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Inhibition of adipocyte lipolysis by insulin is important for whole-body energy homeostasis; its disruption has been implicated
as contributing to the development of insulin resistance and type 2 diabetes mellitus. The main target of the antilipolytic action
of insulin is believed to be phosphodiesterase 3B (PDE3B), whose phosphorylation by Akt leads to accelerated degradation of the
prolipolytic second messenger cyclic AMP (cAMP). To test this hypothesis genetically, brown adipocytes lacking PDE3B were
examined for their regulation of lipolysis. In Pde3b knockout (KO) adipocytes, insulin was unable to suppress [3-adrenergic re-
ceptor-stimulated glycerol release. Reexpressing wild-type PDE3B in KO adipocytes fully rescued the action of insulin against
lipolysis. Surprisingly, a mutant form of PDE3B that ablates the major Akt phosphorylation site, murine $273, also restored the
ability of insulin to suppress lipolysis. Taken together, these data suggest that phosphorylation of PDE3B by Akt is not required

for insulin to suppress adipocyte lipolysis.

dipose tissue serves the highly specialized function of storing

excess energy in the form of triglycerides (TG) until a time of
caloric need. These lipid stores are then hydrolyzed into glycerol
and free fatty acids (FFAs), a process termed lipolysis, and released
into circulation to provide energy to other tissues. The intricate
balance maintained by adipose tissue in response to nutritional
status is essential for whole-body energy homeostasis. The impor-
tance of the control of lipid storage is illustrated by the conse-
quences of an excess of dietary lipids, which leads to inappropriate
deposition of neutral lipid in nonadipose cell types and insulin
(Ins) resistance (1). While much is known about the regulatory
mechanisms that govern lipid metabolism, there are questions
that remain unresolved, such as how lipolysis is suppressed fol-
lowing nutrient intake.

Adipocytes are specifically poised to respond to lipolytic stim-
ulation in a dynamic fashion. During fasting, catecholamines ini-
tiate the canonical -adrenergic receptor (3-AR) signaling cas-
cade, leading to the generation of the second messenger cyclic
AMP (cAMP) and subsequent activation of protein kinase A
(PKA). Two key protein targets of PKA, perilipin 1 (PLIN1) and
hormone-sensitive lipase (HSL), help facilitate the robust lipolytic
response resulting in the sequential hydrolysis of TG first to diac-
ylglycerol (DG), then to monoacylglycerol (MG), and finally to
glycerol and FFA (2). PLIN1 associates with and protects the neu-
tral lipid droplet from lipases in the unstimulated (basal) state to
maintain lipid storage (3). However, phosphorylation of PLIN1
by PKA leads to the release of comparative gene identification-58
(CGI-58), allowing it to associate with and activate adipose tri-
glyceride lipase (ATGL), the first enzyme in the lipolytic cascade
(4, 5). In addition, upon PKA phosphorylation, HSL translocates
from the cytosol to the surface of the lipid droplet, where it hydro-
lyzes DG to MG (6, 7). The final hydrolysis step, by monoglyceride
lipase (MGL), converts MG into glycerol and free fatty acid.

Conversely, following a meal, insulin signals to the adipocyte
to take up glucose from the circulation for de novo synthesis of
lipids and esterification of fatty acids. Insulin binds to its receptor,
tyrosine kinase, leading to phosphorylation of insulin receptor
substrate (IRS) and subsequent activation of phosphatidylinositol
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3-kinase (PI3K). The phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) generated at the membrane recruits Akt, which then is
activated by two upstream kinases, PDK1 and mTORC2. Akt, the
major node of insulin action, promotes the translocation of the
facilitated glucose transporter GLUT4 to the membrane, where it
catalyzes increased glucose uptake (8). Akt is also believed to me-
diate the antilipolytic effect of insulin via phosphorylation of
phosphodiesterase 3B (PDE3B), resulting in enhanced hydrolysis
of its substrate, cAMP (9-11). The reduction in cAMP levels in the
adipocyte allows phosphatases to return lipolytic signaling to the
basal state. The most convincing evidence for a role for PDE3B
derives from the observation that insulin does not suppress lipol-
ysis in primary adipocytes from mice lacking an intact Pde3b gene
(12). While the requirement for PDE3B in the regulation of lipol-
ysis is generally accepted, the mechanism by which it is regulated
by insulin has been called into question, since the antilipolytic
effects of insulin do not correlate with decreases in PKA activity at
maximal levels of adrenergic stimulation of lipolysis (13), and Akt
has been suggested to be dispensable for this process (14, 15). To
address this issue, we used a genetic approach to examine the
requirement of PDE3B and its phosphorylation for insulin-medi-
ated antilipolysis in cultured brown adipocytes. We found that
while PDE3B is important for the control of lipolytic activity, the
phosphorylation of its major Akt site is not required for insulin to
suppress lipolysis.

Received 18 May 2015 Accepted 26 May 2015
Accepted manuscript posted online 1 June 2015

Citation DiPilato LM, Ahmad F, Harms M, Seale P, Manganiello V, Birnbaum MJ.
2015. The role of PDE3B phosphorylation in the inhibition of lipolysis by insulin.
Mol Cell Biol 35:2752-2760. doi:10.1128/MCB.00422-15.

Address correspondence to Morris J. Birnbaum, birnbaum@mail.med.upenn.edu.

* Present address: Morris J. Birnbaum, CVMED, Pfizer Inc,, Cambridge,
Massachusetts, USA.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00422-15

August 2015 Volume 35 Number 16


http://dx.doi.org/10.1128/MCB.00422-15
http://dx.doi.org/10.1128/MCB.00422-15
http://mcb.asm.org

MATERIALS AND METHODS

Materials. Akt inhibitor VIII (AktiVIII) and cilostamide were obtained
from EMD Chemicals (Gibbstown, NJ); MK-2206 dihydrochloride was
obtained from Selleck Chemicals (Houston, TX); rolipram, CL 316,243,
and 3-isobutyl-1-methylxanthine (IBMX) were obtained from Sigma-Al-
drich (St. Louis, MO). [2,8-> H]cyclic AMP, ammonium salt, was obtained
from American Radiolabeled Chemicals, Inc. (St. Louis, MO).

Buffers. Modified radioimmunoprecipitation assay (RIPA) buffer
contained 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% sodium deoxy-
cholate, 1% Triton X-100, 1X Complete protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany), and 1X phosphatase inhibi-
tor cocktails 2 and 3 (Sigma, St. Louis, MO). Hypotonic lysis medium
(HLM) contained 50 mM HEPES (pH 7.5), 50 mM sucrose, 1 mM EDTA,
100 mM NaCl, 5 mM NaF, and 1X protease/phosphatase inhibitors.
Krebs-Ringer phosphate (KRP) buffer contained 136 mM NaCl, 4.7 mM
KCl, 10 mM NaPO, (pH 7.4), 0.9 mM MgSO,, and 0.9 mM CaCl,.

Western blot analysis. Cell lysates were loaded and separated on 10%
SDS-PAGE gels and were then transferred to nitrocellulose membranes.
Membranes were probed with primary antibodies overnight at 4°C. The
primary antibodies against pan-Akt (4691P), pAkt Ser473 (4060S),
ATGL, fatty acid binding protein 4 (FABP4), HSL, pHSL Ser660, PRAS40,
HSP90, and PLIN1 (9349S) were obtained from Cell Signaling Technol-
ogy (Beverly, MA); anti-PRAS40 [pThr246] was obtained from Invitro-
gen (Grand Island, NY); the anti-p-perilipin 1 antibody, raised against a
peptide near phosphorylated Ser522 of human perilipin 1, was obtained
from Vala Sciences (San Diego, CA); an antitubulin primary antibody was
obtained from Sigma (St. Louis, MO); and primary antibodies against
peroxisome proliferator-activated receptor gamma (PPARy) and PDE3B
(SC-11838) were obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX). All antibodies were used at dilutions suggested by the manufacturer.
Infrared-labeled secondary antibodies were obtained from Rockland, Inc.
(Gilbertsville, PA). We used an Odyssey infrared imaging system (Li-Cor
Biosciences, Lincoln, NE) for all immunoblotting.

Cell culture. Brown preadipocytes were isolated from the stromal vas-
cular fractions of the interscapular fat pads of wild-type (WT) (JAX 129/
Sv]) and Pde3b knockout (Pde3b-KO) mice, immortalized, and differen-
tiated as described previously (16, 17). Experiments were performed on
days 6 to 8 postdifferentiation. 3T3-L1 preadipocytes were maintained
and differentiated as described previously (18), except that the differenti-
ation medium contained 10 pg/ml insulin (Sigma). Experiments were
performed with 3T3-L1 adipocytes 7 to 10 days postdifferentiation.

Glycerol release. Adipocytes were serum starved in low-glucose Dul-
becco’s modified Eagle medium (DMEM) containing 0.2% bovine serum
albumin (BSA) for 2 to 3 h. Experiments were conducted in KRP contain-
ing 4% fatty-acid-free BSA (Roche) with agonists and inhibitors for 1 h at
37°C. Reactions were stopped on ice, and media were collected and as-
sayed for glycerol content by using free glycerol reagent (Sigma) according
to the manufacturer’s instructions. Protein was harvested from each well
and was used for normalization. Data were calculated as a rate of release
(in nanograms of glycerol per microgram of protein per minute).

Membrane and lipid droplet isolation. Adipocytes in 10-cm dishes
were scraped in HLM with protease inhibitors and were lysed using a
Dounce homogenizer (12 strokes). Lysates were centrifuged at low speed
(200 X g) for 5 min. For membrane isolation, the supernatant was trans-
ferred to a new tube and was centrifuged at 100,000 X g for 30 min.
Membrane pellets were resuspended in HLM alone (for the PDE activity
assay) or in HLM with 1% Triton X-100 (for Western blotting). Lipid
droplets were isolated using a modified version of the sucrose density
gradient centrifugation method (19). Briefly, the supernatant was mixed
with a 60% sucrose solution (3:1 ratio by volume). Five milliliters of a 5%
sucrose solution was layered on top, followed by 3.5 ml of HLM. Samples
were centrifuged at 15,000 rpm for 30 min at 4°C using an SW41 Ti
swinging bucket rotor without a brake. The fat layer was scraped off the
top and was mixed with HLM.
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Cyclic AMP-phosphodiesterase activity. PDE3 activity, the portion
of total PDE activity inhibited by 1 pM cilostamide, a selective PDE3
inhibitor (PDE3i), was measured by a modification of our published
method using 0.1 uM [*H]cAMP (45,000 cpm) as the substrate (20).

Triglyceride content. Intracellular triglycerides were measured by hy-
drolyzing triglyceride in the whole-cell lysate into free glycerol using tri-
glyceride reagent (Sigma) for 1 h at 37°C. The free glycerol was then
measured using free glycerol reagent (Sigma). Glycerol for triglyceride is
calculated by subtracting the glycerol in the lysate from the total glycerol
from the hydrolysis reaction. The glycerol was normalized to total protein
in the lysate.

Hexose uptake. The uptake of hexose into brown adipocytes was mea-
sured as described previously (21). Briefly, serum-starved adipocytes were
treated with 100 nM insulin with or without Akt inhibitors for 15 min at
37°C. The assay was initiated by adding 0.5 p.Ci 2-[’H]deoxyglucose and
0.1 mM 2-deoxyglucose. The reaction was stopped by immediately wash-
ing the plates in ice-cold phosphate-buffered saline (PBS) 8 times after 15
min. Samples were collected, protein measured, and radioactivity
counted. Uptake was also measured in the presence of 10 WM cytochalasin
B and was subtracted from all values.

Intracellular cAMP measurement. The intracellular cAMP concen-
tration was measured by using a cAMP Biotrak enzyme immunoassay
(EIA) kit (nonacetylation protocol) according to the manufacturer’s in-
structions.

Generation of PDE3B retrovirus. Human PDE3B ¢cDNA (OriGene
Technologies, Inc.) was initially cloned by PCR into the pPENTR/dTOPO
vector. Single amino acid mutations were introduced via QuikChange II
XL site-directed mutagenesis (Agilent Technologies). Upon sequence ver-
ification, cDNA was subcloned into the pMIGRI retroviral vector (22),
and high-titer retrovirus was generated using BOSC23 cells as described
previously (23).

Statistical analysis. Experiments were analyzed using a two-tailed ¢
test or one-way analysis of variance (ANOVA) with Tukey’s posttest. Sta-
tistics were calculated using Prism, version 5 (GraphPad Software, Inc.).

RESULTS

Insulin suppresses glycerol release in 3T3-L1 and brown adi-
pocytes independently of Akt activity. Immortalized brown fat
cells present an excellent in vitro model for studying the mecha-
nisms of adipocyte function. Although they serve the distinct
physiological function of thermogenesis instead of fat storage,
brown adipocytes possess the same lipolytic machinery as white
adipocytes (24, 25). In fact, we have shown previously that the
regulation of lipolysis in primary brown adipocytes is comparable
to its regulation in vivo (26). In order to be certain that immortal-
ized brown adipocytes behave in a manner similar to the better-
established model of white adipocyte biology, 3T3-L1 cells, we
compared the regulation of lipolysis by insulin in the two cell lines.
Stimulation of lipolysis by a submaximal concentration (0.3 nM)
of isoproterenol (Iso), a B, B,-AR agonist, increased glycerol re-
lease, which was inhibited by 25 nM insulin (Ins), in both 3T3-L1
and brown adipocytes (Fig. 1A). Furthermore, insulin suppressed
glycerol release even when Akt phosphorylation was inhibited by
10 pM AktiVIII or 10 uM MK-2206 (Fig. 1A and B). Under the
same conditions, insulin-stimulated glucose transport was com-
pletely blocked by either of these inhibitors (Fig. 1C). Of note,
whereas MK-2206 increased Iso-dependent glycerol release, pre-
sumably by an off-target effect, lipolysis was still inhibited by in-
sulin, albeit to a lesser degree, in brown adipocytes. These data
support our previous observations for 3T3-L1 adipocytes that un-
der conditions in which Akt is inhibited to levels that completely
prevent the stimulation of glucose uptake by insulin, suppression
of lipolysis is maintained (15).
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FIG 1 Insulin suppresses glycerol release in both 3T3-L1 and brown adipocytes independently of Akt activity. (A) Glycerol release was measured at the basal state
and upon stimulation with 0.3 nM isoproterenol (Iso) in the presence or absence of 25 nM insulin (Ins), 10 uM AktiVIIL, or 10 uM MK-2206 for 1 h in both
3T3-L1 and brown adipocytes. Data from 3T3-L1 (n = 3) and brown adipocytes (n = 6) were normalized to those with Iso alone. Symbols indicate significant
differences (P < 0.05) for insulin suppression (*) and for Iso alone versus Iso plus MK-2206 (#). (B) Cell lysates from the experiment for which results are shown
in panel A were assessed for Akt phosphorylation by Western blotting. (C) The uptake of 2-deoxyglucose into brown adipocytes was measured upon stimulation
with 100 nM insulin in the presence or absence of AktiVIII or MK-2206 at the same concentrations used in the experiment for which results are shown in panel
A. Values represent the results of 3 experiments. (D) Glycerol release from WT brown adipocytes upon stimulation with 0.3 nM Iso in the presence or absence
of 25 nM insulin, 10 wM rolipram (PDE4i), 10 uM cilostamide (PDE3i), or a combination of PDE3i and PDE4i. Data were normalized to those for Iso with no
inhibitor. Values represent the results of 3 to 7 experiments. Symbols indicate significant differences (P < 0.05) for insulin suppression (*) and between Iso with
a PDE inhibitor and Iso alone (#). All data are presented as means = standard errors of the means. Statistical analysis was performed using one-way ANOVA and
Tukey’s posttest.

The prevalent model for insulin-mediated antilipolysis in-
volves Akt-mediated modulation of PDE3B activity. In light of our
findings suggesting that brown adipocytes have an Akt-indepen-
dent mechanism by which insulin acts to suppress lipolysis, we
measured glycerol release upon inhibition of PDE3 and PDE4, the
major cAMP-PDEs in adipocytes (27, 28), to determine the re-
quirement for PDEs in this process in brown adipocytes. A 10 puM
concentration of rolipram, a PDE4-specific inhibitor (PDE4i),
had no significant effect on Iso stimulation or insulin suppression
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of glycerol release (Fig. 1D). However, treatment of cells with 10
M cilostamide, a PDE3-specific inhibitor (PDE3i), resulted in an
80% increase in Iso-stimulated glycerol release over that with Iso
alone. Furthermore, insulin could not suppress glycerol release in
the presence of the PDE3 inhibitor, in agreement with previous
reports for white adipocytes (29). Upon inhibition of both PDE3
and PDE4 by a combination of cilostamide and rolipram, we ob-
served a dramatic increase in basal and Iso-stimulated glycerol
release that could not be suppressed by insulin (Fig. 1D). These
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FIG 2 Characterization of WT and Pde3b-KO brown adipocytes. (A) Immu-
noblot for PDE3B protein in crude membrane lysates harvested from WT and
Pde3b-KO brown adipocytes. Na/K ATPase, a membrane-bound protein, was
used as a loading control. (B) A radioactive assay for PDE activity was per-
formed on membrane lysates. For the PDE3-specific activity, 10 wM cilosta-
mide was added to the reaction mixture for both WT and Pde3b-KO adi-
pocytes, and the activity was subtracted from total activity. Other cAMP-PDE
activity was calculated based on inhibition after the addition of 100 uM IBMX.
(C) The protein expression of peroxisome proliferator-activated receptor
gamma (PPARY), fatty acid binding protein 4 (FABP4), adipose triglyceride
lipase (ATGL), and hormone-sensitive lipase (HSL) for the two genotypes was
compared via Western blot analysis. (D and E) Triglyceride (TG) content (n =
3) (D) and glucose transport (n = 3) (E) were measured in WT and Pde3b-KO
adipocytes. All data are presented as means * standard errors of the means.

data support the notion that the PDE3 isoform is the major
cAMP-degrading enzyme in both white and brown adipocytes
and is therefore important for the regulation of lipolysis.
Characterization of WT and Pde3b-KO brown adipocytes. In
order to address the requirement for PDE3B and its modulation
by insulin in the regulation of lipolysis in a genetic model, we
isolated brown preadipocytes from the interscapular brown fat
pads of Pde3b-KO mice and their wild-type (WT) littermates and
established immortalized cell lines (12). Immunoblotting for
PDE3B protein in membranes from differentiated WT and
Pde3b-KO brown adipocytes revealed expression in WT but not
KO adipocytes (Fig. 2A). As a more sensitive assay for PDE3B in
Pde3b-KO brown adipocytes, we measured its activity by assessing
the hydrolysis of [*’H]cAMP. In membrane lysates from wild-type
brown adipocytes, PDE3 accounted for ~80% of total PDE activ-
ity, while less than 10% was attributed to other IBMX-sensitive
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cAMP-PDE;, in agreement with previous reports (30). In mem-
brane lysates from Pde3b-null brown adipocytes, cAMP-PDE ac-
tivity was undetectable, in agreement with the idea that this iso-
form accounts for most of the membrane cAMP hydrolytic
activity in fat cells (Fig. 2B). Of note, there was no compensatory
induction of cAMP-PDE activity in membranes from Pde3b-null
adipocytes.

To test whether deletion of PDE3B and subsequent disruption
of normal cAMP regulation had an effect on adipocyte conver-
sion, whole-cell lysates from WT and KO preadipocytes and
differentiated adipocytes were immunoblotted for peroxisome
proliferator-activated receptor gamma (PPARY), the master reg-
ulator of adipogenesis, fatty acid binding protein 4 (FABP4), and
ATGL and HSL, key markers of mature adipocytes (31). The ex-
pression of these proteins in KO cells was unchanged from that in
wild-type adipocytes (Fig. 2C). Pde3b-KO brown adipocytes also
stored amounts of triglyceride comparable to those in WT cells
(Fig. 2D). Furthermore, ablation of PDE3B protein had no effect
on insulin-stimulated glucose uptake or its blockade by Akt inhib-
itors, in agreement with data from primary adipocytes isolated
from epididymal white fat pads of Pde3b-KO mice (Fig. 2E) (12).
Thus, there were no marked differences in the fat cell phenotype
between WT and Pde3b-KO brown adipocytes.

Lack of PDE3B in brown adipocytes impairs the action of
insulin on lipolysis. To assess lipolysis in Pde3b-KO adipocytes,
we measured glycerol release after treatment of WT and
Pde3b-KO brown adipocytes with increasing doses of Iso and CL
316,243 (a B5-AR agonist) with or without 25 nM insulin for 1 h.
We observed a dose-dependent increase in glycerol release in re-
sponse to both adrenergic agents in WT and KO adipocytes. Surpris-
ingly, there was no statistically significant enhancement in glycerol
release in KO adipocytes. As expected, insulin suppressed glycerol
release from WT brown adipocytes by ~80% after treatment of adi-
pocytes with a 0.3 nM dose of Iso or CL 316,243 and by 60% after
treatment with a 3 nM dose of Iso or CL 316,243 (Fig. 3A and B).
However, Pde3b-KO adipocytes showed a marked impairment in the
suppression of glycerol release by insulin (Fig. 3A and B).

We next probed the phosphorylation states of two PKA sub-
strates important in the lipolytic pathway, HSL and PLIN1, under
the same conditions as those of the glycerol release assay. Iso in-
creased the phosphorylation of Ser517 of perilipin 1 and Ser651 of
HSL, the sites thought most important for hormone-stimulated
lipolysis (32, 33), with a dose dependency that correlated well with
glycerol release in WT brown adipocytes (Fig. 3C). Insulin sub-
stantially blocked Iso-stimulated PLIN1 and HSL phosphoryla-
tion in WT adipocytes. Interestingly, there was a smaller but con-
sistent effect of insulin on the phosphorylation of these PKA
substrates in KO brown adipocytes stimulated with 0.3 nM Iso
(Fig. 3C). Taken together, these data confirm that phosphoryla-
tion of the lipolytic substrates PLIN1 and HSL correlates well with
glycerol release in WT cells, but they also suggest that insulin can
antagonize PKA-dependent phosphorylation in the absence of
PDE3B.

In view of the effect of insulin on the phosphorylation of PKA
substrates in Pde3b-KO cells, we measured cAMP in both WT and
Pde3b-KO brown adipocytes. Upon stimulation with 1 wM fors-
kolin (Fsk) with or without 25 nM Ins for 10 min, WT and KO
adipocytes accumulated intracellular cAMP at levels that were
3-fold above basal levels and were not affected by insulin in either
cell line (Fig. 3D).
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FIG 3 Pde3b-KO brown adipocytes have impaired insulin-mediated suppression of lipolysis. (A and B) Glycerol release from WT (solid lines) and Pde3b-KO
(dashed lines) brown adipocytes without stimulation or upon stimulation with 0.3 nM or 3 nM isoproterenol (Iso) (A) or CL 316,243 (B) in the presence (X) or
absence (O) of 25 nM insulin. Data were normalized to a 0.3 nM dose in Pde3b-KO adipocytes. Values represent results for 3 to 7 experiments. Asterisks indicate
significant differences (P < 0.05) for insulin suppression in WT cells. (C) Representative immunoblots for tubulin and phosphorylated and total perilipin 1
(PLIN1), HSL, and Akt in whole-cell lysates harvested at the termination of glycerol release assays. (D) Intracellular cAMP measurement in WT and Pde3b-KO
adipocytes upon stimulation with 1 uM forskolin (Fsk) with or without the addition of 25 nM insulin. Data were normalized to basal values of WT cells. Values
represent results for 5 experiments. All data are presented as means * standard errors of the means. Statistical analysis was performed using one-way ANOVA

with Tukey’s posttest.

Phosphorylation of PDE3B at its canonical Akt site is not
required for the antilipolytic effect of insulin. The inability of
insulin to suppress lipolysis in Pde3b-KO adipocytes confirms a
requirement for the enzyme and its associated basal activity; how-
ever, the data do not resolve whether the modulation of PDE3B
activity by hormones is essential for this process. In order to test
the role of phosphorylation and subsequent enhanced activity of
PDE3B in the suppression of lipolysis, we reexpressed WT PDE3B
or PDE3B phosphorylation site mutants in Pde3b-KO brown adi-
pocytes. Pde3b-KO adipocytes were infected with a retrovirus
containing the cDNA encoding human WT PDE3B, cDNA with
an S295A or S318A mutation (corresponding to murine Ser273 or
Ser296, respectively), or cDNA with both S295A and S318A (2SA),
by using green fluorescent protein (GFP) as a vector control. For
ease of discussion, we will refer to the S273/5295 site as the Akt site
and to the 5296/S318 site as the PKA site, as described in prior
publications (34-36). Upon differentiation, adipocyte mem-
branes were isolated and assayed for PDE3B expression and activ-
ity. Exogenous WT PDE3B and mutant PDE3B were expressed at
equivalent levels that were at least 5-fold greater than those of
endogenous PDE3B (Fig. 4A). In the infected cells, the activities of
all overexpressed PDE3B variants were approximately 6 times en-
dogenous PDE3 activity (Fig. 2B and 4B). Both Iso and insulin
increased PDE3B activity in Pde3b-KO adipocytes overexpressing
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wild-type PDE3B. Cells expressing PDE3B with the Akt site, the
PKA site, or both sites ablated did not respond to Iso or insulin
with increases in PDE3B activity (Fig. 4B). These data confirm that
these residues are indeed the main targets of catecholamine- and
insulin-dependent phosphorylation and mediate the regulation of
enzyme activity.

We next assessed the subcellular distribution of PDE3B by iso-
lating lipid droplets using density gradient centrifugation. Endog-
enous and overexpressed PDE3B localized to the lipid droplet
fraction. The association of overexpressed WT PDE3B with the
lipid droplet with the lipid droplet was unchanged upon treatment
with insulin (Fig. 4C). As expected based on the significant over-
expression, WT PDE3B in KO adipocytes displayed lower maxi-
mal Iso-stimulated glycerol release than parental KO cells. In spite
of this, WT PDE3B-expressing null cells responded robustly to
insulin in the suppression of lipolysis (Fig. 4D). All the phosphor-
ylation site mutants of PDE3B, including one in which the puta-
tive Akt site was ablated, also restored the ability of insulin to
antagonize Iso-stimulated glycerol release to Pde3b-KO adi-
pocytes comparably. Mutation of the PKA site alone or in combi-
nation with the Akt site (2SA) enhanced Iso-stimulated lipolysis
over that for the WT protein (Fig. 4D). These data are consistent
with previous studies indicating that PKA phosphorylation of
PDE3B increases its activity, functioning as a negative-feedback
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FIG 4 Phosphorylation of PDE3B at putative Akt and PKA sites is not required for the antilipolytic effect of insulin in brown adipocytes. (A) Immunoblot for
PDE3B protein in crude membrane lysates harvested from WT and Pde3b-KO brown adipocytes and from KO adipocytes overexpressing the indicated human
PDE3B proteins. Na/K ATPase was used as a membrane loading control. (B) PDE3 activity in membrane fractions. Values represent results for 2 to 3 independent
experiments. *, P < 0.001. (C) Representative immunoblot of the lipid droplet fraction and whole-cell lysate (WCL) for PDE3B using perilipin 1 and HSP90 as
lipid droplet and cytosolic markers, respectively. For “+WT+Ins” samples, KO plus WT adipocytes were treated with 100 nM insulin for 15 minutes prior to
fractionation. (D and E) Glycerol release was measured without Iso or upon the addition of 0.3 or 3 nM Iso (D) or 3 nM Iso (E) in the presence or absence of 25
nM Ins. Data are expressed as percentages of the response of WT (D) or Pde3b-KO (E) adipocytes upon stimulation with 3 nM Iso. Vec, vector; NT, no treatment
(basal). Values represent results for 3 experiments. Symbols indicate significant differences (P < 0.05) for insulin suppression (*), for comparison with the WT
group with 3 nM Iso (#), for comparison with the KO-plus-S318A group with 3 nM Iso (), or for comparison with the KO-plus-2SA group with 3 nM Iso (+).
(F) Representative immunoblots for phosphorylated perilipin 1 (PLIN1) and HSL in whole-cell lysates harvested at the end of the glycerol release assays. All data
are presented as means * standard errors of the means. Statistical analysis was performed using one-way ANOVA and Tukey’s posttest.

signal (34, 36, 37). To assess whether other residues are required
for the regulation of lipolysis by insulin, we mutated one, two, or
three other conserved serines to alanine (human S296 [murine
S274], S442 [murine S421], and S495 [murine S474]), in addition
to the Akt and PKA sites; we refer to these as the 3SA, 4SA, and 5SA
mutants, respectively. When these proteins were overexpressed in
Pde3b-KO adipocytes, insulin still suppressed Iso-stimulated glyc-
erol release to an extent similar to that in cells overexpressing the
WT enzyme (Fig. 4E). Phosphorylation of PLIN1 and HSL paral-
leled glycerol release in the retrovirus-infected cells, with restora-
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tion of insulin action by all PDE3B proteins and increases in phos-
phorylation when the PKA site serine was mutated to alanine (Fig.
4F). Taken together, these data suggest that phosphorylation of
PDE3B at its major Akt site is required for the activation of PDE3B
by insulin but not for the suppression of lipolysis in brown adi-

pocytes.

DISCUSSION

Hormone regulation of lipolysis has garnered attention recently as
support has grown for the idea that elevated circulating free fatty
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acid levels can lead to ectopic deposition of lipid in multiple tis-
sues, potentially leading to insulin resistance and cellular dysfunc-
tion. Moreover, the recent recognition of “selective insulin resis-
tance” in liver and adipose tissue has brought to the fore the
concept that insulin uses multiple intracellular signaling pathways
to carry out its biological actions (38—40). Thus, it seemed timely
to reassess the molecular mechanism by which lipolysis is regu-
lated in fat cells, and in particular how insulin suppresses fatty acid
release. Insulin stimulates glucose transport, generating glycerol-
3-phosphate, which promotes reesterification and thus reduces
FFA secretion. However, insulin also inhibits the cleavage of tri-
glyceride into glycerol and fatty acids, and it is the nature of the
signaling pathway controlling this process that has proven contro-
versial. In this report, we use a genetic approach to test one of the
tenets of the hypothesis that PDE3B phosphorylation is required
for insulin-dependent antilipolysis and find instead that the major
Akt phosphorylation site in PDE3B is dispensable for the action of
insulin.

A persistent question dating back almost to the discovery of
cAMP has been whether insulin carries out many of its actions by
reducing the intracellular levels of this second messenger. Almost
30 years ago, Londos and colleagues carefully examined the effects
of insulin on lipolysis and PKA activity, concluding that, depend-
ing on the degree of adrenergic simulation, the suppression of
lipolysis by insulin could not always be fully accounted for by the
decrease in PKA activity (13,41). Nonetheless, although these data
questioned the relationship between changes in cAMP and insu-
lin-dependent antilipolysis, a generally accepted model has
emerged in which Akt, whose activity is elevated by insulin, phos-
phorylates and stimulates PDE3B, thus reducing cAMP levels and
PKA activity (9-11, 42). Considerable data support this hypothe-
sis, which is made all the more compelling by analogy to the well-
established mediation of insulin-regulated glucose metabolism by
Akt, as well as the absence of the antilipolytic effects of insulin in
Pde3b-KO adipocytes (12). Pharmacological inhibition of PI3K,
Akt, and PDE3B blocks the ability of insulin to suppress lipolysis
(43-46). Additionally, the predominant Akt phosphorylation site
in murine PDE3B has been mapped to murine Ser273 and has
been shown to be necessary for in vitro and in vivo phosphoryla-
tion and activation of the enzyme (34, 35, 47). On the other hand,
conflicting studies have provided evidence that Akt and cAMP
degradation are not required for insulin to inhibit lipolysis (14, 15,
48, 49). Most recently, we found that under conditions of sub-
maximal B-adrenergic stimulation, the ability of insulin to sup-
press lipolysis did not require Akt2, and possibly did not require
any Akt activity (15). One explanation for this discrepancy in the
literature is that both Akt-dependent and Akt-independent path-
ways exist in the adipocyte, and depending on the experimental
conditions, one pathway will predominate. In this study, we as-
sessed the requirement for PDE3B phosphorylation in insulin-
mediated antilipolysis in an in vitro model system, differentiated
immortalized brown adipocytes. While confirming the observa-
tion that primary mouse adipocytes deficient in PDE3B do in-
crease lipolysis in response to B-adrenergic stimulation but no
longer respond to insulin, we found that reexpression of a mutant
version of PDE3B lacking the major Akt and PKA phosphoryla-
tion sites reestablished insulin responsiveness in a manner indis-
tinguishable from that of wild-type PDE3B. By showing that the
enhancement of PDE3B activity via phosphorylation is not re-
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quired for antilipolysis, we provide additional support for an Akt-
independent mechanism for insulin-dependent lipolysis.

Several aspects of these data give us confidence in the physio-
logical relevance of the results in spite of the artificial nature of the
experimental system. Even though the retrovirus-encoded cDNAs
were expressed at levels considerably higher than that of endoge-
nous PDE3B, and thus, the absolute level of isoproterenol-stimu-
lated lipolysis was reduced, insulin still inhibited glycerol release
and PKA substrate phosphorylation as in WT adipocytes. Impor-
tantly, mutation of candidate phosphorylation sites in PDE3B
completely abrogated the ability of Iso or insulin to activate the
enzyme, even though the mutagenesis had no effect on insulin-
regulated lipolysis. In contrast to the lack of effect of ablation of
the Akt phosphorylation site of PDE3B, mutation of the PKA
phosphorylation site led to an increase in lipolysis, which was
nonetheless inhibited by insulin. PKA phosphorylation of PDE3B
is activating, which serves as a negative-feedback loop; interrup-
tion of this circuit would be expected to potentiate isoproterenol-
stimulated glycerol release, as found in our experiments (34, 36).
Importantly, this provides strong support for the notion that, had
activation of PDE3B by Akt been important for antilipolysis, the
experimental system would have had the sensitivity to detect this,
since the magnitudes of PDE3B activation by Akt and PKA are
similar (34, 35, 50, 51). Furthermore, we have shown that no other
residue previously identified as a potential target of phosphoryla-
tion is important in this process. Taken as a whole, these results
suggest strongly that PDE3B phosphorylation by Akt and PKA is
not required for insulin to suppress lipolysis, in agreement with
our recently published findings with Akt2-deficient mice (26).

Although the data in this paper argue against an obligate role
for insulin-mediated phosphorylation and subsequent activation
of PDE3B in antilipolysis in adipocytes, treatment with insulin
was nonetheless associated with a marked decrease in the phos-
phorylation of canonical PKA substrates in KO adipocytes. Lon-
dos and colleagues noted this phenomenon, suggesting that it was
due to the activation of serine/threonine protein phosphatases by
insulin (13, 52). We advance the alternative hypothesis that insu-
lin works by inhibiting PKA activity locally on the lipid droplet.
Moreover, although our data exclude an obligate role for PDE3B
activation via phosphorylation in antilipolysis, insulin could be
promoting the assembly of a protein complex that includes
PDE3B or other negative regulators of PKA signaling on the lipid
droplet. The loss of insulin action in the Pde3b-null adipocytes is
consistent with this idea. Localized regulation of PKA activity by
the assembly of signaling complexes containing components of
the cAMP/PKA pathway is a recurrent theme in cellular physiol-
ogy, and such a mechanism seems plausible for the regulation of
lipolysis at the lipid droplet (53-55). In support of this hypothesis,
in primary and 3T3-L1 adipocytes, PDE3B associates with caveo-
lin-1, a scaffolding protein within plasma membrane caveolae,
which localizes to the lipid droplet upon 3-adrenergic stimulation
(56-60). Additionally, in the current study, we show that endog-
enous PDE3B localizes to the lipid droplet fraction of brown adi-
pocytes, suggesting that this compartment might be a site of
PDE3B action. Furthermore, treatment of 3T3-L1 adipocytes with
insulin has been reported to induce the formation of large macro-
molecular complexes (“signalosomes”) isolated by gel filtration
(Superose 6 columns) of solubilized microsomal membranes.
These signalosomes contain phosphorylated/activated PDE3B
and signaling molecules, e.g., IRS, PI3K, Akt, caveolin-1, PP2A,
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and 14-3-3, which coimmunoprecipitate with PDE3B and are po-
tentially involved in its regulation (60, 61). In our studies, perili-
pin phosphorylation was the best correlate of glycerol release in
WT cells, in agreement with the idea that compartmentalized lip-
id-droplet-associated PKA activity and/or substrate phosphoryla-
tion is the ultimate molecular target for insulin signaling, whether
or not this process involves PDE3B.

In conclusion, these data confirm that PDE3B is essential for
the antilipolytic effect of insulin and that insulin modulates
PDE3B activity via phosphorylation, but they also show that phos-
phorylation of PDE3B is not required for insulin-dependent an-
tilipolysis. Furthermore, these results are consistent with the hy-
pothesis that Akt is dispensable for this antilipolysis, at least under
some conditions. Identification of the presently unknown path-
way(s) as well as the role of PDE3B in the antilipolytic action of
insulin will provide a better understanding of lipid metabolism
and might uncover potential targets of therapeutic intervention
for insulin-resistant syndromes.
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