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Abstract Perilipin A is the most abundant phosphoprotein
on adipocyte lipid droplets and is essential for lipid storage
and lipolysis. Perilipin null mice exhibit diminished adipose
tissue, elevated basal lipolysis, reduced catecholamine-stim-
ulated lipolysis, and increased insulin resistance. To under-
stand the physiological consequences of increased perilipin
expression in vivo, we generated transgenic mice that over-
expressed either human or mouse perilipin using the adipo-
cyte-specific aP2 promoter/enhancer. Phenotypes of female
transgenic and wild-type mice were characterized on chow
and high-fat diets (HFDs). When challenged with an HFD,
transgenic mice exhibited lower body weight, fat mass, and
adipocyte size than wild-type mice. Expression of oxidative
genes was increased and lipogenic genes decreased in brown
adipose tissue of transgenic mice. Basal and catecholamine-
stimulated lipolysis was decreased and glucose tolerance
significantly improved in transgenic mice fed a HFD. Per-
ilipin overexpression in adipose tissue protects against
HFD-induced adipocyte hypertrophy, obesity, and glucose
intolerance. Alterations in brown adipose tissue metabolism
may mediate the effects of perilipin overexpression on body
fat, although the mechanisms by which perilipin overexpres-
sion alters brown adipose tissue metabolism remain to be
determined.lf Our findings demonstrate a novel role for
perilipin expression in adipose tissue metabolism and regu-
lation of obesity and its metabolic complications.—Miyoshi,
H., S. C. Souza, M. Endo, T. Sawada, J. W. Perfield II, C.
Shimizu, Z. Stancheva, S. Nagai, K. J. Strissel, N. Yoshioka,
M. S. Obin, T. Koike, and A. S. Greenberg. Perilipin over-
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Obesity is associated with metabolic dysfunction and in-
creased risk for diabetes, cardiovascular disease, cancer,
and early mortality (1, 2). In both lean and obese states,
triacylglycerol is predominately stored within lipid droplets
of adipocytes. Perilipin A (PeriA) is the most abundant
phosphoprotein on adipocyte lipid droplets and is an im-
portant regulator of lipid storage and release (lipolysis) (3,
4). In the absence of hormonal stimulation (basal state),
PeriA functions to inhibit the actions of lipases on stored
neutral lipids, thereby maintaining a low rate of constitutive
lipolysis (promotes lipid storage) (5-10). Catecholamines
enhance adipocyte lipolysis by stimulating adenylate cyclase
activity and consequently activating cAMP-dependent pro-
tein kinase A (PKA), which simultaneously phosphorylates
perilipin and hormone-sensitive lipase (HSL) (3, 11, 12).
PKA-dependent phosphorylation of multiple serine resi-
dues on perilipin releases CGI-58 from the lipid droplet
protein, resulting in enhanced activity of adipose triglycer-
ide lipase (ATGL) (13, 14) and enhanced HSL accessibility
to lipid stores (4, 5, 10, 15-17). As a result of these com-
bined actions, lipolysis is dramatically increased.

Abbreviations: ATGL, adipose triacylglycerol lipase; AUC, area un-
der the curve; BAT, brown adipose tissue; GFP, green fluorescent pro-
tein; GTT, intraperitoneal glucose tolerance test; HFD, high-fat diet;
hPeriA, human perilipin A; HSL, hormone-sensitive lipase; ITT, intra-
peritoneal insulin tolerance test; mPeriA, mouse perilipin A; ND, nor-
mal chow diet; PeriA, perilipin A; PKA, protein kinase A; Tg, transgenic;
WAT white adipose tissue; WT, wild type.
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Perilipin knockout mice have provided important in-
sights into the role of perilipin biology in vivo (7, 8). Per-
ilipin null mice exhibit constitutively activated basal lipolysis
and attenuated stimulated lipolysis and are characterized
by a marked reduction in fat depots, which comprise small
adipocytes. This phenotype occurs despite increased food
intake, and the mice have been demonstrated to be resis-
tant to both dietinduced and genetic obesity (7, 8, 18).
These mice have increased tissue $-oxidation and increased
energy expenditure; however, they develop insulin resis-
tance (8, 18, 19). Therefore, in addition to its role in whole-
body energy homeostasis, the regulation of adipocyte
lipolysis is vital to metabolic homeostasis.

While we have a significant understanding of the conse-
quences of reduced perilipin protein expression, we have a
limited understanding of the in vivo effects of increased per-
ilipin expression. Previous studies in mice and humans (20,
21) have demonstrated that PeriA expression in adipocytes
is reduced with obesity. Consistent with this observation,
ovariectomy-induced increases in adiposity are associated
with a significant reduction in perilipin and increased size
of adipocytes (22). Recent studies have investigated human
perilipin expression (20, 21, 23). Several groups described
the correlations between perilipin expression in adipose tis-
sue or perilipin gene haplotype and gender, obesity, and
glucose and lipid metabolism (24-26). To date, almost all
published studies investigating the molecular mechanism of
perilipin have focused on mouse perilipin (5, 9, 27-29).

Human and mouse periA cDNA possess an open reading
frame of 1569 and 1554 nucleotides, encoding 522 and 517
amino acids, respectively. PeriA is by far the most abundant
form of perilipin in adipocytes (30). Human perilipin bears
80% amino acid identity to mouse perilipin (30, 31), and
both ¢cDNAs have conserved phosphorylation domains im-
portant for regulating lipolysis (15, 32), a lipid droplet tar-
geting domain (23, 33), and a PAT (common to several lipid
droplet proteins) domain (34). In this article, we demon-
strate that expression of human PeriA or mouse PeriA in
perilipin null murine adipocytes regulates lipolysis in a simi-
lar manner. To understand the physiological consequences
of increased PeriA expression in adipocytes and to deter-
mine if functional differences exist between mouse and hu-
man PeriA in vivo, we generated two lines of mice that
overexpressed either human or mouse PeriA in adipose tis-
sue. This study is to our knowledge the first to investigate the
effects of PeriA overexpression in vivo. Results demonstrate
that both lines of transgenic mice are protected against diet-
induced obesity, coincident with increased oxidative gene
expression in brown adipose tissue and an improved meta-
bolic phenotype relative to wild-type mice. In general, the
effects of the human PeriA transgene were more robust
compared with the effects of the mouse PeriA transgene.

MATERIALS AND METHODS

Chemicals and antibodies

Reagents were purchased from Sigma Chemicals (St. Louis,
MO). Polyclonal antiperilipin antibody, ATGL antibody, and
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anti-HSL antibody were generated as previously described (9,
15). Phosphoserine antibody (1:1,000) was purchased from
Zymed Laboratories (San Francisco, CA).

Generation of transgenic mice with adipose-specific
overexpression of human or mouse perilipin

We generated a mouse PeriA cDNA (mPeriA) with a Flag tag
at the C terminus using a standard PCR method (28). We ob-
tained the human PeriA ¢cDNA (hPeriA) from Dr. Yusuke Naka-
mura. These cDNAs were then ligated into a pBluescript SK
vector containing the aP2 enhancer/promoter region, the SV40
small tumor antigen splice site, and a polyadenylation signal se-
quence (provided by Dr. B. M. Spiegelman; Fig. 2A) (35). A 7.7
kb Sall-Nofl fragment containing the entire aP2-human PeriA or
aP2-mouse PeriA-Flag transgenes was microinjected into fertil-
ized eggs of C57BL/6] mice. Integration of the hPeriA or mPeriA-
flag gene in newborn mice was determined by Southern blot
analysis. Founder animals were bred with C57BL/6] mice, and
two transgenic (Tg) mouse lines were established (hTg or mTg)
on the C5H7BL/6] background. All Tg mice used for the study
were hemizygous for the transgene. Littermates that lacked the
transgene were used as controls (WT).

Animal experiments

hTg mice were generated at the Institute for Animal Experi-
mentation at Hokkaido University and shipped to the JM-USDA
Human Nutrition Research Center on Aging at Tufts, while mTg
mice were generated at the Transgenic Core Facility at Tufts Uni-
versity. Mice were housed in a pathogen-free barrier facility at the
JM-USDA HNRCA at Tufts in accordance with IACUC guidelines.
All mice were housed at room temperature, maintained on a 12
h light/dark cycle, given free access to water, and fed a standard
chow diet (ND) (Harlan #7012; Indianapolis, IN). For high-fat
diet (HFD) (60% calories from fat; Research Diets #D12492; New
Brunswick, NJ) experiments, mice were fed an HFD from the age
of 5 weeks to 30 weeks. Food intake and body weight were moni-
tored weekly. On the day prior to tissue harvest at 30 weeks, food
was removed at 21:00 h for an overnight fast. Blood, white adi-
pose tissue (WAT) from visceral (perigonadal, perirenal, and
mesenteric) and subcutaneous (right side inguinal) depots, and
interscapular brown adipose tissue (BAT) were rapidly dissected
out, weighed, and processed for subsequent analysis.

Isolated adipocyte lipolysis

Adipocytes were isolated from the perigonadal depot using
collagenase and centrifugation as previously described (36) with
minor modifications. The samples were gassed (5% CO, and
95% O,), capped, and incubated at 37°C with shaking until diges-
tion was complete (30—40 min). Adipocytes were aliquoted in trip-
licate to measure lipolysis under basal (200 nM phenyl isopropyl
adenosine) and stimulated (200 nM phenyl isopropyl adenosine +
10 pM isoproterenol) conditions. Lipolytic rate was assessed as
glycerol released into the media for 2 h using a Free Glycerol
Determination kit (Sigma) (22). Lipolysis was quantified per cell.
The number of adipocytes per incubation was determined ac-
cording to previously published methods (37). Lipid content
(mg/ml) was determined by organic extraction of lipids from
isolated adipocytes. Adipocytes were visually sized (100-150 adi-
pocytes per mouse) using a light microscope and a 200 pm ocu-
lar micrometer. Cell number was then calculated using measures
of lipid concentration and adipocyte diameter (37).

Measures of glucose and insulin tolerance

Intraperitoneal glucose tolerance tests (GTTs) and intraperi-
toneal insulin tolerance tests (ITTs) were performed on nonanes-
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thetized mice that were fasted overnight or for 4 h. The ITT was
performed 1 week subsequent to the GTT. For the GTT, blood
glucose levels from whole-tail vein blood were measured at base-
line and 30, 60, and 120 min following intraperitoneal injection of
glucose (1 g/kg body weight) using an automated glucometer. For
the ITT, mice received an intraperitoneal injection of human insu-
lin (0.75 mU/kg body weight), and blood glucose was measured at
baseline and 15, 30, 45, 60, and 90 min after injection. Glucose
area under the curve (AUC 199 or 0.90) Was determined for HFD-fed
and ND-fed cohorts and the difference (AAUC) reported (38).

Histology

WAT and BAT were dissected, fixed, embedded in paraffin,
and sectioned (38). Sections were stained with hematoxylin and
cosin. Digital images were acquired with an Olympus DX51 light
microscope.

Quantitative PCR

Total RNA was extracted from WAT and BAT using a commer-
cial kit (RNeasy lipid tissue; Qiagen, Valencia, CA). RNA was
quantified by RiboGreen Quantitation Assay (Molecular Probes,
Eugene, OR), and cDNA was synthesized from 1 pg of total RNA
(Reverse Transcription System; Promega, Madison, WI). Real-
time PCR was performed in triplicate on an ABI PRISM® 7700 in
20 pl total volume reactions using SYBR® Green PCR Master MIX
(Applied Biosystems, Foster City, CA). Primers were designed us-
ing Primer Express. Data were analyzed by comparative critical
threshold (Ct) method (39) and normalized to an endogenous
control gene (18S rRNA). Percentage of difference was calcu-
lated by gaac

In vitro experiments

Stable lines of mouse embryonic fibroblasts (MEFs) were gen-
erated from embryos of Peri/~ mice as described (10, 15, 29,
40). Adenoviruses expressing the constructs Aequoria Victoria
green fluorescent protein (GFP), mPeriA, and hPeriA were gen-
erated and verified as previously described (28). Recombinant
adenovirus was transduced into Peri/~ MEFs with Lipo-
fectAMINE Plus™ (Invitrogen, Carlsbad, CA) on day 3 after in-
duction of differentiation. The amount of each adenovirus used
was selected to assure comparable levels of expression of the dif-
ferent PeriA constructs, which was confirmed by densitometry on
Western blots (10, 15, 40). Functional similarity of mPeriA and
hPeriA was demonstrated via lipolysis experiments in Peri /™
MEFs transduced with adenovirus. Glycerol and fatty acid release
were measured after 2 h of treatment with /without the PKA acti-
vator forskolin (20 pM) and normalized for total protein as de-
scribed (10, 15, 28, 40).

Statistical analysis
Data were analyzed using a Student’s ttest, and significance
was set a P< 0.05. Results are presented as mean values + SEM.

RESULTS

Lipolytic regulation is similar between hPeriA and
mPeriA when expressed in Peri /~ MEF adipocytes

In order to demonstrate the functional similarity be-
tween hPeriA and mPeriA, we performed studies in per-
ilipin null MEF adipocytes, which exhibit phenotypic
hallmarks of adipocytes but do not express perilipin (10,
15, 29, 40, 41). We used adenoviruses to express hPeriA,
mPeriA, or GFP (as a control) in the Peri /~ MEFs begin-

ning on day 3 after induction of differentiation. The ex-
pression levels of mPeriA or hPeriA in the Peri”/~ MEFs
were comparable as assessed by Western blot (Fig. 1) and
were also comparable to that in control adipocytes derived
from Peri”* (WT) MEFs. Importantly, attenuation of basal
lipolysis and facilitation of PKA-stimulated lipolysis were
comparable in MEF adipocytes expressing either mPeriA
or hPeriA (Fig. 1). These data indicate that in the absence
of endogenous PeriA, mPeriA and hPeriA are functional
equivalents.

Adipose-specific overexpression of hPeriA and mPeriA in
transgenic mice

In order to investigate the effects of perilipin overex-
pression in vivo, the murine aP2 promoter was used to
generate two separate lines of PeriA transgenic mice, one
expressing hPeriA (hTg mice) and another expressing
mPeriA with a flag tag at its C terminus (mTg mice) (see
Fig. 2A for schematic). Expression of both hPeriA and
mPeriA (data not shown) was limited to WAT and BAT
(Fig. 2B). Consistent with our prior studies of endogenous
hPeriA (42), overexpressed hPeriA migrated as a higher
band on Western blots compared with endogenous mouse
PeriA (Fig. 2C). Relative to WT littermates, PeriA protein
levels were increased 2-fold in intra-abdominal (peri-
gonadal) WAT and ~5-fold in BAT of both hTg and mTg
mice (Fig. 2C, D). The protein expression of other adipo-
cyte proteins involved in lipolysis (e.g., HSL and ATGL)
was not altered in either hTg or mTg mice (Fig. 2C, D). In
summary, we generated lines of transgenic mice overex-
pressing hPeriA or murine PeriA specifically in adipose
tissue.

Attenuated weight gain in Tg mice fed HFD

Body weight gain of female hTg and mTg mice was simi-
lar to WT controls when fed a normal chow diet (ND)
(data not shown). In contrast, when female mice were fed
a HFD, both hTg and mTg mice gained weight less rapidly

MEF -/- adipocyte

03

0.2

0.1 I

N N e

forskolin — + — + — +
Ad GFP Ad mPeriA AdhPeriA

(uM glycerol /mg protein)

-

Peri A -

Fig. 1. Lipolytic effects in the absence or presence of mPeriA or
hPeriA in PeriA™/~ MEF adipocytes. Adenovirus (Ad)-expressing
mPeriA, hPeriA, or GFP (control) was transduced in murine em-
bryonic fibroblasts of perilipin null mice at 3 days after differentia-
tion. Glycerol release for 2 h was measured in the absence or
presence of the PKA activator, forskolin, 7-9 days after differentia-
tion. Data (mean = SEM) are from three separate experiments per-
formed in at least duplicate. Bottom panel of immunoblotting with
antiperilipin IgG shows comparable levels of adenovirally expressed
proteins in a representative experiment.
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Fig. 2. Characterization of hPeriA and mPeriA transgenic mice. A: Schematic of the the aP2-perilipin A (human) transgene. B: Western
blotting of protein lysates from multiple tissues of hPeriA transgenic (hTG) mice using antibodies recognizing perilipin or B-actin. C, D:
Western blotting of protein lysates collected from BAT and perigonadal WAT of WT mice and transgenic mice expressing human PeriA (C)
or flag-tagged mouse PeriA (D). Blots are probed with antibodies recognizing either PeriA, the Flag epitope, HSL, or ATGL.

than their WT littermates (Fig. 3A, B). Male hTg mice had
a very small but significant reduction in body weight gain
when fed a HFD compared with WT littermates, whereas
mTg did not differ from WT in their weight gain on an
HFD. Since both female hTg and mTg mice demonstrated
a more robust phenotype compared with male transgenic
mice, the data presented throughout this manuscript fo-
cused only on female mice. At 30 weeks of age (25 weeks of
HFD), both hTg and mTg mice weighed ~20% less than
WT controls (Fig. 3A, B). The observed difference in body
weight became significant after the animals reached 13
(hTg) and 22 (mTg) weeks of age, respectively. Regardless
of diet, food intake was similar between Tg and WT mice
and was not a contributing factor to the observed differ-
ences in body weight on the HFD (WT 2.28 + 0.16g vs. 2.09 +
0.09g, P=0.55). In spite of their similar food consumption
level, fasting serum leptin concentration was significantly
lower in HFD-fed hTg mice compared with WT mice (9.83 +
3.57 vs. 32.85 + 0.02 ng/ml) (P=0.003), which is probably
explained by smaller adipocyte in hTg mice.

Lower adipose depot weight and smaller adipocyte size in
Tg mice

When mice were fed the ND, small but significant re-
ductions in the weights of multiple adipose tissue depots
were observed in hTg mice (but not in mTg mice) relative
to WT mice (data not shown). Consistent with these obser-
vations, adipocytes isolated from the perigonadal depot of
hTg mice were significantly smaller than adipocytes from

978 Journal of Lipid Research Volume 51, 2010

WT mice (45.9 + 4.7 pm vs. 57.9 + 1.9 pm) (P = 0.046)
(Fig. 4E) but only tended to be smaller in mTg mice. In
contrast, when mice were challenged with an HFD, adi-
pose depot weights in both Tg lines were dramatically
reduced compared with WT mice (Fig. 4A, B), thus ac-
counting, at least in part, for the relatively lower whole
body weight (Fig. 3A, B). Consistent with relatively re-
duced adipose depot mass in Tg mice fed an HFD, peri-
gonadal adipocytes were significantly smaller in both hTg
and mTg mice (Fig. 4C, D). In addition to these effects of
transgene expression in WAT, both adipocyte and lipid
droplet size was significantly smaller in BAT of Tg mice
compared with WT mice (Fig. 4F).

Body Weight

(week)

(week)

Fig. 3. Effect of PeriA overexpression on HFD-induced weight
gain. Weekly weight gain in Tg mice expressing hPeriA (A) or
mPeriA (B) and WT littermates fed an HFD for 25 weeks (open
triangle, WT; closed triangle, Tg). n > 7 per genotype; results are
mean + SEM. * P<0.05; ** P<0.01.
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Fig. 4. Effect of PeriA overexpression on fat pad weight and adipocyte size. Adipose depot weights of
hPeriA Tg (A) or mPeriA Tg (B) and their respective WT littermates fed an HFD for 25 weeks (open bar, WT;
closed bar, Tg). Adipocyte size of hPeriA Tg (C) or mPeriA Tg (D) and their respective WT littermates fed an
HEFD for 25 weeks (open bar, WT; closed bar, Tg). n > 5 per genotype; results are mean + SEM. * P < 0.05; **
P < 0.01. Gon., perigonadal; Kid., perirenal; Mes., mesenteric; Sub., subcutaneous. E: Representative micro-
graph of isolated adipocytes from perigonadal WAT of hPeriA Tg and WT. F: Representative adipose tissue
histology of BAT (top panel) and WAT (bottom panel) of hPeriA Tg and WT fed a normal chow diet.

Oxidative and lipogenic gene expression is altered in the
adipose tissue of Tg mice

We next employed real-time PCR to investigate molecular
mechanism(s) by which overexpressing PeriA decreases
adipocyte size and adipose tissue mass, focusing on genes
involved in B-oxidation and lipogenesis. We observed signifi-
cant increases in the expression of the oxidative genes carni-
tine palmitoyltransferase 1 and 3-ketoacyl-CoA thiolase B in
BAT of both lines of Tg mice (Fig. 5A, B). Similar tendencies
were observed in WAT, but these changes in gene expres-
sion were notsignificant (Fig. 5C). Consistent with decreased
adipocyte size, the lipogenic genes acetyl-CoA carboxylase-1
and FAS were significantly downregulated in BAT of mTg
mice and tended to be reduced in hTg mice as well (Fig.
5A, B). With regard to energy metabolism, we measured
whole-body oxygen consumption rate (VO,) during a 12 h
dark/12 h light cycle in 30 week old female mice fed a HFD.
The average values for the 24 h period of oxygen consump-
tion was significantly increased in hTg mice maintained on
an HFD compared with the corresponding values for WT
mice (0.41 +0.03 vs. 0.30 = 0.02 1/h/kg weight, P=0.026).

Improved glucose/insulin homeostasis in hTg mice fed
an HFD

Glucose homeostasis was assessed in hTg and WT mice
by GTT and ITT. When maintained on the ND, hTg and
WT mice responded similarly to glucose and insulin chal-
lenges, manifest as comparable calculated AUCs for the
two genotypes (Fig. 6A, B). However, when mice were fed
an HFD, AUC for both GTT and ITT were significantly
lower in hTg mice compared with WT mice (Fig. 6C, D).
Consistent with these data, fasting serum insulin concentra-
tion, a surrogate marker of insulin sensitivity, was also sig-
nificantly lower in HFD-fed hTg mice compared with WT
mice (0.30 + 0.07 vs. 0.58 + 0.10 ng/ml; P = 0.043). To-
gether, these data indicate that hTg mice were resistant to
HFD-induced glucose intolerance and insulin resistance.

Attenuated catecholamine-stimulated lipolysis in Tg mice
Ex vivo lipolysis studies were performed with isolated
adipocytes from perigonadal adipose tissue. The nonselec-
tive B-adrenergic agonist, isoproterenol, was used to stimu-
late lipolysis. When mice were maintained on chow diet,
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Fig. 5. Effect of PeriA overexpression on adipose tissue mRNA
transcripts involved in B-oxidation and lipogenesis. Overnight
fasted hPeriA Tg (A, C) or mPeriA Tg (B, C) and their respective
WT littermates fed an HFD for 25 weeks (open bar, WT; closed bar,
Tg). mRNA expression was quantified by real-time PCR of BAT
(A, B) and WAT (C). Target gene expression was normalized to
18S rRNA. n > 5 per genotype; results are mean = SEM. * P < 0.05;
#% P<0.01. CPT1, carnitine palmitoyltransferase 1; KAT, 3-ketoacyl-
CoA thiolase B; ACC-1, acetyl-CoA carboxylase-1.

ex vivo basal lipolysis was similar in isolated adipocytes
from hTg, mTg, and their respective WT mice, but stimu-
lated lipolysis was significantly attenuated in isolated adi-
pocytes from both hTg and mTg (Fig. 7A, B). When mice
were challenged by an HFD, both basal and stimulated li-
polysis were reduced in isolated adipocytes from hTg mice
compared with WT controls (Fig. 7C). However, basal and
stimulated lipolysis was not attenuated in isolated adipo-

GTIT B ITT
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250 - (mg/dl)
p=0.21 200 1 p=0.11
NP 200 4 150 -
150 1 100 4
100 1 50
50 0
T0O T30 T60 Ti20 TO T15 T30 T45 T60 T90
C [(mgdy D mga
“p<0.05 200 1 p<0.02
350 1
5 -
150 A 100 4
50 50

T0O T30 T60 TI20 TO TI5 T30 T45 T60 T90

Fig. 6. Effect of PeriA overexpression on glucose homeostasis.
hPeriA Tg and their WT littermates fed a chow diet (ND; A, B) or
HFD (C, D) were given an intraperitoneal injection of glucose (1
mg/g of body weight; A, C) or insulin (0.75 U/kg of body weight,
humulin regular insulin; B, D) (open triangle, WT; closed triangle,
Tg). Mean AUC was calculated for each genotype. n > 5 per geno-
type; results are mean + SE. * P< 0.05.
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Fig. 7. Effect of PeriA overexpression on ex vivo and in vivo li-
polysis. Lipolysis was measured in isolated adipocytes of hPeriA Tg
(A, C) or mPeriA Tg (B, D) mice and their respective WT litter-
mates fed a chow diet (ND) or HFD for 25 weeks (open bar, WT;
closed bar, Tg). Glycerol release in the absence or presence of 10
WM isoproterenol (Iso) was measured and adjusted per cell num-
ber. n > 5 per genotype; results are means + SE. * P < 0.05; ** P<
0.01.

cytes from mTg mice (Fig. 7D). In summary, catecholamine
stimulated lipolysis in adipocytes from both lines of ND-
fed transgenic animals was reduced. However, in response
to HFD, only adipocytes from the hTg exhibited reduced
stimulated lipolysis.

DISCUSSION

PeriA localizes exclusively to the surface of lipid drop-
lets and regulates lipid storage in adipose tissue (3, 27,
43). PeriA has dual roles that are regulated by phosphory-
lation state. PeriA acts as a barrier between stored neutral
lipid and lipases in the unphosphorylated (basal) state
and as an enhancer of lipolysis in the phosphorylated
(PKA-stimulated) state (4, 7, 8, 10, 44). Both human and
animal studies suggest associations between perilipin ex-
pression and adiposity, lipid metabolism, and glucose ho-
meostasis (20-23). Moreover, perilipin null mice exhibit
altered lipolysis and energy metabolism and are protected
from diet-induced obesity (7, 8). In this study, we gener-
ated two strains of transgenic mice in which mPeriA or
hPeriA was overexpressed specifically in adipose tissue to
elucidate for the first time the metabolic and physiological
consequences of PeriA overexpression.

PeriA Tg mice and WT littermates were assessed on both
a chow diet and when challenged by an HFD for 25 weeks.
When fed a chow diet, Tg and WT mice attained similar
body weights, although we observed modest attenuation of
adipose depot weights in hTg mice. However, when chal-
lenged with an HFD, both lines of Tg mice had substan-
tially lower body weight, adipocyte size, and adipose mass
compared with WT littermates. Gene expression data sug-
gest that one mechanism underlying the resistance to
HFD-induced obesity in PeriA Tg mice is an upregulation
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of oxidative genes in BAT (and to a lesser in WAT). Based
on prior studies, enhanced oxidative capacity in BAT is
predicted to decrease the susceptibility to diet-induced
obesity, as brown fat has been demonstrated to regulate
obesity susceptibility in mice (45). Consistent with a leaner
phenotype, HFD-fed hTg mice exhibited improved glu-
cose tolerance and insulin sensitivity than WT littermates.
Elevated B-oxidation and/or the secretion of a more ben-
eficial profile of adipokines from smaller adipocytes (46—
48) may contribute to the salutory effects of PeriA
overexpression on glucose homeostasis. How perilipin
overexpression increased oxidative gene expression in
BAT is unclear. The underlying mechanism by which per-
ilipin overexpression in BAT increases oxidative gene ex-
pression is currently under study in our laboratory.

Studies from multiple laboratories have demonstrated
that perilipin is critical in the regulation of basal and cate-
cholamine-stimulated lipolysis. In both lines of ND-fed Tg
mice, overexpression of perilipin reduced catecholamine-
stimulated lipolysis. Preliminary studies from our labora-
tory using 3T3-L1 adipocytes indicate that in vitro
overexpression of either mPeriA or hPeriA renders cAMP
limiting for PeriA hyperphosphorylation, thereby con-
straining the magnitude of stimulated lipolysis (data not
shown). However, after the HFD challenge, only hTg mice
had reduced catecholamine stimulated lipolysis compared
with WT (Fig. 7). Notwithstanding this intriguing differ-
ence, itis currently unclear if and how the inhibitory effect
of PeriA overexpression in WAT contributes to the lean
and metabolically protected phenotype observed during
HFD challenge.

As mentioned previously, the phenotype of reduced
body weight and adiposity and improved glucose tolerance
was more apparent in the female mice from both trans-
genic lines (data not shown). It has been reported by sev-
eral groups that PeriA protein levels were significantly
higher in adipose tissue of men than women (20, 21). In
addition, other groups have reported that a perilipin gene
haplotype was a significant genetic determinant for obe-
sity risk and concluded that women are more sensitive to
the genetic effects of perilipin than men (24). Interest-
ingly, we previously demonstrated that perilipin expres-
sion is greater in ovariectomized mice treated with
estrogen, and this is associated with smaller adipocytes and
reduced WAT adipose tissue mass, a phenotype observed
in our PeriA Tg mice (22).

In general, it appears that expression of the hPeriA
transgene resulted in a more robust phenotype compared
with expression of the mPeriA transgene. The explanation
for the differences between the two lines of mice is unclear
but may reflect the small difference in amino acid se-
quence between hPeriA and endogenous mouse PeriA
(30, 31). Further studies are required to determine the
precise mechanism and organ networks involved in this
effect il
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