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AMP-activated protein kinase (AMPK), an evolutionarily
conserved serine-threonine kinase that senses cellular energy
status, is activated by stress and neurohumoral stimuli. We
investigated the mechanisms by which adrenergic signaling
alters AMPK activation iz vivo. Brown adipose tissue (BAT) is
highly enriched in sympathetic innervation, which is critical for
regulation of energy homeostasis. We performed unilateral
denervation of BAT in wild type (WT) mice to abolish neural
input. Six days post-denervation, UCP-1 protein levels and
AMPK a2 protein and activity were reduced by 45%. In 3, , 5-
adrenergic receptor knock-out mice, unilateral denervation
led to a 25—-45% decrease in AMPK activity, protein expres-
sion, and Thr'”? phosphorylation. In contrast, acute a- or
B-adrenergic blockade in WT mice resulted in increased
AMPK « Thr'”? phosphorylation and AMPK «1 and a2 activ-
ityin BAT. But short term blockade of a-adrenergic signaling
in B, ,3;-adrenergic receptor knock-out mice resulted in
decreased AMPK activity in BAT, which strongly correlated
with enhanced phosphorylation of AMPK on Ser*#*/%°1, a site
associated with inhibition of AMPK activity. Both PKA and
AKT inhibitors attenuated AMPK Ser*®>/*°! phosphorylation
resulting from «-adrenergic blockade and prevented de-
creases in AMPK activity. In vitro mechanistic studies in BAT
explants showed that the effects of a-adrenergic blockade
appeared to be secondary to inhibition of oxygen consump-
tion. In conclusion, adrenergic pathways regulate AMPK
activity in vivo acutely via alterations in Thr'”? phosphoryla-
tion and chronically through changes in the « catalytic sub-
unit protein levels. Furthermore, AMPK « Ser*$**°! phos-
phorylation may be a novel mechanism to inhibit AMPK
activity in vivo and alter its biological effects.
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AMP-activated protein kinase (AMPK),* an evolutionarily
conserved serine threonine kinase, is a fuel-sensing enzyme
complex activated by cellular stresses that increase AMP or
deplete ATP including hypoxia, ischemia, glucose deprivation,
uncouplers of oxidative phosphorylation, exercise, and muscle
contraction (1, 2). Once activated, AMPK phosphorylates mul-
tiple downstream substrates that function to preserve the AMP:
ATP ratio through inhibition of ATP-catabolizing pathways
and promotion of ATP-generating pathways. Mechanisms
involved in AMPK activation include 1) binding of AMP to an
allosteric site on the y subunit, which renders the holoenzyme
resistant to inactivating serine phosphatases and may also have
direct allosteric effects on kinase activity (1, 2) and 2) phosphor-
ylation by upstream AMPK kinases of the « (catalytic) subunits
on Thr'”?, which is essential for kinase activity. Recent studies
employing INS-1 cells (3), hepatitis C virus harboring replicon
cells (4), and isolated heart preparations (5) have demonstrated
another potential regulatory mechanism; that is, AMPK may
also undergo inhibitory phosphorylation on serine 485 and 491
residues of the a1 and a2 catalytic subunits, respectively. Some
data suggest that upstream kinases that may mediate this phos-
phorylation include AKT (6) and protein kinase A (PKA) (7).

Over the last several years it has become evident that AMPK
plays a major role in mediating hormonal, nutrient, and stress-
related signals (1, 2). Importantly, metabolic effects of the adi-
pocyte-secreted hormone leptin are mediated in part through
alterations in AMPK activity in both the hypothalamus and
peripheral tissues (8). In addition to an acute, transient direct
effect of leptin to activate AMPK activity and fatty acid oxida-
tion in muscle, there is also a sustained effect that is mediated
through the hypothalamic adrenergic nervous system axis (8).

The aims of this study were to determine the cellular mech-
anisms by which adrenergic signaling pathways regulate AMPK
activity in vivo and whether this regulation involves inhibitory
phosphorylation of AMPK on Ser*®>/#°!, We studied Ser**>/**
phosphorylation because the effects of phosphorylation
changes at this site on AMPK activity in vivo have not been
definitively reported, and this could be a novel mechanism for
physiologic regulation of AMPK activity. We utilized BAT as
our experimental model because the sympathetic nervous sys-
tem is critical for key effects of BAT on energy homeostasis

“The abbreviations used are: AMPK, AMP-activated protein kinase; B-AR,
B-adrenergic receptor; ACC, acetyl-CoA carboxylase; BAT, brown adipose
tissue.
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including thermogenesis (9). Three recent studies employed
biochemical, molecular, and morphological approaches to con-
vincingly demonstrate the presence of metabolically active
BAT in healthy human subjects (10-12). These studies under-
score the importance of investigations of the regulation of BAT
function to human physiology.

Metabolic effects of the sympathetic nervous system are
mediated through G-protein-coupled receptors that are
broadly classified into two main subtypes: a;_,-, and 8;_5-ad-
renergic receptors (13). Recent studies indicate a role for adre-
nergic receptors in regulating AMPK activity. The effects of
leptin through the hypothalamus on muscle AMPK involve
a-adrenergic receptors in muscle (8). The a-adrenergic ago-
nist, phenylephrine, activates AMPK in isolated soleus muscle,
C2C12 myocytes, and CHO cells (8, 14, 15), whereas the 3-ad-
renergic agonist, isoproterenol, stimulates AMPK in isolated
adipocytes (16). Norepinephrine and epinephrine, both dual «
and B agonists, activate AMPK in brown adipocytes in vitro (17)
and white adipocytes ex vivo (18), and in the latter, activation
of AMPK was necessary for maximal activation of lipolysis (18).
In contrast, epinephrine decreases palmitate-induced activa-
tion of AMPK in the perfused rat heart (19). Thus, the effect of
adrenergic signaling on AMPK activity appears to be tissue-
specific and may depend on the metabolic milieu.

In vivo studies demonstrated that acute exercise or epineph-
rine also activates AMPK in rat adipose tissue (18). Because
these effects were blunted by a B-adrenergic receptor blocker,
the activation of AMPK with exercise or epinephrine appeared
to be mediated by B-adrenergic receptors (18). Further work is
needed to understand the adrenergic regulation of AMPK in
vivo under other physiologic conditions. Our study demon-
strates novel mechanisms for adrenergic regulation of AMPK
activity in BAT in vivo. We now show for the first time that
chronic adrenergic regulation of AMPK occurs at the level of
alterations in AMPK catalytic subunit levels. In contrast, acute
regulation is through changes in threonine or serine phosphor-
ylation of AMPK. Furthermore, acute regulation appears to be
secondary to changes in BAT oxygen consumption. Adrenergic
regulation of Ser*®*/**! phosphorylation of the AMPK « sub-
unit involves upstream kinases, PKA and AKT. These data pro-
vide novel mechanistic insights into how «- and -adrenergic
signals integrate to regulate AMPK activity and expand our
understanding of physiologic regulation of AMPK. Because
there is currently a large amount of interest in modulating
AMPK activity to treat metabolic diseases and potentially can-
cer, these new findings could have important therapeutic
implications.

EXPERIMENTAL PROCEDURES

Materials—Phentolamine, propranolol, and isoproterenol
were purchased from Sigma, AKT inhibitor (10-DEBC) was
purchased from Tocris USA, and PKA inhibitor (PKA-I, 14-22)
was purchased from Calbiochem.

Animals—Generation of mice lacking B-adrenergic recep-
tors (B-AR KO) was described previously (20). B-AR KO and its
wild type counterparts were bred on a C57BL/6Jx129 back-
ground. For validation of certain effects, mice on a FVB back-
ground were also employed. Mice were housed with a 14-h
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light/10-h dark cycle in a temperature-controlled facility with
free access to water and standard laboratory chow (Purina
#5008, fat content 4.5% by weight/11.9% by calories). All
aspects of animal care were approved by the Beth Israel Dea-
coness Medical Center Institutional Animal Care and Use
Committee.

Unilateral Denervation of Brown Fat Sympathetic Nerves—
On the day of the surgery mice were anesthetized by an intra-
peritoneal injection (0.1 ml/10g) of ketamine/xylazine (80 and
12 mg/ml, respectively) except for 8-AR KO mice, for which the
anesthetic dose was 75% that of the wild type. Anesthetized
mice were placed on a warming pad to prevent possible hypo-
thermia. Using a stereomicroscope, intrascapular brown adi-
pose tissue was carefully moved outward from the surrounding
muscle and white adipose tissue, thus exposing the sympathetic
chain innervating brown adipose tissue (21). Five branches of
the left intercostal nerve bundles were isolated and cut (dener-
vated) without disrupting the blood circulation, and the right
intercostal nerve bundle was maintained as the contralateral
sham side. After completion of the procedure the skin was
closed using tissue adhesive glue (Vetbond). After gain of con-
sciousness, mice were housed individually in a clean cage for
recovery, and body weight was assessed daily. 1, 2, or 6 days
after recovery, animals were killed by cervical dislocation, and
sham and denervated brown fat lobes were isolated and frozen
at —80 °C until further analysis.

Acute Blockade of a- and B-Adrenergic Receptors—On the
day of the experiment, food was withdrawn for 2 h. Mice were
injected intraperitoneally with either 10 mg/kg of propranolol
or 10 mg/kg phentolamine in WT mice or 8 mg/kg phentola-
mine in B-AR KO mice (maximum tolerated dose) or saline
control. After 30 min of drug administration, animals were
killed by cervical dislocation, and brown fat lobes were isolated
and frozen at —80 °C until further analysis.

Preparation of Brown Fat Explants—Interscapular brown
adipose tissues were obtained from 8 —10-week-old mice. Tis-
sues were washed with sterile phosphate-buffered saline and
minced to a size of 1-2 mm in 6-well plates. The tissue explants
were allowed to stabilize for 15 min in Krebs Henseleit buffer
(1M CaCl,, 1.2 M MgSO,, 1.2 M KH,PO,, 0.14 M KCl, 1 M HEPES
in 1.2 M NaHCO,;, 2.6 M NaCl, 0.01% BSA). Subsequently,
explants were incubated with a pharmacological agonist or
antagonist for 30 min. Media was aspirated, and explants were
transferred to dinonyl phthalate oil to separate BAT from BSA.
BAT was further subjected to homogenization, and measure-
ment of AMPK and acetyl-CoA carboxylase (ACC) activity and
immunoblot analysis.

Preparation of Tissue Lysates—BAT was quickly removed
and snap-frozen in liquid nitrogen until processing. Tissues
were homogenized in AMPK immunoprecipitating lysis buffer
composed of 20 mm Tris, 50 mm NaCl, 50 mm NaF, 5 mm NaPP,,
250 mM sucrose, 1% Triton X-100, 2 mm dithiothreitol (DTT),
100 uMm benzamidine, 500 um PMSF, and 50 ug/ml each of
aprotinin and leupeptin. Tissue lysates were further solubilized
for 40 min at 4 °C followed by centrifugation at 14,000 X g at
4°C for 20 min. Protein concentration in an aliquot of the
supernatant was determined using the Bio-Rad DC-Protein
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Assay kit. Supernatants were stored at —80 °C until assays were
performed.

AMPK Activity Assay—To measure AMPK activity, protein
(50 ng) was immunoprecipitated with polyclonal antibodies
specific to AMPK «al (Upstate, 07-350) or o2 (Santa Cruz Bio-
technology, Santa Cruz, CA, 19131) bound to protein G-Sep-
harose overnight. Immunoprecipitates were washed twice in
immunoprecipitating lysis buffer then twice in assay buffer (240
mMm HEPES and 480 mMm NaCl). Kinase reactions were carried
out in 40 mm HEPES (pH 7.0), 80 mMm NaCl, 0.8 mm DTT, 5 mm
MgCl,, 0.2 mm each of ATP and AMP, 0.1 mm SAMS peptide,
and 2 uCi of [y->*P]ATP (PerkinElmer Life Sciences) in a total
volume of 50 ul. A 40-pul aliquot was spotted onto Whatman
P81 paper and washed 4 times in 1% phosphoric acid. Kinase
activity was calculated as [**P]JATP (nmol) incorporated/g of
protein/min(22).

ACC Activity Assay—Reactions were carried out on tissue
lysates (50 ug) in an assay buffer composed of 80 mm HEPES
(pH7.5),1.7mMm DTT, 4.2 mm ATP, 1 mm NaHCOj,, 8.3 mg/ml
BSA, 3.3 mm MgCl,, 0.42 mM acetyl-CoA, and 6 uCi of **CO,
(Amersham Biosciences) in the presence or absence of 2 mm
citrate. Reactions were stopped by adding 1 N HCI, and samples
were dried. '*CO, radioactivity was determined with a scintil-
lation counter. ACC activity was calculated as citrate-de-
pendent incorporation of *CO, into acid-stable products
(pmol/mg of protein/min) (23).

Immunoblotting—Lysates (25—-50 ug of protein) were sub-
jected to SDS-PAGE, and phosphorylation and total levels of
specific proteins were measured by immunoblotting. Antibod-
ies employed for immunoblotting included: anti-pAMPK
a-Thr'7? (2531), pAKT Thr®®® (4056), pPKA Thr'® (4781),
pAMPK B-Ser'®® (4181), total AMPK B (4182), total PKA
(4782), and total ACC (3662) (Cell Signaling Technology, Bev-
erly, MA), anti-AMPK a2 (SC-19131) and UCP1 (SC-6529)
(Santa Cruz Biotechnology), AMPK al (07-350), pACC Ser”®
(07-303), pAKT Ser*”® (05-669), and total AKT (05-591) (Mil-
lipore), GAPDH (3073, Imgenex), and fatty acid synthase (3844,
Abcam), and CIDEA (Novus Biologicals, H00001149). Proteins
were visualized with chemiluminescence (PerkinElmer). Den-
sitometric analysis was performed employing both Gene-
Gnome chemiluminescence imaging system and GeneTools
software (Syngene, MD) and Molecular dynamics scanning
densitometry. For ACC detection, membranes were incubated
with streptavidin conjugated with horseradish peroxidase
(RPN 1231; Amersham Biosciences) at 4 °C overnight, washed
with Tris-buffered saline plus 0.4% Tween 20 (TBST) three
times, and visualized by enhanced chemiluminescence
(PerkinElmer).

Adenine Nucleotide Measurement—Animals were anesthe-
tized, and BAT was isolated and subjected to freeze-clamping
(24). Freeze-clamped BAT (10-20 mg wet weight) was pulver-
ized in a mortar under liquid nitrogen and extracted with 0.6 N
perchloric acid. An aliquot of the homogenate was removed for
protein assay by the method of Lowry et al. (25). After neutral-
ization and centrifugation, the supernatant was passed through
a 0.45-um filter, diadenosine pentaphosphate (100 mmol/ml)
was added, and the resulting solution was passed through a
0.2-pum filter. The supernatant (200 wl) was injected into a

8800 JOURNAL OF BIOLOGICAL CHEMISTRY

Waters HPLC system equipped with a Waters 1525 HPLC
pump and a 2487 dual wavelength (UV-visible) absorbance
detector (Waters Co., Milford MA) to measure nucleotides.
ATP, ADP, and AMP were separated through a C-18 reverse
phase column (YMC-Pack™ ODS-AQ™, 150 X 4.6 mm, par-
ticle size 3 wm, pore size 120 A) at a flow rate of 0.8 ml/min with
50 mMm ammonium dihydrogen phosphate (pH 6.0) as the
mobile phase during the initial 50 min (26). Peaks were moni-
tored by UV absorption at 254 nm and identified by comparison
with the retention times of known standards. Nucleotide con-
tent was quantified using standard curves and normalized to
the protein concentration in each sample.

Oxygen Consumption in Brown Fat—Interscapular brown fat
was isolated and weighed. Tissue pieces of ~10-15 mg each
were minced and incubated in Krebs-Ringer bicarbonate buffer
(pH 7.4; KRH, 25 mMm Hepes, 5 mMm pyruvate, 10 mM glucose, 10
mMm fructose, 25 mm NaHCO,, and 4% fatty acid free BSA
(Roche Applied Science)) at 37 °C. O, consumption was mea-
sured polarographically (27) by a precalibrated electrode (Oxy-
graph, Hansatech Instruments) in an air-sealed chamber con-
taining 500 ul of KRB buffer at 37 °C with constant agitation.
After recording of the basal respiration rate, uncoupled respi-
ration was measured by the addition of 5 mm sodium succinate
(Sigma), and respiration was subsequently inhibited by the
addition of 2 mm sodium cyanide (Fluka 71429) to the buffer.
The final two steps inform us about the viability of the explant.
Tracings were recorded, and data were computed using the
digital analog program.

Statistical Analysis—Results are presented as the mean *
S.E. Differences between groups were examined for statistical
significance by Student’s ¢ test or analysis of variance.

RESULTS

Denervation Decreases UCPI Protein and AMPK Pathway
Signaling—Unilateral denervation terminates neural inputs
into the brown fat lobe. To determine whether denervation was
successful in male FVB mice, UCP-1 protein levels were mea-
sured in the denervated and contralateral sham lobe of brown
fat. UCP-1 protein decreased by 25% at 2 days after denervation
and 45% by 6 days after denervation (Fig. 14). There was no
evidence of compensatory changes in the sham lobe (denerva-
tion hypersensitivity) as UCP-1 protein levels remained unal-
tered on the sham side at 1, 2, and 6 days after denervation (data
not shown). We hypothesized that lack of sympathetic innerva-
tion would diminish AMPK activity. In FVB mice, AMPK a2
activity was decreased by 45% at 6 days after denervation but
not at 1 or 2 days (Fig. 1B). This decline in activity was accom-
panied by a decrease in AMPK « catalytic subunit Thr'”? phos-
phorylation (Fig. 1C), which appeared to be secondary to a 40%
decline in total AMPK a2 protein level (Fig. 1C). The slightly
greater decline in total a2 protein compared with phosphory-
lated a2 can be explained by the fact that the phosphorylated
AMPK o« Thr'”? antibody detects phosphorylation of both a1
and o2 subunits. AMPK a1 activity remained unchanged in
either BAT lobe at 1, 2, and 6 days after denervation (data not
shown). The seemingly greater AMPK al activity compared
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FIGURE 1. Effects of unilateral denervation (Den) on UCP1 protein and AMPK and ACC activity, protein levels, and phosphorylation in brown fat of
7-9-week-old male FVB mice. Immunoblotting of UCP1 (panel A), AMPK a2 activity (panel B), AMPK a subunit phosphorylation on Thr'”? and AMPK a2 protein
(panel C), and ACC activity and ACC phosphorylation on Ser’® and total ACC protein (panel D) are shown. ACC and AMPK protein levels are normalized to B-actin
(panel Cand panel D), which was not altered by the treatments. Data in panel C are 6 days post-denervation. Data are expressed as the mean = S.E;n = 10 per
group. *. p < 0.05 versus sham same day; #, p < 0.05 versus denervated day 1; +, p < 0.05 versus denervated day 6. Food was withdrawn for 2 h before the

sacrifice.

with a2 activity in BAT is probably due to technical issues
related to the specific AMPK a1 and a2 antibodies used in the
assay.

Once activated, AMPK phosphorylates and inactivates ACC.
Activity of ACC was markedly diminished on days 1 and 2 after
denervation before the decline in AMPK activity, suggesting
early sympathetic regulation of ACC through an AMPK-inde-
pendent mechanism (Fig. 1D). ACC protein was decreased by
30-35% on 1, 2, and 6 days after denervation. This most likely
explains the decrease in ACC activity and phosphorylation at
days 1 and 2 post-denervation (Fig. 1D). The changes in total
and phosphorylated levels of ACC were observed in both iso-
forms (ACC2, upper band; 280 kDa; ACC1, lower band; 266
kDa, Fig. 1D). Both bands were quantified as alterations in
phosphorylation of either isoform can have important meta-
bolic effects. Phosphorylation levels of both isoforms were
reduced secondary to changes in ACC1 and ACC2 protein
levels. Six days after denervation, ACC activity was restored
to contralateral sham levels despite decreased ACC protein
levels. This indicates increased activity per molecule of ACC,
which could result from the diminished AMPK «2 activity at
this time point (Fig. 1D).
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Are B-Adrenergic Receptors Involved in the Regulation of
AMPK Activity?—Next, we sought to determine which adre-
nergic receptor subtype(s) regulates BAT AMPK activity. We
first studied mice lacking of B-adrenergic receptors (3-AR KO).
No changes in body weight were observed 6 days after unilateral
BAT denervation (data not shown). However, UCP-1 protein
levels on the sham side of BAT in B-AR KO mice were 40%
lower than on the sham side of WT (Fig. 2A4), consistent with
the fact that UCP-1 is under B-adrenergic control (20). Fatty
acid synthase levels did not decrease in the sham lobe of B-AR
KO mice when compared with WT (Fig. 2B). This indicates that
the decrease in UCP-1 expression is not due to a global effect on
protein levels. On the denervated side, UCP1 levels were
decreased by 40-50% compared with the contralateral sham
side in both genotypes (Fig. 24), indicating some contribution
of a-adrenergic or non-adrenergic pathways. Fatty acid syn-
thase levels also decreased by 45% in the denervated lobes in
both genotypes, indicating regulation by the autonomic nerv-
ous system (Fig. 2B).

In both genotypes denervation induced 25— 45% decreases in
AMPK a1 and a2 activities (Fig. 2, Cand D) and corresponding
decreases in phosphorylation of AMPK « at Thr'”? (Fig. 2E)
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that most likely result from the down-regulation of AMPK «al
and a2 proteins (Fig. 2, Fand G). The ratio of phosphorylated to
total AMPK «1 was decreased by 30 —40% after denervation in
WT and KO mice (Fig. 2H), suggesting a decrease in the stoi-
chiometry of phosphorylation of the AMPK 1 subunit in addi-
tion to decreased AMPK al protein in the denervated fat pad.
However, the ratio of phosphorylated to total AMPK «2 sub-
unit remained unchanged with denervation in WT, indicating
that although AMPK a2 protein levels are reduced by denerva-
tion (Fig. 2I), the stoichiometry of phosphorylation is intact.
Nevertheless, the biological effect is a reduction in the net
AMPK o2 phosphorylation in BAT. Surprisingly, in 8-AR KO
mice the ratio of phosphorylated to total AMPK o2 subunit was
decreased by 35% after denervation (Fig. 21). This indicates that
both AMPK a1 and a2 protein levels in BAT are neurally reg-
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ulated (Fig. 2, F and G) but there are isoform-specific effects of
neural innervation on the stoichiometry of AMPK catalytic
subunit phosphorylation (Fig. 2, H and 1).

Does the Denervation-induced Reduction in AMPK Involve
Cidea?—Cidea has been reported to regulate stability of the
AMPK « subunit by interacting with the AMPK S subunit (28).
Reduction in B subunits has been shown to result in decreased
a subunit levels (28 —30). To investigate the molecular mecha-
nism by which denervation down-regulates AMPK protein and
activity, we measured Cidea levels in BAT of WT and 3-AR KO
mice. Denervation increased Cidea protein levels 30 -40% in
both genotype (Fig. 3, A and B). Total AMPK f3 protein levels
were not altered in either genotype (Fig. 3, A and D) after den-
ervation, but AMPK 3 Ser'%® phosphorylation was decreased
(Fig. 3, A and C). This resulted in a decreased stoichiometric
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FIGURE 3. Effect of denervation on CIDEA and AMPK g Ser'°® phosphor-
ylation and B subunit total protein levels in brown fat of 7-9-week-old
male WT and B-AR KO mice. All data are 6 days after denervation (Den).
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versus respective sham. Food was withdrawn for 2 h before the sacrifice.

ratio of phosphorylated to total AMPK f in the denervated fat
pads (Fig. 3E). This phosphorylation site on the AMPK B sub-
unit is critical for the full activity of the AMPK heterotrimer
(29). Conceivably Ser'°® phosphorylation of the AMPK 3 sub-
unit could affect AMPK « subunit binding and, therefore, its
stability.

Does Acute Blockade of o- or B-Adrenoreceptor Signaling in
Vivo Alter AMPK Activity in BAT in the Absence of Changes in
Catalytic Subunit Levels?—To determine whether adrenergic
signaling could modulate AMPK activity without changes in
subunit protein levels, we investigated the acute effects of adre-
nergic antagonists in vivo. Treatment of WT mice with phen-
tolamine («- adrenergic receptor antagonist) for 30 min
resulted in a ~25-30% increase in AMPK a1 and a2 activities
in BAT (Fig. 4, A and B) compared with saline-treated mice.
These changes were associated with augmented phosphoryla-
tion of AMPK « subunit at Thr'”? (Fig. 4C) without changes in
total AMPK «l and a2 protein levels (data not shown). Thus,
acute blockade of a-adrenergic signaling resulted in a 25%

MARCH 18,2011 +VOLUME 286+NUMBER 11

Adrenergic Regulation of AMPK

A AMPK a1 Activity E  AMPKa1 Activity 1 GAPDH
100 P —
16
160 * * o]
£ 120 £ 12 5
£ B 50
5 8| =— 2 80 /= g
£ 40 E 4 s 2
L <
0 0
Sal Phen Sal Prop Sal Phen
B AMPK a2 Activity F AMPK a2 Activity J GAPDH
24 8y TS
60 %
% % 6 -
£ i £16 5
£ £
=) s . - § 4
° ° =
g 20 g 3,
c c <
0 0. 0
Sal Phen Sal Prop Sal Prop
C Phospho AMPK « Thr72 G Phospho AMPK a Thr72
- —— P
*
24 5 22
5 3 518
E 2 g 10] ==
1 305
< <
[ 0.0
Sal Phen Sal Prop
D Ratio of Phospho AMPK H Ratio of Phospho AMPK a
Thr'?2 to Total AMPK «2 Thr'?2 to Total AMPK «2
32 b
o 1.0 * ®
5 o7 5
16 R
z 02 £
< <
0.0 Sal Phen o Sal Prop

FIGURE 4. Effect of pharmacological blockade of adrenergic receptors in
vivo on AMPK activity and Thr'”2 phosphorylation and the ratio of Thr'72
phosphorylated to total AMPK « in the brown fat of 7-9-week-old male
WT mice. Mice were injected with either saline (Sal) or phentolamine (Phen)
or propranolol (Prop) at a dose of 10 mg/kg intraperitoneally for 30 min after
which animals were sacrificed by cervical dislocation, and BAT was frozen for
activity and protein measurements. AMPK activity (panel A, B, E, and F), AMPK
a Thr'”2? phosphorylation (panel C and G), and the ratio of phosphorylated to
total AMPK a2 (panel D and H) are shown. Protein levels are normalized to
GAPDH (panel I and J). Data are expressed as the mean = S.E; n = 8 per
group; *, p < 0.05 versus saline. Food was withdrawn for 2 h before the
sacrifice.

increase in the ratio of phosphorylated to total AMPK o2 (Fig.
4D) and AMPK a1 (data not shown). Surprisingly, pharmaco-
logical blockade of B-adrenergic receptors using propranolol
also enhanced AMPK a1 (Fig. 4E) and a2 (Fig. 4F) activity and
a subunit Thr'”? phosphorylation (Fig. 4, G and H). To deter-
mine the mechanism for this activation of AMPK, we measured
nucleotide levels in BAT. Tissue AMP levels and AMP-ATP
ratio were increased in the BAT of mice treated with phentol-
amine or propranolol, and the effect of propranolol was sub-
stantially greater than that of phentolamine (Table 1). This may
explain the increased AMPK activity and phosphorylation with
these agents.

To determine whether the effect of pharmacological adre-
nergic blockade on AMPK phosphorylation and activity was
directly at the level of BAT or indirect involving systemic
changes such as altered blood pressure, heart rate, or other
confounding effects, we performed studies in BAT explants.
Incubation of BAT explants for 30 min with phentolamine
enhanced AMPK a2 activity, whereas incubation with propra-
nolol had no effect (Fig. 5A4). Isoproterenol, a B-adrenergic ago-
nist, had an even greater effect on AMPK «2 activity (Fig. 5A4).
To determine the biologic importance of the activation of

JOURNAL OF BIOLOGICAL CHEMISTRY 8803



Adrenergic Regulation of AMPK

TABLE 1

Adenine nucleotides (hmol/mg of protein), AMP/ATP, and ATP/ADP ratios in BAT of WT and 3-AR KO mice treated with either phentolamine or

propranolol

Male mice on chow diets were anaesthetized in the fed state, and BAT was isolated and immediately freeze-clamped and frozen in liquid nitrogen. B-AR KO, mice lacking
B1,5-adrenergic receptors. Data are expressed as the mean = S.E. n = 5-6 for each group.

AMP ADP ATP AMP/ATP ATP/ADP

WT

Saline 2.00 = 0.08 2.43 = 0.61 12.7 * 0.6 0.16 = 0.03 6.59 + 1.3

Phentolamine 2.87 = 0.07¢ 3.34 = 0.45 10.7 £ 0.7 0.26 = 0.07¢ 3.55 0.6

Propranolol 3.88 +0.7* 3.03 = 0.22 119+ 1.5 0.389 = 0.11¢ 4.04 * 0.64
B-AR KO

Saline 4.4 +1.01 3.87+0.35 10.6 + 2.5 0.61 = 0.21 3.11*09

Phentolamine 3.49 + 0.41° 3.78 = 0.64 121+ 1.7 0.31 + 0.04* 3.86 = 0.9

“p < 0.05 vs. all other WT conditions.
? p < 0.05 vs. B-AR KO-saline.

AMPK by phentolamine, we measured O, consumption in BAT
explants. Phentolamine inhibited O, consumption by 25-30%
as reflected in the decreased downward slope of O, consump-
tion over time (Fig. 5B). This is quantitated and expressed per
mg of tissue in Fig. 5C. Thus, a-adrenergic blockade activates
AMPK o2 directly in BAT concurrent with inhibition of O,
consumption.

Succinate was used to verify the viability of the samples. Suc-
cinate is a direct substrate for the tricarboxylic acid cycle. It
enters the phospholipid bilayer of the mitochondrial mem-
brane easily and stimulates state III respiration. In our studies
the effect of succinate is comparable between vehicle and phen-
tolamine-treated explants, suggesting that total tricarboxylic
acid cycle activity is unaffected by phentolamine (Fig. 5B).
Succinate-induced increases in O, consumption persist in
phentolamine-treated BAT explants, suggesting that the
phentolamine effect to inhibit BAT O, consumption is most
likely upstream of the tricarboxylic acid cycle. Sodium cyanide
inhibits respiration by acting on mitochondrial cytochrome
oxidase (complex IV) and, thus, blocking electron transport.
Here we used sodium cyanide to determine the specificity of the
recorded O, consumption.

Is the Effect of a-Adrenergic Receptor Blockade on AMPK
Activity (Fig. 4, A—D) Due Directly to the Lack of a-Adrenergic
Signaling or to Unopposed [(3-Adrenergic Signaling?—To inves-
tigate this, we treated B-adrenergic receptor KO mice with
phentolamine. This decreased AMPK a1l and a2 activities by
40-50% compared with saline-treated KO mice (Fig. 6, A and
B). Surprisingly, AMPK a Thr'”? phosphorylation (Fig. 6, Cand
D) wasunchanged. Total AMPK «1 (Fig. 6, Cand E) and a2 (Fig.
6, C and F) catalytic subunit levels and the ratio of phospho to
total AMPK «1 (Fig. 6G) or a2 (Fig. 6H) were also not altered.
Therefore, reduced a-adrenergic signaling rather than unop-
posed B-adrenergic signaling appears to result in decreased
AMPK activity.

What Is the Mechanism for Inhibition of AMPK Activity?—
Because Ser*®**°! phosphorylation of the AMPK « subunit can
result in decreased AMPK activity (4, 5), we hypothesized that
in BAT of B-AR KO mice treated with phentolamine, Ser*®* /491
phosphorylation of AMPK a may be increased. We assessed the
control condition first. In WT BAT from phentolamine-treated
mice, there was a tendency for a slight increase in Ser*®>/**!
phosphorylation compared with saline-treated WT (Fig. 7A).
Saline-treated B-AR KO mice showed a significant decrease in
AMPK phosphorylation at Ser*®**°! (Fig. 7A). Strikingly, in
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B-AR KO BAT, phentolamine increased serine phosphoryla-
tion by 2.5-fold compared with B-AR KO treated with saline
and by 1.3-fold compared with WT phentolamine (Fig. 7A).
The stoichiometry of phosphorylation of Ser**>**! to total
AMPK al and a2 subunits was markedly increased in 8-AR KO
mice treated with phentolamine compared with WT treated
with phentolamine and B-AR KO mice treated with saline
(Fig. 7, B and C). This suggests that a-adrenergic receptor
blockade in a setting of B-adrenergic receptor deficiency
leads to Ser*®*/*°! phosphorylation of AMPK. In 3-AR KO
mice, there was a robust inverse correlation between the
ratio of Ser*®**°! phosphorylation/total AMPK «2 and
AMPK a2 activity in BAT (Fig. 7D).

Does PKA or AKT Mediate Ser*®>**" Phosphorylation of
AMPK and Inhibition of AMPK Activity in Response to Adre-
nergic Signaling in BAT?—Because PKA and AKT have been
shown to phosphorylate the AMPK « catalytic subunit at the
Ser*5/#°1 position in white adipocytes (6), perfused heart (5),
and cultured cells (3, 4, 7), we sought to determine which
upstream kinase phosphorylates AMPK at Ser*®*>**! i vivo in
BAT of B-AR KO mice in response to phentolamine. Treatment
of WT animals with phentolamine did not alter PKA Thr'®”
phosphorylation, a critical determinant for PKA activity (Fig.
84).In BAT from saline-treated mice with genetic deficiency of
B-adrenergic receptors, there were no changes in PKA Thr*®”
phosphorylation when compared with the saline-treated WT
mice (Fig. 84). However, phentolamine treatment of 3-AR KO
mice resulted in 35—40% increase in PKA Thr*®” phosphoryla-
tion compared with all other groups (Fig. 84). B-AR KO mice
exhibited a 1.5-fold increase in total PKA protein (Fig. 8B).
Therefore, the stoichiometry of PKA phosphorylation was not
altered, although there was a net increase in phosphorylated
PKA that may contribute to increased serine phosphorylation
of AMPK (Fig. 8A).

We determined whether AKT is also an upstream kinase
mediating AMPK serine phosphorylation in B-AR KO in
response to phentolamine. Ser”® is a key phosphorylation site
that regulates AKT activity. Phentolamine treatment in WT
animals increased AKT Ser*”® phosphorylation by 2.3-fold
compared with the saline-treated WT animals (Fig. 8C). Saline-
treated 3-AR KO mice did not demonstrate any changes in
AKT Ser*”? phosphorylation compared with saline-treated WT
mice (Fig. 8C). However, in response to phentolamine, 3-AR
KO mice showed a 4-fold increase in AKT Ser*”? phosphoryla-
tion compared with B-AR KO saline-treated mice (Fig. 8C).
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FIGURE 5. Adrenergic signaling-mediated alterations in AMPK activity
(panel A) and oxygen consumption (panel B and panel C) in brown fat
explants from WT mice. Brown fat explants were isolated as described under
“Experimental Procedures” and incubated with either vehicle (—), phentola-
mine (Phen, 100 um), propranolol (Prop, 100 um), or isoproterenol (Iso, 60 pm)
for 30 min and then frozen for activity and protein measurements. For oxygen
consumption studies, explants were incubated with vehicle (=) or 100 um
phentolamine for 30 min and then transferred to an oxygen electrode cham-
ber, and oxygen consumption was measured in the absence and presence of
succinate. Finally, NaCN was added to inhibit oxygen consumption. Data are
expressed as the mean £ S.E;; n = 6-8 per group. +, p < 0.05 versus all other
groups. In panel B a representative tracing of the oxygen consumption in the
explants is shown. Panel C shows the mean data from n = 5-6 explant prep-
arations in the absence (—) or presence (+) of phentolamine. *, p < 0.05
versus WT-vehicle.

This phosphorylation was enhanced by 1.9-fold compared with
WT mice treated with phentolamine (Fig. 8C). Changes in
phosphorylation were independent of changes in total AKT
protein (Fig. 8D). This suggests that in vivo a-adrenergic recep-
tor blockade enhances AKT Ser*”® phosphorylation in BAT. In
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FIGURE 6. Acute a-adrenergic blockade in 3-AR KO mice decreases AMPK
activity in brown fat. Mice were injected with saline (—) or phentolamine at
a dose of 8 mg/kg intraperitoneally and sacrificed after 30 min by cervical
dislocation. BAT was isolated for activity and protein measurements. AMPK
activity (panel A and B), Thr'”2 phosphorylation of AMPK « (panel C and D),
total AMPK a1 and a2 (panel C, E, and F), and ratio of phosphorylated to total
AMPK a1 and a2 subunit (panel G and H) are shown. Protein levels are nor-
malized to GAPDH (panel C and /). Data are expressed as the mean = S.E; n =
7-8 for activity assays per group, and n = 5-6 for Western blot analysis per
group. #, p < 0.05 versus saline-treated animals. Food was withdrawn for 2 h
before the sacrifice.

a setting of B-adrenergic receptor deficiency, a-adrenergic
receptor blockade has an even greater effect.

Our data indicate that both PKA and AKT may contribute to
the increased Ser**>’*°' phosphorylation of AMPK in response
to phentolamine in 3-AR KO mice. To conclusively determine
the importance of these upstream kinases, we carried out stud-
ies in BAT explants incubated with phentolamine in the pres-
ence or absence of an AKT inhibitor (DEBC) or a PKA inhibitor
(PKA-I). We first assessed the effectiveness of these inhibitors
on AKT and PKA phosphorylation in WT explants. DEBC
inhibited AKT Ser*”? phosphorylation by ~40% (Fig. 94) with-
out any effect on total AKT protein. Similarly, PKA-I reduced
PKA Thr'®” phosphorylation by ~50% (Fig. 9B) without any
effect on total PKA protein. In WT explants, the AKT inhibitor
alone had no effect on Ser***/*°! phosphorylation of AMPK
and did not influence the phentolamine effect (Fig. 9C).
However, in B-AR KO explants, phentolamine increased
AMPK Ser*®*/*°* phosphorylation, and this effect was blunted
but not abolished by AKT inhibition (Fig. 9C). In WT explants,
phentolamine increased AMPK activity, and AKT inhibition
alone had no effect (Fig. 9D). AKT inhibition also did not
reduce phentolamine-stimulated AMPK activity (data not
shown). In B-AR KO BAT explants, phentolamine decreased
AMPK activity similar to the effect in vivo (Fig. 9D). AKT inhi-
bition not only reversed this effect of phentolamine in explants
but also increased AMPK activity above baseline (Fig. 9D).
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FIGURE 7. Phentolamine increases AMPK « Ser*®>*°' phosphorylation in
BAT of B-AR KO but not WT mice. Mice were injected with saline (—) or
phentolamine at a dose of 10 mg/kg intraperitoneally for WT and 8 mg/kg
intraperitoneally for B-AR KO mice and sacrificed after 30 min by cervical
dislocation. BAT was isolated for protein measurements. Phosphorylated
AMPK « Ser*®4°1 (panel A), the ratio of Ser*®*#°" phosphorylated to total
AMPK a1 (panel B), the ratio of Ser*®>’4°' phosphorylated to total AMPK a2
(panel €), and the correlation of AMPK a2 activity with the ratio of Ser*>/4°"
phosphorylation to total AMPK a2 (panel D) are shown. Protein levels are
normalized to GAPDH (panel A). Data are expressed as the mean * S.E; n =
6-7 per group. *, p < 0.05 versus all groups. Food was withdrawn for 2 h
before the sacrifice.

Total AMPK «2 protein levels remained unchanged in WT or
B-AR KO BAT explants under these conditions (data not
shown).

Because the effect of AKT inhibition on AMPK Ser*®>/#°!
phosphorylation was partial, we sought to determine whether
PKA was also necessary for Ser*®**°! phosphorylation of
AMPK. In WT BAT explants, neither phentolamine nor the
PKA inhibitor had an effect on Ser*®***! phosphorylation of
AMPK (Fig. 9E). However, in B-AR KO, phentolamine
increased serine phosphorylation of AMPK, and PKA inhibi-
tion partially reversed this (Fig. 9E). In WT explants, phentol-
amine increased AMPK activity similar to the effect in BAT in
vivo, and PKA inhibition alone had no effect on AMPK activity
(Fig. 9F). However, in BAT explants from 3-AR KO mice, phen-
tolamine inhibited AMPK «2 activity (also similar to in vivo
effects), and PKA inhibition not only reversed this effect but
increased AMPK activity above baseline (Fig. 9F). Total AMPK
a2 protein levels remained unchanged in WT or 3-ARKO BAT
explants with phentolamine or PKA inhibition (data not
shown).

DISCUSSION

AMPK signaling is regulated by hormones and nutrients and
is critical for many aspects of cellular metabolism (1, 2). For
example, stimulation of AMPK in oxidative muscle is necessary
for the leptin effect on fatty acid oxidation (8). These effects of
leptin are blunted by denervation or blockade of a-adrenergic
receptors (8). The mechanism by which the adrenergic nervous
system regulates AMPK protein and activity in vivo remains
unknown. In the current study we demonstrate that innerva-
tion of BAT is critical to maintain AMPK « protein at normal
levels. In WT mice, chronic changes in sympathetic input alter
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FIGURE 8. Changes in PKA and AKT phosphorylation in BAT of WT and
B-AR KO mice treated with saline (—) or phentolamine (10 mg/kg, intra-
peritoneally for WT and 8 mg/kg, intraperitoneally for B-AR KO mice).
Mice were sacrificed after 30 min by cervical dislocation, and BAT was isolated
for protein measurements. Phosphorylated PKA Thr'®” (panel A), total PKA
(panel B), phosphorylated AKT Ser*”® (panel C), and total AKT (panel D) are
shown. Protein levels are normalized to GAPDH (panel E). Data are expressed
asthemean = S.E.;n = 6-7 pergroup.*, p < 0.05 versus all groups; +, p < 0.05
versus WT; #, p < 0.05 versus WT-saline. Food was withdrawn for 2 h before the
sacrifice.

AMPK « subunit protein levels either directly or indirectly.
However, acute changes through short term pharmacological
blockade of a-adrenergic receptors increase AMPK Thr'”?
phosphorylation and activity without altering AMPK « subunit
levels. These acute changes in AMPK phosphorylation in BAT
appear to result from inhibition of O, consumption (Fig. 4,
Table 1) and increased AMP levels.

Unlike in WT animals, in mice with a genetic lack of B-adre-
nergic receptors, a-adrenergic blockade decreases AMPK
activity by increasing Ser*®**°! phosphorylation, which has
been suggested to inhibit AMPK activity (3—7). Previous studies
on AMPK Ser*®*'*! phosphorylation used AMPK Thr'”? phos-
phorylation as a surrogate measure of AMPK activity (4, 6-7).
In those studies, increased AMPK Ser*®**°! phosphorylation
was associated with decreased AMPK Thr'”* phosphorylation
(4, 6 -7). However, we find that changes in Ser***’*°* phosphor-
ylation are independent of alterations in AMPK Thr'”? phos-
phorylation, whereas AMPK activity is affected. Thus, our data
show that Ser*****! phosphorylation of AMPK can regulate
AMPK activity independent of Thr'”?> phosphorylation. AKT
and PKA have been proposed to phosphorylate AMPK on these
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FIGURE 9. Effect of inhibition of AKT and PKA on AMPK Ser*®%/4°' phos-
phorylation and activity in BAT explants from WT and B-AR KO mice. BAT
explants were isolated as described under “Experimental Procedures” and
incubated with vehicle (=) or phentolamine (100 um) alone or co-incubated
with either DEBC-10 (3 um) or PKA-I-14-22 (100 nm) for 30 min and then frozen
for activity and protein measurements. Phosphorylated AKT Ser”® and total
AKT (panel A), phosphorylated PKA Thr'?” and total PKA (panel B), phosphor-
ylated AMPK Ser*®>#°" (panel C and E), and AMPK «2 activity (panel D and F)
are shown. Protein levels are normalized to GAPDH (panel A, B, C,and D). Data
are expressed as the mean = S.E,; n = 4-5 per group. **, p < 0.05 versus all
other WT groups; +, p < 0.05 versus all other B-AR KO groups; #, p < 0.05
versus 3-AR KO phentolamine group; *, p < 0.05 versus 3-AR KO vehicle. Food
was withdrawn for 2 h before the sacrifice.

serine sites and inhibit AMPK activity (3—7). Our studies show
that reducing both a- and 3- adrenergic signaling in vivo acti-
vates AKT and PKA in BAT (Fig. 7, A and C), and both
upstream kinases contribute to AMPK Ser***'*°* phosphoryla-
tion and decreased AMPK activity. This is consistent with the
findings in cultured cells (3—4, 6-7) and perfused heart (5).
Thus, these findings expand our understanding of adrenergic
regulation of AMPK activity and show for the first time that the
adrenergic nervous system can alter AMPK subunit protein lev-
els and phosphorylation of the a subunit at Ser*>/4°*,
Neuronal Regulation of AMPK Catalytic Subunit Protein
Levels—In our study we observe that in the BAT of FVB mice,
AMPK a2 but not a1l protein levels decrease after denervation.
In a very different model we also demonstrated neuronal regu-
lation and isoform-specific regulation of the AMPK catalytic
subunits. In mice with brain-specific knock-out of protein-ty-
rosine phosphatase 1B (PTP1B), which regulates leptin and
insulin signaling, AMPK «2 protein and activity are increased
in BAT with no change in AMPK a1 (31). This supports the
finding that AMPK &2, and not «1, levels in BAT are neuronally
regulated in some genetic backgrounds. However, in WT mice
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from a mixed genetic background, both isoforms were
decreased in BAT after denervation. Similarly in mice on the
same genetic background that were genetically engineered not
to express 3 adrenergic receptors, both AMPK isoforms were
also decreased by denervation. Thus, the isoform specificity of
the denervation effects may depend on genetic background.

Only a few studies have shown alterations in AMPK catalytic
subunit levels. Prolonged leptin treatment increases AMPK a2
subunit levels in soleus muscle (32), and exercise training
increases a1 and a2 isoforms in liver and visceral adipose tissue
(33, 34). Chronic (15 days) but not acute (24 h) cold exposure
increases AMPK «al protein in both WAT and BAT in mice,
and at least in WAT these effects were reproduced by pro-
longed noradrenaline treatment (35). This suggests a role for
adrenergic stimulation in long term regulation of AMPK « pro-
tein levels that agrees with our current studies in BAT. The
mechanisms by which AMPK protein levels are regulated in
these studies is unknown. Cidea, a fat-specific cytosolic protein,
binds AMPK f and promotes its ubiquitination, resulting in
decreased AMPK « subunit protein and AMPK activity (28).
Our study demonstrates for the first time that Cidea levels are
regulated by the adrenergic nervous system as denervation
increases Cidea levels. This is associated with diminished phos-
phorylated, but not total, AMPK B. It is possible that altered
AMPK B phosphorylation could result in changes in AMPK «
subunit levels.

Acute Effects of Alterations in Adrenergic Signaling on AMPK
Activity in BAT—Having observed that chronic alterations in
adrenergic signaling lead to changes in protein levels of cata-
lytic subunits of AMPK, we next assessed whether acute alter-
ations in adrenergic signaling in vivo would impact AMPK
phosphorylation and activity in the absence of any changes in
protein levels. We demonstrate that acute blockade of either a-
or B-adrenergic signaling in vivo rapidly enhances AMPK activ-
ity without changing total protein levels. The effect of a but not
B pharmacological blockade of adrenergic receptors on AMPK
activity in vivo is recapitulated in BAT explants and is, there-
fore, a direct effect and not secondary to systemic or neural
alterations. In contrast to our findings that a-adrenergic block-
ade in BAT stimulates AMPK activity, in soleus (8) and heart
(36, 37) a-adrenergic agonists activate AMPK o Thr'”* phos-
phorylation. This provides further evidence that the effects of
adrenergic signaling on AMPK activation are tissue-specific.

Mechanisms for Increased AMPK Activity in BAT after Acute
a Adrenergic Blockade—The mechanism for rapid enhance-
ment in AMPK activity with acute alterations in adrenergic
signaling is likely to be increased the AMP levels and AMP to
ATP ratio (Table 1). The increase in AMP levels with a-adre-
nergic blockade may be secondary to diminished oxygen con-
sumption in BAT. A similar mechanism accounts for the effects
of metformin, berberine, and rosiglitazone to increase AMPK
activity (38). In agreement with a role for a-adrenergic recep-
tors in oxygen consumption in BAT (39), incubation of BAT
adipocytes and explants with phenylephrine, an «-adrenergic
agonist, enhances mitochondrial oxygen consumption.

Our data suggest that iz vivo in normal animals increased
AMPK activity in BAT after acute blockade of a-adrenergic
receptors involves two components, 1) a direct effect of a-ad-

JOURNAL OF BIOLOGICAL CHEMISTRY 8807



Adrenergic Regulation of AMPK

renergic blockade to diminish oxygen consumption in BAT and
increase AMP levels and 2) unopposed -adrenergic signaling
in a setting of a-adrenergic inhibition. Consistent with the lat-
ter, a B-adrenergic agonist activates AMPK in brown (17) and
white adipocytes (16) in vitro and ex vivo (18).

Role of Adrenergic Receptors in Regulating AMPK Serine
Phosphorylation and Activity in BAT—In BAT of mice lacking
B-adrenergic receptors, baseline AMPK activity is unchanged
in vivo compared with WT. However, a-adrenergic inhibition
in B-AR KO mice diminished AMPK activity without decreas-
ing AMPK « Thr'”? phosphorylation or total protein. Thus,
decreased AMPK activity may result from inhibitory phos-
phorylation of AMPK. Our study is the first to demonstrate
adrenergic regulation of serine phosphorylation of AMPK. We
show that changes in serine phosphorylation are inversely asso-
ciated with AMPK activity both in vivo and in BAT explants,
supporting the notion that phosphorylation on Ser*®>/**! is
inhibitory.

Mechanisms for Alterations in Serine Phosphorylation of
AMPK in BAT—Because AKT (4—6) or PKA (3, 7) can increase
serine phosphorylation of AMPK «, we sought to determine
which upstream kinase mediates AMPK serine phosphoryla-
tion in response to changes in adrenergic signaling. We show
that in BAT of WT mice subjected to a-adrenergic inhibition,
phosphorylation of AKT but not PKA is increased on sites nec-
essary for kinase activation. This is consistent with the effect in
white adipocytes whereby a-adrenergic inhibition allows 3-ad-
renergic signaling to dominate and regulate AKT (40). In con-
trast to BAT, in the heart a-adrenergic stimulation (phenyleph-
rine) activates AKT (41, 42). This again supports the notion of
different effects in different tissues. Moreover, in WT animals
subjected to a-adrenergic inhibition, AKT phosphorylation is
not sufficient to increase serine phosphorylation of AMPK in
BAT. Therefore, it seems plausible that inhibition of a-adre-
nergic pathway results in unopposed 3-adrenergic stimulation,
which promotes AMPK Thr'”* phosphorylation and AMPK
activation in WT animals. This theory is supported by our find-
ing that a-adrenergic blockade in mice lacking B-adrenergic
receptors decreases AMPK activity. The mechanism appears to
beactivation of AKT and PKA, whichincreases serine phosphor-
ylation of AMPK, thereby inhibiting AMPK activity. Moreover,
these effects of AKT and PKA were recapitulated in BAT
explants and were blunted by AKT or PKA inhibitors. Thus,
both AKT and PKA may play a role in adrenergic receptor-
mediated alterations in serine phosphorylation of AMPK,
thereby regulating AMPK activity.

In summary, our data demonstrate that the adrenergic nerv-
ous system regulates AMPK in vivo in an adrenergic receptor-
dependent manner. Prolonged lack of sympathetic input leads
to decreased AMPK activity secondary to changes in AMPK «
but not AMPK S subunit levels. However, acute inhibition of
a-adrenergic function enhances AMPK phosphorylation and
activity through altered tissue oxygen consumption. We fur-
ther demonstrate that changes in adrenergic signaling trans-
duce signals through AKT and/or PKA that increase serine
phosphorylation of AMPK « and inhibit its activity. Because
AMPK modulators are being developed for many medical
disorders, this study offers novel approaches to alter AMPK
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activity in a tissue-specific and isoform-specific manner to
treat diseases such as obesity, type 2 diabetes, and cancer.
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