (14-16). By day 6, PPARy protein
was less than 1% of the control level. PPAR«, by contrast, had
increased 5.8-fold by day 4, when the enzymes of oxidation had
peaked, and declined thereafter (Fig. 34). These changes
suggest that the increase in PPARa mediated the up-

Hyperleptinemia
rrrnn
(days) 0 4 6 S-V

A- *ppARy e L
*PPARO. -

TR —— R

B.  prefi

aP 2
TNF-o s

LPL e S
B-actin ————

*Leptm e tbitia

FiG. 3. (A) Expression of PPAR« and PPARY protein in epidid-
ymal fat pad of normal rats before and 4 and 6 days after induction of
hyperleptinemia. (B) Expression of markers of mature adipocytes, aP,
TNF-a, leptin, and LPL, and a preadipocyte marker, Pref-1, in
epididymal tissue of normal rats before and 4 and 6 days after
induction of hyperleptinemia. S-V, stromal-vascular tissue from nor-
mal untreated rats. *, Immunoblot.

regulation of ACO and CPT-1 and that the reduced PPARYy
played a role in down-regulating the lipogenic enzymes.

Effect of Hyperleptinemia on Markers of Adipocytes and
Preadipocytes. During the terminal phase of adipocyte differ-
entiation, preadipocytes lose the marker Pref-1, an inhibitor of
the differentiation process (17), and acquire new markers of
mature adipocytes. PPARY, a specific marker for adipocytes
(11, 12), appears early in differentiation (18), and it has been
proposed as a “master regulator” of this process (17, 19). As
differentiation proceeds, adipocyte markers such as aP»,
TNF-q, leptin, and LPL are expressed. The fact that PPARYy
had disappeared from the lipid-depleted epididymal tissue of
hyperleptinemic rats raised the possibility that the residual
cells were not simply mature adipocytes emptied of fat, but
rather were mature adipocytes that had lost their maturity
markers and had acquired certain features of their progenitors
(20, 21). We therefore semiquantified the mRNA and protein
of preadipocyte and adipocyte markers at 0, 4, and 6 days after
AdCMV-leptin infusion. As shown in Table 1 and Fig. 3B, the
mRNA of adipocyte markers, aP, and TNF-a and leptin
protein, all declined to virtually undetectable levels on day 6
of the hyperleptinemia. mRNA of LPL, one of the first genes
induced during differentiation (21), increased markedly on day
4, but on day 6 it declined to 34% of the control value (Table
2 and Fig. 3B). The loss or reduction in the expression of the
four mature adipocyte markers examined was consistent with
a regression of the phenotype of the differentiated cell toward
that of the precursor. We therefore semiquantified the mRNA
of the preadipocyte marker Pref-1 before and during hyper-
leptinemia. It was 21-fold higher than the control level after 4
days of hyperleptinemia and 41 times higher on day 6.

Since Pref-1 mRNA was present at low levels in the stromal-
vascular cells of mature epididymal fat tissue (Fig. 3B), it
seemed possible that the increase in Pref-1 observed after 6
days of hyperleptinemia might simply reflect an enrichment for
preexisting preadipocytes as the result of the disappearance of
“Pref-1-free” mature adipocytes. Consequently, we mechani-
cally removed mature adipocytes from epididymal fat pads of
normal rats and semiquantified Pref-1 mRNA in the residual
stromal-vascular tissue. Pref-1 mRNA was 2.6 times greater in
the epididymal tissue of the hyperleptinemic rats than in the
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control sample of normal rats from which adipocytes had been
mechanically removed (Table 2 and Fig. 3B).

The mechanically obtained fat-free stromal-vascular tissue
was too meager to weigh and its DNA content was less than 5%
of that of fat-free epididymal tissue of hyperleptinemic rats,
which, as mentioned, retained 81% of its original prehyper-
leptinemic total DNA. If the 41-fold increase in Pref-1 expres-
sion observed in the epididymal fat pad remnant of hyperlep-
tinemic rats (Table 2) had occurred entirely in the stromal-
vascular component, we calculate that a 640-fold increase in
Pref-1 expression would have been required; if the changes had
been localized to the “post-adipocytes,” a 38-fold increase
would have been required. Therefore, it seems likely that this
increase in Pref-1 represents induction rather than enrichment
of the marker, and that the induction took place mostly, if not
entirely, in adipocytes that had “dedifferentiated.”

DISCUSSION

The results disclose that the profound loss of fat induced by
sustained, chronic adenovirally induced hyperleptinemia in
normal lean rats is associated with a major transformation of
white fat tissue. This includes changes in the expression of the
enzymes of fatty acid metabolism, of the transcription factors
that influence their expression, and of molecular markers that
distinguish mature adipocytes from preadipocytes. All of these
dramatic changes occurred within 6 days of the infusion of
AdCMV-leptin. The up-regulation in fat tissue of two major
enzymes of fatty acid oxidation, CPT-1 and ACO, provides a
likely explanation for the rapid disappearance of all visible fat
without accompanying ketonemia (1, 2); it suggests that oxi-
dation of an important fraction of fatty acids occurred in or
very near the adipocytes—i.e., that fatty acids did not reach the
liver in quantities sufficient to cause ketonemia. The increases
in UCP-1 and -2 suggest that the energy generated by local
oxidation was largely dissipated as heat, thus accounting for
leptin’s ability to reduce weight in excess of its effect on food
intake (1, 7-9). The virtual disappearance of the mRNA of
three lipogenic enzymes, ACC, FAS, and GPAT, may signify
a loss of lipogenic capability of adipocytes. The increase in
PPARa protein, a known transcription factor for ACO and
CPT-1 (22, 23), implies a role in the up-regulation of the
expression of enzymes of fatty acid oxidation, while the
reduction in PPARy may signify a role in the reduction in
expression of the lipogenic enzymes that it regulates. Finally,
the markers of mature adipocytes, aP, and TNF-a« mRNA and
leptin protein, disappeared, whereas LPL mRNA fell by 66%
after a transient rise. At the same time, expression of Pref-1,
atransmembrane protein expressed only in preadipocytes (17),
increased dramatically to a peak on day 6. In other words, both
the TGs and the markers of mature adipocytes disappeared
from the fat pad with minimal reduction in the cell population,
and the residual tissue bore a marker specific for preadipo-
cytes. It seems reasonable, therefore, to conclude that these
residual “post-adipocytes” were previously mature adipocytes
that had lost their lipogenic enzymes and adipocyte markers
and had acquired a new phenotype that is consistent with but
does not prove uncoupled in situ oxidation of fatty acids.
These findings may have important pharmacologic implica-
tions in designing treatment strategies for obesity, a disorder
that now affects almost half of the American population.
Although therapy with recombinant leptin may be effective in
some obese subjects (24), most such patients are expected to
be resistant to the hormone (25). Although we produced no
direct evidence that the effects of chronic hyperleptinemia on
normal adipocytes are mediated by the disappearance of
PPARYy and/or the increase in PPARa, our observation raises

Proc. Natl. Acad. Sci. USA 96 (1999) 2395

the possibility that fat content and phenotype of adipocytes can
be manipulated by targeting PPAR ligands to adipocytes to
enhance PPAR« actions and/or reduce PPARYy actions. Such
a strategy might bypass the hypothalamic targets of leptin that
are thought to be resistant to leptin in obesity (25) and might
therefore be more effective than leptin (24) in the manage-
ment of this disorder (26). It also supports the greater efficacy
of continuous leptin delivery by secreting cells over injections
of recombinant leptin (27).
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