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Abstract In response to cold, norepinephrine (NE)-
induced triacylglycerol hydrolysis (lipolysis) in adipocytes
of brown adipose tissue (BAT) provides fatty acid substrates
to mitochondria for heat generation (adaptive thermogen-
esis). NE-induced lipolysis is mediated by protein kinase A
(PKA)-dependent phosphorylation of perilipin, a lipid
droplet-associated protein that is the major regulator of
lipolysis. We investigated the role of perilipin PKA phos-
phorylation in BAT NE-stimulated thermogenesis using a
novel mouse model in which a mutant form of perilipin,
lacking all six PKA phosphorylation sites, is expressed in
adipocytes of perilipin knockout (Peri KO) mice. Here, we
show that despite a normal mitochondrial respiratory
capacity, NE-induced lipolysis is abrogated in the inter-
scapular brown adipose tissue (IBAT) of these mice. This
lipolytic constraint is accompanied by a dramatic blunting
(?70%) of the in vivo thermal response to NE. Thus, in the
presence of perilipin, PKA-mediated perilipin phosphory-
lation is essential for NE-dependent lipolysis and full
adaptive thermogenesis in BAT. In IBAT of Peri KO mice,
increased basal lipolysis attributable to the absence of peri-
lipin is sufficient to support a rapid NE-stimulated tem-
perature increase (?3.0jC) comparable to that in wild-type
mice. This observation suggests that one or more NE-
dependent mechanism downstream of perilipin phosphor-
ylation is required to initiate and/or sustain the IBAT
thermal response.—Souza, S. C., M. A. Christoffolete, M. O.
Ribeiro, H. Miyoshi, K. J. Strissel, Z. S. Stancheva, N. H.
Rogers, T. M. D_Eon, J. W. Perfield, II, H. Imachi, M. S.
Obin, A. C. Bianco, and A. S. Greenberg. Perilipin regulates
the thermogenic actions of norepinephrine in brown adi-
pose tissue. J. Lipid Res. 2007. 48: 1273–1279.

Supplementary key words norepinephrine-induced thermal response
& protein kinase A-stimulated lipolysis & brown adipocytes

Obesity has become a major health issue in Western and
developing countries as a result of increased energy intake
from unhealthy diets and a sedentary lifestyle cor-
responding to decreased energy expenditure (1). One of
the key manifestations of the metabolic imbalance re-
sulting from obesity is the increased rate of FFA storage
and release by adipose tissue. Increased FFA turnover is
thought to be a critical factor for the development of
insulin resistance, diabetes, and obesity-associated meta-
bolic complications (2). In response to catecholamine
stimulation, FFAs are released from triacylglycerol (TAG)
stored within lipid droplets in white adipose tissue (WAT)
and brown adipose tissue (BAT). In WAT, catecholamine-
stimulated lipolysis provides fatty acids as a fuel to
peripheral tissues during times of energy need. In in-
terscapular brown adipose tissue (IBAT) of human new-
borns and rodents, catecholamine-stimulated lipolysis
provides fatty acids for heat production in response to
cold exposure or overfeeding, a process called adaptive
thermogenesis (3). More specifically, norepinephrine
(NE) is the endogenous mediator of adaptive thermogen-
esis (4, 5). Increased understanding of BAT metabolism
may be critical for providing new approaches to treatments
for obesity and associated disorders.

In adaptive thermogenesis, fatty acids activate uncou-
pling protein-1 (UCP1) in the mitochondria, producing
heat instead of ATP as an end product of oxidative
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phosphorylation (6, 7). IBAT thermogenesis is initiated by
the binding of NE (released from sympathetic nerve
endings) to b-adrenergic receptors coupled to an adenylyl
cyclase system (8). In white adipocytes, the increase in
cAMP activates cAMP dependent protein kinase A (PKA),
which phosphorylates two major substrates: hormone-
sensitive lipase (HSL) and perilipins (9). Perilipins are
phosphoproteins located on the surface of the lipid drop-
let where lipolysis occurs (10). In the basal state, perilipins
prevent the action of lipases and subsequently the hy-
drolysis of TAG (11–13). Upon phosphorylation by PKA,
perilipins function as facilitators of lipolysis, orchestrating
the action of lipases such as HSL and adipose tissue tri-
acylglycerol lipase (ATGL), a recently discovered hormon-
ally regulated lipase proposed to attenuate basal lipolysis
and to enhance catecholamine-stimulated lipolysis (14,
15). Although perilipin’s role in white adipocytes is well
defined, little is known about the role of perilipin and
PKA-induced phosphorylation of perilipin in brown
adipocytes and the resulting effects on thermogenesis.

Perilipin isoform A (Peri A) is the major isoform ex-
pressed in white and brown adipocytes and has six PKA
consensus sites. Recently, we demonstrated that mutating
serine residues to alanines in all six sites completely abro-
gates cAMP-stimulated lipolysis in several in vitro cell
systems (16, 17). Despite the existence of numerous pub-
lished studies in this area of investigation (16–21), no ex-
periments have ever been performed to examine the role
of PKA-dependent phosphorylation of Peri A in regulating
TAG lipolysis and adaptive thermogenesis in BAT in vivo.

In this study, we used two animal models of altered
perilipin function to investigate the requirement for
perilipin and its PKA-dependent phosphorylation in NE-
induced BAT thermogenesis, a direct measure of adaptive
thermogenesis. We generated a perilipin knockout (Peri
KO) mouse and a novel mouse model in which a mutant
perilipin transgene lacking all six PKA phosphorylation
sites was expressed in adipocytes of the Peri KOmouse (Peri
AKOD1-6) (17). Our thermogenic studies revealed that
when perilipin is present, its PKA-dependent phosphoryla-
tion is crucial for lipolysis and normal adaptive thermogen-
esis in vivo. Interestingly, studies in Peri KO mice suggest
that adaptive thermogenesis in vivo requires NE-dependent
mechanisms in addition to enhanced lipolysis.

RESEARCH DESIGN AND METHODS

Chemicals and antibodies

Reagents and a mouse monoclonal antibody specific for the
Flag peptide were purchased from Sigma Chemical Co. (St.
Louis, MO). L-(2)-NE-(1) bitartrate was purchased from
Calbiochem (La Jolla, CA). A rabbit polyclonal anti-perilipin
antibody and a rabbit polyclonal anti-HSL antibody were
generated as described previously (13). An ATGL antibody was
generated (QCB, Hopkinton, MA) using the peptide
CTNVAFPPDALRMRAPAS and was subsequently affinity-purified
for use in Western blotting (1:2,000). The goat anti-UCP1
polyclonal antibody was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA) and used according to the instructions.

Peri KO and Peri AKO#1-6 mice

Peri KO mice were generated by targeted disruption of the
perilipin gene, which replaced exon 3 (nucleotides 3,515 to
3,887) with a neomycin cassette, thereby disrupting the coding of
all known perilipin mRNAs. Peri KO mice were backcrossed
for 10 generations to C57BL/6 mice (Harlan, Indianapolis, IN).
We generated a mouse Peri AD1-6 cDNA with a Flag tag at the C
terminus using a standard PCR method (17). This cDNA was
then ligated into a SmaI site of pBluescript SK vector containing
the aP2 enhancer/promoter region, the SV40 small tumor anti-
gen splice site, and a polyadenylation signal sequence (a gift of
Dr. B. M. Spiegelman) (22). A fragment containing the entire
aP2-Peri A-Flag transgene was microinjected into fertilized eggs
of C57BL/6 mice. Transgenic mice expressing the Peri AD1-6
transgene almost exclusively in IBAT were obtained. These trans-
genic mice were mated with backcrossed Peri KO mice to
generate the Peri AKOD1-6 mice (hemizygous for the transgene)
used in these studies (17). All mice were housed at room tem-
perature, fed ad libitum, with water provided at all times. Ex-
periments were performed between 16 and 18 weeks of age.

Isolation of mitochondria and oxygen consumption

Mitochondria from BAT and whole liver were isolated by
homogenization followed by differential centrifugation as
described previously (23). Oxygen consumption was measured
with a Clark-type polarographic oxygen probe in a biological
oxygen monitor system (YSI 5300A; Yellow Spring Instrument
Co., Yellow Springs, OH) using succinate (5 mM) as the substrate
in the absence and presence of ADP (100 mM). Data are ex-
pressed as nanomoles of oxygen consumed per milligram of
protein per minute. The protein concentration of the mitochon-
drial suspensions was determined using a bicinchoninic acid kit
(Bio-Rad, Hercules, CA).

IBAT and core thermal response to NE infusion

IBAT and core thermal response to NE were determined as
described previously (24). Briefly, animals were anesthetized with
a mixture of urethane (560 mg/kg intraperitoneally) and
chloralose (38 mg/kg intraperitoneally) on the morning of the
experiment. Mice were kept warm (30jC) with a heating pad
through the course of the experiment. A polyethylene (P-50)
cannula was inserted into the left jugular vein and later used for
NE infusion. IBAT temperatures were measured using a
precalibrated thermistor probe (YSI 427; Yellow Springs Instru-
ment Co.) secured under the brown fat pad. Core temperature
was measured with a colonic probe (YSI 423; Yellow Springs
Instrument Co.). The probes were connected to a high-precision
thermometer (YSI Precision 4000A Thermometer; Yellow
Springs Instrument Co.). Core temperature and IBAT tempera-
tures were monitored during a period of 10 min to obtain a stable
baseline, followed by NE infusion (1,075 pmol/min) using an
infusion pump (Harvard model 2274; Harvard Apparatus,
Holliston, MA) (0.459 ml/min for 30 min). Raw data were
plotted over time and expressed in terms of maximum change in
DIBAT temperature (jC).

Histology and TAG content

Hematoxylin and eosin staining was performed on paraffin
sections of IBAT from wild-type (WT), Peri AKOD1-6, and Peri
KO mice. For lipid analysis, 20 mg of IBAT tissue was homog-
enized in 1 ml of hexane-isopropanol (3:2). After spinning at
1,000 rpm, extraction was repeated and solvent-containing lipid
was dried at room temperature. Lipids were then dissolved in
500 ml of isopropanol, and TAG content was measured using
triglyceride reagent (Sigma). TAG is expressed in micromoles
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per milligram of tissue and represents the average of five mice
per group.

Western analysis

Adipose tissue proteins were extracted as described previously
(25) and quantified using the BCA protein assay (Pierce
Biotechnology, Inc., Rockford, IL). Total lysates (20 mg/sample)
were separated by 10% SDS-PAGE, transferred electrophoreti-
cally to nitrocellulose membranes, and blotted as described
previously (13).

Brown adipocyte isolation and lipolysis

Brown adipocytes were isolated using collagenase and centri-
fugation of pooled IBAT depots as described previously (26) with
minor modifications. Cleaned BAT was minced and digested in
Krebs-Ringer phosphate buffer containing 1% BSA and 2 mg/ml
collagenase. Buffer containing cells and tissue fragments was
filtered through a 70 mm filter. Collagenase was removed by
centrifugation at 2,200 rpm and infranatant removal using a
spinal needle (BD Medical Systems, Franklin Lakes, NJ). Brown
adipocytes from WT (50,000 cells), Peri AKOD1-6 (70,000 cells),
or Peri KO (70,000 cells) mice were divided into aliquots in
triplicate, and lipolysis under basal (200 nM phenyl isopropyl
adenosine) and stimulated (200 nm phenyl isopropyl adeno-
sine 1 10 mM NE) conditions was measured. Lipolytic rate was
assessed as glycerol released into the medium over 1 h using
a Free Glycerol Determination kit (Sigma) (13). Lipolysis is ex-
pressed relative to milligrams of lipid. Free fatty acids were de-
termined using an acyl-CoA oxidase-based colorimetric kit
(NEFA-C; WAKO Pure Chemicals, Osaka, Japan) (25).

Quantitative PCR

Total RNA was extracted from IBAT using a commercial kit
(RNeasy lipid tissue; Qiagen, Inc., Valencia, CA). RNA was
quantified by RiboGreen Quantitation Assay (Molecular Probes,
Eugene, OR), and cDNA was synthesized from 1 mg of total RNA
(Reverse Transcription System; Promega, Madison, WI). Real-
time PCR was performed in triplicate on an ABI PRISM: 7700 in
a total volume of 20 ml using SYBR: Green PCR Master Mix
(Applied Biosystems, Foster City, CA). Primers were designed
using Primer Express (sequences available on request). Data were
analyzed by the comparative critical threshold method (27) and
normalized to an endogenous control gene (18S rRNA). Assum-
ing that primer efficiencies are similar, percentage differences
were calculated by the formula 22DDCt where DDCt is the dif-
ference in threshold cycles for the target and control samples.

Statistical analysis

Results are presented as mean values 6 SEM. Paired or un-
paired t-tests were performed using Microsoft Excel. P < 0.05
was considered significant.

RESULTS

Peri AKO#1-6 expression is higher in IBAT

A construct containing 5.4 kb of the adipocyte-specific
promoter/enhancer aP2 driving the expression of a C-
terminal Flag-tagged Peri A cDNA, carrying serine-to-
alanine mutations in all six PKA sites, was used to generate
a transgenic mouse line (Fig. 1A). These transgenic mice
were bred with Peri KO mice, thus generating the Peri
AKOD1-6 mice with targeted adipose Peri AD1-6 expres-

sion. The mice were viable, born at the expected Men-
delian frequency, and exhibited normal reproduction.
Body weight and linear growth determined by nasal-anal
length were similar among WT, Peri AKOD1-6, and Peri
KO mice (data not shown). The tissue specificity of the
transgene expression was assessed by Western blot analysis
of Peri AKOD1-6 Flag protein (Fig. 1B). Peri AKOD1-6 Flag
protein expression was restricted to adipose tissue; no
signal was detected in liver, spleen, or muscle of the Peri
AKOD1-6 mice. Peri AKOD1-6 Flag protein expression in
these mice was highest in IBAT, with only a faint band
observed in inguinal, perirenal, and epididymal WAT
depots. This uneven Peri AKOD1-6 expression resulted in
WAT depots that were larger than those present in the Peri
KO mice but smaller than those in control mice (data not
shown). IBAT depot weight from Peri AKOD1-6 mice
tended to be more similar to that of WT mice, whereas the
depot weight was reduced (P < 0.01) in Peri KO mice
(WT, 0.156 0.05 g; Peri AKOD1-6, 0.166 0.01 g; Peri KO,
0.106 0.01 g; n 5 5). As observed in white adipocytes, the
absence of perilipin in IBAT is associated with the ex-
pression of adipose-differentiation related protein, which
stabilizes the lipid droplets (Fig. 1C) (13, 28). The levels

Fig. 1. Peri AKOD1-6 protein is preferentially expressed in inter-
scapular brown adipose tissue (IBAT) of Peri AKOD1-6 mice.
A: Scheme of the transgenic construct showing the mouse aP2
promoter/enhancer, the cDNA for perilipin isoform A (Peri A)
D1-6 protein kinase A (PKA) Flag-tagged at the C terminus, and
the SV40 intron/poly(A) signal. These transgenic mice were mated
with perilipin knockout (Peri KO) mice to generate the Peri
AKOD1-6 mice used in these studies. B: Western blotting analysis of
protein lysates from Peri AKOD1-6 mouse tissues using antibody
recognizing the Flag epitope. C: Western blotting of protein lysates
collected from IBAT of wild-type (WT), Peri AKOD1-6, and Peri
KO mice immunoblotted with antibodies recognizing Peri A, the
Flag epitope ligated to Peri AD1-6, adipose-differentiation related
protein (ADRP), hormone-sensitive lipase (HSL), and adipose tis-
sue triacylglycerol lipase (ATGL).

Roles of perilipin in brown adipose tissue thermogenesis 1275
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of the protein lipases HSL and ATGL were not signifi-
cantly different among WT, Peri AKOD1-6, and Peri KO
mice (Fig. 1C).

Morphology, histology, and TAG content in IBAT of Peri
AKO#1-6 mice

Investigation of IBAT depots from 18 week old mice
revealed that IBAT of Peri AKOD1-6 mice was slightly larger
(Fig. 2A), contained larger lipid droplets (Fig. 2B), and had
67% more TAG content than that in WT mice (Fig. 2C).
In contrast, IBAT of Peri KO mice was darker (Fig. 2A),
displayed smaller lipid droplets (Fig. 2B), and exhibited
47% less TAG content (Fig. 2C) than that in WT mice.

NE-induced thermal response is blunted in IBAT of Peri
AKO#1-6 mice

Because the expression of perilipin A or D1-6-mutated
perilipin was similar in IBAT of WT and Peri AKOD1-6
mice, respectively, we used the latter model to elucidate
the in vivo role of PKA-dependent perilipin phosphoryla-
tion in IBAT-dependent adaptive thermogenesis. To eval-
uate IBAT thermogenesis directly, we measured changes
in the temperature of the IBAT depot in response to a
30 min constant intravenous NE infusion (1.1 pmol/min)
in anesthetized mice. In WT mice, NE infusion elicited
a rapid and progressive increase in IBAT and core tem-
peratures, which reached maxima of ?3.0jC and 1.5jC,
respectively (Fig. 3A, B). Notably, the increase in core

temperature had a delay of ?10 min compared with the
IBAT thermal profile, confirming the expected tempera-
ture gradient (24). Remarkably, the IBAT thermal profile
was indistinguishable in the Peri KO mice compared with
WT mice, whereas in Peri AKOD1-6 mice an ?70% re-
duction was observed (Fig. 3A). These changes are physio-
logically relevant, as the core temperature in the Peri
AKOD1-6 mice also failed to increase accordingly (Fig. 3B).
These findings demonstrate a clear deficit in the Peri
AKOD1-6 IBAT-dependent adaptive thermogenesis.

Mitochondrial respiration and UCP1 levels are normal in
Peri AKO#1-6 IBAT

To test whether the deficit observed in the Peri AKOD1-6
IBAT is related to a mitochondrial dysfunction, we first
analyzed the UCP1 protein levels in both animal models
by Western blotting and found them to be similar to WT
levels (Fig. 4A). Next, we measured IBAT mRNA levels of
transcripts involved in b-oxidation (i.e., mitochondrial
carnitine palmitoyltransferase 1 and 2, carnitine/acylcarni-
tine translocase, 3-ketoacyl-CoA thiolase B) and found no
differences among the three groups of animals (Fig. 4B).
Functional mitochondrial studies were performed by
analyzing oxygen consumption of isolated IBATmitochon-
dria in thepresenceof 5mMsuccinate as substrate (stage 2)
and in the presence of 100 mM ADP (stage 3) (23). The
profiles revealed no differences in IBAT mitochondrial
oxygen consumption during stages 2 and 3 of respira-

Fig. 2. Altered lipid deposition in IBAT of Peri AKOD1-6 and Peri KO mice. A: Gross observation of the
brown adipose tissue (BAT) from WT, Peri AKOD1-6, and Peri KO mice. B: Histological hematoxylin and
eosin-stained sections of fixed BAT tissues from these mice. Bars5 50 mm. C: Triacylglycerol (TAG) content
determined from total lipid extracted from IBAT sections, normalized by tissue weight. Data are expressed
as means 6 SEM of five mice/group. * P < 0.01; ** P < 0.05 versus WT mice.
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tion among WT, Peri AKOD1-6, and Peri KO mice
(Fig. 4C). It is notable that no further increase in oxygen
consumption was observed after the addition of ADP, re-
flecting the uncoupled state of IBAT mitochondria (29).
As a control, oxygen consumption in mitochondria iso-
lated from liver was studied under similar conditions
and found to be comparable in WT, Peri AKOD1-6, and
Peri KO mice, as expected (23), including increased oxy-
gen consumption at stage 3 of mitochondrial respira-
tion (Fig. 4D).

Lipolysis in isolated brown adipocytes

A 2-fold increase in glycerol and FFA release was
observed in isolated WT brown adipocytes treated with
10 mm NE for 1 h (Fig. 5A, B). In contrast, NE-stimulated
lipolysis was abrogated in Peri AKOD1-6 brown adipocytes
(Fig. 5A, B), confirming the impaired cAMP-stimulated
lipolysis observed in similar cell models of Peri AKOD1-6
expression (16, 17). Basal lipolysis was also reduced,
presumably reflecting the abrogation of basal levels of
perilipin phosphorylation. Isolated brown adipocytes of
Peri KO mice exhibited an increased basal glycerol and
fatty acid release rate that was not stimulated further by
exposure to NE (Fig. 5A, B).

DISCUSSION

This study provides the first in vivo evidence that
perilipin phosphorylation is required for normal lipolysis
and adaptive thermogenesis in BAT. To explore the role of
perilipin PKA phosphorylation sites in BAT thermogene-
sis, we developed a novel model (the Peri AKOD1-6
mouse), which expresses a mutant perilipin transgene
lacking all six PKA phosphorylation sites in adipocytes of

Fig. 3. Norepinephrine (NE)-induced thermal response is dra-
matically blunted in IBAT of Peri AKOD1-6 mice and normal in
IBAT of Peri KO mice. IBAT (A) and core (B) temperatures (T)
were measured in anesthetized mice before (baseline) and during
NE infusion at a rate of 1,075 pmol/min. The data represent
maximal responses above baseline every 5 min over a period of
30 min of NE infusion. Values are expressed as means 6 SEM of
four mice/group.

Fig. 4. Mitochondrial oxygen consumption is unaffected in IBATof
Peri AKOD1-6 mice. A: Western blotting for uncoupling protein-1
(UCP1) from IBAT of WT, Peri AKOD1-6, and Peri KO mice. Each
lane represents an individual mouse. B: mRNA expression of
genes selective for fatty acid oxidation in IBAT [mitochondrial
carnitine palmitoyltransferase 1 and 2 (M-CPT1, CPT2), carnitine/
acylcarnitine translocase (CAC), and 3-ketoacyl-CoA thiolase B
(KAT)] (n5 5/group). C, D:Oxygen consumption of isolatedmito-
chondria from IBAT (C) and liver (D) of WT, Peri AKOD1-6, and
Peri KO mice was measured using succinate (5 mM) as substrate
in the absence and presence of ADP (100 mM). Data are expressed
as picomoles of oxygen consumed per milligram of protein per
minute. Results represent means 6 SEM of two experiments per-
formed in triplicate.

Roles of perilipin in brown adipose tissue thermogenesis 1277
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Peri KO mice (Fig. 1). In these mice, perilipin is expressed
on the lipid droplets of brown adipocytes and the rates of
basal lipolysis are low, reflecting perilipin’s actions as a bar-
rier to lipases in the nonphosphorylated state (Fig. 5A, B)
(11, 13, 14, 16, 17, 28). However, D1-6 perilipin cannot be
phosphorylated by PKA, thereby precluding NE-induced
lipolysis as well (Fig. 5A, B) (16, 17). Thus, the expression of
D1-6 perilipin results in low rates of both basal and PKA-
stimulated lipolysis in isolated brown adipocytes of Peri
AKOD1-6 mice (Fig. 5). These results confirm and extend
our initial in vitro observations using differentiated brown
preadipocytes from Peri AKOD1-6 (16, 17).

Using a direct method to assess the actions of NE to
increase thermogenesis, we demonstrate that NE-induced
IBAT thermogenesis is dramatically impaired in Peri
AKOD1-6 mice and that this impairment is attributable
to defective PKA-dependent lipolytic activation. We
demonstrate that in WT animals NE infusion increased
IBAT temperature by ?3.0jC and subsequently caused an
increase in core temperature. In contrast, the thermal
increase observed in IBAT of Peri AKOD1-6 was limited
to ?1.0jC, with no detectable change in core tempera-
ture (Fig. 3A, B). In view of the fact that mitochon-
drial function is preserved and UCP1 levels are normal
in Peri AKOD1-6 mice (Fig. 4), these results demonstrate

the critical role of perilipin phosphorylation and PKA-
dependent lipolysis in IBAT thermogenesis.

The normal thermal response to NE infusion observed
in Peri KOmice (Fig. 3A, B) was intriguing, given the dem-
onstrated requirement of perilipin for PKA-stimulated
lipolysis in adipocytes (28, 30). Indeed, in this study, NE
treatment failed to induce TAG hydrolysis above constitu-
tive levels in brown adipocytes from Peri KO mice (Fig. 5).
However, because of the absence of perilipin, basal (con-
stitutive) lipolysis in BAT of Peri KO mice was increased,
achieving levels comparable to PKA-stimulated lipolysis in
WT mice (Fig. 5). Thus, basal rates of TAG hydrolysis in
IBAT of Peri KO mice provide sufficient fatty acids to fully
support NE-stimulated thermogenesis. Our demonstra-
tion of normal adaptive thermogenesis in Peri KO mice is
reflected in the normal capacity of fed mice to maintain
core body temperature in response to cold exposure (30).
Interestingly, in the absence of NE treatment, the in-
creased rate of constitutive TAG hydrolysis in Peri KO
mice is not sufficient to induce BAT thermogenesis, sug-
gesting that NE-dependent cell biological mechanisms
“downstream” of, or in addition to, lipolysis are required
for NE-induced thermogenesis.

In conclusion, the blunted IBAT thermogenic response
to NE detected in Peri AKOD1-6 mice indicates that PKA-
mediated perilipin phosphorylation and the subsequent
TAG hydrolysis are critical for adaptive thermogenesis in
brown adipocytes. In addition, our studies also provide
evidence for the existence of other equally critical NE-
dependent but perilipin-independent mechanisms that
must be activated to initiate and sustain the IBAT ther-
mal response.
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