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Abstract

AMP-activated protein kinase, AMPK, is a conserved serine/threonine kinase with a critical 

function in the regulation of metabolic pathways in eukaryotic cells. Recently, AMPK has been 

shown to play an additional role as a regulator of inflammatory activity in leukocytes. Treatment 

of macrophages with chemical AMPK activators, or forced expression of a constitutively active 

form of AMPK, results in polarization to an antiinflammatory phenotype. Additionally, we 

reported previously that stimulation of macrophages with antiinflammatory cytokines such as 

IL-10, IL-4 and TGF-β results in rapid activation of AMPK, suggesting that AMPK contributes to 

the suppressive function of these cytokines. In the current study we investigated the role of AMPK 

in IL-10-induced gene expression and antiinflammatory function. IL-10-stimulated wild-type 

macrophages displayed rapid activation of PI3K and its downstream targets Akt and mTORC1, an 

effect that was not seen in macrophages generated from AMPKα1-deficient mice. AMPK 

activation was not impacted by treatment with either the PI3K inhibitor LY294002 or the JAK 

inhibitor CP-690550, suggesting that IL-10-mediated activation of AMPK is independent of PI3K 

and JAK activity. IL-10 induced phosphorylation of both Tyr705 and Ser727 residues of STAT3 

in an AMPKα1-dependent manner, and these phosphorylation events were blocked by inhibition 

of CaMKKβ, an upstream activator of AMPK, and by the mTORC1 inhibitor rapamycin, 

respectively. The impaired STAT3 phosphorylation in response to IL-10 observed in AMPKα1-

deficient macrophages was accompanied by reduced SOCS3 expression and an inadequacy of 

IL-10 to suppress LPS-induced proinflammatory cytokine production. Overall, our data 

demonstrate that AMPKα1 is required for IL-10 activation of the PI3K/Akt/mTORC1 and 

STAT3-mediated antiinflammatory pathways regulating macrophage functional polarization.
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Introduction

AMP-activated protein kinase (AMPK) is an evolutionarily conserved serine/ threonine 

kinase composed of 3 subunits with different isoforms in mammalian cells: the regulatory β 

(β1, β2), γ (γ1, γ2, γ3) subunits, and catalytic α (α1, α2) subunit. Phosphorylation of the 

172-threonine residue within the catalytic subunit of AMPK is crucial for its activity (1, 2). 

AMPK is well established as a cellular energy sensor that regulates metabolic pathways and 

maintains energy homeostasis (3). When cellular AMP and ADP levels rise, AMPK is 

activated, promoting ATP-producing catabolic pathways while switching off ATP-

consuming biosynthetic pathways. Recent work by us and others has also established an 

association of AMPK activity with inflammatory potential in leukocytes (4–7). For example, 

we reported that silencing of AMPKα1 in macrophages or forced expression of a dominant 

negative form of AMPKα1 results in amplification of inflammatory activity, whereas 

treatment with agents that activate AMPK is suppressive (4). Stimulation of macrophages 

with proinflammatory agents such as LPS reduces AMPK phosphorylation, whereas 

stimulation with antiinflammatory agents (e.g., IL-10, IL-4 and TGFβ) results in elevated 

levels of phospho-AMPK (4). Likewise, TLR activation by LPS in dendritic cells (DC) 

decreases AMPK activation and this effect is accompanied by increased cellular glucose 

consumption (5). We demonstrated that AMPKα1 deficiency in DC results in a heightened 

inflammatory response to CD40 stimulation, leading to an increased capacity to induce Th1 

and Th17 differentiation during antigen presentation (6). AMPKα1 activity was also found 

to be responsible for T cell immunoglobulin-and mucin domain-containing molecule-4 

(TIM-4)-mediated autophagic degradation of apoptotic tumor cells in macrophages and the 

subsequent immunosuppressive phenotype macrophages acquire during this process (7). 

Identified mechanisms of AMPK-induced suppression of inflammatory signaling in 

macrophages include activation of inhibitory PI3K-mediated pathways (4) and enhancement 

of SIRT1 activity and expression leading to NF-κB deacetylation (8).

Studies focusing on AMPK regulation of metabolic pathways in leukocytes have contributed 

to the emergent paradigm that increased glycolysis is associated with inflammatory activity 

and proliferation, whereas reduced glycolysis and enhanced oxidative metabolism is 

associated with suppressed inflammation and quiescence (9). However, activators of AMPK 

not only suppress inflammatory responses but re-polarize leukocytes by actively inducing 

programs of antiinflammatory gene expression. The observation that antiinflammatory 

cytokines, including IL-10, induce rapid activation of AMPK in macrophages (4) suggests 

that AMPK serves as an immediate upstream signaling molecule in the initiation of 

antiinflammatory signaling pathways.

IL-10 is a potent immunosuppressive cytokine that limits excessive inflammation and 

controls inflammatory disease progression (10). The antiinflammatory function of IL-10 has 

been well studied in murine models of inflammatory disease including inflammatory bowel 

disease (IBD), experimental allergic encephalomyelitis (EAE), and atherosclerosis (11–13). 

However, the signaling pathways activated through IL-10 receptor ligation have received 

less attention. Two important signaling cascades have been reported to mediate IL-10 

suppressive functions in macrophages, the PI3K/Akt/GSK3β and JAK/ STAT3 pathways 

(14, 15). Pharmaceutical inhibition of PI3K in macrophages impairs IL-10-induced gene 
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expression as well as IL-10-mediated suppression of LPS-induced proinflammatory gene 

expression. This effect is reversed by the expression of a constitutively active Akt (14). 

Although PI3K and Akt activity can be induced by IL-10 stimulation in pro-myeloid cells 

(16), the direct activation of PI3K by IL-10 in macrophages has not yet been reported. Class 

IA PI3Ks are composed of a catalytic subunit (p110α, p110β, or p110δ) and a tightly 

associated regulatory subunit (p85α, p85β, p55γ, p55α, or p50α). The regulatory p55 

subunit results from the alternate transcription of the Pik3r1 gene (17). p55 associates with 

the catalytic subunit p110 and coordinates unique PI3K kinase functions such as the 

induction of cell cycle arrest (18) and prevention of xenograft tumor growth (19). 

Phosphorylation of the regulatory subunit of PI3K results in PI3K activation which 

promotes colocalization of phosphoinositide-dependent protein kinase 1 (PDK1) and Akt to 

the plasma membrane where PDK1 phosphorylates Akt directly on Thr308 (20). 

Phosphorylation of both Thr308 in the activation loop and Ser473 in the kinase tail enhances 

the activation of Akt (21). Activation of Akt mediates many downstream biological events 

including the direct activation of mammalian target of rapamycin complex 1 (mTORC1) 

(22). Relevant to the work presented herein, it has been reported that IL-10 stimulation of 

primary monocytes results in elevated mTORC1 activity and this effect is abrogated by 

PI3K inhibition (23).

Although the precise mechanism of activation of PI3K/Akt signaling via IL-10 in 

macrophages remains unclear, the direct association of IL-10R with JAK family tyrosine 

kinases and the subsequent phosphorylation/activation of STAT3 and STAT3-directed 

expression of SOCS3 is well-established (16, 24, 25). IL-10 induces the tyrosine 

phosphorylation of JAK1 that leads to STAT3 tyrosine phosphorylation and activation (26). 

The serine residue of STAT3 can be phosphorylated independent of JAK activity and 

STAT3 tyrosine phosphorylation (27), and the phosphorylation on serine residues within the 

IL-10 receptor intracellular domain and within STAT3 homodimer complexes are also 

important for IL-10/STAT3 suppressive function (28–30). Interestingly, mTORC1 was 

reported to mediate STAT3 serine phosphorylation in various cell types and data suggest 

that this serine phosphorylation is required for optimal activation of STAT3 (31–33). 

STAT3 activation induces the expression of several genes including Socs3, Bcl3, and Etv3, 

that encode proteins capable of suppressing TLR-mediated inflammatory function in a 

variety of cell types including macrophages (34, 35). The mTORC1 protein complex 

negatively regulates innate inflammatory responses in myeloid immune cells (36) and, in 

contrast to non-immune cells in which AMPK typically inhibits mTORC1 (37), evidence 

suggests that AMPK activity positively regulates mTORC1 activity in macrophages (38). 

Given the rapid and robust activation of AMPK in response to IL-10 stimulation, herein we 

addressed the hypothesis that AMPK orchestrates PI3K/Akt/mTORC1 and STAT3 signaling 

pathways to contribute to IL-10-mediated polarization of macrophages to an 

antiinflammatory phenotype.
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Materials and Methods

Reagents

Recombinant mouse IL-10 was purchased from R&D Systems. LY294002 and rapamycin 

were purchased from Calbiochem (EMD Millipore). CP-690550 and STO-609 were 

purchased from Tocris Biosciences. Western blot detection of specific proteins used the 

following primary Abs: anti-phospho-AMPKα (Thr172), anti-AMPKα, anti-phospho-PI3 

kinase p85 (Tyr458)/p55 (Tyr199), anti-PI3 kinase p55, anti-PI3 kinase p85, anti-phospho-

Akt (Ser473), anti-phospho-Akt (Thr308), anti-Akt, anti-phospho-mTOR (Ser2448), anti-

mTOR, anti-phospho-p70 S6K (Ser371), anti-p70 S6K, anti-phospho-TSC2 (Ser939), anti-

phospho-TSC2 (Ser1387), anti-TSC2, anti-phospho-Stat3 (Tyr705), anti-phospho-Stat3 

(Ser727), anti-Stat3, anti-phospho-JAK1 (Tyr1022/1023), anti-JAK1, anti-SOCS3, anti-

phospho-NF-κB (Ser536), anti-NF-κB, anti-IκB (Cell Signaling Technology), anti-β-actin 

(Sigma-Aldrich), and HRP-conjugated secondary Ab (Jackson ImmunoResearch 

Laboratories).

Mice and Cell culture

AMPKα1 deficient (AMPKα1−/−) mice were generated as previously described and 

obtained with permission of Dr. Benoit Viollet (39). C57BL/6J mice were purchased from 

the Jackson Laboratory. C57BL/6J mice, AMPKα1−/− mice and their littermate controls, 

AMPKα1+/+ mice, were bred and maintained in the Research Resources Facility, 

University of Louisville. All animal care and experimental procedures were approved by the 

Institutional Animal Care and Use Committee, University of Louisville. Bone marrow-

derived macrophages (BMDM) were generated from C57BL/6J mice, AMPKα1+/+ and 

AMPKα1−/− mice following the protocol previously described (40). Bone marrow was 

collected from the femurs and tibias from 8- to 10-wk-old mice, washed in DPBS 

(Mediatech) supplemented with 2% FBS (Atlanta Biologicals), and plated overnight in 

RPMI 1640 (HyClone) supplemented with 5% FBS, 0.01M HEPES (Sigma), and 0.01mg/ml 

gentamycin (Atlanta Biologicals) (referred as R5 medium) with 10 ng/ml M-CSF (R&D 

Systems) in 100-mm tissue culture dishes (BD Biosciences). After overnight incubation, 

nonadherent cells were plated in R5 medium containing 25% filtered supernatant of L929 

fibroblasts (American Type Culture Collection) with 10 ng/ml M-CSF in 6-well Ultra Low 

Cluster (low attach) plates (Corning). Cells were maintained in incubators set to 37°C and 

5% CO2. BMDMs were harvested on day 7. For stimuli/reagents used in individual 

experiments, BMDM were harvested into a 24-well cell culture plate and rested overnight in 

R5 medium prior to stimulus. CSF-1 cultured BMDM were selected for this study as the 

most widely used reproducible model of resting macrophages (41).

Western blot analysis

Cell lysates were generated by lysis with a buffer containing 125 mM Tris (pH 6.8), 2% 

SDS, 20% glycerol, 100 µM PMSF, protease inhibitor mixture (Promega), and HALT™ 

phosphatase inhibitor cocktail (Thermo Scientific). Total protein content of the samples was 

assessed by BCA protein assay (Pierce). Equal amounts of protein were separated on 10% or 

4%~20% Criterion gels (Bio-Rad) by SDS-PAGE. Medium and high molecular weight 

proteins (55-289KDa) were transferred to nitrocellulose membranes using a Trans-Blot® 
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Turbo™ Nitrocellulose Transfer Pack and Trans-Blot®Turbo™ transfer system (Bio-Rad). 

Low molecular weight proteins (< 55kDa) were transferred to nitrocellulose membranes 

(Hybond; Amersham Biosciences) using a Trans-Blot SD semidry electrophoretic transfer 

cell (Bio-Rad). Ab-bound proteins were detected using an ECL Western blotting analysis 

system (Amersham Corp.), and the membranes were exposed to SRX-101A film (Konica 

Minolta). Densitometry analysis was performed using the UN-SCAN-IT gel (version 6.1) 

software. Scans of the films representing the Western blots of p-JAK1 levels, p-PI3K p55 

levels, total TSC2 level, SOCS3 level and p-STAT3-Ser727 levels required use of the auto-

equalize feature of CorelDraw software to optimize visualization of the bands in printed 

versions of the image.

Real-time RT-PCR analysis

mMACs™ One-step cDNA Kit (Miltenyi Biotech) was used for RNA isolation and cDNA 

synthesis. cDNAs were amplified in a 20 µl reaction volume containing SYBR Green (New 

England Biolabs) and analyzed using a DNA Opticon 2 Monitor (MJ Research). The 

expression levels of mRNA (apoe, socs3, socs1, abca1, nr1h3, arg1, il-10, tgfb, tnfa, il-6, 

and il-12b) were analyzed by Quantitect Primer Assays (Qiagen). The cDNA concentrations 

in each sample were normalized using transcripts for β-actin. The relative expression 

software tool (REST©) was used to quantify mRNA expression (42).

ELISA

Following stimulation in 24-well plates, supernatants were collected into 96-well plates 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).

Statistical Analysis

Statistical significance between groups was calculated with an unpaired Student’s t test, with 

a p value < 0.05 considered statistically significant.

Results

Influence of AMPK on IL-10-induced gene expression in macrophages

IL-10 can induce expression of antiinflammatory proteins such as arginase 1, TGFβ, IL-10 

itself, and SOCS family members which serve as effective counter-regulators to 

inflammatory TLR and cytokine stimuli (35, 43). An atheroprotective role of IL-10 has been 

established (13) and atheroprotective proteins such as ATP-binding cassette transporter A1 

(ABCA1) and liver X receptor α (LXRα) have been shown to be induced by IL-10 in 

macrophages (44). In line with our finding that IL-10 induces AMPK, AMPK activators 

such as metformin display protective effects in cardiovascular diseases (45). We examined 

expression of a panel of genes induced by IL-10 in BMDM generated from AMPKα1+/+ 

and AMPKα1−/− mice. Levels of mRNA were assessed at time points post stimulation 

ranging from 30 min to 18 h. The peak levels of mRNA detected post-stimulation are shown 

in Fig. 1. Robust expression of apolipoprotein E (ApoE), an important atheroprotective 

protein (46), was observed in AMPKα1+/+ BMDM stimulated with IL-10. Likewise, IL-10 
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stimulation increased mRNA expression of genes encoding SOCS1, SOCS3, LXRα, 

ABCA1, and Arg 1 in AMPKα1+/+ BMDM to varying degrees (1.4 to ~ 10 -fold). 

However, in AMPKα1−/− BMDM, IL-10 induction of expression of these genes was either 

abrogated (e.g., ApoE, SOCS3, SOCS1, LXRα, ABCA1) or reduced (Arg1). IL-10 

induction of SOCS1 and LXRα mRNA expression in AMPKα1+/+ BMDM was quite 

modest. However, interestingly, AMPK-deficiency reduced the expression levels of these 

genes to below the baseline levels of AMPKα+/+ BMDM, suggesting a role of AMPK in 

maintenance of basal expression of SOCS1 and LXRα proteins. Similar results were 

observed for IL-10 and TGFβ (not shown).

IL-10 activation of the PI3K/Akt pathway requires AMPK

The data depicted in Fig. 1 demonstrate a role of AMPK in IL-10-mediated gene expression, 

including expression of SOCS3 which has been shown to be largely responsible for the 

ability of IL-10 to suppress TLR-mediated inflammatory responses (47). We investigated 

the means by which AMPK signaling contributes to this aspect of IL-10 function. IL-10 is 

reported to activate the PI3K/Akt pathway in macrophages (14, 16), however direct 

phosphorylation of PI3K in macrophages through IL-10 stimulation has not been shown. 

With the use of BMDM generated from AMPKα1+/+ mice, we demonstrated that IL-10 

stimulation induced rapid AMPK activation indicated by elevated phosphorylation of 

AMPKα-Thr172 residue and phosphorylation of ACC-Ser79 residue within 5 minutes, and 

this effect was accompanied by more than 2 fold increase of the phosphorylation level of the 

PI3K p55 regulatory subunit within 15 minutes (Fig. 2A, left panel). Compared to the 

transient elevation of PI3K p55 phosphorylation, phosphorylation of the AMPKα-Thr172 

residue persisted and increased during IL-10 stimulation in AMPKα1+/+ BMDM. IL-10 

induced PI3K activation was not apparent in AMPKα1−/− BMDM (Fig. 2A). Interestingly, 

we noted that the overall expression level of the PI3K p55 subunit was ~1.5 fold lower in 

AMPKα1−/− BMDM compared to AMPKα1+/+ BMDM, while the level of p85 subunit 

expression was similar in both groups. We failed to detect phosphorylated PI3K p85 in both 

AMPKα1+/+ and AMPKα1−/− BMDM in repeated experiments, indicating a novel role of 

IL-10-induced AMPK in the activation of the PI3K p55 regulatory subunit, specifically.

The level of Akt phosphorylation in AMPKα1−/− BMDM was greatly reduced as compared 

with levels present in AMPKα1+/+ BMDM. Phosphorylation of Thr308 was reduced ~3.5 

fold (Fig. 2B, left panel) and phosphorylation of Ser473 was reduced ~8.5 fold (Fig. 2B, 

right panel) indicating a significant impairment of IL-10’s ability to activate Akt in the 

absence of AMPKα1 expression. These data suggested that AMPK acts upstream of PI3K in 

IL-10-initiated signaling. To test this possibility, we pre-treated BMDM generated from 

C57BL/6J mice with the PI3K inhibitor LY294002, then stimulated the cells with IL-10. 

Cell lysates were collected at indicated time points for Western blot analysis of both p-Akt 

and p-AMPK levels. As showed in Fig. 2C, left panel, pre-treatment with LY294002 

completely blocked IL-10-induced Akt phosphorylation of both serine and threonine 

residues. LY294002 pre-treatment resulted in a slight impairment of early phosphorylation 

of AMPK induced by IL-10 stimulation but phosphorylation reached control levels at 30 

min (Fig. 2C, right panel). LY294002 is capable of suppressing calcium entry into the cells 

independent of its inhibition on PI3K activity (48) thus the early inhibition of AMPK by 
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LY294002 may due to LY294002 inhibition of Ca2+ influx leading to the inhibition of the 

AMPK upstream regulator CaMKKβ (49). The demonstration that IL-10-induced PI3K and 

Akt activation require AMPKα1, and that AMPKα1 can be activated despite PI3K 

inhibition, suggests that AMPKα1 acts upstream of IL-10-induced PI3K/Akt signaling in 

macrophages.

IL-10-induced AMPK activity promotes mTORC1 activation

Activated Akt regulates numerous cellular functions including cytokine production, 

apoptosis, and proliferation (50). Activity of the kinase complex mTORC1 is promoted by 

Akt phosphorylation of mTOR on Ser2448 (22) and by Akt phosphorylation/inhibition of 

the mTORC1 inhibitory protein tuberous sclerosis complex protein 2 (TSC2) (residue 

Thr1462 and Ser939) (51, 52). In non-immune cells AMPK restricts mTORC1 activity by 

phosphorylation/activation of TSC2 (residue Ser1387 and Thr1227) under conditions of 

energy stress cells to limit energy consuming metabolic pathways (37). In contrast, in 

macrophages, transfection with a constitutively active form of CaMKIα, an AMPK 

upstream kinase, resulted in dramatically elevated AMPK activation accompanied by 

enhanced mTORC1-Ser2448 phosphorylation. Treatment with AMPK inhibitor Compound 

C abolished this effect, indicating positive regulation of mTORC1 by AMPK (38). 

Emerging evidence supports a role of mTORC1 in the negative regulation of inflammatory 

responses in myeloid immune cells (36). Given the AMPK-dependent Akt activation in 

response to IL-10 stimulation (Fig. 2), the role of mTORC1 in this signaling pathway was 

evaluated. We found that IL-10 stimulus induced phosphorylation of mTOR-Ser2448 in 

AMPKα1+/+ BMDM with a peak of ~1.5 fold increase at 30 min post-stimulus. However, 

in comparison with AMPKα1+/+ BMDM, both baseline and IL-10-induced levels of 

phospho-mTOR-Ser2448 were reduced in AMPKα1−/− cells (Fig. 3A). This positive 

influence of AMPK on mTOR activity was further demonstrated by the phosphorylation of 

p70 S6 Kinase (p70 S6K), a key downstream substrate of mTORC1, which, likewise, was 

efficiently activated by IL-10 stimulus in AMPKα1+/+, but not AMPKα1−/− BMDM (Fig. 

3B). Meanwhile, there was no influence of IL-10 of the phosphorylation levels of either 

TSC2-Ser939 (Akt substrate) or Ser1387 (AMPK substrate) in either AMPKα1+/+ or 

AMPKα1−/− BMDM (Fig. 3C). These data suggest a positive role of AMPK in IL-10-

induced mTORC1 activation via enhancement of PI3K/Akt activity, and this regulatory 

effect is TSC2-independent in macrophages.

AMPK is required for IL-10-induced JAK/STAT3 signaling

The JAK/STAT3 signaling cascade is an important contributor to the antiinflammatory 

activity of IL-10 (35, 47). JAK kinase activity is responsible for IL-10 induced STAT3 

tyrosine phosphorylation. However, phosphorylation at both tyrosine and serine residues is 

necessary for STAT3 dimerization, translocation to the nucleus, and binding to the promoter 

regions of the socs3 gene to initiate SOCS3 protein expression. SOCS3 is a rapidly produced 

and quickly degraded protein demonstrated to contribute to IL-10-mediated suppression of 

TLR-induced inflammatory signaling (53, 54). In our evaluation of the role of AMPK in 

IL-10-induced STAT3 phosphorylation we found that IL-10 induced phosphorylation of 

both STAT3 Tyr705 (Fig. 4A, top panel) and Ser727 (Fig. 4A, bottom panel) in 

AMPKα1+/+ BMDM, whereas AMPKα1-deficiency completely abrogated this influence of 
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IL-10. The phosphorylation of Tyr705 occurred within 5 min whereas the phosphorylation 

of Ser727 occurred with a slightly delayed onset, but both phosphorylation events peaked at 

30 min – 1h (Fig. 4A). This IL-10-induced STAT3 activation is accompanied with ~3 fold 

increase of JAK1 phosphorylation in AMPKα1+/+ BMDM, an effect that was greatly 

reduced in AMPKα1−/− BMDM (Fig. 4B). To further address the relationship between 

IL-10 induced AMPK and JAK kinase activity, we pre-treated BMDM generated from wild-

type C57BL/6J mice with the JAK kinase inhibitor CP-690550, then stimulated the cells 

with IL-10. Cell lysates were collected at the time points shown in Fig. 4C for Western blot 

analysis of phospho-AMPK levels. The efficacy of the inhibitor was demonstrated by its 

ability to abrogate JAK1 phosphorylation in response to IL-10 stimulation (Fig. 4C top 

panel). As shown in Fig. 4C, although the kinetics of IL-10-induced phosphorylation of 

AMPK in response to IL-10 are slightly altered by preincubation with CP-690550, the 

overall levels of phosphorylation achieved in the presence or absence of the inhibitor are 

identical. In our analysis of SOCS3 mRNA in response to IL-10, an example of which is 

shown in Fig. 1, we observed SOCS3 mRNA accumulation in less than 30 min in 

AMPKα1+/+ cells (data not shown). Consistent with this result, IL-10 treatment induced the 

rapid appearance of SOCS3 protein in AMPKα1+/+ cells, which peaked at 30 min – 1h, yet 

we were unable to detect SOCS3 protein in IL-10-stimulated AMPKα1−/− BMDM (Fig. 

4D).

IL-10 induced STAT3 activation is dependent on AMPK, JAK1 and mTORC1

The AMPK-dependency of both tyrosine and serine phosphorylation of STAT3 suggested 

the possible convergence of AMPK-directed tyrosine kinase (JAK1) activities and serine 

kinase (mTORC1) activities in IL-10-directed STAT3 activation. To investigate this 

possibility we utilized the pharmacological inhibitors STO-609, CP-690550, LY294002, and 

rapamycin to block AMPK activity, JAK1 activity, PI3K activity and mTORC1 activity, 

respectively. STO-609 at a concentration between 1–10 µg/ml (2.6 – 26 µM) effectively 

blocks AMPK signaling cascades via inhibition of its upstream regulatory kinase CaMKKβ 

(55). BMDM derived from C57BL/6J mice were pre-incubated with STO-609 (5 µM) for 1h 

prior to stimulation with IL-10. Cell lysates were harvested at the indicated time points and 

were analyzed by Western blot for AMPKα1and STAT3 phosphorylation. Pre-incubation 

with STO-609 blocked IL-10 induced AMPKα-Thr172 phosphorylation (Fig. 5A, left panel) 

and inhibited IL-10-induced STAT3 phosphorylation of both Tyr705 (Fig. 5A, left panel) 

and Ser727 (Fig. 5A, right panel). The JAK1 inhibitor CP-690550 inhibited IL-10-induced 

phosphorylation on the tyrosine residue, as expected, but it also reduced phosphorylation of 

the serine residue (Fig. 5B), which may be due an ability of STAT tyrosine phosphorylation 

to positively influence phosphorylation on serine, as has been suggested in studies of 

STAT1 phosphorylation (27).

To determine the role of an AMPK/PI3K/mTORC1 pathway in the regulation of STAT3 

activation, we generated BMDM from C57BL/6J mice and pretreated the cells with 

LY294002 or rapamycin. IL-10-induced STAT3 activation was assessed in these cells. As 

shown in Fig. 2C and Fig. 5C, pretreatment of LY294002 and rapamycin efficiently blocked 

Akt and p70 S6K phosphorylation (left panels) whereas AMPK activation was not affected 

by those inhibitors (right panels). Pretreatment with these two inhibitors resulted in similar 
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effects on STAT3 phosphorylation in that they both suppressed IL-10-induced serine 

phosphorylation on STAT3 (Fig. 5D left panels) whereas the tyrosine phosphorylation of 

STAT3 was only modestly reduced (Fig. 5D right panels). These data indicate an upstream 

role of AMPK in the activation of both the tyrosine kinase (JAK1) and serine kinase 

(mTORC1) activities necessary for optimal activation of STAT3 via IL-10 stimulation in 

macrophages.

AMPK contributes to IL-10 suppression of LPS-induced proinflammatory cytokine 
production

A number of previous publications have suggested a role of the STAT3/SOCS3 pathway in 

IL-10 suppression of LPS-induced inflammation. For example, overexpression of a 

constitutively active form of STAT3 (56) or forced constitutive expression of SOCS3 (53) 

mimicked IL-10 suppression of LPS-induced TNFα and IL-6 production in macrophages. In 

contrast, deficient expression of STAT3 (30) or SOCS3 (53, 54) in macrophages resulted in 

an inability of IL-10 to inhibit LPS-induced TNFα production. The ability of IL-10 to limit 

LPS-induced TNFα and IL-6 production is greatly reduced in macrophages generated from 

mice with myeloid specific STAT3 deletion (57). Myeloid specific deletion of STAT3 (57) 

or SOCS3 (58) results in increased NF-κB activation and elevated TNFα, IL-6, and IL-12 

production in response to LPS challenge both in vivo and in vitro. Our data demonstrating 

AMPK’s role in IL-10-mediated activation of STAT3 and expression of SOCS3 suggested 

that AMPK activity should impact IL-10’s suppressive influence on TLR responses in 

macrophages. To address this possibility, we examined the influence of IL-10 on LPS-

induced NF-κB activation in BMDM generated from AMPKα1+/+ and AMPKα1−/− mice. 

As shown in Fig. 6A, stimulation with LPS (10 ng/ml) induced IκB degradation and NF-κB 

p65 phosphorylation in AMPKα1+/+ BMDM and this effect was blocked by IL-10 

pretreatment. However, IL-10 pretreatment was unable to inhibit LPS-induced IκB 

degradation or NF-κB p65 phosphorylation in AMPKα1−/− BMDM (Fig. 6A). Stimulation 

with LPS induced expression of the proinflammatory cytokines TNFα, IL-6, and IL-12p40 

in both AMPKα1+/+ and AMPKα1−/− BMDM at the mRNA and protein levels (Fig. 6B). 

As we have shown previously, AMPKα1−/− BMDM produced higher levels of TNFα and 

IL-6 (4, 6) and, in addition, higher levels of IL-12p40 (Fig. 6B). Pre-treatment with IL-10 

resulted in strong suppression (~80%) of LPS-induced TNFα, IL-6, and IL-12p40 mRNA 

transcription in AMPK−/− BMDM (Fig. 6B). However, in AMPKα1−/− BMDM, IL-10 

suppression of LPS-induced expression of TNFα and IL-6 was nearly absent, and 

suppression of IL-12p40 expression was substantially reduced as compared to that observed 

in AMPKα1+/+ BMDM (Fig. 6B).

Discussion

Macrophages display profound phenotypic and functional heterogeneity due to their ability 

to adapt to the tissue microenvironment (59). This functional plasticity is crucial to their 

response to tissue damage, clearance of pathogens, contribution to adaptive immune 

responses, and wound resolution. Macrophages can respond rapidly and reversibly to 

cytokine stimulus and in doing so can change functional phenotype (60). The ability of 

macrophages to be polarized to inflammatory and anti-inflammatory states, e.g., via 

Zhu et al. Page 9

J Immunol. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



treatment with LPS + IFNγ or IL-4, respectively, has been studied extensively for over a 

decade, including attempts to elucidate the intracellular signaling pathways controlling the 

polarization process (61, 62). We identified AMPK as a negative regulator of LPS-induced 

inflammatory responses in macrophages and dendritic cells via induction of a PI3K/Akt/

GSK3β/CREB pathway and inhibition of NF-κB activity (4, 6). Likewise, Yang et al., 

reported that AMPK activity inhibited fatty acid-induced inflammation in macrophages in a 

SIRT1-dependent manner (8). In the current report we follow-up on the finding that 

antiinflammatory cytokines such as IL-10, IL-4 and TGFβ are efficient activators of AMPK 

(4) and examined the role of AMPK in IL-10 signal transduction and antiinflammatory 

function.

IL-10 induces expression of a number of genes encoding proteins with antiinflammatory and 

atheroprotective function. We began by asking the simple question of whether or not 

AMPKα1 contributes to IL-10-induced gene expression. Our data provide direct evidence 

that IL-10 induces mRNA transcription of important atheroprotective genes in macrophages 

including ApoE, LXRα, and ABCA1, as well as the SOCS family proteins in an AMPK-

dependent manner (Fig. 1). The influence of AMPKα1 on ApoE expression matched our 

earlier observations wherein macrophages transfected with constitutively active-AMPKα1 

expressed ~ 60 fold higher ApoE mRNA as compared to empty-vector transfected 

macrophages, while macrophages transfected with AMPKα1 siRNA did not express ApoE 

in response to IL-10 (unpublished data). Interestingly, as is the case for AMPK (4), ApoE 

has been recognized as a regulator of macrophage plasticity that promotes an 

antiinflammatory phenotype (63).

SOCS3 is rapidly induced by IL-10 and has been shown to inhibit inflammatory responses 

in a variety of cell types including macrophages (53, 54, 58). Our data demonstrate a 

requirement for AMPKα1 expression for IL-10 induced SOCS3 expression at both the 

mRNA (Fig. 1) and protein (Fig. 4D) level. This positive regulatory role of AMPKα1 in 

SOCS3 expression is also supported by our unpublished data showing elevated SOCS3 

protein expression in constitutively active-AMPKα1 transfected macrophages as compared 

to empty-vector transfected macrophages (not shown). In our investigation of the 

mechanisms underlying AMPK’s role in IL-10-mediated SOCS3 expression we found that 

IL-10 induced rapid PI3K activation at 5–15 min (Fig. 2A) and phosphorylation of both Akt 

Thr308 and Akt Ser473 (Fig. 2B). The Akt downstream target mTORC1 was likewise 

activated as indicated by both mTOR phosphorylation and phosphorylation of the mTORC1 

target p70 S6K (Fig. 3A, B). Each of these IL-10-induced phosphorylation events were 

reduced in AMPKα1−/− BMDM as compared to BMDM derived from AMPKα1+/+ mice 

(Figs. 2 and 3). Neither the PI3K inhibitor LY294002 nor the mTORC1 inhibitor rapamycin 

affected IL-10 induced AMPK activity (Fig. 2C and Fig. 5C), indicating an upstream 

regulatory role of AMPK IL-10 activation of the PI3K/Akt/mTOR pathway. The 

intermediate steps, i.e., kinases/adapters responsible for the influence of AMPK, a serine/

threonine kinase, on the tyrosine phosphorylation of PI3K p55 have not been identified. 

AMPK phosphorylation of insulin response substrate (IRS)-1 leading to enhanced PI3K 

activity has been demonstrated (64) and, interestingly, it has been reported that IL-10 

stimulation of a pro-myeloid cell line resulted in phosphorylation of IRS-2 (16). However, 
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our attempts to demonstrate involvement of IRS proteins in IL-10 signaling in macrophages 

have not yielded conclusive results.

Phosphorylation of Akt at Thr308 is mediated by PDK1, downstream of PI3K. Thus, the 

upstream role of AMPK can explain its impact on phosphorylation of Akt on this site. The 

Rictor-mTOR complex (mTORC2) has been identified as a mediator of phosphorylation of 

Akt Ser473 (65). However, the regulatory mechanism of mTORC2 activation is still poorly 

understood. The demonstration that IL-10 induces phosphorylation of Akt at Ser473 in an 

AMPK-dependent manner suggests that AMPK influences mTORC2 activity in 

macrophages via as yet undescribed mechanism.

Studies of non-immune cells have shown that mTORC1 activity is negatively regulated via 

phosphorylation/activation of TSC2 on by AMPK (on residues Ser1387 and Thr1227) under 

conditions of energy stress, and is positively regulated via phosphorylation/inactivation of 

TSC2 (Ser929) by Akt in response to insulin stimulation (37, 51). Additionally, Akt 

positively regulates mTORC1 activity via direct phosphorylation of mTOR-Ser2448 residue 

(22). In our study we observed decreased mTOR-Ser2448 in AMPKα1−/− BMDM but did 

not observe changes in phosphorylation of either TSC2 Ser1387 or TSC2 Ser939 levels in 

AMPKα1+/+ or AMPKα1−/− BMDM in response to IL-10 (Fig. 3C). These data suggest 

that the AMPK’s influence on mTORC1 in macrophages in response to IL-10 stimulation is 

Akt-dependent, but independent of TSC2. It is noted that phosphorylation of mTOR is 

reduced but not completely abrogated in AMPK−/− BMDM, yet there is complete 

abrogation of phosphorylation of p70 S6K. We suggest two possible explanations for this 

observation: 1) it is possible that other AMPK substrates, in addition to mTOR, contribute to 

p70 S6K activation, and 2) although IL-10-induced phosphorylation of mTOR is not totally 

abrogated in AMPK-deficient macrophages, it is reduced to a level below a threshold 

needed for full activity of the kinase.

Activation of the PI3K/Akt/mTORC1 pathway in macrophages elicits an antiinflammatory 

phenotype including induction of IL-10 expression (36). Activated mTORC1 can also 

influence STAT3 activity via phosphorylation of STAT3 on Ser727. We found diminished 

STAT3 phosphorylation on both Tyr705 and Ser727 sites in AMPKα1−/− macrophages as 

well as AMPKα1+/+ macrophages treated with an inhibitor of CaMKKβ, an upstream 

activator of AMPK (Figs. 4A and 5A). These data suggest that STAT3 activation in 

response to IL-10 is a two-step mechanism involving AMPK dependent regulation of both 

JAK kinase and PI3K/mTORC1-mediated STAT3 phosphorylation. This conclusion is 

supported by our observation that the activation of JAK1, PI3K, and mTORC1 were 

impaired in AMPKα1−/− BMDM in response to IL-10 stimulation (Figs. 3A and 4B), and 

that pre-treatment with the JAK inhibitor (CP-690550), PI3K inhibitor (LY294002), or the 

mTORC1 inhibitor (rapamycin) did not affect IL-10 induced AMPK activation (Figs. 4C, 

2C, and 5C). The impaired STAT3 activity in AMPKα1−/− BMDM is accompanied by 

diminished levels of SOCS3 protein (Fig. 4D), a result that is consistent with the reduced 

SOCS3 mRNA level observed in AMPKα1−/− BMDM (Fig. 1).

Although SOCS3 expression in macrophages has been reported to be associated with an 

anti-inflammatory phenotype, there have been conflicting reports on its role in IL-10 
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function. For example, in a study using rat BMDM, IL-10 only modestly induced SOCS3 

expression and siRNA knockdown of SOCS3 resulted in reduced production of IL-6 and 

nitrate concurrent with elevated mannose receptor and arginase expression (66). In contrast, 

we observed rapid and robust expression of SOCS3 in mouse BMDM in response to IL-10 

(Fig. 1 and Fig. 4D), and the lack of SOCS3 expression in response to IL-10 stimulation in 

AMPKα1−/− BMDM is accompanied with reduced ability of IL-10 to suppress LPS-

induced NF-κB activation and proinflammatory cytokine production in these macrophages 

(Fig. 6).

The contribution of AMPK to the signaling events culminating in STAT3 activation and 

SOCS3 expression, as suggested by our data, are summarized in Fig. 7. Although we show 

the association of AMPK-deficiency with absence of SOCS3, the role of SOCS3 in IL-10 

suppressive activity has not been directly assessed herein. In addition to activation of the 

STAT3/SOCS3 pathway, a number of other mechanisms have been shown to mediate 

IL-10’s suppressive function. For example, prolonged IL-10 pre-incubation is able to 

suppress LPS-induced TNFα production in the absence of SOCS3 expression in 

macrophages (54). Proposed mechanisms for IL-10 suppression of LPS-induced IL-12p40 

production include reduced RNA polymerase II recruitment to the p40 promoter (67), 

promoter histone deacetylation (68), and STAT3-dependent induction of NFIL3, which 

targets and inhibits an upstream enhancer of the Il12b promoter (69). In addition to SOCS3, 

other STAT3-dependent proteins induced by IL-10 including Etv3, Bcl3 (35) are reported to 

mediate IL-10’s suppressive function. A role for both STAT3/SOCS3 dependent and 

independent mechanism of IL-10-medicated suppression could account for the partial effect 

of AMPKα1-deficiency on IL-10 suppression of LPS-induced IL-12p40 expression (Fig. 

6B). Interestingly, although IL-6 is a strong inducer of STAT3 phosphorylation, it does not 

share IL-10’s anti-inflammatory properties and our preliminary data (not shown) 

demonstrate that IL-6 activation of STAT3 does not require AMPK. IL-6-induced STAT3 

phosphorylation was intact and robust in AMPK−/− BMDM. Thus, activation of STAT3 is 

not universally linked to the activity of AMPK.

Thus far, our evaluation of myeloid-expressed AMPKα1 reveals its function as a counter-

regulator of inflammatory signaling pathways induced, for example, via TLR and CD40 

stimulation (4, 6) and as a mediator of the suppressive function of the anti-inflammatory 

cytokine, IL-10. Given the ability of numerous antiinflammatory mediators to rapidly 

activate AMPK in myeloid cells (4, and our unpublished data), it is likely that AMPK is a 

common upstream component of multiple signaling pathways, independent of metabolic 

stress. Although IL-10 activation of AMPK may impact downstream metabolic pathways, 

the AMPK-dependent antiinflammatory function induced by IL-10 appears to be 

independent of this effect. IL-10 is well-established as a critical mediator of immune 

homeostasis, in mice and humans, with the ability to dampen the destructive effects of 

inflammation in numerous pathologies (10). Thus, the identification of AMPK as a mediator 

of IL-10 action supports continued exploration of therapies directed towards the modulation 

of AMPK action.
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Abbreviations used in this paper

AMPKα1 AMP-activated protein kinase α1

TIM-4 T cell immunoglobulin- and mucin domain-containing molecule-4

CaM-KKβ Ca2+/calmodulin-dependent protein kinase kinase β

CaMKIα Ca2+/calmodulin-dependent protein kinase I α

DC dendritic cell

PDK1 phosphoinositide-dependent kinase 1

Akt protein kinase B

mTORC1 mammalian target of rapamycin complex 1

p70 S6K p70 S6 Kinase

TSC2 tuberous sclerosis complex protein 2

SOCS3 suppressor of cytokine signaling 3

Arg 1 arginase 1

MMP-9 matrix metallopeptidase 9

ApoE apolipoprotein E

LXRα liver X receptor α

ABCA1 ATP-binding cassette transporter A1
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Figure 1. 
AMPK mediates IL-10-induced gene expression in macrophages. BMDM generated from 

AMPKα1+/+ and AMPKα1−/− mice were treated with recombinant mouse (rm)-IL-10 (20 

ng/ml) for the duration of 30 min, 1 h, 3 h, 6 h, and 18 h. Total cellular lysates were 

collected for real-time PCR analysis. The time point representing the peak level of 

expression for each gene is shown (representative result of two or more independent 

experiments). The mRNA expression of each gene was normalized to β-actin and compared 

to the AMPKα1+/+ untreated group. Data shown are the mean ± SD of triplicate 
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determinations. Statistical significance between groups was calculated with an unpaired 

Student’s t test, with a value of p < 0.050 considered statistically significant. (**, p < 0.001. 

*, p < 0.050. n.s., p > 0.050).
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Figure 2. 
IL-10 activation of the PI3K/Akt pathway requires AMPK. (A and B), IL-10 activates PI3K 

and Akt in AMPKα1+/+ BMDM. BMDM generated from AMPKα1+/+ and AMPKα1−/− 

mice were treated with rm-IL-10 (20 ng/ml) for the time points indicated. Total cellular 

lysates were collected for Western blot assessment of (A) AMPK-Thr172, ACC-Ser79, 

PI3K-Tyr199, and (B) Akt-Thr308 and Akt-Ser473 phosphorylation. (C), PI3K inhibition 

does not block IL-10 activation of AMPK. BMDM generated from C57BL/6 mice were 

incubated with either media alone, or with LY294002 (20 µM) for 1 h, then exposed to rm-

IL-10 (20 ng/ml) for the time points indicated. Total cellular lysates were collected for 

Western blot assessment of Akt-Thr308 and Akt-Ser473 and AMPK-Thr172 

phosphorylation. Protein phosphorylation levels were analyzed by densitometry and are 

displayed as a bar histogram. Results shown are representative of three independent 

experiments.
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Figure 3. 
IL-10-induced AMPK activity promotes mTORC1 activation. BMDM generated from 

AMPKα1+/+ and AMPKα1−/− mice were treated with rm-IL-10 (20 ng/ml) for the time 

points indicated. Total cellular lysates were collected for Western blot assessment of (A) 

mTOR-Ser2448, (B) p70 S6K-Ser371, and (C) TSC2-Ser939 and TSC2-Ser1387 

phosphorylation. Protein phosphorylation levels were analyzed by densitometry and are 

displayed as a bar histogram. Results shown are representative of two to four independent 

experiments.
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Figure 4. 
AMPK is required for IL-10-induced activation of the JAK/STAT3/SOCS3 pathway. 

BMDM generated from AMPKα1+/+ and AMPKα1−/− mice were treated with rm-IL-10 

(20 ng/ml) for the time points indicated. Total cellular lysates were collected for Western 

blot assessment of (A) STAT3-Tyr705 and STAT3-Ser727 phosphorylation, and (B) JAK1-

Tyr1022/1023 phosphorylation. (C), BMDM generated from C57BL/6 mice were incubated 

with either media alone, or with JAK inhibitor CP-690550 (10 µM) for 1 h, then exposed to 

rm-IL-10 (20 ng/ml) for the time points indicated. Cell lysates were analyzed by Western 
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blot for JAK1-Tyr1022/1023 and AMPK-Thr172 phosphorylation. (D), Cells were 

generated and treated as in (A). SOCS3 and β-actin expression were assessed by Western 

blot. Protein phosphorylation and expression levels were analyzed by densitometry and are 

displayed as a bar histogram. The results shown are representative of two to four 

independent experiments.
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Figure 5. 
IL-10 activation of STAT3 requires AMPK, JAK and mTORC1 activity. (A), BMDM 

generated from C57BL/6 mice were incubated with either media alone, or with the 

CaMKKβ inhibitor STO-609 (5 µM) for 1 h and then exposed to rm-IL-10 (20 ng/ml) for the 

time points indicated. Total cellular lysates were collected for Western blot assessment of 

AMPK-Thr172, STAT3-Tyr705 and STAT3-Ser727 phosphorylation. (B), BMDM 

generated from C57BL/6 mice were incubated with either media alone, or with JAK 

inhibitor CP-690550 (10 µM) for 1 h, then exposed to rm-IL-10 (20 ng/ml) for the time 
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points indicated. Cell lysates were analyzed by Western blot for STAT3-Ser727 and 

STAT3-Tyr705 phosphorylation. (C), BMDM generated from C57BL/6 mice were 

incubated with either media alone, or with the mTORC1 inhibitor rapamycin (100 ng/ml) for 

1 h and then exposed to rm-IL-10 (20 ng/ml) for the time points indicated. Total cellular 

lysates were collected for Western blot assessment of p70 S6K-Ser371 and AMPK-Thr172 

phosphorylation. (D), BMDM generated from C57BL/6 mice were incubated with either 

media alone, with LY294002 (20 µM) for 1 h (top panels), or with the mTORC1 inhibitor 

rapamycin (100 ng/ml) for 1 h (bottom panels), then exposed to rm-IL-10 (20 ng/ml) for the 

time points indicated. Total cellular lysates were collected for Western blot assessment of 

STAT3-Ser727 and STAT3-Tyr705 phosphorylation. Protein phosphorylation levels were 

analyzed by densitometry and are displayed as a bar histogram. Results shown are 

representative of two to three independent experiments.
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Figure 6. 
AMPK contributes to IL-10-mediated suppression of LPS-induced NF-κB activation and 

proinflammatory cytokine production. (A), BMDM generated from AMPKα1+/+ and 

AMPKα1−/− mice were treated with rm-IL-10 (20 ng/ml) for 6h, then exposed to LPS (10 

ng/ml) for 3 h. Total cellular lysates were collected for Western blot assessment of IκB 

degradation and NF-κB p65 phosphorylation. Protein expression or phosphorylation levels 

were analyzed by densitometry and are displayed as a bar histogram. (B), BMDM generated 

from AMPKα1+/+ and AMPKα1−/− mice were treated with rm-IL-10 (20 ng/ml) for 6h, 

then exposed to LPS (10 ng/ml) for 3 h. Total cellular lysates were collected for real-time 

PCR analysis of TNFα, IL-6 and IL-12p40 mRNA expression (top panels). The mRNA 
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expression of each gene was normalized to β-actin and compared to the AMPKα1+/+ 

untreated group. Supernatants were collected for analysis by ELISA (bottom panels). The 

production level of each cytokine was compared to the AMPKα1+/+ untreated group. RT-

PCR data shown are mean ± SD of triplicate determinations. ELISA data shown are mean ± 

SEM of triplicate determinations. Statistical significance between groups was calculated 

with an unpaired Student’s t test, with a value of p < 0.050 considered statistically 

significant. (**, p < 0.001. *, p < 0.050. n.s., p > 0.050). The data shown are representative 

of two or three independent experiments.
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Figure 7. 
AMPK activation promotes the anti-inflammatory properties of IL-10 through bifurcated 

activation of the Akt/mTORC1 and JAK/STAT signaling pathways. IL-10 signaling 

promotes the rapid phosphorylation of JAK1 in an AMPK-dependent manner. AMPK’s 

influence on JAK1 phosphorylation is indirect, as indicated by the dotted line. Activation of 

JAK1 subsequently leads to the phosphorylation and activation of STAT3 (Tyr 705), which 

positively regulates STAT3 (Ser727) phosphorylation and is critical for SOCS3 production. 

In addition to its role in JAK/STAT signaling, AMPK also simultaneously promotes the 

activation of PI3K by enhancing the phosphorylation of the p55 subunit (indirectly, as 

indicated by the dotted line). Phosphorylation/ activation of Akt follows leading to an 

increase in mTORC1 activity, reflected by an increase in S6K phosphorylation (Ser371). 

Activation of mTORC1 leads to an increase in phosphorylation of STAT3 (Ser727), which 

further enhances STAT3 transcriptional activity leading to SOCS3 gene expression. STAT3-

regulated genes, possibly including SOCS3, in turn, suppresses TLR-activated inflammatory 

cytokine production.
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