1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
J Immunol. 2008 December 15; 181(12): 8633-8641.

AMP-activated protein kinase promotes macrophage polarization
to an anti-inflammatory functional phenotype !

Duygu Sag*, David CarlingT, Robert D. Stout*, and Jill Suttles2:”

"Department of Microbiology and Immunology, University of Louisville School of Medicine, Louisville,
Kentucky 40292

TCellular Stress Group, MRC Clinical Sciences Centre, Imperial College, Hammersmith Hospital,
London W12 ONN, UK

Abstract

Herein, we demonstrate a role of AMP-activated protein kinase (AMPK) as a potent counter-regulator
of inflammatory signaling pathways in macrophages. Stimulation of macrophages with anti-
inflammatory cytokines (i.e., IL-10 and TGFp) resulted in the rapid Phosphorylation/activation of
AMPK, whereas stimulation of macrophages with a proinflammatory stimulus (LPS) resulted in
AMPK dephosphorylation/inactivation. Inhibition of AMPKa expression by RNA interference
dramatically increased the mRNA levels of LPS-induced TNFa, IL-6 and cyclooxygenase- 2
(COX-2). Likewise, expression of a dominant negative AMPKal in macrophages enhanced TNFa
and IL-6 protein synthesis in response to LPS stimulation, while diminishing the production of IL-10.
In contrast, transfection of macrophages with a constitutively active form of AMPKal resulted in
decreased LPS-induced TNFa and IL-6 production, and heightened production of IL-10. In addition,
we found that AMPK negatively regulated LPS-induced IxB-a degradation and positively regulated
Akt activation, accompanied by inhibition of GSK3-f and activation of CREB. Thus, AMPK directs
signaling pathways in macrophages in a manner that suppresses proinflammatory responses and
promotes macrophage polarization to an anti-inflammatory functional phenotype.
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Introduction

AMP-activated protein kinase (AMPK) is an evolutionary conserved serine/threonine kinase
that regulates energy homeostasis and metabolic stress. When the cellular AMP/ATP ratio is
high, AMPK is activated, switching off ATP-consuming anabolic pathways and switching on
ATP-producing catabolic pathways (1). Mammalian AMPK is a heterotrimeric complex
comprised of a catalytic o subunit and regulatory B and y subunits. Each subunit has two or
three isoforms (al, a2, f1, B2, v1, y2, y3) encoded by different genes (2). Phosphorylation of
the threonine-172 residue of the o subunit is crucial for the AMPK activity (3). There are two
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kinases that have been established as upstream activators of AMPK; the protein kinase LKB1/
STRAD/MO25 complex (4) and the calmodulin-dependent protein kinase kinase 8
(CaMKKB) (5). While the LKB1 complex phosphorylates AMPK in response to changes in
the AMP/ATP ratio (6), CAMKKG} phosphorylates AMPK in response to an increase in
intracellular Ca2* level (5). In liver, active AMPK inhibits fatty acid synthesis and cholesterol
synthesis (7) while in heart and skeletal muscle it stimulates fatty acid oxidation and glycolysis
(8,9). AMPK has also been shown to inactivate the mammalian target of rapamycin (mTOR)
pathway via phosphorylation and activation of the mTOR inhibitor, tuberous sclerosis
complex-2 TSC2 (10). This would typically occur when AMPK is activated as a result of energy
deprivation, the net result being suppression of protein synthesis and cell growth. Studies
demonstrating the role of AMPK in improvement of insulin sensitivity and glucose homeostasis
have identified AMPK as target for the treatment of Type 2 diabetes and obesity (11).

A potential role of AMPK in suppression of inflammatory responses has been suggested by
studies using the pharmacological activator of AMPK, 5-aminoimidazole-4-carboxamide
ribose (AICAR). For example, treatment of mice with AICAR was found to reduce the severity
of experimental autoimmune encephalomyelitis (EAE) (12). AICAR has also been shown to
reduce iNOS synthesis by adipocytes, macrophages, myocytes, and glial cells (13,14).
However, AICAR is taken up by cells and converted to AMP analogue ZMP which mimics
the effect of AMP, thus AICAR is a nonspecific activator of AMPK and has the potential to
activate other AMP sensitive enzymes (15). Indeed, there are recent reports in which the anti-
inflammatory effects of AICAR were determined to be independent of AMPK activity, thus
clouding the interpretation of studies using this reagent (16,17). As part of our ongoing studies
of the signaling pathways that govern macrophage behavior, we investigated the role of AMPK
in the regulation of macrophage inflammatory activity in response to physiological stimuli.
We demonstrate that AMPK in macrophages can be rapidly activated or inactivated by anti-
inflammatory or proinflammatory stimuli, respectively, and we provide evidence that AMPK
acts as a central regulator of macrophage inflammatory function.

Materials and Methods

Reagents

LPS (Escherichia coli serotype 0111:B4) was purchased from Sigma-Aldrich. Mouse
recombinant IL-10 and human recombinant TGFp were purchased from R&D Systems.
Western blot detection of specific proteins utilized the following primary antibodies: anti-
phospho-AMPKa (Thrl72), anti-AMPK-a, anti-phospho-ACC (Ser79), anti-ACC, anti-
phospho-GSK3- (Ser9), anti-GSK3-p, anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-
CREB (Ser133), anti-CREB, anti-IxB-a (Cell Signaling Technology), anti-AMPKa1, anti-
AMPKGa2 (Abcam), anti-p -actin (Sigma) and HRP-conjugated secondary antibody (Jackson
ImmunoResearch).

Western blot analysis

Murine bone marrow-derived macrophages and human monocyte-derived macrophages were
generated as previously described (18,19). Macrophages were lysed in a lysis buffer containing
125 mM Tris, pH 6.8, 2% SDS, 20% glycerol, 200uM PMSF, protease inhibitor cocktail
(Promega) and phosphatase inhibitor cocktail (Pierce). Total protein content of the samples
was assessed by BCA protein assay (Pierce). Equal amounts of protein were separated on 10
% Criterion gels (Bio-Rad) by SDS-PAGE. Proteins were transferred to nitrocellulose
membranes (Hybond; Amersham) using a Trans-Blot SD Semi-dry electrophoretic transfer
cell (Bio-Rad) (to detect phospho-ACC and ACC, 6% gels and a wet transfer system were
used.) Ab-bound proteins were detected using an ECL Western blotting analysis system
(Amersham), and the membranes were exposed to Kodak Biomax XL X-ray film (Eastman).
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Densitometric analysis was performed using the Bio-Rad Quantity One software associated
with Bio-Rad Fluor-S Multi-Imager and FX phosphoimager systems.

Following stimulation in 96-well plates, supernatants were collected and assayed by ELISA
using OptEIA sets (BD Biosciences Pharmingen) according to the manufacturer’s instructions.
Analysis was performed using an E-max Precision micro plate reader (Molecular Devices).

RNA interference

Murine bone marrow-derived macrophages were transfected with 0.5pg AMPK a1/2 siRNA
or nonspecific control siRNA (Dharmacon) using Amaxa Biosystem’s Nucleofection
technology according to the manufacturer’s instructions. Following nucleofection, the
macrophages were plated in 12-well plates in RPMI 1640 (HyClone) medium containing 20%
FBS (Atlanta Biologicals), 100 mM HEPES, 50 pg/ml gentamicin, 0.5 mM L-glutamine and
1.5 mM GlutaMAX (Invitrogen). The cells were analyzed 72 h post-transfection.

Real-time RT-PCR analysis

mMACs™ One-step cDNA Kits (Miltenyi Biotech) were used for RNA isolation and cDNA
synthesis. cDNAs were amplified in a 20 pl reaction volume containing SYBR Green (New
England Biolabs) and analyzed using a DNA Opticon 2 Monitor (MJ Research, currently Bio-
Rad). IL-6, TNFa and COX-2 expression was analyzed by Quantitect Primer Assays (Qiagen).
cDNA concentrations in each sample were normalized using transcripts for B-actin. The
relative expression software tool (REST) was used to quantify mRNA expression of each gene
(20).

Generation of stable transfectants

Dominant negative (DN-AMPKa1) and constitutively active (CA-AMPKal) forms of AMPK
were generated in the Carling laboratory as described previously (21). DN-AMPKa1 and CA-
AMPKG1 coding regions were sub cloned into pcDNA-Zeo (Invitrogen) and endotoxin-free

pcDNA-Zeo-DN-AMPKal (2 pg) and pcDNA-Zeo-CA-AMPKal (2 pg) were transfected into
the B6J2 macrophage cell line (22) by using Nucleofection technology (Amaxa Biosystems)

according to the manufacturer’s instructions. Selection of the transfectants was achieved via

addition of zeocin to the cultures.

Statistical analysis

Results

Statistical significance between groups was calculated with an unpaired Student’s t-test, with
a P value < .05 considered statistically significant.

AMPKal is the predominant AMPKa isoform expressed by macrophages

Expression of AMPKa isoforms by murine bone marrow-derived macrophages, the murine
macrophage cell line B6J2, and human monocyte-derived macrophages was evaluated by
Western blot and real-time RT-PCR. As shown in Figure 1A, Western blot analysis revealed
expression of the 62 kDa AMPKal protein in each of the macrophage samples tested, whereas
no detectable expression of AMPKa2 protein was observed. Analysis of AMPKa mRNA
expression by murine bone marrow-derived macrophages (Fig. 1B) did show detectable levels
of AMPKa2, however AMPKal was expressed at a 19-fold higher level. Likewise,
AMPKoal was expressed at a 39-fold higher level in murine macrophage cell line B6J2 (Fig.
1C). In human monocyte-derived macrophages AMPKa2 expression level was negligible
(8,200 fold less than AMPKa1) (Fig. 1D). These data indicated that AMPKal is the dominant
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AMPKa isoform expressed in macrophages and our subsequent investigation focused on the
manipulation of AMPKal expression and activity as a means to elucidate the role of AMPK
in macrophages.

AMPK activity is rapidly modulated by anti-inflammatory and proinflammatory stimuli

We evaluated the effect of anti-inflammatory and proinflammatory stimuli on the
phosphorylation of the Thr-172 residue of the AMPKa catalytic domain, which is an indication
of AMPK activation. Bone marrow-derived macrophages were stimulated with the typically
anti-inflammatory cytokines IL-10 and TGF, or with the proinflammatory TLR4 agonist LPS.
Stimulation of bone marrow-derived macrophages with 1L-10 (Fig. 2A) and TGFp (Fig. 2B)
resulted in a rapid and marked increase in the phosphoryation level of AMPK, evident at 10
min post-stimulation, which was sustained over an 18 h time period. In contrast, LPS
stimulation resulted in a significant reduction of AMPK phosphorylation, which was
maintained through a 1 h time point, with a return to the phosphorylated state by the 6 h time
point tested (Fig. 2C). We hypothesize that this return of AMPK phosphorylation may be due
to an autocrine response to 1L-10 produced by the macrophages in response to LPS stimulation.
LPS stimulation also resulted in diminished AMPK phosphorylation in human macrophages
over a 30 min time period, which returns to basal levels at the 1h time point (Fig. 2D).
Interestingly, a second reduction in AMPK phosphorylation is apparent at 6h, which may be
due to an autocrine influence of proinflammatory cytokine production. These data indicate that
anti-inflammatory stimulus increases, while proinflammatory stimulus decreases AMPK
activation in macrophages.

Inhibition of AMPK expression or activity elevates LPS-induced macrophage inflammatory

function

AMPK function in macrophages was evaluated by inhibition of AMPK expression and activity
with use of sSiRNA silencing and a dominant-negative AMPKo1 mutant. Bone-marrow derived
macrophages were transfected with AMPKal/a2 siRNA or a scrambled control siRNA.
Following transfection, LPS-induced TNFa, IL-6, and cyclooxygenase (COX-2) mMRNA was
evaluated. As shown in the Western blot analysis depicted in Figure 3A, macrophages
transfected with AMPKa siRNA displayed a substantial reduction in AMPKa protein as
compared to control siRNA transfected or untransfected macrophages. Typically, including in
the experiment shown in Figure 3 A, siRNA suppression of AMPKa achieved an approximate
70% reduction in protein as assessed by densitometry of Western blot analyses. Suppression
of the AMPKa catalytic domain expression in macrophages resulted in a dramatic increase in
TNFo (4-fold), IL-6 (3-fold) and COX-2 (10-fold) mRNA expression in response to LPS
stimulation as compared to control siRNA-treated macrophages (Fig. 3 B-D). Similar results
were obtained with blockade of AMPKa activity. In these experiments, the B6J2 macrophage
cell line was stably transfected with a dominant negative mutant of AMPKal (DN-
AMPKal). Empty vector transfected macrophages (pcDNA-Zeo) were used as control. To
demonstrate that the macrophages expressing DN-AMPKal have impaired AMPK activity,
phosphorylation (Ser 79) status of the AMPK substrate Acetyl CoA Carboxylase (ACC) was
evaluated by Western blot. As shown in figure 4 A, DN-AMPKal macrophages display a 50%
reduction in basal level of ACC Ser 79 phosphorylation, and therefore impaired AMPK
activity, as compared to control cells. LPS-induced TNFa, IL-6 and IL-10 production of DN-
AMPKal macrophages was analyzed by ELISA (Fig. 4 B-D). The B6J2 cell line expressing
DN-AMPKal produced significantly more proinflammatory TNFo and IL-6, whereas
production of the anti-inflammatory IL-10 was significantly reduced, as compared to the
control cell line (pcDNA-Zeo empty vector transfectants).
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Expression of a constitutively active AMPKal results in reduced macrophage inflammatory
cytokine production and enhanced production of IL-10

We next evaluated the impact of elevated AMPK activity on macrophage inflammatory activity
with use of a constitutively active AMPKa mutant (CA-AMPKal). Stable transfectants of
B6J2 expressing CA-AMPKal were generated and constitutive AMPK activation in these cells
was confirmed by evaluation of the Ser 79 phosphorylation of the AMPK substrate ACC by
Western blot. CA-AMPKal macrophages displayed 3.5 fold increased basal level of ACC Ser
79 phosphorylation, and therefore AMPK activity, as compared to empty vector transfected
macrophages (Fig. 4A). Cytokine production by CA-AMPKa1 macrophages in response to
LPS stimulation was evaluated by ELISA (Fig. 4 E-G). B6J2 macrophages transfected with
CA-AMPKal displayed significantly lower levels of LPS-induced TNFa and IL-6 production
as compared to the control cell line (pcDNA-Zeo transfectants), whereas IL-10 production was
significantly higher in the CA-AMPKal-expressing cells as compared to controls (Fig. E-G).
These data provide further evidence that AMPK counter-regulates the inflammatory function
of macrophages.

Evidence for AMPKal regulation of IKK/NF-kB, Akt, GSK3B and CREB mediated signaling

pathways

We considered a number of downstream targets of AMPK as possible mediators of the counter-
inflammatory activity we observed. For example, in endothelial cells AMPK activity has been
implicated as a negative regulator of the transcription factor NF-«xB (23,24), which is well-
established as playing a critical role in the induction of pro-inflammatory gene expression
(25). In unstimulated cells, the NF-xB p65/p50 heterodimer is held inactive in the cytoplasm
by the inhibitory protein 1kB. Pro-inflammatory stimuli activate 1xB kinase (IKK), which in
turn phosphorylates kB, resulting in its ubiquitination-mediated degradation, allowing
liberated NF-«B to enter the nucleus and activate gene expression (25). Thus, degradation of
IxB is widely used as an indication of NF-«xB activation. We evaluated the levels of LPS-
induced IxB degradation in macrophages expressing either the dominant negative, DN-
AMPKal, or the constitutively active, CA-AMPKal, mutants. As shown in Figure 5 A,
macrophages containing DN-AMPKa1 have increased IxB degradation after LPS stimulation
as compared to empty vector-transfected macrophages. 1kB is nearly absent at 10 min in
macrophages expressing DN-AMPKal and remains low through the 30 min time point,
whereas in the control cells maximum degradation occurs at 30 min, and the overall levels of
IxBa protein are substantially higher than in the cells expressing DN-AMPKal. In contrast,
expression of CA-AMPKal both delays and decreases LPS-induced 1B degradation (Fig.
5B). These results suggest that AMPK acts as a negative regulator of the IKK/IxB/NF-xB
pathway in macrophages.

AMPK has also been shown to modulate downstream events mediated by phosphoinositide-3
kinase (PI3K) (26). PI3K indirectly activates the serine/threonine kinase Akt, which in turn
can phosphorylate glycogen synthase kinase g (GSK3-p) at Ser9, resulting GSK3-f inhibition.
The PI3K/Akt pathway has been shown to regulate the production of inflammatory cytokines
in monocytes and macrophages (27) and inhibition of GSK3-p has been shown to inhibit TLR-
mediated production of pro-inflammatory cytokines, while enhancing IL-10 production by
human monocytes (27,28). As shown in Figure 5C, macrophages expressing DN-AMPKal
display greatly reduced Akt Ser473 phosphorylation after LPS stimulation as compared to
control, empty vector transfectants, whereas macrophages expressing CA-AMPKal display
enhanced Akt Ser473 phosphorylation, indicative of Akt activation (Fig. 5D).

Having shown that AMPK activity is associated with enhanced Akt activation, we examined
the influence of AMPK on the Akt substrate GSK3-f. Interestingly, despite the dampening
effect of DN-AMPKal expression in macrophages on Akt phosphorylation, DN-AMPKal
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expression did not impact GSK3-f3 phosphorylation after LPS stimulation (Fig. 5E). However,
expression of CA-AMPKal resulted in a substantial increase in the level of LPS induced
GSK3-p phosphorylation, indicating that elevated AMPK activity promotes GSK3p
inactivation in macrophages (Fig. 5F). GSK3-f is known to negatively regulate the activation
of the transcription factor cyclic AMP responsive element binding protein (CREB) (29). CREB
activation has been shown to be essential in IL-10 production by monocytes (30). Since we
found that activation of AMPK resulted in enhanced IL-10 production as well as GSK3-
inactivation following LPS stimulation, we evaluated the impact of AMPK activity on CREB
Ser133 phosphorylation/activation. Moreover, AMPK has been recently shown to directly
phosphorylate CREB at Ser 133 causing its activation (31). As shown in Figure 5G, expression
of DN-AMPKa1 resulted in reduced CREB Ser133 phosphorylation 30 min after LPS
stimulation as compared to empty vector transfected macrophages. In contrast, expression of
CA-AMPKal in macrophages enhanced LPS-induced CREB phosphorylation/activation (Fig.
5H). These data suggest a pathway whereby enhanced AMPK leads to Akt activation resulting
in GSK3-B phosphorylation/inactivation and CREB phopshorylation/activation and fit well
with the published evidence for a role of GSK3- in modulating inflammatory function (27,
28).

Discussion

Macrophages are capable of displaying a wide range of functional phenotypes and can produce
different arrays of both pro- and anti-inflammatory mediators in response to various stimuli,
or due to their tissue environment (32). Stimulation of macrophages with the Th1l cytokine
IFNY is often referred to as “classical activation” whereas stimulation with the Th2 cytokines
IL-4 and IL-13 has been assigned the designation “alternative activation” (33). The
designations M1 and M2 have also been used to categorize macrophages expressing a pro-
inflammatory versus an anti-inflammatory functional profile, respectively (34,35). Although
these terminologies are used to broadly define macrophages as either inflammatory or anti-
inflammatory state, in most cases the patterns of gene expression of macrophages in response
to various stimuli, or in response to their tissue environment, are heterogeneous and do not
precisely fit the published patterns associated with these M1/M2 designations (36—38). Indeed,
the array of possible functional outcomes of macrophage activation is quite broad (32) and we
and others have demonstrated that macrophages can rapidly change their functional profile,
both in vitro and in vivo, in response to changes in the microenvironment (39-41). Therefore,
the M1/M2 nomenclature defines only the most polarized macrophage functional profiles
amongst a wide array, and these polarized states are mutable. The observation that macrophage
functional phenotypes can be manipulated has drawn attention to macrophages as a potential
therapeutic target (40,42). Thus, elucidation of the signaling pathways that regulate
macrophage functional polarization will aid in the design of strategies for modification of
macrophage behavior.

In the present study we have identified AMPK as a potent counter-regulator of macrophage
inflammatory function and promoter of macrophage polarization towards an anti-inflammatory
phenotype. Our data demonstrate an association of AMPK activity with reduced kB
degradation, enhanced Akt activity, GSK3p inhibition, and activation of CREB. The enhanced
Akt activation associated with AMPK activity is of interest given the mixed reports of the
relationship of AMPK and Akt. While some studies demonstrate a positive correlation of
AMPK activity with that of Akt, as we report here, there are many reports of an association of
AMPK activation with decreased Akt activation (reviewed in ref. 26). We found that
macrophages expressing a constitutively active AMPKal, CA-AMPKal, displayed enhanced
Akt Ser473 phosphorylation as compared to empty vector transfected macrophages, whereas
macrophages expressing a dominant negative AMPKa1, DN-AMPKal, display diminished
Akt Serd73 phosphorylation following LPS stimulation (Fig. 5 C and D). It has been established
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that activation of Akt requires both phosphorylation of Thr308 by the phosphoinositide-
dependent kinase 1 (PDK1) (43,44) and phosphorylation of the Ser473 by the mammalian
target of rapamycin complex 2 (MTORC2) (45). The serine/threonine kinase mTOR is a key
regulator of the protein synthesis and cell growth. Due to energy depletion, AMPK inhibits
mTOR complex 1 (MTORCL1) by phosphorylating and activating the negative regulator of
mTOR, tuberous sclerosis complex 2 (TSC2) (10). In contrast to AMPK, Akt can activate
mTORC1 by phosphorylating and inhibiting TSC2 (46,47). mTOR is the only critical subunit
shared by mTORC1 and mTORC2, and competition for mTOR interaction can occur between
the mTORC1 and mTORC2 complexes (48). In macrophages expressing CA-AMPKal, it is
possible that inhibition of mMTORC1 by AMPK could increase availability of mTOR to the
mTORC2 complex. The enhanced phosphorylation of Akt in these cells could therefore be due
to the ability of mMTORC2 to phosphorylate Akt at Ser473. Akt would then be available to
activate mTORCL to balance mTORCL activity in the cell.

The increased LPS-mediated Akt activation and GSK3p inhibition in macrophages expressing
CA-AMPKa1l indicates that active AMPK may exert its anti-inflammatory effects through an
Akt/GSK3p pathway (28). Interestingly, although we see an increase in LPS-mediated
GSK3p phosphorylation/inhibition in CA-AMPKa1-exressing macrophages, we do not
observe any decrease in GSK3p phosphorylation in macrophages expressing DN-AMPKal
(Fig. 5E). This observation may be also explained by the influence of AMPK on the mTOR
pathway. mTORC1 controls mMRNA translation, in part, by phosphorylating and activating
S6K1 which phosphorylates the S6 protein of the 40S ribosomal protein (49). S6K1 has been
found to phosphorylate GSK3p at Ser9, resulting in GSK3p inactivation under conditions
where mTORCL1 is over-active (50). Therefore, it is likely that the absence of a decrease in
GSK3p Ser9 phosphorylation in DN-AMPKal-expressing macrophages may be due to the
over-activation of mTORC1, resulting from decreased AMPK activity. This would lead to
enhanced S6K1 activity and, therefore, the maintenance of GSK3p phosphorylation.

Since GSK3-f is a negative regulator of the transcription factor CREB, GSK3-f inactivation
enhances CREB activity (28,29). It is hypothesized that GSK3-B inhibition allows CREB to
compete for the nuclear coactivator protein CBP (CREB-binding protein), also required for
NF-«xB function. This results in reduced NF-xB activation of proinflammatory gene expression,
and enhanced expression of CREB-activated IL-10 synthesis (28). This scenario fits well with
our data, as we observe elevated CREB activation in macrophages expressing CA-AMPK (Fig.
5H), as well as elevated IL-10 production (Fig. 4F). In earlier published work, GSK3-
inhibition was shown to decrease the binding of NF-xB p65 with CBP, but did not affect the
levels of nuclear NF-xB p65 (28). In contrast, our finding that IxBa degradation is attenuated
in CA-AMPKal transfectants (Fig. 5B) suggests that NF-kB activation and translocation to
the nucleus are likely to be reduced in the presence of high AMPK activity.

In addition to IL-10 and TGFp, we have found that other anti-inflammatory mediators such as
IL-4, the PPARY agonists 15dPJG, and ciglitazone, as well as the green tea polyphenol
epigallocatechin-3-gallate (EGCG), activate AMPK in macrophages (unpublished data),
suggesting that, regardless of the initial signaling events involved, anti-inflammatory signals
converge on AMPK as a central regulator that promotes progression to an anti-inflammatory
phenotype. As mentioned previously, the two known upstream activators of AMPK are the
kinases LKB1 (4) and CAMKKGP (5), however, a potential role of these kinases as activators
of AMPK activation in macrophages has not been established. Due to the diversity of molecules
capable of AMPK activation in macrophages, the identity of upstream activators is of particular
interest and is under investigation in our laboratory. AMPK has frequently been referred to as
the “metabolic master switch” in discussion of its role in the regulation of energy homeostasis
(51). The ability of AMPK to be rapidly activated by anti-inflammatory stimuli, or rapidly
inactivated by proinflammatory stimuli, combined with the downstream consequences of
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AMPK activity that we observe herein, implicates AMPK as a “master switch” of macrophage
functional polarization.

Abbreviations used in this paper

AMPK, AMP-activated protein kinase

ACC, acetyl-CoA carboxylase

COX-2, cyclooxygenase- 2

GSK3-B, glycogen synthase kinase

IxB-a, inhibitory kB-o

IKK, inhibitory kB kinase

AICAR, 5-aminoimidazole-4-carboxamide ribose

SiRNA, small interfering RNA

MRNA, messenger RNA

DN-AMPKaoa1, dominant negative AMP-activated protein kinase ol
CA-AMPKal, constitutively active AMP-activated protein kinase ol
Ser, serine
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Figure 1. Mouse and human macrophages express predominantly the AMPKal isoform

A, Lysates of mouse bone marrow derived macrophages (m-BMDM), the B6J2 macrophage
cell line and human monocyte-derived macrophages (hu-MDM) were analyzed by Western
blot using antibodies against the AMPKa1 and AMPKa2 proteins. Tissue lysate prepared from
mouse liver was used as a positive control for expression of AMPKa2 protein. Data shown are
representative of 3 independent experiments with similar results. B-D, Real-time RT-PCR
analysis was performed for analysis of AMPKal and AMPKa2 mRNA expression. Data shown
are mean + S.D. of triplicate determinations (* p< 0.05, ** p< 0.01) and representative of 3
independent experiments with similar results.
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Figure 2. AMPK activity is rapidly modulated by anti-inflammatory and proinflammatory stimuli
A and B, Anti-inflammatory cytokines IL-10 and TGFf enhance the levels of phosphorylated
AMPK in mouse macrophages. Bone marrow derived macrophages were stimulated with 20
ng/ml IL-10 or 5 ng/ml TGF for the time points indicated. C, LPS stimulation diminishes
AMPK phosphorylation in mouse macrophages. Bone marrow derived macrophages were
stimulated with 100 ng/ml LPS for the time points indicated. D, LPS stimulation decreases
AMPK phosphorylation in human macrophages. Human macrophages were stimulated with
100 ng/ml LPS for the time points indicated. Western blot was performed using antibodies
against phospho-AMPKa and total AMPKa.. The p-AMPKo/AMPKa ratio for each was
analyzed by densitometry and shown as bar graphs. Data shown are representative of 4
independent experiments with similar results.
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Figure 3. Suppression of AMPK expression by RNA interference increases LPS induced pro-
inflammatory activity of macrophages

A, Bone marrow derived macrophages were transfected with AMPKa1/02 siRNA or control
SiRNA or left untransfected. 72 h post-transfection, the cells were lysed and Western blot was
performed with antibodies against AMPKa and B-actin. Data shown are representative of 3
independent experiments with similar results. B-D, 72 h post-siRNA transfection,
macrophages were stimulated with 100 ng/ml LPS for 4hrs (TNFa, IL-6) or 2 hrs (COX-2) or
left unstimulated. Real-time RT-PCR was performed for analysis of TNFa, IL-6 and COX-2
mMRNA expression. Data shown are mean + S.D. of triplicate determinations (* p< 0.05, ** p<
0.01) and representative of 3 independent experiments with similar results.
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Figure 4. Expression of dominant negative or constitutively active AMPKal modulates the

inflammatory response of macrophages

The B6J2 macrophage cell line was stably transfected with DN-AMPKal, (A-D) or CA-
AMPKal, (A,E-G). Empty vector (pcDNA-Zeo) B6J2 transfectants served as a control (A-
G). Lysates of transfected macrophages were analyzed by Western blot using antibodies against
p-ACC and ACC. The p-ACCl/total ACC ratio was analyzed by densitometry and shown as a
bar histogram. Data shown are representative of 2 independent experiments with similar results
(A). Transfected macrophages were stimulated with LPS at the concentrations shown for 18
hrs or left unstimulated. TNFa, IL-6 and IL-10 levels were detected by ELISA. Data shown
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are mean * S.D. of triplicate determinations (* p< 0.05, ** p< 0.01) and representative of 3
independent experiments with similar results.
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Figure 5. Expression of dominant negative or constitutively active AMPKal modulates LPS
induced IkB-a, Akt, GSK3p and CREB activity

A, B6J2 macrophages stably transfected with DN-AMPK1 or empty vector were stimulated
with 100 ng/ml LPS for the time points indicated. After cell lysis, Western blot was performed
using an anti-1kB-o antibody. Bands were analyzed by densitometry, displayed as a bar
histogram. B, B6J2 macrophages stably transfected with CA-AMPKa1 or empty vector were
treated and analyzed as in A. C, Western blot was performed with antibodies against p-Akt
(Ser473) and total Akt. The p-Akt/total Akt ratio was analyzed by densitometry and shown as
a bar histogram. D, B6J2 macrophages stably transfected with CA-AMPKal were stimulated
and assayed as in C. E, DN-AMPKao1 transfectants were stimulated as in A and Western blot
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was performed with antibodies against p-GSK3- (Ser9) and total GSK3-f. The p-GSK3-4/
total GSK3-p ratio was analyzed by densitometry and shown as a bar histogram. F, CA-
AMPKal transfectants were stimulated and assayed as in E. G, DN-AMPKa1 transfectants
were stimulated as in A and Western blot was performed with antibodies against p-CREB
(Ser133) and total CREB. The p-CREB/total CREB ratio was analyzed by densitometry and
shown as a bar histogram. H, CA-AMPKa1 transfectants were stimulated and assayed as in
G. Data shown are representative of 2 (B,D,E,G) and 3 (A,C,F,H) independent experiments
with similar results.
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