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BACKGROUND AND PURPOSE

The class Ill PI3K inhibitor, 3-methyladenine (3-MA), is commonly used to selectively block autophagy. Recent findings suggest
a strong relationship between autophagy and lipid turnover. Here, we explore the effect of 3-MA on adipocyte lipolysis.

EXPERIMENTAL APPROACH

Assays were performed in 3T3-L1 cells. Cells were treated with 3-MA and wortmannin, a pan PI3K and autophagy inhibitor.
Pharmacological and genetic manipulation of endogenous autophagic and lipolytic pathways was used to ascertain the

contribution of 3-MA to the observed effects on lipolysis.

KEY RESULTS

3T3-L1 cells that were exposed to 3-MA showed a consistent increase in lipolysis, approximately 50% over basal levels. The
effect of 3-MA was not secondary to autophagic inhibition as treatment of 3T3-L1 cells with wortmannin yielded no such
changes. Dosing and time course experiments showed that 3-MA’s ability to activate lipolysis was more sensitive than its
inhibitory effect on autophagy. Knockdown of adipose triglyceride lipase (ATGL) negated the stimulatory effect of 3-MA by
>90%, indicating that 3-MA enhanced ATGL-dependent hydrolysis of triacylglycerols. Additionally, the lipolytic effect of 3-MA
was dependent on the activation of PKA and 3-MA induced a rapid and potent elevation of intracellular cAMP levels in

adipocytes.
CONCLUSIONS AND IMPLICATIONS

Cumulatively, we show that 3-MA potently modulated a cellular mechanism and its underlying signalling pathways not
associated with autophagy. Furthermore, we describe a novel stimulatory effect on a major signalling pathway. Our findings
provide valuable information to studies employing 3-MA as a specific inhibitor for PI3K and autophagy.

Abbreviations

3-MA, 3-methyladenine; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; IBMX,
3-isobutyl-1-methylxanthine; siRNA, small interfering ribonucleic acid; TAG, triacylglycerol

Introduction

Macro-autophagy (autophagy hereafter) is a self-digestive
mechanism essential for regulation and maintenance of cel-
lular homeostasis (Ito et al., 2007). The relationship between
autophagy and lipid metabolism is a topic that has garnered
increasing interest and relevance in recent years as obesity

rates have steadfastly increased. Autophagy and triacylglyc-
erol (TAG) hydrolysis are catabolic cellular processes that are
activated during periods of nutrient deprivation (Dong and
Czaja, 2011; Kovsan et al., 2011). These mechanisms share
markedly similar responses both biochemically and function-
ally, in response to a limited nutrient supply (Gibbons et al.,
2000; Finn and Dice, 2006).
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Dysfunction within the autophagic machinery itself, or
within the associated signalling pathways, can lead to a
variety of pathological conditions (Ravikumar et al., 2010).
Autophagy serves as a catabolic mechanism to recycle
damaged cellular components to be used as substrates for
energy production. In autophagy, sequestered components
such as damaged organelles, proteins and lipids become
trapped in double-membrane-bound compartments called
autophagosomes (Kundu and Thompson, 2008). Once
trapped within autophagosomes, the contents are subse-
quently degraded following fusion with lysosomes.

For autophagy induction to proceed properly, the class Il
PI3K and beclin 1 (a tumour suppressor protein) are required
for a proximal step during autophagy activation. Beclin 1 and
class III PI3K form a highly conserved core complex that is
instrumental for the localization of essential autophagic pro-
teins (such as Atg5 and Atg7) to the pre-autophagosome (Kang
et al., 2011). Furthermore, the core complex, in particular the
class III PI3K, Vps34, is responsible for the production of the
pro-autophagic class III PI3K product, phosphatidylinositol
3-phosphate (PI-3-P; Ravikumar et al., 2010). PI-3-P is believed
to act as a substrate or scaffold for autophagosome assembly
and aids in recruitment of additional key autophagy media-
tors, and is therefore required for autophagy.

As PI3K is essential for the activation of functional
autophagy, it has become a well-characterized target for
autophagy inhibition. The pan PI3K inhibitor wortmannin
and the class III PI3K inhibitor 3-methyladenine (3-MA) are
widely used to block autophagic activation (Huang and Sini-
crope, 2010; Petiot et al., 2000; Seglen and Gordon, 1982).
Inhibition of PI3K at the core complex inhibits autophago-
some formation and the autophagic machinery ultimately
fails to engage properly (Seglen and Gordon, 1982). In addi-
tion to pharmacological inhibition of autophagy, ablation of
either Atg 5 or Atg7, two key autophagy proteins required for
autophagosome recruitment and assembly (Codogno and
Meijer, 2006), is enough to inhibit autophagy. Both pharma-
cological and genetic inhibitions of autophagy are applicable
under both nutrient-deprived and basal conditions.

Fatty acids are essential substrates for energy production
and membrane lipid biogenesis. They are stored as triacylg-
lycerols (TAGs) in lipid droplets of adipocytes and non-
adipocyte cells. During instances of increased metabolic
demand such as extended fasting and exercise, free fatty acids
(FFAs) and glycerol are released by the process of lipolysis that
is catalysed by hydrolytic enzymes called lipases. Adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL)
are the two prominent cytosolic lipases involved in mediat-
ing adipose lipolysis with ATGL mediating the rate-limiting
first step in the hydrolysis of TAGs via lipolysis (Ahmadian
et al., 2010; Greenberg et al., 2011; Lafontan and Langin,
2009; Lass et al., 2010). Recent evidence, such as that shown
by Singh et al. (Singh et al., 2009a; Singh et al., 2009b), clearly
shows the autophagic mechanism also mediates fasting-
induced lipolysis in both mouse liver and cultured hepato-
cytes. Specifically, lipid droplets are delivered to lysosomes by
autophagosomes, where lysosomal acid lipase acts to hydro-
lyse TAGs and cholesteryl esters.

In this present study, we initially attempted to uncover the
relationship between lipolysis catalysed by cytosolic lipases
and lipid turnover mediated by autophagy under basal nutri-
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ent conditions. By using differentiated 3T3-L1 adipocytes as a
model for lipolysis as previously described (Green et al., 2004;
Yang et al., 2008; 2010), we studied glycerol output from cells
where basal autophagy was suppressed by PI3K inhibitors and
genetic manipulation of autophagy-related genes. Our data
presented in this study demonstrate a novel stimulatory effect
of 3-MA on lipolysis that is dependent on PKA activation but
independent of autophagic inhibition.

Methods

Cell culture

3T3-L1 fibroblasts were maintained in high glucose Dulbec-
co’s modified Eagle’s medium (DMEM) (Invitrogen, Grand
Island, NY, USA) containing 10% newborn calf serum (Lonza,
Basal, Switzerland), 1% penicillin/streptomycin (Invitrogen)
and 1% glutamine (Invitrogen). For differentiation into
mature adipocytes, 3T3-L1 fibroblasts were switched to media
as described earlier, containing 10% fetal bovine serum
(Sigma, St. Louis, MO, USA) in lieu of newborn calf serum. In
addition, this media also contained 1 pg-mL™ insulin,
0.25 uM dexamethasone and 0.5 mM IBMX. After 3 days of
treatment, dexamethasone and IBMX were removed from the
culture media. After 2 days of insulin only treatment, cells
were then maintained in DMEM media containing 10% fetal
bovine serum, 1% pen/strep and 1% glutamine. For drug
treatment, all compounds were dissolved in phenol red-free
DMEM (Invitrogen) containing 0.2% fatty acid-free BSA
(Sigma). All cells were kept at 37°C in a 10% CO, atmosphere.

Cell lysis and immunoblotting

All standard immunoblotting procedures were followed. After
specified treatments, cells were washed twice with ice-cold
PBS (pH 7.5) and then lysed in buffer containing 50 mM Tris,
1% Triton-X 100, 131 mM sodium chloride, 1 mM sodium
vanadate, 1 mM sodium diphosphate, 1 mM sodium fluoride,
1 mM EDTA and protease inhibitors (1 mini tablet per 7 mL of
volume). Following centrifugation at 10 000x g for 10 min,
the supernatant was collected and normalized. Quantification
of protein concentration was accomplished via the D¢ protein
assay kit (Bio-Rad, Hercules, CA, USA). 2x Laemmli sample
buffer was added to the lysates in a 1:1 ratio. Equal amounts of
samples were then resolved on SDS-PAGE and transferred
onto nitrocellulose membranes (Bio-Rad). Following transfer,
membranes were blocked in 5% non-fat milk and then probed
with 1° and 2° antibodies before chemiluminescent detection
using Amersham ECL substrate (GE Healthcare, Waukesha,
WI, USA) and a Fuji LAS-4000 Imaging System.

Small interfering ribonucleic acid

gene knockdown

Gene knockdown in 3T3-L1 adipocytes was achieved by an
electroporation method as described previously (Inoue et al.,
2006). Stealth small interfering ribonucleic acid (siRNA) oli-
gonucleotides were purchased from Invitrogen. For ATGL
knockdown, two siRNAs directed against murine isoform
were combined for maximum knockdown efficiency. The
sequences for the first set of oligonucleotides are as follows:
sense 5’-UCA GAC GGA GAG AAC GUC AUC AUA U-3’ and



anti-sense 3’-AUA UGA UGA CGU UCU CUC CGU CUG A-5".
The second set of oligonucleotides comprised sense 5’-CCA
GGC CAA UGU CUG CAG CAC AUU U-3’ and anti-sense
3’-AAA UGU GCU GCA GAC AUU GGC CUG G-5. Atg 5
knockdown was achieved using one siRNA directed against
the murine isoform. This set of oligonucleotides comprised
sense 5-AUU CCA UGA GUU UCC GGU UGA UGG C-3" and
anti-sense 3-GCC AUC AAC CGG AAA CCU ACG C-5'.
Stealth RNAi negative control MED GC (Invitrogen
#10620312) was used for all control knockdowns.

Lipolysis measurement

Lipolysis was measured as glycerol released per amount of
protein present in the samples (UM-mg'). Media was col-
lected from the cells at various time points throughout the
experiments. The amount of glycerol released was deter-
mined using the AdipoSIGHT Lipolysis Assay Kit (ZenBio,
Research Triangle Park, NC, USA) according to the manufac-
turer’s instructions. Following glycerol release measurements,
the data were then normalized to the protein concentration
of each sample, via methods described earlier.

Measurement of cAMP

cAMP levels were quantified using the Direct cAMP Assay Kit
(Sigma) according to the manufacturer’s instructions. cCAMP
was measured as (pmol-mL™) following normalization of
samples by protein concentration. Compounds used for treat-
ment were dissolved in phenol red-free DMEM containing
0.2% fatty acid-free BSA as described previously.

Data analysis

Data are shown as mean = SD. A minimum number of six (n
= 6) independent experiments were used for statistical analy-
sis. Paired Student’s t-test, one-way ANOVA including post-
tests, or two-way ANOVA including Bonferroni post-tests
were used for data comparison as indicated per experiment,
and differences were considered significant when P < 0.05.

Materials

Anti-LC3 antibody (#?M036) was purchased from MBL Inter-
national (Woburn, MA, USA) and used at 1:1000 dilution.
Anti-Perilipin A (#ab61682) was used at 1:3000, anti-ATGL
(#2439B) and anti-P62 (#5114) were used at 1:1000, and pur-
chased from Abcam (Cambridge, MA, USA) and Cell Signal-
ing (Danvers, MA, USA), respectively. Anti-f actin antibody
(#A1978) was used for all loading controls at 1:5000 and was
purchased from Sigma. Secondary HRP antibodies were used
at 1:5000 and purchased from Pierce Biotechnology (Rock-
ford, IL, USA). All dilutions mentioned earlier are for immu-
noblotting. Wortmannin was purchased from Invitrogen.
3-MA, isoproterenol, 3-isobutyl-1-methylxanthine (IBMX),
dexamethasone and H-89 dihydrochloride hydrate (H89)
were purchased from Sigma.

Results

Treatment with 3-MA affects both autophagy

and lipid turnover
Activation of PI3-kinases is a prerequisite for maintaining
basal autophagic activity. To evaluate the potential involve-
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ment of autophagy in TAG breakdown, we treated 3T3-L1
adipocytes with PI3K inhibitors such as wortmannin and
3-MA, and then measured glycerol release as a function of
complete lipolysis. The lipid-laden adipocytes were derived
from 3T3-L1 fibroblasts that were induced into adipogenic
differentiation via a well-established method (Figure 1A).
Accumulation of the LC3-II isoform was used as a determi-
nant for autophagic activity as previously described
(Mizushima et al., 2010). p62/SQSTM1 is a protein that forms
aggregates which are predominantly degraded by autophagy
(Bjorkoy et al., 2005). p62 turnover was used as a secondary
assay for measuring autophagy activation as previously
described (Barth et al., 2010). In comparison to that with
vehicle alone, treatment with 3-MA and wortmannin both
significantly reduced intracellular levels of LC3-II and as
revealed by immunoblotting (Figure 1B). Additionally, cells
treated with the PI3K inhibitors showed increases in p62
expression by immunoblot, indicating effective inhibition of
autophagy (Figure 1B). Interestingly, 3-MA treated cells
showed a near twofold increase in lipolysis. The level of
stimulation was comparable to that incurred by the
B-adrenoceptor agonist isoproterenol, a well-known activator
of lipolysis (Figure 1C). By contrast, TAG hydrolysis was not
altered by treatment with wortmannin. Taken together, these
findings suggest that in adipocytes, 3-MA stimulated TAG
hydrolysis that was distinct from autophagic inhibition.

Ablation of the key autophagy mediator Atg5
has no effect on TAG hydrolysis

To further assess if the stimulation of TAG hydrolysis follow-
ing 3-MA treatment was distinct from autophagic inhibition,
we performed loss-of-function experiments by silencing the
expression of a key autophagy protein Atg 5. Compared to
cells transfected with a non-silencing control siRNA, cells
exposed to siRNA directed specifically against mouse Atg S
retained <5% of the endogenous protein following transfec-
tion (Figure 2A). p62 immunoblot demonstrated significant
inhibition of autophagy following Atg 5 ablation (Figure 2B).
Under basal, 3-MA, and isoproterenol-stimulated conditions,
no changes in lipolysis were observed between the control
and Atg S knockdown groups (Figure 2C). Two-way ANOVA
showed no statistically significant difference in the relation-
ship between atg5 ablation and observable changes in lipoly-
sis [F(1,6) =0.7641, P=0.4157]. These findings suggested that
inhibition of autophagy did not significantly affect lipolysis
in adipocytes. Therefore, it is unlikely that the lipolytic
stimulation witnessed following 3-MA treatment was second-
ary to autophagic inhibition.

3-MA induced TAG hydrolysis is stable at
various dosing and temporal regimes

In order to determine whether 3-MA acutely or chronically
stimulated lipolysis, we treated 3T3-L1 adipocytes with 3-MA
for various periods of time. When compared with vehicle
alone, 3-MA increased lipolysis throughout the entire 6 h
span. As shown in (Figure 3A), an approximate 50% increase
in glycerol release was observed in cells following 1 hr of
3-MA treatment. Longer treatments resulted in further
increase in the rates of glycerol release. However, the fold
change induced by 3-MA over the basal level stayed at ~50%
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Figure 1

3-MA and wortmannin treatment of 3T3-L1 adipocytes. 3T3-L1 adi-
pocytes were treated for 4 h in the absence of serum with 5 mM of
3-MA, 100 nM of wortmannin (WORT) and 10 uM of isoproterenol
(ISO). (A) Phase-contrast micrograph of untreated 3T3-L1 fibroblasts
and 3T3-L1 adipocytes. (B) Immunoblotting analysis of LC3 expres-
sion and B-actin loading control post-drug treatment. (C) Lipolysis
assay measuring glycerol release at 4 h post-treatment. Data are
shown as mean = SD and represent six (n = 6) independent experi-
ments. Statistical significance was determined using paired Student’s
t-tests (**P < 0.002; ***P < 0.001).

at the subsequent time points. Two-way ANOVA showed sta-
tistical significance between treated and non-treated groups
[F(1,12) = 1893 P < 0.0001] and in treatment time [F(5,12) =
1563 P < 0.0001]. Therefore, the increase in lipolysis occurred
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Inhibition of autophagy does not affect TAG hydrolysis. 3T3-L1 adi-
pocytes electroporated with control or Atg 5 siRNA oligos were
treated with vehicle alone, 10 uM of isoproterenol (ISO) or 5 mM of
3-MA for a period of 4 h. (A) Immunoblot analysis of Atg 5 protein
levels and actin loading control following knockdown and 4 h treat-
ment. (B) Immunoblot analysis of the autophagy marker p62 and
actin loading control in both control and Atg 5 knockdown cells in
the presence or absence of 4 h isoproterenol or 3-MA treatment. (C)
Lipolysis assay measuring glycerol release following Atg 5 knock-
down. Data are shown as mean = SD and represent six (n = 6)
independent experiments. Statistical significance was determined
using two-way ANOVA including Bonferroni post-tests; no significant
changes were observed.

early in the course of the 3-MA treatment and the effect
remained stable when the treatment was prolonged. Moreo-
ver, a dose-response experiment showed that treatment with
3-MA at concentrations greater than 0.625 mM was sufficient
to induce a near-maximal increase in the lipolytic rates
(Figure 3B).
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Figure 3

Concentration-response and time course for 3-MA treatment of
3T3-L1 adipocytes. (A) Cells were exposed to 5 mM of 3-MA for 6 h.
Media was collected at 1 h intervals and glycerol release was meas-
ured. (B) Cells were treated under varying concentrations of 3-MA for
a period of 4 h. Following treatment, media was collected and glyc-
erol release was measured. Data are shown as mean = SD and
represent seven (n = 7) independent experiments. Statistical signifi-
cance was determined using two-way ANOVA including Bonferroni
post-tests (****P < 0.0001); all time points were found to be signifi-
cant as shown.

3-MA stimulated lipolysis is dependent

on ATGL

ATGL is the rate-limiting lipase mediating TAG turnover in
adipocytes (Haemmerle et al., 2006). To assay the nature of
the increase in lipolysis in response to 3-MA treatment, we
introduced siRNA via electroporation to knockdown ATGL in
mature 3T3-L1 adipocytes. Compared with the protein levels
in cells transfected with a non-silencing control siRNA, <5%
of ATGL protein was present in cells transfected with a pool
of siRNA specifically directed against ATGL (Figure 4A). Cells
were then subjected to treatment with 3-MA, using isoprot-
erenol as a positive control. The glycerol release assay
revealed that both 3-MA and isoproterenol drastically stimu-
lated glycerol release in the control knockdown cells. In the
ATGL knockdown cells, however, the effects of both agents
were effectively negated (Figure 4B). Two-way ANOVA
showed a statistical significance in relationship to both gene
ablation [F(1,6) = 4600, P < 0.0001] and drug treatment
[F(2,6) = 2515, P < 0.0001]. These results demonstrate that
3-MA promotes TAG turnover through ATGL-dependent
lipolysis.

3-methyladenine, PKA and lipolysis
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Figure 4

3-MA activates ATGL-mediated lipolysis. 3T3-L1 adipocytes electro-
porated with control or ATGL-specific siRNA oligonucleotides were
treated with vehicle alone, 5 mM of 3-MA or 10 uM of isoproterenol
(ISO) for 4 h. (A) Immunoblotting analysis of ATGL expression and
actin loading following siRNA knockdown of ATGL. (B) Lipolysis assay
measuring glycerol release following ATGL knockdown. Data are
shown as mean =+ SD and represent six (n = 6) independent experi-
ments. Statistical significance was determined using two-way
ANOVA including Bonferroni post-tests (****P < 0.0001).

3-MA stimulates activation of
cAMP-dependent protein kinase (PKA)

As 3-MA and isoproterenol share similar patterns of lipolytic
stimulation, we next directly evaluated the effect of 3-MA on
PKA activation. We treated 3T3-L1 adipocytes with 3-MA,
isoproterenol or another cAMP-elevating agent IBMX and
then analysed hyperphosphorylation of a well-known PKA
substrate perilipin (Zhang et al., 2002). As revealed by immu-
noblotting in Figure SA, stimulation of cells with isoproter-
enol or IBMX predictably promoted an upward shift of the
lipid droplet coat protein perilipin. This shift of perilipin was
due to phosphorylation by PKA, since it could be abolished
by co-treatment of cells with a selective PKA inhibitor H89.
Of interest, 3-MA was able to induce the same shift of
perilipin that was sensitive to H89, indicating an efficient
activation of PKA by 3-MA. In conjunction with hyperphos-
phorylation of perilipin, phosphorylation of HSL in response
to 3-MA treatment was also detected by immunoblotting
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3-MA stimulates lipolysis in a PKA-dependent manner. 3T3-L1 adi-
pocytes were treated for 4 h with 5 mM of 3-MA, 100 nM of wort-
mannin (Wort), 10 uM of isoproterenol (ISO) or 0.5 mM of IBMX in
the presence or absence of 10 uM of H89. (A) Immunoblotting
analysis of perilipin A, phospho-HSL and actin loading control 4 h
post-treatment. (B) Lipolysis assay measuring glycerol release follow-
ing 4 h drug treatment. Data are shown as mean =+ SD and represent
six (n = 6) independent experiments. Statistical significance was
determined using one-way ANOVA including Bonferroni post-tests
(****P < 0.0001).

with an antibody specific for PKA-phosphorylated HSL
(Figure 5A). As with perilipin, HSL phosphorylation induced
by 3-MA was abolished upon inhibition of PKA by
co-treatment of cells with H89. Additionally, phosphoryla-
tion of perilipin and HSL did not appear to be secondary to
the inhibition of PI3Ks as wortmannin did not confer similar
effects. Finally, glycerol release assays demonstrated that the
effect produced by 3-MA on lipolysis was reduced to basal
levels when PKA was inhibited by H89 (Figure 5B). One-way
ANOVA showed a statistically significant difference in regard
to drug treatment [F(8,9) = 325, P < 0.0001]. Therefore, like
B-adrenoceptor agonists, 3-MA stimulated lipolysis via acti-
vation of PKA in adipocytes.

cAMP levels increase dramatically in response
to 3-MA treatment

After seeing potent activation of PKA as a result of 3-MA
treatment, we next assayed intracellular cAMP levels in
response to 3-MA treatment. First, 3T3-L1 adipocytes were
treated with 5 mM of 3-MA for varying periods of time.
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cAMP levels increased by threefold over basal for both
isoproterenol-treated positive control cells and 3-MA-treated
cells (Figure 6A). Two-way ANOVA showed statistical signifi-
cance in respect to both drug treatment [F(2,15) = 2868, P <
0.0001] and treatment time [F(4,15) = 1899, P < 0.0001]. The
observed increases peaked at 15 min following treatment and
remained constant throughout the 2 h collection period.
Second, cells were treated with 3-MA in combination with
IBMX, a non-selective phosphodiesterase inhibitor com-
monly used to prevent cAMP turnover (Figure 6B). Again,
two-way ANOVA revealed statistical significance in respect to
drug treatment [F(3,20) = 829.2, P < 0.0001] and treatment
time [F(4,20) = 577.5, P < 0.0001]. As expected, IBMX treat-
ment alone markedly increased intracellular cAMP levels.
However, the effects of 3-MA and IBMX were not additive as
the combination treatment with 3-MA and IBMX failed to
further increase the peak concentration of cAMP induced by
IBMX alone at the 15-min time point. Moreover, there was a
concentration-related effect of 3-MA on the elevation of
cAMP levels. As shown in Figure 6C, 3-MA at concentrations
as low as 0.625 mM was effective in promoting the accumu-
lation of cAMP (Figure 6C) and subsequent downstream
activation of PKA as reported earlier (data not shown).
Furthermore, cAMP accumulation was also stimulated in
undifferentiated 3T3-L1 fibroblasts treated with 3-MA
(Figure 6D). Despite the cell type-specific differences in the
dose responses, these results indicate that the stimulatory
effect of 3-MA on cAMP/PKA is not restricted to adipocytes.

Discussion and conclusions

Traditionally, 3-MA has been described as a specific
autophagy inhibitor and thus has been and continues to be
used extensively in autophagy research (Ge efal., 2008).
Increasing evidence, however, suggests that 3-MA is not as
specific as once believed (Wu et al., 2010). Our findings dem-
onstrate that 3-MA produces a metabolic effect that is not
related to its inhibition of autophagy, thus providing a novel
piece to this new evidence. While there is no doubt that 3-MA
is a potent inhibitor of autophagy as we have shown, we have
also demonstrated that it can act as a potent stimulatory
agent for adipocyte lipolysis.

Lipolysis in adipocytes is critically mediated by the
cytosolic lipases ATGL and HSL. In response to B-adrenergic
stimulation and ultimate PKA activation, both ATGL and HSL
undergo translocation onto the surface of LDs (Egan et al.,
1992; Brasaemle et al., 2000; Sztalryd et al., 2003; Bezaire
et al., 2009; Yang et al., 2010; Wang et al., 2011). Phosphor-
ylation of perilipin by PKA releases perilipin-bound co-lipase
CGI-58 (Granneman et al., 2009), thereby stimulating the
lipase activity of translocated ATGL. Results from our siRNA-
mediated knockdown analyses demonstrate that 3-MA is
capable of inducing ATGL-dependent lipolysis in adipocytes.
The finding that 3-MA was able to achieve the same level of
lipolytic stimulation as seen with isoproterenol is surprising,
considering that this f-adrenoceptor agonist is one of the
most potent agents used to activate lipolysis in adipocytes
(Collins and Surwit, 2001). Moreover, experiments combin-
ing PKA inhibition with phospho-specific immunoblotting of
perilipin and HSL showed that treatment with 3-MA pro-
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shown. (A) Time course assay showing direct measurement of intracellular cAMP following treatment with 5 mM of 3-MA or 10 uM of
isoproterenol. (B) Time course assay showing direct measurement of intracellular cAMP following treatment with 5 mM of 3-MA, 0.5 mM of IBMX
or combination. (C) Concentration-response assay showing direct measurement of intracellular cAMP following 30 min treatment of 3T3-L1
adipocytes with 3-MA at varying concentrations. (D) Concentration response assay showing direct measurement of intracellular cAMP following
30 min treatment of 3T3-L1 fibroblasts with 3-MA at varying concentrations. Data are shown as mean = SD and represent six (n = 6) independent
experiments. Statistical significance for Figure 6A and B was determined using two-way ANOVA including Bonferroni post-tests (****P < 0.0001);
all time points except for 0 min were significant for each treatment condition. For Figure 6C and D, significance was determined using paired

Student’s t-tests (**P < 0.003; ****P < 0.0001).

foundly up-regulated the PKA activity in adipocytes. Addi-
tionally, we found that intracellular cAMP levels increased
rapidly and consistently after cells were exposed to 3-MA. The
concentration response and time course match precisely
those for lipolytic stimulation. During a combination treat-
ment, 3-MA was unable to further increase the peak concen-
tration of CAMP induced by the phosphodiesterase inhibitor
IBMX. This latter evidence supports a possibility that 3-MA
signals to prevent degradation of intracellular cCAMP rather
than to promote its production.

Although 3-MA is known to be more selective towards
class III PI3Ks, both 3-MA and wortmannin are able to inhibit
all classes of PI3K (Wu et al., 2010). The observed effects of
3-MA appear to be independent of PI3K inhibition as wort-
mannin proved ineffective in activating PKA as well as stimu-
lating adipocyte lipolysis. Moreover, experimental results
obtained from 3T3-L1 fibroblasts show that increase in intra-
cellular cAMP and the activation of PKA associated with 3-MA
treatment can be present in cell types other than adipocytes,
although kinetic differences in inhibition of various isoforms
of PI3K could result in varying observations in different cells.
If it holds true, it would be important to determine whether
the activating effect on PKA would in any way contribute to
the autophagic inhibition by 3-MA.

It was recently shown that the autophagic mechanism
mediates fasting-induced lipolysis in mouse liver (Singh et al.,
2009a). Genetic ablation of a required autophagy protein
Atg5 leads to enhanced TG accumulation and decreased fatty
acid oxidation in hepatocytes. On the other hand, adipose-
specific knockout of autophagy-related gene 7 (Atg7) hinders
adipogenic differentiation of pre-adipocyte cells (Zhang et al.,
2009; Singh etal.,, 2009b). In differentiation mature adi-
pocytes, we found that neither PI3K inhibition by wortman-
nin nor silencing of Atg5 had any effect on lipolytic rates at
the basal level and following isoproterenol stimulation. Thus,
it is unlikely that the basal autophagy process is actively
involved in TAG turnover in differentiated adipocytes,
although our data do not exclude a lipolytic role for elevated
autophagy as seen under conditions of prolonged nutrient
deprivation.

In summary, the present study highlights the existence of
a novel metabolic and cellular signalling effect of 3-MA,
which raises the question about the specificity of 3-MA as
an autophagy inhibitor. Based upon these observations and
others, we recommend a cautious approach to future studies
utilizing 3-MA to inhibit autophagy, as there are potentially
more undescribed effects associated with this compound. For
example, 3-MA treatment was previously shown to reduce TG
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accumulation in differentiating 3T3-L1 cells (Singh et al.,
2009Db). It would be interesting to determine whether the loss
of TG content is due to hindered differentiation caused by
autophagic inhibition, or it is due to enhanced lipolysis
caused by 3-MA-induced PKA activation.
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Note added in proof

While studying the effects of 3-MA in primary rat hepato-
cytes, Caro et al. (1988) previously observed slight increase in
both glycogen breakdown and intracellular cAMP concentra-
tion in response to a 20-min incubation with 5 mM of 3-MA.
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