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oxidative genes.

Conclusion: Lipolytic products signal via PPARa and PPARGS.
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(Background: Adrenergic activation of brown adipocytes mobilizes fatty acids for oxidation and promotes transcription of
Results: Activation of adipocyte lipases generates agonists of PPAR« and PPARGS that promote transcription of oxidative genes.

Significance: Lipolytic activation of PPAR«a and PPARS provides a mechanism for matching oxidative capacity to substrate
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B-adrenergic receptors (3-ARs) promote brown adipose tis-
sue (BAT) thermogenesis by mobilizing fatty acids and inducing
the expression of oxidative genes. 3-AR activation increases the
expression of oxidative genes by elevating cAMP, but whether
lipolytic products can modulate gene expression is not known.
This study examined the role that adipose triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL) plays in the induc-
tion of gene expression. Activation of brown adipocytes by 3-AR
agonism or 8-bromo-cyclic AMP increased the expression of
PGCla, PDK4, PPARe, uncoupling protein 1 (UCP1), and neu-
ron-derived orphan receptor-1 (NOR-1), and concurrent inhi-
bition of HSL reduced the induction of PGC1l«, PDK4, PPAR¢,
and UCP1 but not NOR-1. Similar results were observed in the
BAT of mice following pharmacological or genetic inhibition of
HSL and in brown adipocytes with stable knockdown of ATGL.
Conversely, treatments that increase endogenous fatty acids ele-
vated the expression of oxidative genes. Pharmacological antag-
onism and siRNA knockdown indicate that PPAR« and PPARS
modulate the induction of oxidative genes by 3-AR agonism.
Using a live cell fluorescent reporter assay of PPAR activation,
we demonstrated that ligands for PPARa and -8, but not
PPARYy, were rapidly generated at the lipid droplet surface and
could transcriptionally activate PPAR« and -8. Knockdown of
ATGL reduced cAMP-mediated induction of genes involved in
fatty acid oxidation and oxidative phosphorylation. Conse-
quently, ATGL knockdown reduced maximal oxidation of fatty
acids, but not pyruvate, in response to cAMP stimulation. Over-
all, the results indicate that lipolytic products can activate
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PPARa and PPARGS in brown adipocytes, thereby expanding the
oxidative capacity to match enhanced fatty acid supply.

Brown adipose tissue (BAT)? is a thermogenic organ that
functions to maintain body temperature by producing heat in
response to cold exposure. BAT is activated by sympathetic
nerves that release catecholamines and stimulate 3-adrenergic
receptors (B-ARs). B-AR activation of the cAMP/protein
kinase A (PKA) pathway elevates intracellular fatty acids which
activate UCP1 (the molecular mechanism of thermogenesis)
and supplies fuel for high rates of oxidative metabolism. Acti-
vation of 3-ARs on brown adipocytes also promotes the tran-
scription of genes involved in thermogenesis, such as UCP1 and
peroxisome proliferator-activated receptor y coactivator 1-a
(PGCla), a key transcriptional co-activator (1-3) that regulates
mitochondrial biogenesis and metabolism. Exactly how 3-ARs
induce the expression of these genes is not entirely known, but
PKA phosphorylates the transcription factor CREB (cAMP
response element-binding protein) (4, 5), thereby activating
transcription of genes such as PGCla and UCP1, which contain
cAMP response elements (6). In addition, the genes for UCP1
and PGCla contain binding sites for the peroxisome prolifera-
tor-activated receptors (PPARs), a family of nuclear receptors
that are involved in lipid signaling. Whether PPARs are impor-
tant in mediating the action of B-AR activation is not known.

3 The abbreviations used are: BAT, brown adipose tissue; B-AR, B-adrenergic
receptor; UCP1, uncoupling protein 1; PGC1«, peroxisome proliferator-ac-
tivated receptor y coactivator 1«; PPAR, peroxisome proliferator-activated
receptor; ATGL, adipose tissue triglyceride lipase; HSL, hormone-sensitive
lipase; WAT, white adipose tissue; BAY, BAY 59-9435; CL, CL-316,243; Het,
heterozygous; QPCR, quantitative PCR; SRC1, steroid receptor co-activator
1; EYFP, enhanced yellow fluorescent protein; Wy, Wy-14,643; L165,
L-165,041, aa, amino acid; CPT1, carnitine palmitoyltransferase 1; PPIA,
peptidylprolyl isomerase A; CREB, cAMP response element-binding
protein; NOR-1, neuron-derived orphan receptor-1; DMSO, dimethyl sulf-
oxide; ANOVA, analysis of variance; LCAD, long chain acyl-CoA dehydro-
genase; MCAD, medium chain acyl-CoA dehydrogenase; FCCP, carbonyl-
cyanide-p-trifluoromethoxyphenylhydrazone; shCON, control shRNA;
shATGL, shRNA against ATGL; 8-Br-cAMP, 8-bromo-cyclic AMP.
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Lipolysis Activates PPARa and PPAR® in Brown Adipocytes

B-AR activation of lipolysis and gene transcription are gen-
erally thought to be parallel pathways in brown adipocytes.
PKA triggers lipolysis by indirectly activating adipose triglycer-
ide lipase (ATGL) (7) and by directly phosphorylating and acti-
vating hormone-sensitive lipase (HSL), which acts on triacyl-
glycerol and diacylglycerol (8). Work from our laboratory and
others has led to the appreciation that lipolysis can alter the
expression patterns of genes involved in both inflammation and
oxidation (9 -12). In white adipose tissue (WAT), acute activa-
tion of lipolysis suppresses PKA activation and induces the
expression of inflammatory cytokines (10) that limit excessive
fatty acid production (9, 13). In contrast, chronic activation of
B-ARs in WAT produces a catabolic remodeling marked by the
appearance of multilocular adipocytes and increased in situ fat
oxidation, thereby resembling a BAT-like phenotype (14). This
“browning” of white fat is delayed in mice lacking HSL (11) and
in mice lacking the nuclear receptor PPAR«, suggesting that
lipolysis might signal via PPARs (15). Recent evidence has also
implicated the other major lipase of BAT, ATGL, in regulating
the expression of catabolic genes. Mice lacking ATGL in adi-
pose tissue have reduced expression of PPARa« target genes in
BAT (16), and ATGL is needed to maintain an oxidative phe-
notype in the heart, likely via activation of PPARwx (12).
Although these studies suggest that ATGL and HSL signal
through PPARs, chronic loss of lipase function may indirectly
alter PPAR activity. Furthermore, these studies did not address
how and where the acute activation of lipases might regulate
gene transcription via PPARs.

The nuclear receptors PPAR«q, PPARS, and PPARYy are acti-
vated by various lipid species and regulate different aspects of
lipid metabolism, such as fatty acid oxidation and lipid storage
(17). Although the therapeutic benefits of targeting the PPARs
are widely known (18), how these receptors are activated in a
biological context and the cellular site(s) of ligand production
are less well understood. Here we demonstrate that lipolysis is
required for the maximal induction of thermogenic genes by
B-AR activation in brown adipocytes. Increasing fatty acid lev-
els promoted the transcription of genes involved in thermogen-
esis, and both PPAR«a and PPARS were required for the maxi-
mal induction of thermogenic genes by 3-AR. Furthermore, we
demonstrate that ligands for both PPARa and -8, but not
PPARY, are created at the lipid droplet surface within minutes
of stimulation with 8-Br-cAMP and can transcriptionally acti-
vate PPARa and -6 over a period of hours. Activation of PPAR«
and -6 was sufficient to increase the expression of genes
involved in fatty acid oxidation and oxidative phosphorylation.
ATGL was required for the maximal induction of genes
involved in fatty acid oxidation and mitochondrial electron
transport and the increase of mitochondrial fatty acid oxidation
in response to cAMP stimulation.

EXPERIMENTAL PROCEDURES

Animal Studies—C57BL/6] mice (n = 11/group) were
treated with the HSL inhibitor BAY 59-9435 (BAY) (30 mg/kg)
or methylcellulose followed by the 83-AR agonist CL-316,243
(CL) (10 nmol) for 3 h, as described previously (11). BAT was
collected and stored in RNAlater at —80 °C until processed for
RNA extraction (11). HSL-KO mice were provided by Frederic

JULY 20, 2012+VOLUME 287 +NUMBER 30

Kraemer (Stanford University) and bred and genotyped as
described (11). HSL-KO (n = 13/group) and heterozygous
(Het) and WT littermates (n = 13/group) were treated with CL
for 6 h, and BAT was processed as described above.

Cell Culture Studies—A brown adipocyte cell line was cul-
tured and differentiated as described previously (19). Briefly,
confluent cells were placed in induction medium (0.5 mm
3-isobutyl-1-methylxanthine, 0.25 mm indomethacin, 2 ug/ml
dexamethasone, 1 nm T3, 20 n™ insulin) for 2 days and subse-
quently maintained on differentiation medium (1 nm T3, 20 nm
insulin). All experiments were performed on cultures at 68
days post-induction. Unless otherwise indicated, cells were
rinsed with PBS, and medium was changed to Hepes-Krebs-
Ringer buffer + 1% BSA. Where indicated, brown adipocytes
were pretreated with triacsin C (5 uMm, Sigma), BAY (5 um),
etomoxir (50 uM, Sigma), GW6471 (10 um, Tocris), GSK0660
(2 um, Tocris), or GW9662 (30 um, Tocris) followed by isopro-
terenol (10 uMm, Sigma) or 8-Br-cAMP (1 mm, Biolog). For
experiments examining mitochondrial gene expression, brown
adipocytes were stimulated for 24 h with 8-Br-cAMP (1 mm) or
selective agonists of PPARa (GW7647, 1 uMm, Tocris), or PPARS
(L-165,041, 5 um, Tocris). Medium fatty acids were measured
as described previously (11). Western blot for ATGL was per-
formed as described previously (9).

Lentivirus Transduction and siRNA Transfections—Undif-
ferentiated brown adipocytes were infected with lentivirus vec-
tors (Open Biosystems) for a control non-targeting shRNA
(RHS4346 (shCON)) or one directed against ATGL
(RMM4431-98739845 (shATGL)) at a multiplicity of infection
of 100 for 24 h and selected by hygromycin (4 ug/ml, GoldBio)
and GFP fluorescence by FACS. Cells were differentiated and
treated as described above.

Transient siRNA knockdown was performed as described
previously (9) with the following modifications. Brown adi-
pocytes cultured 4 days post-induction were trypsizined and
replated (2.4 X 10 cells/well) in collagen-coated 24-well plates
containing Lipofectamine 2000 (Invitrogen) and 50 nm
SMARTpool siRNA (Dharmacon) against PPAR« (siPPARw;
M-040740-01-0005), PPARS (siPPARS; M-042751-01-0005),
or nontargeting siRNA (siCON; D-001210-01). Experiments
were performed 72 h post-transfection on triplicate wells as
stated above.

Gene Expression Analysis—RNA isolated from BAT and
brown adipocytes was analyzed for gene expression by quanti-
tative PCR (QPCR) as described previously (9, 11). PDK4 cDNA
was amplified using primers 5'-AGGATTACTGACCGCCT-
CTT-3' (forward) and 5'-CGTCTGTCCCATAACCTGAC-3'
(reverse); MCAD with 5'-ATTGCCAATCAGCTAGCCAC-3’
(forward) and 5'-CTGATAGATCTTGGCGTCCC-3' (re-
verse); COXII with 5'-CGAGTCGTTCTGCCAATAGA-
3" (forward) and 5'-TCAGAGCATTGGCCATAGAA-3’
(reverse); cytochrome c (Cycs) with 5'-GGAGAAAGGGCAG-
ACCTAAT-3' (forward) and 5'-CTGTCCAACAAAAACAT-
TGCT-3' (reverse); and COXIV with 5'-CCCTCATACTTTC-
GATCGTG-3' (forward) and 5'-TTATTAGCATGGACCAT-
TGGA-3' (reverse). mRNA knockdown of PPAR« was detected
with primers 5-AGGCTGTAAGGGCTTCTTTC-3" (for-
ward) and 5'-CGAATTGCATTGTGTGACAT-3' (reverse)
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and knockdown of PPARS with 5'-GACAATCCGCATGAAG-
CTC-3’ (forward) and 5'-GGATAGCGTTGTGCGACAT-
3'(reverse). All other cDNAs were amplified using primers
described previously (11, 14, 15).

Generation of Reporter Constructs—The ligand-binding
domain of human PPARa (NP_001001928; amino acids (aa)
191-467), mouse PPARa (NP_035274; aa 191-469) PPARS
(NP_035275; aa 162-441), and PPARy (NP_001120802; aa
207-474) were amplified by PCR. Ligand-binding domains
were cloned into Agel/NotI on the C terminus of full-length
Perilipin-1 (Plinl; NP_783571). The LXXLL-containing do-
main of steroid receptor co-activator 1 (SRC1) (NP_035011; aa
620-770) was amplified from mouse ¢cDNA and cloned
in-frame into enhance yellow fluorescent protein (EYFP)-C1
(Clontech) vector (EYFP-SRC1). Chimeras for the yeast GAL4
DNA-binding domain were made by fusing the DNA-binding
domain of GAL4 (aa 1-147) in-frame with the ligand-binding
domain of human PPAR« (aa 167-468) or human PPARS
(NP_006229; aa 139 —441) into pcDNA3 (Invitrogen).

Reporter Assays—Fluorescent reporter experiments were
performed by transfecting brown adipocytes with reporter
plasmids for PPAR«a, PPARS, or PPARy and EYFP-SRC1 with
Lipofectamine LTX/Plus (Invitrogen), as recommended by the
manufacturer. Cultures at 4-5 days post-induction were
trypsinized and seeded onto 25-mm coverslips containing a
mixture of DNA, LTX/Plus, and DMEM + 10% EBS. Images
were acquired as described previously for EYFP fluorescence
using a 40 X 0.9 N.A. water immersion lens (20). Images for
EYFP and phase were acquired every minute, and the region of
interest from an average of two frames was quantified using
IPlabs software (Scanalytics). Cells were pretreated with DMSO
or BAY for 10 min, and the basal fluorescence was recorded for
4 -6 frames followed by stimulation with 8-Br-cAMP (1 mm)
for 20 min and finally by the addition of ligands for PPAR«
(Wy-14,643 (Wy), 100 pum), PPARS (L-165,041 (L165), 10 pm),
or PPARY (rosiglitazone, 10 um) for 8 =12 min. The data from
the region of interest were normalized to the maximum EYFP
fluorescence in the region of interest induced by Wy, L165, or
rosiglitazone. The effect of oleic acid on fluorescent reporters
was tested with 400 um oleic acid complexed to BSA for 12 min.
Data were normalized to the maximal effect induced by full
PPAR agonists (intrinsic activity) determined at the end of each
experiment. Normalized data from 3—4 independent experi-
ments with 2—4 coverslips/experiment were combined for
presentation and statistical analysis. At the end of some exper-
iments, coverslips were stained for neutral lipids with Lipid-
TOX Deep Red (Invitrogen) and imaged with Cy5 excitation/
emission filters (20).

Gal4 luciferase reporter assays were performed by transfect-
ing brown adipocytes with 0.7 ug of Gal4-PPAR« or Gal4-
PPARS, 0.7 ug of luciferase reporter (pUAS-Luc2; Addgene
24343), and 100 ng of B-galactosidase (3-gal) reporter as stated
above. Cells were cultured on 12-well collagen-coated plates
and used 6 -7 days post-differentiation. Transfected cells were
treated with BAY or DMSO for 30 min followed by isoprotere-
nol for 8 h and then lysed in 120 ul of cell culture lysis reagent
(Promega). Ligands for PPAR«a (Wy) and PPARS (L165) were
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used as positive controls. Luciferase assays were performed as
described previously (9).

Measurement of Mitochondrial Respiration—Mitochondrial
respiration was measured in digitonin-permeabilized cells
using the MitoXpress (Luxcell Biosciences) phosphorescent
oxygen-sensitive fluorescent probe (21-23). Probe fluores-
cence is quenched in the presence of molecular oxygen via a
nonchemical (collisional) mechanism and is fully reversible. As
cells respire, the change in oxygen consumption is seen as an
increase in probe fluorescence and reflects the increase in mito-
chondrial activity over time (23). sShCON or shATGL brown
adipocytes were stimulated with 1 mm 8-Br-cAMP for 48 h with
medium changed every 24 h. Cells were trypsinized, washed
once with PBS/1 mm EDTA followed by PBS/1 mm EDTA/1%
BSA, and resuspended in 250 ul of respiration buffer B (modi-
fied from Ref. 22; 0.5 mm EGTA, 5 mm MgCl,, 20 mMm taurine, 10
mM KH,PO,, 20 mMm Hepes, 0.1% BSA, 60 mm KCI, 110 mm
mannitol, pH 7.1). Cells were added to duplicate wells in a
black, clear-bottom, 96-well plate containing 110 ul of respira-
tion buffer B plus 20 pg/ml digitonin, 100 nm MitoXpress
probe, 5 mm malate, and the indicated substrates (5 mm
pyruvate or 50 uM palmitoylcarnitine with 2 mm ADP or
10 wm carbonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP)). The plate was covered with 100 ul of mineral oil to
prevent diffusion of ambient oxygen, and wells were read with a
Molecular Devices SpectraMax M5 plate reader in time-re-
solved mode (30 °C every 1.5 min, with an excitation/emission
of 380/650 nm, a delay of 50 us, and a gate time of 200 us). No
oxygen consumption was observed in cells without substrate or
in cells treated with substrate and 1 uM rotenone. The relative
oxygen consumption rate was calculated as the maximal linear
increase in fluorescence over 4.5 min (SoftMax Pro, Molecular
Devices) and normalized to 4 X 10° cells.

Mitochondrial DNA was quantified on brown adipocyte cul-
tures that were stimulated with 8-Br-cAMP as stated above.
DNA was extracted with phenol-chloroform-isoamylalcohol,
and QPCR was performed using ABsolute Blue QPCR SYBR
Green mix (Thermo Scientific) and primers for Ndfuvl
(nuclear DNA (nDNA)) and COXI (mitochondrial DNA
(mtDNA)) as described (24).

Statistical Analysis—Data, reported as means = S.E., were
analyzed by one- or two-way ANOVA with comparisons per-
formed using the Bonferroni post hoc test (GraphPad Soft-
ware). Comparisons between the two groups were analyzed by
an unpaired two-tailed £ test.

RESULTS

Lipolysis Is Required for the Maximal Induction of Thermo-
genic Gene Expression by B-AR in Brown Adipocytes and
BAT—We initially tested the role of lipolysis in modulating the
induction of gene expression by 3-AR activation in brown adi-
pocytes via pharmacological inhibition of HSL. Treatment of
brown adipocytes with the B-AR agonist isoproterenol induced
the expression of PGCla, PPAR«w, pyruvate dehydrogenase
kinase 4 (PDK4), and NOR-1 (Fig. 14). Inhibition of lipolysis
with the selective HSL inhibitor BAY reduced the induction of
PGCla, PPARq, and PDK4 but not NOR-1. BAY did not have
any effect on the basal levels of gene expression. As expected,
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FIGURE 1. HSL is required for B-AR-mediated induction of oxidative genes in brown adipocytes. A, brown adipocytes were treated with BAY (5 um) or
vehicle (DMSO) followed by vehicle (H,0) or isoproterenol (/so; 10 um) for 4 h. mRNA levels were measured by QPCR, normalized to percent peptidylprolyl
isomerase A (PPIA), and expressed as percent isoproterenol. B, medium free fatty acids (FFA) were measured after 4 h and expressed as -fold isoproterenol.
C, brown adipocytes were treated as described in A, except cells were stimulated with 8-Br-cAMP (1 mwm). Data are from 3-4 independent experiments

performed in duplicate and analyzed by two-way ANOVA to determine the effect of BAY (***, p < 0.001; **, p < 0.01; ¥, p < 0.05; n.s., non-significant).

B-AR activation increased lipolysis, an effect that was reduced
by BAY (Fig. 1B). To ensure that these effects on gene expres-
sion were not due to alterations in B-adrenergic signaling, we
bypassed the B-AR by using the cAMP analog 8-Br-cAMP.
Stimulation of brown adipocytes with 8-Br-cAMP induced the
expression of PGClea, PPARq, PDK4, and UCP], an effect that
was reduced by BAY (Fig. 1C). The induction of NOR-1 mRNA
by 8-Br-cAMP was unaffected by BAY. These results suggest
that HSL positively regulates the induction of a subset of genes
by B-AR activation.

We next tested the role of HSL in mediating the induction of
gene expression in BAT by challenging mice with the selective
B3-AR agonist CL-316,243. CL induced the expression of
PGCla, PPARa, PDK4, UCP1, and NOR-1 in BAT (Fig. 24),
whereas BAY reduced the induction of PGCla, PPAR«, PDK4,
and UCP1 but not NOR-1. As an additional test of the in vivo
role of HSL, we challenged WT/Het and HSL-KO mice with
CL. CL induced the expression of PGCla, PPAR«a, PDK4,
UCP1, and NOR-1 in WT/Het mice; this effect was reduced in
HSL-KO mice for PGCla and UCP1, with trends for reduction
of PPARa (p = 0.058) and PDK4 (p = 0.18) (Fig. 2B). The
induction of NOR-1 was similar between WT/Het and
HSL-KO mice.

In addition to HSL, adipocytes express ATGL, which is
believed to be the rate-limiting enzyme for lipolysis. The role of
ATGL in the induction of genes by B-AR activation was tested
by making stable cell lines expressing a control shRNA
(shCON) or shRNA against ATGL (shATGL) in the brown adi-
pocytes. Stable knockdown effectively reduced the protein lev-
els of ATGL (Fig. 3A) and significantly diminished fatty acid
levels after B-AR agonist treatment (Fig. 3B). Isoproterenol
induced the expression of PGCla, PPARw, and PDK4, and this
induction was lower in shATGL cells (Fig. 3C). Isoproterenol
also increased the expression of NOR-1, but the level of mRNA
expression was equally increased in shATGL cells. Further
reduction in lipolysis by inhibition of HSL (Fig. 3B) reduced the
induction of PGCla and PPAR« (Fig. 3C) in shATGL cells.
Overall, these results indicate that lipolysis via the activity of
lipases ATGL and HSL is required for the maximal induction of

JULY 20, 2012+VOLUME 287 +NUMBER 30

thermogenic gene expression in response to B-AR activation in
brown adipocytes.

Increasing Fatty Acids Promotes Thermogenic Gene Tran-
scription in Brown Adipocytes—To further address whether lip-
olytic products play a role in positively regulating gene tran-
scription, we tested the effects of increasing endogenous fatty
acid levels. First, we modulated fatty acid levels, blocking their
oxidation by inhibiting carnitine palmitoyltransferase 1
(CPT1), the rate-limiting step for entry of fatty acids into the
mitochondria. Treatment with etomoxir, an inhibitor of CPT1,
did not have any effect on basal gene expression, nor did it affect
extracellular lipolysis (not shown), but it potentiated the induc-
tion of PGCla, PDK4, and PPAR« by isoproterenol (Fig. 44).
Secondly, the activation of fatty acids was blocked by inhibiting
the activity of long chain acyl-CoA synthetase, an enzyme that
catalyzes the formation of fatty acyl-CoA. Inhibiting long chain
acyl-CoA synthetase activity with triacsin C elevated fatty acid
levels (Fig. 4B) and was sufficient to induce the expression of
PGCla, PDK4, UCP1, and PPAR« in the absence of PKA acti-
vation (Fig. 4C). These results demonstrate that endogenous
fatty acids are sufficient to promote the expression of thermo-
genic genes in brown adipocytes.

PPARwo and PPARS Mediate the Induction of Gene Expression
by B-AR Activation in Brown Adipocytes—We next addressed
the mechanism by which lipolytic products increase thermo-
genic gene expression in brown adipocytes. The promoter
regions of the PGCla, PDK4, and UCP1 genes contain binding
sites for the family of nuclear receptor PPARs. The PPARs are
key regulators of lipid metabolism that are activated by lipids to
promote gene transcription. We tested the role of PPARs and
their binding partner, retinoid X receptor, in modulating B-AR-
mediated gene expression by first using selective antagonists
(not shown and Fig. 5, A and C). Only receptor antagonists
against PPAR« and -6 significantly reduced the induction of
gene expression in brown adipocytes (Fig. 5A). Neither the
PPARa nor PPARS antagonist had any effect on lipolysis (Fig.
5B). In contrast, the PPARy antagonist, GW9662, did not affect
the induction of genes by B-AR agonism (Fig. 5C). Because
pharmacological probes can have issues with selectivity, we
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FIGURE 2. HSL is required for $3-AR-mediated induction of thermogenic genes in BAT. A, mice (n = 11) were pretreated with BAY (30 mg/kg) or
methylcellulose (MC) for 1 h followed by CL (10 nmol) or vehicle (H,0) for 3 h, and BAT was analyzed for mRNA expression by QPCR and normalized to percent
PPIA. B, mice (n = 13) (WT, Het, or deficient for HSL (KO)) were treated with CL (10 nmol) for 6 h, and BAT was analyzed for mRNA as described in A. The effect
of BAY (two-way ANOVA) or the difference between WT/Het and HSL-KO mice (two-way ANOVA) is indicated (**, p < 0.01; *, p < 0.05; ns, non-significant).
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FIGURE 3. Knockdown of ATGL reduces the induction of oxidative genes by B-AR activation in brown adipocytes. A, Western blot was performed on
shCON and shATGL brown adipocytes for ATGL and GAPDH. B, medium free fatty acids (FFA) were measured after 4 h and expressed as -fold isoproterenol (/so).
Ctl, control. C, shCON and shATGL brown adipocytes were treated with isoproterenol (10 um) or BAY and isoproterenol (BAY/Iso), for 4 h,and mRNA levels were
measured by QPCR, normalized to percent PPIA, and expressed as a percentage of shCON isoproterenol. Data are from three separate experiments performed
in duplicate, and the difference between shCON and shATGL cells by two-way ANOVA is indicated (***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., non-significant).

performed siRNA knockdown of PPAR«a and PPARS. Targeted
siRNAs effectively knocked down mRNA levels of PPAR« and
-8 (Fig. 5B) without affecting lipolysis (Fig. 5F). siRNA knock-
down of PPARa significantly reduced the induction of PGCla,
PDK4, and UCP1 by isoproterenol, but not NOR-1, whereas
knockdown of PPARS effectively reduced the up-regulation of
PDK4 and UCP1 (Fig. 5E). These results demonstrate that
PPARa and -6 detect lipolytic products to promote the expres-
sion of oxidative genes.

Lipid Droplets Generate Ligands That Transcriptionally
Activate PPARa and -8 but Not PPARy—We investigated
whether acute activation of lipolysis generates agonists for
PPARa and PPARGS. Class II nuclear receptors are activated
when agonists enter the nucleus, bind their receptors, and
recruit co-activator molecules. Although the mechanisms of
nuclear receptor activation are well known, the pathways that
produce ligands and their sites of production are poorly under-
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stood. We tested whether ligands for PPARs are generated by
lipid droplets using a fluorescent reporter assay that is based
upon the binding of the transcriptional co-activator SRC1 to
PPARs. In this assay, we fused the ligand-binding domain of
PPARSs to the lipid droplet protein Perilipin-1 (PlinI), and the
LXXLL domain of SRC1 to EYFP (Fig. 64). Thus, PPAR ligands
that are generated by lipolysis are detected by the translocation
of EYFP-SRC1 to the Plinl-PPAR ligand-binding domain
fusion at the lipid droplet surface. As expected, EYFP-SRC1 was
largely cytosolic in brown adipocytes under basal conditions
(Fig. 6B). EYFP-SRC1 translocated to the droplet surface within
minutes after the addition of 8-Br-cAMP, and fluorescence
intensity continued to increase for 20 min (Fig. 6B, arrows, and
supplemental Movie 1). Treatment with the HSL inhibitor
greatly reduced the recruitment of EYFP-SRC1 to the lipid
droplet surface (Fig. 6B, arrows, and supplemental Movie 2). To
ensure that the fluorescent reporter could be activated in the
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FIGURE 5. PPAR« and PPARS mediate the maximal induction of thermogenic genes by B-AR activation in brown adipocytes. A, brown adipocytes were
treated with antagonists against PPARa (GW6741; 10 um) or PPARS (GSK0660; 2 um) followed by isoproterenol (/so; 10 um) for 4 h. mRNA levels were measured
by QPCR, normalized to percent PPIA, and expressed as a percent of isoproterenol. Data are from four separate experiments performed in duplicate, and the
effect of GW6471 or GSK0660 by two-way ANOVA is shown (***, p < 0.001; **, p < 0.01; *, p < 0.05). B, free fatty acid (FFA) levels from A were measured in the
medium and expressed as nmol/h. C, brown adipocytes were treated with PPARyantagonist (GW9662, 30 um) followed by isoproterenol for 4 h. The differences
between groups were evaluated by one-way ANOVA. D, mRNA levels of PPARa and -8 in brown adipocytes treated with control (siCON), PPARa (siPPARa), or
PPARGS (siPPARS) siRNA normalized to percent PPIA and expressed as -fold siCON. E, siCON-, siPPARa-, or siPPARS-treated brown adipocytes were stimulated
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presence of BAY, the PPAR« agonist Wy-14,263 was added to  of the PPARGS reporter; this effect was nearly abolished by HSL
fully stimulate the reporter (Fig. 68, Wy). Normalizing the data  inhibition (Fig. 6D). In contrast, PPARy was activated with
to the maximal effect induced by Wy, we found that inhibition rosiglitazone, but not by 8-Br-cAMP (Fig. 6E). All three acti-
of HSL significantly reduced the activation of the PPARa vated PPAR reporters were correctly targeted to lipid droplets
reporter (Fig. 6C). Similarly, 8-Br-cAMP increased the activity (data not shown). Knockdown of ATGL also reduced activation
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normalized to the intrinsic activity (/A) of the respective ligands, Wy, L165, and rosiglitazone.

of the PPAR« fluorescent reporter (Fig. 6F), whereas the addi-
tion of exogenous fatty acids was sufficient to activate PPAR«
and -6 but not PPARy (Fig. 6G). 8-Br-cAMP activated PPAR«
and -6 nearly as much as did exogenous oleic acid (80%) (Fig.
6G).

We also tested the role of lipolytic products in activating
PPARa and -8 transcription. As expected, B-AR stimulation
induced transcription of Gal4-PPAR« and Gal4-PPARS report-
ers, and this effect was reduced with HSL inhibition (Fig. 7).
Overall, these results demonstrate that ligands for PPAR« and
-6 are generated at the lipid droplet surface and increase the
transcriptional activity of PPAR« and -6.

Knockdown of ATGL Reduces PKA Up-regulation of Mito-
chondrial Gene Expression and Fatty Acid Oxidation—f-AR
activation increases mitochondrial biogenesis and fatty acid
oxidation in brown adipocytes (25), but it is not known whether
lipolysis participates in this regulation. First we tested the
effects of direct activation of PPAR« and -8 on mitochondrial
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gene expression. Basal gene expression of long chain acyl-CoA
dehydrogenase (LCAD) and medium chain acyl-CoA dehydro-
genase (MCAD) was lower in shATGL brown adipocytes.
Direct agonists of PPAR« and -6 elevated the expression of
LCAD, MCAD, cytochrome ¢, and cytochrome ¢ oxidase IV
(COXIV) similarly in control and ATGL shRNA expressing
brown adipocytes (Fig. 8A4). These results demonstrate that
activation of PPAR« and -6 is sufficient to elevate the expres-
sion of mitochondrial genes involved in fatty acid oxidation and
oxidative phosphorylation. We next tested whether stimulation
with cAMP could increase the expression of mitochondrial
genes equally in shCON and shATGL brown adipocytes. Stim-
ulation with the cAMP analog 8-Br-cAMP for 24 h induced the
expression of LCAD, MCAD, cytochrome ¢, COXII, and
COXIV in shCON brown adipocytes (Fig. 8B). Although basal
gene expression was variable, the levels of LCAD, MCAD, cyto-
chrome ¢, COXII, and COXIV were lower in shATGL cells in
the unstimulated state. Importantly, the ability of cAMP to up-
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regulate mitochondrial gene expression was compromised in
ATGL knockdown cells (Fig. 8B). Together, these results dem-
onstrate that the defect in the ability of cAMP to increase mito-
chondrial gene expression in shATGL cells occurs at the level of
ligand production.

Lastly, we examined the effect of ATGL knockdown on mito-
chondrial content and function. Treatment with the cAMP
analog 8-Br-cAMP for 48 h increased mitochondrial DNA con-
tent in brown adipocytes, an effect that was reduced in shATGL
brown adipocytes (Fig. 8C). There was no significant effect of
ATGL knockdown on mitochondrial DNA content in the basal
state. 8-Br-cAMP increased coupled (ADP) and fully uncou-
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pled (FCCP) respiration when pyruvate was used as the sub-
strate for oxidation; however, knockdown of ATGL did not sig-
nificantly affect the oxidation of pyruvate (Fig. 8D). 8-Br-cAMP
also increased the oxidation of palmitoylcarnitine. However, in
contrast to pyruvate, oxidation of palmitoylcarnitine was
reduced in cells with knockdown of ATGL, particularly when
mitochondria were uncoupled and fatty acid oxidation was lim-
iting for mitochondrial electron transport (Fig. 8D).

DISCUSSION

Thermogenesis in BAT requires activation of the B-AR sig-
naling cascade. Within this signaling network are two pathways
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that have long been viewed as independent. The first is lipolysis,
which mobilizes fatty acids that both activate UCP1 and pro-
vide fuel for thermogenesis. The second pathway comprises
transcriptional events that expand the capacity for oxidative
metabolism. The present work, exploring the interactions
between these pathways, demonstrates that acute fatty acid
mobilization potentiates cAMP-dependent gene transcription
in brown adipocytes.

We manipulated lipolysis by pharmacological inhibition of
HSL and knockdown of ATGL and found that lipolysis was
required for the optimal induction of PGCla, PPAR«, PDK4,
and UCP1 by PKA in brown adipocytes. Inhibition of HSL fur-
ther reduced the induction of genes by B-AR agonism in ATGL
knockdown cells, indicating that lipolysis is the predominant
pathway by which B-ARs regulate the expression of oxidative
genes. Furthermore, the additive effect of HSL inhibition on
ATGL knockdown indicates that the lipases control gene tran-
scription over a range of lipolysis. Importantly, the lipolysis-de-
pendent regulation of gene transcription was independent of
the lipase, suggesting that both ATGL and HSL produce similar
ligands for PPARs. The fact that HSL inhibition in vivo did not
completely block the induction of certain genes by B-AR is
likely explained by the direct effects of PKA phosphorylation on
transcription factors like CREB (6) or the residual effects of
lipolysis mediated by ATGL.

The promoter elements of PGCla (26), PDK4 (27), and
UCP1 (28) contain PPAR response elements and likely define
the means by which lipolysis regulates their expression. Lipo-
Iytic products are detected by PPAR« and PPARS, which are
both critical regulators of the thermogenic program in BAT (16,
29). In agreement, both PPAR« (16, 26) and PPARS (29-31)
bind the UCP1 and PDK4 (27, 32) promoters. Interestingly, the
PGCla PPAR response element is responsive to PPARa but not
PPARGS (33); this is in agreement with our antagonist and siRNA
studies in which only PPARa modulation affected PGCla
expression.

Our current results demonstrate PPAR« and -6 ligands are
detected at the lipid droplet surface within minutes of PKA
activation and can transcriptionally activate PPAR« and -6 over
a period of hours. The fact that PPAR/8 ligand generation was
rapid, profoundly suppressed by HSL inhibition, and mimicked
by exogenous oleic acid indicates that mobilized fatty acids are
likely endogenous ligands. Nonetheless, we cannot exclude the
possibility that additional ligands are generated from the
metabolism of fatty acids, especially at later time points. How
fatty acids traffic from the lipid droplet to the nucleus to acti-
vate PPARs is not currently known, but it might involve fatty
acid-binding proteins (34). Although the role of lipolysis in acti-
vating PPARe« in brown adipocytes has been suggested (26, 33),
our results demonstrate unequivocally that PPAR« is activated
as a consequence of the activities of ATGL and HSL. Of note,
inhibition of long chain acyl-CoA synthetases without adrener-
gic stimulation was effective in activating gene transcription,
but CPT1 inhibition alone was not, suggesting that fatty acid
flux might be critical in ligand production. The identity of the
endogenous PPAR« and -6 ligand produced during lipolysis is
likely along chain non-esterified fatty acid, as increasing endog-
enous fatty acid levels by inhibition of long chain acyl-CoA
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synthetases and CPT1 was sufficient to elevate gene expression.
In addition, oleic acid was sufficient to activate PPAR« and -8
within seconds of its addition in live cell fluorescent reporter
assays. Interestingly, fatty acids are potent activators of PPAR«
and -6 but have weak to no activity on PPARY (35), supporting
our results in the differential response of PPARs to lipolytic
products. In addition, the PPARvy antagonist did not affect the
induction of genes by B-AR, which further supports our find-
ings that PPARYy is not involved in the lipolytic response in
brown adipocytes. PPARy might be important in the initial
commitment of brown adipocytes (36).

We used knockdown of ATGL, thought to be the rate-limit-
ing lipase, as a model to study the role of lipolysis on mitochon-
drial function because it provides a more sustained inhibition of
lipolysis over pharmacological inhibition of HSL. Knockdown
of ATGL significantly reduced the induction of LCAD and
MCAD, which are rate-limiting enzymes for mitochondrial
fatty acid oxidation, and impaired oxidation of palmitoylcarni-
tine but not pyruvate. Cells lacking ATGL were fully responsive
to exogenous PPARa and -6 ligands but were less responsive to
8-Br-cAMP, indicating that the defect in gene regulation
involves ATGL-dependent production of PPAR ligands. There
was no effect of ATGL knockdown on pyruvate metabolism,
suggesting that the expression of mitochondrial genes and
mitochondrial content is not rate-limiting for glucose
oxidation.

Excessive fatty acids are toxic in a variety of cells, and the
relationship between ATGL and the rate-limiting enzymes for
B-oxidation suggests a feedback loop that permits fatty acid
oxidation to be closely matched to mobilization. Thus, fatty
acid mobilization activates PPAR«a and -6 and augments the
capacity to oxidize fatty acids. ATGL and HSL are known
PPARa targets in the liver (37), which might further expand this
positive feedback loop between PPARs and lipases in brown
adipocytes. These feedback responses increase the expression
of PPARa and PGCla, which are both critical for thermogen-
esis in BAT (16, 38). In doing so, the thermogenic capacity is
expanded, and the toxic effects of elevated intracellular fatty
acids are avoided (see below).

A similar principle holds true for WAT, although the mech-
anisms differ. The main fate of fatty acids in WAT is extracel-
lular efflux. Excessive fatty acid production in white adipocytes
produces local inflammation (14) and inhibits cAMP produc-
tion (9), thereby matching lipase activation with extracellular
fatty acid clearance. This acute inflammatory response recruits
macrophages that have anti-lipolytic properties, providing an
additional mechanism to reduce lipolysis (13). Lipolytic prod-
ucts in white fat balance production with efflux, whereas fatty
acids in brown fat function to balance production with oxida-
tion. The transcriptional response to products of lipolysis in
white fat and brown fat reflects the functional differences of
lipolysis in these tissues: in white fat mobilized fatty acids are
released, whereas in brown fat, fatty acids activate UCP1 and
provide fuel for thermogenesis (39). An additional means by
which white fat counters the detrimental effects of fatty acids
over a longer time frame is to increase a fatty acid oxidation
program via the up-regulation of PPAR« (15). This browning of
white fat likely also involves lipase-generated PPAR ligands
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(11), whereby lipolysis may be an initiating factor in recruiting
adult adipocyte progenitor cells into a brown adipocyte lineage
(40).

Our data demonstrate that ligands for PPARs can be gener-
ated by lipases at the lipid droplet surface; however, the source
of endogenous ligand production, as well as the nature of the
ligand itself, likely differs by tissue and metabolic stimulus.
Fatty acids derived from fatty-acid synthase (41) or intracellular
(42) and extracellular lipolysis (43) can activate PPAR« in the
liver, whereas lipoprotein lipase is a source of PPAR« ligands in
the heart (44). Extracellular fatty acids are also a source of
ligands for PPARGS in B-cells (45) and the liver (46). It is likely
that ATGL-mediated lipolysis in heart (12) and liver (47) acti-
vates PPAR« to regulate mitochondrial gene expression and
fatty acid oxidation. In addition, hepatic overexpression of
ATGL or HSL increases fatty acid oxidation and ameliorates
steatosis (48).

The function of brown adipose tissue in rodents is to main-
tain body temperature during exposure to cold by generating
heat. Recent evidence demonstrates that adult humans have
functional brown adipose tissue (49), although the physiologi-
cal importance of BAT in adult humans remains a matter of
debate (50). Pharmacological activation of BAT in rodents has
anti-obesity effects and improves insulin sensitivity, and it has
been suggested that BAT might be a therapeutic target for obe-
sity and diabetes in humans. Consistent with the activation of
lipolysis as a therapeutic target, overexpression of ATGL repro-
grams WAT to a more oxidative phenotype (51), and mouse
models with enhanced lipolysis have increased fatty acid oxida-
tion and a lean phenotype (52-54). Based on our current
results, dual synthetic agonists of PPAR«a and -6 or direct acti-
vators of lipolysis might prove useful in expanding oxidation in
BAT or in promoting the browning of WAT (14).
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