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Optimal lipid storage and mobilization are essential for efficient adipose tissue. Nuclear receptor peroxisome proliferator-acti-
vated receptor y (PPARYy) regulates adipocyte differentiation and lipid deposition, but its role in lipolysis and dysregulation in
obesity is not well defined. This investigation aimed to understand the molecular impact of dysfunctional PPARYy on the lipolytic
axis and to explore whether these defects are also confirmed in common forms of human obesity. For this purpose, we used the
P465L PPARy mouse as a model of dysfunctional PPARy that recapitulates the human ppary mutation (P467L). We demon-
strated that defective PPARy impairs catecholamine-induced lipolysis. This abnormal lipolytic response is exacerbated by a state
of positive energy balance in leptin-deficient ob/ob mice. We identified the protein kinase A (PKA) network as a PPARy-depen-
dent regulatory node of the lipolytic response. Specifically, defective PPARy is associated with decreased basal expression of
prkaca (PKAcata) and d-akap1, the lipase genes Pnplaz (ATGL) and Lipe (HSL), and lipid droplet protein genes fsp27 and adrp
in vivo and in vitro. Our data indicate that PPARYy is required for activation of the lipolytic regulatory network, dysregulation of

which is an important feature of obesity-induced insulin resistance in humans.

Peroxisome proliferator-activated receptor y (PPARY) is an
important regulator of adipogenesis and lipogenesis. How-
ever, accumulating evidence suggests that PPARy may also coor-
dinate the balance between fat deposition and mobilization
through its effects on lipolysis. To elucidate the relevance of
PPARY for the lipolytic response, we took advantage of a rare
ppary mutation that causes lipodystrophy and severe metabolic
disturbances in humans (34). According to the crystal structure,
the P467L PPARy mutation is situated in helix 12, an important
region for ligand binding and PPAR transactivation (4). Charac-
terization of patients with genetic defects in ppary has revealed
metabolic inflexibility in their adipose tissue, resulting from im-
paired fat sequestration to lipid droplets (LDs) and decreased
nonesterified fatty acid mobilization (34, 37). However, the dis-
section of the PPARy-dependent mechanisms that impair the flux
of lipids in and out of adipose tissue has proven difficult, given the
small number of patients affected by these mutations. In this re-
spect, a humanized mouse model harboring a homologous muta-
tion (P465L) offers clear experimental advantages.

Initial analysis of the humanized P465L PPARy mice revealed
that, unlike humans, these mice exhibited normal amounts of
adipose tissue and were unexpectedly insulin sensitive (13). This
apparent paradox was partially resolved when the P465L PPARYy
mouse was crossed onto an ob/ob background. Under this condi-
tion of extreme positive energy balance, the P465L PPARy mutant
mouse recapitulated the human phenotype characterized by insu-
lin resistance, reduced fat mass, hypertension, and dyslipidemia.
In fact, the same deleterious, synergistic dysmetabolic effect of
positive energy balance combined with a dominant-negative mu-
tation of PPARYy has been observed in humans.

The lipolytic process involves tightly coordinated hormonal
and biochemical signals (23) that ensure the appropriate release of
fatty acids during fasting. Upon stimulation with catecholamines,
HSL is activated and translocated to the lipid droplet surface,

0270-7306/12/$12.00 Molecular and Cellular Biology p. 1555-1565

where it interacts with specific lipid droplet proteins, such as per-
ilipin A, FSP27, caveolin 1 (CAV-1), or ADRP. Of note, HSL
works in concert with other lipases, such as ATGL, maximizing the
lipolytic output.

An explanation of how defects in PPARy affect lipolysis re-
mains elusive. The PPARy-dependent molecular mechanisms
leading to dysfunctional lipolytic responses and how a positive
energy balance synergizes with the defects in PPARYy to dysregu-
late lipolysis are unclear. More importantly, these mechanisms
may represent a vulnerable regulatory node that is perturbed in
common states of obesity and insulin resistance. Here, we inves-
tigate the molecular mechanisms that cause this metabolic inflex-
ibility by using the humanized P465L PPAR<y knock-in mouse
model and evaluating their potential relevance to common forms
of human obesity. We provide evidence that PPARYy is necessary
for an efficient lipolytic response and identify the protein kinase A
(PKA)-AKAP1 complex as an important regulatory node depen-
dent on PPARY activation that contributes to the dysregulation of
the lipolytic response observed in mutant mice. Furthermore, we
examine whether PPARy-dependent alterations in lipolysis con-
tribute to obesity-induced metabolic disturbances in humans.
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MATERIALS AND METHODS

Animals. Heterozygous PPARy P465L and PPARy P465L X ob/ob (PLO)
mutant mice were generated and bred as previously detailed (13). Body
composition details are listed in File S1 in the supplemental material. The
mice were housed in a temperature-controlled room (24°C) with a 12-h
light/dark cycle. Chow diet and water were available ad libitum. All animal
protocols were approved by the United Kingdom Home Office.

Lipolysis assay. Adipocytes were isolated from the gonadal depot us-
ing the method described by Rodbell (32). A lipolysis assay was performed
as described previously (29). The agonists used in this study were nor-
adrenaline (NA) (B1-, 32-, B3-, and a2-AR), CGP12177A (partial 33-AR
and 31, B2 antagonist), forskolin (adenylate cyclase), and dibutyryl cyclic
AMP (DBcAMP) (a PKA activator), as well as insulin, and cilostamide and
rolipram (PDE3 and PDE4 inhibitors, respectively). Chemicals for lipol-
ysis were obtained from Sigma and Tocris.

Human studies. (i) Cohort 1. The cohort 1 study included morbidly
obese (MO) subjects who underwent bariatric surgery and 6 nonobese
subjects as controls. Clinical details of patients included in the study are
given in File S2 in the supplemental material. MO patients were classified
according to their insulin sensitivity. Specifically, patients with homeosta-
sis model assessment-insulin resistance (HOMA-IR) scores of <4 were
considered low insulin resistant (MO-LowlR). The MO patients with
HOMA-IR scores of >8 were considered high insulin resistant (MO-
HighlIR). Visceral adipose tissue biopsy specimens were obtained as de-
scribed previously 3.

(ii) Cohort 2. differentiation of human preadipocytes. Isolated subcuta-
neous preadipocytes from lean (body mass index [BMI] < 25) and obese
(BMI > 30) subjects were cultured for a period of 14 days as described previ-
ously (11). Chronic rosiglitazone treatment refers to rosiglitazone incubation
(0.1 and 1 uM) during differentiation. Acute rosiglitazone treatment refers to
48 h of incubation after full differentiation (after 14 days).

Real-time PCR. Real-time PCR was performed as previously de-
scribed (24). In rodent experiments, gene expression was corrected by the
geometric average of 18S, B2-microglobulin, B-actin, and 36B4 (27).
Primers for human samples were obtained from Sigma-Aldrich or pre-
validated TagMan primer-probe sets from Applied Biosystems.

Western blotting. Protein lysates from adipocytes were subjected to
SDS-10% PAGE, electrotransferred to a polyvinylidene difluoride
(PVDF) membrane, and probed with the following rabbit anti-mouse
antibodies: HSL, pHSL-Ser660, pHSL-Ser565 ATGL, PKAcat, AKT, and
B-actin (Cell Signaling).

Cell transfection and reporter assays. HEK293 cells were cultured
and transfected as described previously (16) with plasmids expressing
mouse PPARY, the P465L mutant, and RXR. The Renilla luciferase plas-
mid pRL-TK (Promega) was also included in the transfection as an inter-
nal control, as well as a luciferase reporter plasmid containing the first
1,500 bp of the prkaca promoter cloned in a pgl4 basic vector (Promega).
At day 2, the cells underwent 24 h of incubation with or without 1 uM
rosiglitazone. On day 3, lysates were prepared and a luciferase assay was
performed. Luciferase activity was measured using a Dual-Luciferase Re-
porter Assay System (Promega).

EMSA. Electrophoretic mobility shift assay (EMSA) and supershift
assays using nuclear extract from HEK293T cells overexpressing RXR/
PPAR were performed as described previously (16). The oligonucleotides
used in the assay included mouse aP2 ppre (40). Oligonucleotide se-
quences for the PKAcata subunit, PKAcata subunit mutant, D-AKAP1,
and D-AKAP1 mutant are available upon request.

ChIP assay. For the ex vivo chromatin immunoprecipitation (ChIP)
assay, mature adipocytes from gonadal white adipose tissue (WAT) were
isolated with type II collagenase. The chromatin immunoprecipitation
protocol used was adapted from that of Nelson et al. (26). Shearing DNA
was incubated overnight at 4°C with PPARvy antibody (sc-7273 X). Total
DNA concentrations in immunoprecipitates were quantified using nano-
drop ND-1000 (thermo scientific). Primers used for ChIP assays were as
follows: PKA_fw, 5'-CGGGCCTCCTTATGAATGACACCG-3'; PKA_rv,
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5'-GCAGCGGCTGTCCACCTGCC-3'; akapl_fw, 5'-ACCCCCAGGTG
GTGGAGACA-3';and AKAP1_rv, 5 -ACCAGGCAGGGTAGGGCAGA-
3'. As negative controls, we used primers not harboring any PPAR response
element (PPRE), as follows: PKA_fw, 5'-CCCAAGGACACACAGAGCCA
CA-3'; PKA_rv, 5'-GCAGTCCCCGAGGGGGAAAGT-3'; akapl_fw, 5'-
TCTGTTGCTGTGTATAGGATGCTGC-3'; and AKAP1_rv, 5'-TGAGC
GTGAGTCACCACCCAGA-3'. Enrichment was calculated according
to the following equation, where F is field change, E is efficiency of
PCR, and CP is the crossing point of the fluorescent signal of the PCR

over the threshold: F = [E 1A (CPPPREseq target gene immunoprecipitated)/
B2 /\(CPconlmlscq target gene immunoprccipitated)] /[E3 /\(CPPPRFscq target gene input) /

E4A (Cpeontrolseq target gene inputy | 'gimjlar to what was described previously
(1). The advantage of this equation is that it corrects for the difference in
the efficiencies of the different amplicons in the PCR and corrects the
enrichment in respect to a control sequence without any known PPRE.

Lipidomic analysis. A total of 1.5 million adipocytes per sample were
used (wild type [wt], n = 6; P465L, n = 6). Lipidomic analysis was per-
formed as previously described (19, 25). The data obtained were con-
verted into netCDF file format using D bridge software from MassLynx
(Waters, Inc.). The data were processed using MZmine software version
0.60 (17).

RESULTS

Mutant P465L PPARy impairs expression of the PKA catalytic
and regulatory subunits. Based on a microarray data set from
gonadal adipose tissue from P465L mice (data not shown), we
identified and subsequently confirmed by real-time PCR a subset
of genes suggestive of an impaired adrenergically mediated lipo-
lytic response in P465L adipocytes. Isolated P465L adipocytes ex-
hibited a selective decrease in the expression of the catalytic sub-
unit alpha gene of PKA (prkaca) (Fig. 1A). Expression levels of the
genes encoding PKA catalytic subunit beta and the regulatory pro-
teins RI (prkarla and prkar1b) and RII (prkar2a and prkar2b) were
also measured. In agreement with the current literature, the expres-
sion levels of subunit RIa exceeded those of RIB and showed that
RIIB was more highly expressed than Rlle. In our experimental
model, the RII o and 3 subunits were not significantly dysregulated
by the P465L mutation or by obesity, whereas the RI awand 8 subunits
were upregulated by obesity but not by the P465L mutation. The
downregulation of PKAcata was confirmed at the protein expression
level (Fig. 1B). Of note, the downregulation of PKAcata and the lack
of compensatory changes in other regulatory proteins in P465L are
expected to diminish the functionality of PKA.

We also examined the expression levels of the scaffold protein
AKAP1. AKAP1 is highly expressed in WAT (6) and has been sug-
gested to create signaling platforms that function to anchor PKA reg-
ulatory subunits. It has recently been demonstrated that deletion of
AKAP1 in adipocytes leads to impaired catecholamine-stimulated
lipolysis (7).

The expression of d-akapl was downregulated in P465L adi-
pocytes from both lean P465L and obese PLO mice. This suggests
d-akapl may be a specific target of PPARyaction and identifies the
PKA-AKAP1 complex as a potential PPARy-dependent lipolytic
regulatory node. Interestingly, the d-akapl gene was also down-
regulated in the metabolically compromised and genetically obese
ob/ob murine model (Fig. 1C).

Transcriptional regulation of prkaca and d-akapl by
PPARY. In silico analyses using NHR scan (33) and Patch 1.0
identified the presence of 3 candidate PPRE DR1 motifs in the first
1.5 kb upstream from the transcriptional start point of the prkaca
promoter. The sequence for murine Drl, located at bp —600, is
similar to one reported in humans located at bp —781 (21) (Fig.
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FIG 1 PKAcata and D-AKAP1 mRNA levels are decreased in P465L mutant carriers. (A) PKA subunit expression analysis of P465L mutant adipocytes from lean
and obese mice versus mature adipocytes isolated from 12- to 16-week-old wt counterparts. (B) Protein levels of PKA subunits of P465L mutant adipocytes from
lean and obese mice versus mature adipocytes isolated from wt counterparts. (C) akap-1 expression analysis of P465L mutant adipocytes from lean and obese
mice versus mature adipocytes isolated from 12- to 16-week-old wt counterparts. The data represent means = standard errors (SE) for 6 to 8 animals per group.
Fold changes were established using the wt as 100. Differences in expression between groups were assessed by analysis of variance (ANOVA) (G, effect of P465L
mutation; OB, effect of obesity; G X OB, interactive effect) and the Student ¢ test. *, P465L versus wt or P465L/ob/ob versus ob/ob; °, wt versus ob/ob or P465L

versus P465L/ob/ob. The level of probability was set at a P value of <0.05.

2). Analysis of the d-akapI promoter also identified two DR1 mo-
tifs located 1 kb and >7 kb, respectively, upstream from the tran-
scriptional start point. In addition, treatment of mouse adipose
explants from wt mice with rosiglitazone resulted in increased
mRNA levels of both genes (see File S3 in the supplemental mate-
rial), suggesting that PPARvy activation may induce their tran-
scriptional expression. Similarly, we investigated whether tran-
scriptional regulation of these genes by PPARy was also relevant in
human adipocyte biology. Briefly, prkaca and d-akapl mRNAs
were upregulated after acute or chronic exposure to rosiglitazone
in differentiated adipocytes (see Fig. 6B; see File S4 in the supple-
mental material).

To investigate whether PKAcata was a direct target of PPARY,
we performed analysis of its promoter using a luciferase assay. As
shown in Fig. 2B, the luciferase activity was mildly increased (1.45-
fold) relative to the basal condition after cotransfection of a pka-
luc construct with ppary and rxr plasmids. Moreover, we observed
a small but robust increase after treatment with rosiglitazone,
which was decreased in the presence of mutant PPARy. We did
not observe any induction when the construct was transfected
with PPARa in the presence of its activator pirinix acid
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(WY14643) (see File S5 in the supplemental material), suggesting
that PPARYy transcriptionally regulates prkaca with a degree of
specificity.

EMSA confirmed that PPAR-RXR heterodimers were able to
bind both the DR1 motif identified at bp —600 in the prkaca pro-
moter and the one at >7 kb in the d-akapI promoter, indicating
that both are PPAR target genes (Fig. 2B and C, respectively). The
specificity of PPARYy binding was further assessed by performing
an EMSA using a set of oligonucleotides containing a mutated
version of the PKAcata subunit DR1 and another carrying the
mutated version of the D-AKAP1 DRI (see Fig. 5A) as competi-
tors. In both cases, the presence of an excess of both mutated
oligonucleotides did not interfere with the binding of PPARy with
the wt DRI.

In addition, we performed a ChIP assay to further confirm
whether PPARYy was binding to the newly identified PPRE for
prkaca and d-akapl in vivo. Thus, a 15-fold enrichment for
PKAcata-immunoprecipitated DNA was observed in isolated
mature adipocytes from gonadal WAT (Fig. 2D). This clearly im-
plements the results obtained by EMSA and reinforces the idea of
PPAR'y as a transcriptional activator of prkaca. Unexpectedly, for
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FIG 2 Transactivation of the PKAcat subunit a promoter-luciferase reporter construct (pka-luc) by PPARyand the PPARy P465L mutant in HEK293T cells. (A)
PPARYy transcriptionally activates prkaca. The pka-luc reporter plasmid was transiently cotransfected with a plasmid expressing RXRa together with PPARYy, the
P465L mutant, or a combination of both into HEK293T cells. At 24 h posttransfection, the cells were incubated with 1 uM rosiglitazone (open bars) or vehicle
(solid bars) and further incubated for 24 h before being harvested and assayed for luciferase activity. Here, we show a representative experiment out of 3
independent experiments (1 = 12 for each experimental condition). The luciferase activity measured in cells transfected with pka-Iuc and RXRa with pcDNA 3.1
asa control for PPARy and the P465L mutant (basal condition) in the absence of rosiglitazone was set at 1. **, P < 0.0001, and *, P < 0.001 compared to the basal
condition. &, P < 0.001 compared to PPARYy transfection (— rosiglitazone). §§, P < 0.0001, and §, P < 0.001 compared to the basal condition (+ rosiglitazone).
#, P < 0.0001 compared to PPARy transfection (+ rosiglitazone). (B and C) PPARy binds a new PPRE identified in prkaca and d-akapl promoters. Shown are
electrophoretic mobility shift and supershift assays on putative PPRE of the murine PKA (mPKA) catalytic subunit @ promoter and the mAKAP1 promoter. The
3 biotin-labeled double-stranded oligonucleotide probes corresponding to the mouse PKAcat subunit o PPRE (prkaca-ppre) (B) and d-akap-PPRE (C) were
incubated with 5 ug of nuclear extract (NE) of HEK293T cells overexpressing PPARy and RXRa in the absence or presence of PPAR antibody. The gel was
transferred to a nylon membrane, and the shifted bands were detected by incubating the membrane with streptavidin-horseradish peroxidase, followed by
chemiluminescence detection. Lanes 1, biotin-labeled double-stranded aP2-ppre probe incubated with nuclear extract; lanes 2, biotin-labeled aP2-ppre probe
incubated with nuclear extract in the presence of PPAR antibody; lanes 3, PKAcat a-ppre or D-AKAP1 biotinylated probes alone; lanes 4, PKAcat a-ppre or
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FIG 3 (A) atgl mRNA levels are decreased in P465L mutant carriers. Shown is lipase expression analysis of P465L mutant adipocytes from lean and obese mice
versus mature adipocytes isolated from 12- to 16-week-old wt counterparts. The data represent means = SE for 8 to 12 animals per group. Fold changes were
established using the wt as 100. Differences in expression between groups were assessed by ANOVA and the Student # test. *, P465L versus wt or P465L/ob/ob
versus ob/ob; °, wt versus ob/ob or P465L versus P465L/ob/ob. The level of probability was set at a P value of <0.05. (B) HSL and ATGL protein levels are
decreased in P465L carriers. Shown are the results of Western blotting of ser660-HSL (Tot HSL), ser565-HSL HSL, and ATGL. Differences in expression between
groups were assessed by ANOVA (G, OB, and G X OB) and the Student ¢ test. *, P465L versus wt or P465L/ob/ob versus ob/ob. The level of probability was set
at a P value of <0.05.

d-akapl-immunoprecipitated DNA, we obtained only marginal
enrichment (1.6-fold change), which suggests modest binding of
PPARY to the ppre sequence under in vivo conditions. Further
research is needed to clarify this point.

Mutant P465L PPARyimpairs ATGL and HSL lipase, but not
MGL, gene expression. ATGL was downregulated in P465L adi-
pocytes at both the mRNA and protein levels (Fig. 3A and B).
Although Hsl mRNA remained unchanged, the protein levels were
markedly downregulated, suggesting a posttranscriptional regula-
tion of HSL, altered by the P465L mutation. No differences in the
Ser-600 phosphorylation of HSL were observed, but Ser-565
phosphorylation, which prevents HSL activation by PKA (8), was

increased under basal conditions (Fig. 3B). Interestingly, chemical
inhibition of PKA signaling has been reported to increase phos-
phorylation of HSL at the AMPK activation site, Ser-565 (9), in-
dicating this change in HSL may be related to dysfunctional PKA
activation in P465L adipocytes. Interestingly, P465L adipocytes
showed higher levels of AMPK than wt adipocytes and a small
increase in phosphorylation at Thr-172, suggesting AMPK is acti-
vated in the context of dysfunctional PKA (see File S6 in the sup-
plemental material). We extended our study to the characteriza-
tion of CGI58, an ATGL-associated protein that has been
shown to increase its lipolytic activity (20). abhl5 mRNA ex-
pression was decreased in obese adipocytes (ob/ob and PLO)

d-akap1 biotinated probes with nuclear extract; lane 5, PKAcat a-ppre or d-akapl biotinated probes incubated with nuclear extract in the presence of PPAR
antibody; lanes 6 and 7, for both PKAcata and D-AKAP1, 20X and 40X excesses of unlabeled double-stranded wt oligonucleotides were included as competitors
with nuclear extract and labeled wt probe; lanes 8 and 9, for both PKAcata and D-AKAP1, 20X and 40X excesses of unlabeled double-stranded mutated
oligonucleotides were included as competitors with nuclear extract and labeled wt probes. (D) PPARYy binds a new PPRE identified in the prkaca promoter in
vivo. Shown is a chromatin immunoprecipitation assay of the putative PPRE of the mPKAcat subunit a promoter and mAKAP1 promoter. Isolated mature
adipocytes from gonadal pads of wt mice were collected, and ChIP assays were performed, using an anti-PPARy antibody to immunoprecipitate PPARy-linked
DNA. Quantification of PPRE sequences for both prkaca and d-akap1 promoters was performed by real-time PCR, considering the fold change with respect to
a control sequence in the same gene and normalized to the input DNA as described in Materials and Methods. The data are expressed as means and standard
errors of the mean (SEM) from six independent experiments. gWAT, gonadal WAT.
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versus P465L/ob/ob. The level of probability was set at a P value of <0.05.

(see File S7 in the supplemental material), suggesting the lipo-
lytic capacity of ATGL may be further compromised in such
models.

Mutant P465L PPARYy impairs the expression of the lipid
droplet proteins ADRP and FSP27. An important factor control-
ling the lipolytic response is the repertoire of lipid droplet-associ-
ated proteins (5, 10). adrp and fsp27 mRNA expression was down-
regulated in PPARy mutant adipocytes of both lean and obese
mice, indicating their strong PPARy-dependent regulation (Fig.
4). These changes are compatible with increased lipolysis, facili-
tated by improved access of lipases to the lipid droplet surface (18,
30, 31). Interestingly, expression of other lipid droplet proteins,
such as s3-12, perilipin A, and caveolin 1, was decreased in asso-
ciation with obesity and insulin resistance (ob/ob and PLO), but
these changes were independent of the PPARy mutation.

Impaired catecholamine-induced lipolytic response in
PPARYy mutant white adipocytes. Next, we investigated whether
the changes in gene expression and protein levels translated a
functional defect in the lipolytic response of PPARy mutant mice.
Our initial results indicated that the basal lipolytic response in
isolated adipocytes was unaltered in PPARy mutant adipocytes
versus adipocytes from wild-type littermates in both lean and
ob/ob genetic backgrounds. This suggests that in the absence of a
metabolic challenge wild-type and mutant PPARy genotypes
show similar basal lipolytic responses despite changes in key ele-
ments of the lipolytic network.

However, the PPARy mutant adipocytes exhibited an im-
paired lipolytic response to noradrenaline. This phenomenon was
observed in adipocytes from lean PPARy mutant mice and was
associated with defective postreceptor signaling at the level of PKA

response (Table 1) after dibutyril cAMP treatment. This func-
tional defect is likely to result from the observed perturbations in
the PKA-D-AKAP complex. Next, we studied whether a positive
energy balance exacerbated the defect in the adrenergically stim-
ulated lipolytic response. Obesity did impair NA-stimulated lipol-
ysis, and this impairment was more evident in the PPARy-defec-
tive PLO mice than in their ob/ob littermates (Table 1). As
documented for the lean PPARy mutant mice, PLO also exhibited
a defect in PKA activity, further supporting a link between defec-
tive PPARYy function and altered activation of the PKA enzymatic
complex. Moreover, in the context of positive energy balance
(ob/ob background), the mutation for PPAR"y was also associated
with impaired maximal capacity of B3-AR (~50%) and adenylyl
cyclase response after forskolin treatment. In the context of these
findings, our results show that the presence of the PPARy muta-
tion in the context of obesity further impairs catecholamine-stim-
ulated lipolysis.

Increased antilipolytic response to insulin in PPARy mutant
adipocytes. We found lean P465L mice to have increased insulin-
mediated antilipolytic action compared to wild-type controls (Fig.
5A). These data were supported by increased total protein levels of
AKT in PPARYy mutant adipocytes in the basal state (Fig. 5B).
Next, we investigated whether this increased antilipolytic effect of
insulin was due to the increased action of phosphodiesterases. The
downregulation of pde3 and pde4 mRNAs in P465L adipocytes
(see File S7 in the supplemental material) argues against that pos-
sibility. We did not observe differences between genotypes after
treating adipocytes with PDE3 and PDE4 antagonists in the pres-
ence of insulin and NA (Fig. 5C). These data suggest that the
higher antilipolytic action of insulin in P465L adipocytes is not

TABLE 1 Effect of P465L mutation on catecholamine-induced lipolysis in isolated white mature adipocytes from lean and obese mice (females 12 to

16 weeks old)*

Maximal response (E,,,,,) EC,, (nM)
Treatment Wt P465L ob/ob P465L X ob/ob Wt P465L Wt P465L X ob/ob
Noradrenaline 302.5 = 22.6 222.7 +25.8” 103.5* 13.5 68.5 * 12.2¢ 9.8 £34 53.0 £ 29.8 10.8 = 6.4 91.4 = 88.5
CGP 12177A 113.6 = 9.7 79.3 * 8.0° 93.4 £ 12.3 54.1 = 9.9¢ 509 = 154 509 £ 154 122.3 = 69.2 126.0 = 107.9
Forskolin 123.5 £ 199 1244 *= 16.5 242.2 279 138.1 £ 14.5° 8.1 £59 48.8 = 33.1 1,330.0 £ 399.8 1,330.0 £ 399.8
DBcAMP 197.0 £ 193 197.0 = 19.3 86.78 = 11.3 86.78 £ 11.3 226.6 = 118 53,078 * 30,540 272.2 + 212 3,801.2 * 3,045.0¢
Basal 100 = 8.5 85 *+9.4 100 = 10 83.8 £ 8.7

@ The data are means = standard errors. Lipolytic activity is expressed as a percentage of stimulation over basal lipolysis; a value of 100 was set up as a control for wt and ob/ob
mice. Maximal action over basal lipolysis and significant differences were obtained using the GraFit computer program.

b Versus the wt.
¢ Versus ob/ob.
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FIG 5 (A) P465L carriers are more sensitive to the antilipolytic action of insulin. Dose-response curves show the inhibitory effect of insulin on the induced
glycerol release in isolated mature white adipocytes from wt and P465L adipocytes in lean and obese mice treated with NA. (B) Increased levels of AKT in P465L
carriers. Shown are the effects of the selective phosphodiesterase inhibitors cilostamide (PDE3) and rolipram (PDE4) on the lipolytic inhibition elicited by insulin
in the presence of NA in lean mice. (C) PDE proteins are not responsible for the increased sensitivity to the antilipolytic action of insulin in P465L carriers. Shown
are the results of Western blotting of Ser473-AKT and total AKT. Differences in expression between groups were assessed by the Student # test. The level of

probability was set at a P value of <0.05.

fully mediated through phosphodiesterases. Other mechanisms
explaining the antilipolitic action of insulin have been previously
suggested (2, 14, 15). In the context of obesity, we found that PLO
mice, unlike P465L mice, had impaired insulin-mediated antili-
polytic action. These findings indicate that on a lean background,
the P465L mutation decreased net lipolysis through combined
effects of impairing adrenergically induced lipolysis and increas-
ing the antilipolytic effect of insulin. However, the antilipolytic
effect conferred by the PPARy mutant in lean mice is offset by the
lipolytic effect associated with obesity.

Dysregulation of PKAcatae and AKAP1 and remodeling of
lipid droplet proteins are identified as a vulnerable regulatory
metabolic network in human obesity. We investigated whether
the PPARy-dependent lipolytic network comprising dysregula-
tion of PKAcatae and AKAP1 and remodeling of lipid droplet
proteins contributed to the decreased catecholamine-stimulated
lipolysis typically associated with human obese and insulin-resis-
tant states. We confirmed that prkaca and d-akapl mRNA levels
were downregulated in human obesity (Fig. 6A). Interestingly, no
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differences were observed between obese groups, suggesting no
effect of the insulin resistance state. With respect to lipid droplet
proteins, perilipin mRNA levels were downregulated in human
obesity (Fig. 6C), similar to other studies (31). adrp and tip47
mRNA expression levels exhibited changes opposite those of per-
ilipin, being upregulated in obese (LowIR and HighIR) versus lean
subjects (Fig. 6C). Finally, caveolin 1 was greatly decreased in
HighIR obese patients versus LowIR patients and controls. This
finding suggests that defects in CAV-1 in obesity are related to the
state of insulin resistance. Of note, global levels of PPARvy are
decreased in morbidly obese subjects (35), supporting the concept
of a direct association between PPARYy dysfunction and impair-
ment in its lipolytic target genes in obesity.

Lipidomic analysis reveals remodeling in the adipose tissue
profile of P465L adipocytes. Based on the changes in the lipid
droplet scaffold in PPARy mutant adipocytes, we hypothesized
that this may result in profound effects on lipid composition.
We performed lipidomic analysis to assess the levels of triacyl-
glycerides (TG) as a surrogate for fat content, as well as total

mcb.asm.org 1561


http://mcb.asm.org

Rodriguez-Cuenca et al.

A B o0.005 i
=)
150 o 0.004 ™ Non Diff
< < & Diff
< ULean s O Rosi 0.1 ﬁM
8 OMOLowIR -z 0.003 D Rosi1p
c100 EMOHighlR ¢
£ 5 0.002
- * 5
= 50 * *k Kk
° % 0.001
(O]
0 - 0.000
d-akap1 prkaca
C 200
*
* [ Lean
F 200 "
< [0 MO Low IR
[
2 150 Il MO High IR
£
o
2 100
1
* * " * *
50 * * "
0
S§3-12 Tip47 Plin1 Cav-1 adrp Fsp27
E * —~ 14
5 o016 MNon Diff 2 4,
£ 0.014 lg:ff o [
= osi 0. c 1.0
g 0.012 Rosi 1 plﬁ o
5 0.010 G 08
$ 0.008 2 06
& 0.006 > 3
X o 04
@ 0.004 " ®
2 0.002 g 02 .
& 0.000 : S 0.0 ~
Plin1 Tipa7

FIG 6 (A to C) prkaca, d-akapl, and lipid droplet protein mRNA expression in adipose tissue from lean versus morbidly obese low-insulin-resistance and
morbidly obese high-insulin-resistance subjects. (B and C) Adipocytes from obese subjects after acute exposure to rosiglitazone. (A) d-akap1 and prkaca mRNA
expression is decreased in human obesity. (B)Rosiglitazone (Rosi) increases expression levels of d-akapl and prkaca. *, differentiated (Diff) adipocytes. (C)
Obesity severely affects the lipid droplet protein pool in human subjects. The data represent means = SE. Differences in expression between groups were assessed
by ANOVA and the Student ¢ test. %, P < 0.05 versus Diff; %%, P < 0.005 versus Diff.

phosphatidylcholine as a surrogate for membrane structures.
We observed a substantial increase in the TG/phosphocholine
(PC) ratios (Fig. 7). This is compatible with the existence of
fewer but larger lipid droplets and defective lipolysis in PPARy
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FIG 7 P465L PPARy mutation remodels the global lipidome of adipose tissue.
Shown are fractional contributions to the total TG/PC pool. Significantly
changed TG/PC values in P465L versus wt adipocytes are indicated.
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mutant adipocytes. These data also revealed substantial differ-
ences in specific sets of TG species whose pathophysiological
relevance remains to be elucidated.

DISCUSSION

We show that PPARYy regulates the lipolytic response through its
modulatory effect on PKA-AKAP1, adipose tissue lipases, and
lipid droplet proteins. We provide evidence that in obesity, a de-
fect in PPARy activity even further impairs the lipolytic response.
Globally considered, our results indicate the presence of an im-
portant PPARy-dependent functional regulatory node of the li-
polytic axis in adipocytes. We also demonstrate that disturbances
in the functionality of this node contribute to defective lipolytic
responses associated with common forms of human obesity.

To determine the contribution of PPARY to the lipolytic re-
sponse, we took advantage of our P465L knock-in humanized
mouse model that recreates the human P467L mutant. This mu-
tation is known to cause a severe metabolic syndrome character-
ized by partial lipodystrophy, insulin resistance, and dyslipidemia
in humans. However, the homologous mutation in rodents exhib-
ited a relatively mild metabolic phenotype with only minor
changes in adipose tissue morphology and distribution alongside
maintained insulin sensitivity. This paradox was resolved after
backcrossing the P465L knock-in into a genetically obese ob/ob
background where the human metabolic phenotype was recapit-
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ulated. This indicated that despite the PPARy defect being pres-
ent, its expected pathophysiological effects become evident only
when a surplus of nutrients exceeds the maximal storage and ex-
pansion of the adipose tissue allowed by the mutant PPARYy. Pa-
tients harboring the P467L mutation typically exhibit defects in
triglyceride clearance in both the fasting and postprandial states.
Thus, our initial hypothesis was that the metabolic phenotype of
the P467L mutant was likely related to its inability to properly
sequester free fatty acids (FFA) inside adipocytes, resulting in ec-
topic fat deposition and lipotoxicity-induced insulin resistance.
More recently, Tan et al. (37) showed that functional defects in
PPARY lead to excessive release of FFA from triglyceride-rich li-
poproteins, which contributes to the high systemic FFA levels ex-
hibited by patients carrying the P467L mutation. Interestingly, in
that study, adipose tissue lipolysis, measured as glycerol and
NEFA outputs, was also decreased, suggesting the capacity of ad-
ipose tissue to mobilize lipids was severely compromised. Hence,
the possibility that defects in PPARy may directly contribute to an
abnormal lipolytic response in adipose tissue remained. Thus,
based on human data and our previous characterization of the
PLO mouse, we hypothesized and confirmed that impaired lipid
mobilization may balance the defects in lipid uptake, resulting in
an apparently “normal” adipose tissue phenotype despite de-
creased adipocyte lipid turnover. Furthermore, we demonstrated
that the deleterious metabolic effects typically associated with a
positive energy balance and obesity are exacerbated in the pres-
ence of a defect in PPARY.

We initially investigated whether the impaired lipolytic re-
sponse in PLO mice was merely an exacerbation of the common
metabolic defects associated with obesity and insulin resistance or,
alternatively, the result of a primary defect related to the PPARy
mutation. In support of a PPARy-mediated effect, our results
have confirmed a direct role of PPARy in the transcriptional con-
trol of specific functional nodes of the lipolytic axis, resulting in a
defective catecholaminergic lipolytic response in PPARy mutant
adipocytes.

Interestingly, under nonstimulated conditions, PPARy mu-
tant adipocytes showed decreased expression of atgl mRNA and
protein, as well as decreased HSL protein levels in comparison to
wild types, suggesting that the functions of both lipases are af-
fected by PPARy dysfunction. This is in accordance with the pres-
ence of PPREs in these genes’ promoters and their transcriptional
regulation by rosiglitazone.

Dysregulation of lipid droplet proteins, biogenesis, and metab-
olism is progressively gathering momentum as a potential patho-
genic mechanism mediating obesity-associated adipose tissue fail-
ure. In fact, defects in lipid droplet proteins have recently been
described in models of insulin resistance and obesity (31). Here,
we show that the expression of perilipin and s3-12 is significantly
decreased in ob/ob mice, along with a similar tendency for fsp27
and caveolin-1. In contrast, adrp and tip47 mRNA expression lev-
els were upregulated. It is relevant that this pattern of LD profile is
fully consistent with the pattern of LD dysregulation observed in
our obese cohorts and significantly differs from the natural re-
placement of lipid droplet proteins that occurs in normal differ-
entiated adipocytes. The relevance of these changes in the expres-
sion of lipid droplet proteins to adipocytes is emphasized by
recent in vivo and in vitro models, where the deficiency of one
particular coating protein causes a hierarchical replacement by
another set of proteins (36, 38, 41). However, while this allostatic
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remodeling in the scaffold of LD provides a certain degree of
structural integrity, it also compromises the LD capacity to re-
spond adequately to external stimuli, resulting in a net effect fa-
voring the leakage of FFAs.

In this regard, the PPARy mutation caused marked decreases
in the expression of fsp27 and adrp in both lean and obese mice, in
agreement with the presence of functional PPREs in their promot-
ers (39). Additionally, the increase in tip47 mRNA expression ob-
served in ob/ob adipocytes was suppressed in the presence of the
PPARvy mutation. Altogether, these data suggest that defects in
PPARY affect the dynamics of the lipid droplet and prevent LDs
from accumulating lipids in their cores, ultimately compromising
both storage and mobilization of lipids.

Our results also indicate that the basal lipolytic response of the
PPARy mutant adipose tissue remains functional despite the de-
crease in the expression of lipases and the remodeling of lipid
droplet proteins and the defects accumulated at different levels of
the lipolytic axis. Indeed, glycerol release from isolated adipocytes
appeared to be normal, suggesting that when the allostatic load is
low under unstressed conditions, the deleterious metabolic effects
of PPARy dysfunction are masked or successfully compensated
for. Only when the system is challenged by catecholamines do the
PPARy-dependent defects in the lipolytic machinery become
pathophysiologically relevant.

In our study, we have identified the PKA complex as a vulner-
able PPARy-dependent regulatory lipolytic node. PKA is an en-
zyme constituted of catalytic and regulatory subunits that interact
with AKAPs to form a regulatory complex that modulates the
strength and responsiveness of PKA and helps to maintain the
compartmentalization of cAMP pools. Interestingly, in the obese
state, the sensitivity of PKA to catecholamines is reduced as a
result of changes in the ratio of the regulatory subunits RI/RII
(28). The increase in the expression of PKA regulatory subunits in
ob/ob and PLO mice compared to their controls fully supports
this finding. Interestingly, we observed that the PPARy mutation
caused a selective downregulation of the catalytic subunit alpha of
PKA, which itself is enough to justify a functionally defective PKA.
This appears to be induced by dysfunctional PPARY, as it was
observed not only in the PLO mice, but also in the P465L lean
mice. Furthermore, our results indicate that PPARYy binds and
activates the prkaca promoter and that the presence of the PPARy
mutation impairs such activation even in the presence of the
PPARY activator rosiglitazone. We observed a similar pattern of
downregulation for d-akapl in both the lean and obese P465L
mutants versus wild types. We confirmed that PPARYy binds di-
rectly to the d-akapl promoter, identifying for the first time free
fatty acids (FFA) and d-akap1 genes as direct PPARy target genes.
The question of determining the strength of such transcriptional
activation remains unresolved. Another interesting finding that
requires further investigation is that the lean PPARy mutants dis-
play increased sensitivity to the antilipolytic action of insulin but
that this effect is lost in the context of obesity. We also show the
relevance of the dysregulation of this PPARy-dependent lipolytic
regulatory node in common forms of obesity. In fact, adipose
tissue from obese subjects exhibits specific downregulation of
both prkaca and d-akapl mRNAs (Fig. 6A). Our data are in agree-
ment with previous data identifying D-AKAPI as a potentially
downregulated gene in the human obesity data set (12, 22).

In summary, we have shown, using the human P465L
PPARy mutant, that defective PPARy causes impairment in
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catecholamine-induced lipolysis. Specifically, we have identi-
fied a dysfunction of the PKA-AKAP1 complex, as well as de-
fects in the expression of major lipases and specific dysregula-
tion of lipid droplet proteins associated with defective PPARY.
In the context of a positive energy balance, P465L mutation
further impairs catecholamine-stimulated lipolysis through
defects located at both the adrenoreceptor and postreceptor
levels. It is relevant that the molecular mechanisms that char-
acterize the impairment in lipolytic activity elicited by defec-
tive PPAR?y were recapitulated in common forms of human
obesity. Our data demonstrate that PPAR7y coordinates both
catabolic and anabolic processes in the adipocyte and that this
effect is fundamental to maintaining the metabolic flexibility
required for the efficient management of nutritional fluxes in
and out of adipose tissue.
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