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ABSTRACT 

 

REGULATION OF MACROPHAGE INFLAMMATORY SIGNALING PATHWAYS 
BY AMP-ACTIVATED PROTEIN KINASE 

 

Yanfang “Peipei” Zhu 

 

April 25, 2014 

 

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 the regulation of macrophage antiatherogenic functions and demonstrated a 

new mechanism for AMPK’s role in mediating IL-10-induced gene expression and 

antiinflammatory effects.  The expression of dominant negative (DN-) AMPKα1 in 

macrophages resulted in a spontaneous obese phenotype in mice associated with fatty 
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liver and heart enlargement.  The expression of constitutively active (CA-) AMPKα1 in 

macrophages resulted in decreased IL-6 production but increased expression of ABCA1 

and ApoE.  Compared to wild-type macrophages, AMPKα1-deficient macrophages failed 

to express atheroprotective genes including ApoE, LXRα, and ABCA1 in response to IL-

10.  Mechanistic studies revealed that IL-10-stimulated wild-type macrophages displayed 

rapid activation of PI3K and its downstream target Akt, an effect that was not seen in 

macrophages generated from AMPKα1-deficient mice.  Treatment with the PI3K 

inhibitor LY294002 blocked IL-10’s ability to induce Akt activation but not AMPK 

activation, suggesting that IL-10-mediated activation of AMPK is independent of PI3K.   

CA-AMPKα1 macrophages displayed elevated PI3K and CREB activation in response to 

IL-10 compared to the empty vector transfected macrophages.  IL-10 stimulation resulted 

in increased mTORC1 activity, an Akt downstream target, an effect that was reduced in 

AMPKα1-deficient mice.  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/SOCS3 

antiinflammatory pathways regulating macrophage polarization, a mechanism with 

broad-reaching applicability in immune homeostasis and in inflammation-associated 

diseases such as atherosclerosis, autoimmune diseases, and obesity.
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CHAPTER 1 

 

INTRODUCTION 

 

Macrophages are important players of the innate immune system.   They display 

profound phenotypic and functional heterogeneity due to their ability to adapt to the 

tissue microenvironment (1).   A variety of mediators in the microenvironment including 

type 1 cytokines such as IFNγ and IL-12 (2, 3), or type 2 cytokines such as IL-4, IL-10 

and TGFβ (4-7) are able to promote macrophage development and activation toward pro- 

or anti- inflammatory functional patterns.  The changes of the cytokine profile in the 

microenvironment induce macrophage subsequently shift their functional phenotypes, 

and display highly balanced patterns of inflammatory features (7, 8).  The AMP-activated 

protein kinase (AMPK) has been well established as a regulator of energy homeostasis in 

eukaryotic cells and recent research suggests an important role of AMPK as a counter-

regulator in many inflammatory processes (9-13).  Our previous studies have shown that 

AMPK responds to either pro- or anti- inflammatory stimuli and plays a key regulatory 

role in macrophage and dendritic cell (DC) inflammatory functions (14, 15).  Changes of 

macrophage inflammatory functions contribute greatly to the progression or regression of 

atherosclerosis (16, 17).  Many AMPK-regulated metabolic and inflammatory signaling 

pathways are reported to be protective in atherosclerosis (18, 19).  However, the role of 

macrophage-expressed AMPK in the regulation of atherosclerosis is unclear. 
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MACROPHAGE FUNCTIONAL PLASTICITY 

Macrophage development and heterogeneity  

The mononuclear phagocyte system comprises monocytes, macrophages, and 

their lineage-committed precursors (20).  The monocyte precursors are generated from 

hematopoietic stem cells in the bone marrow, and then monocytes exit the bone marrow, 

circulate in the blood, and can enter tissues under inflammatory conditions.  They give 

rise to subsets of macrophages and inflammatory DCs (21).  Macrophages are phagocytic 

leukocytes that are present in all tissues of the body.  According to the specific tissues 

that macrophages reside in, they are given unique names such as microglia (central 

nervous system, CNS), osteoclasts (bone), alveolar macrophages (lung), Langerhans cells 

(skin), Kupffer cells (liver), etc. (22).   

Macrophages display extremely plastic characteristics to reversibly adapt to the 

changes in the microenvironment and subsequently modulate both innate and adaptive 

immune responses (1, 7, 8).   Depending on what agents they encounter in the blood, 

circulating macrophage precursors enter different tissues where they are influenced by 

the tissue-specific microenvironment, resulting in alterations of their maturation and 

development of tissue specific function pattern.  A large spectrum of microenvironment 

factors has been shown to induce macrophage activation and acquisition of functional 

phenotypes.  These factors include bacterial moieties, antibody immune complexes, 

cytokines, chemokines, fatty acids, and stress hormones (7, 22, 23).  Stimulation by one 

factor alone, or in combination, results in macrophage performance of a wide range of 

activities, many are opposite to one another (7).  The variety of macrophage activities 

participates and plays regulatory roles in many important biological processes including  
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Figure 1. Macrophages perform functional heterogeneity in microenvironment.  

Macrophages express a variety of functions in response to different changes in their 

microenvironment.  Macrophages can exhibit both proinflammatory and 

antiinflammatory activities such as secretion of proinflammatory cytokines, chemokine, 

metabolites, and antiinflammatory cytokines including IL-10 and TGFβ.   
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acute or chronic inflammation, antigen presentation, wound healing, cytotoxicity, etc. 

(Fig. 1).  

 

Macrophage activation and polarization  

Macrophage activation was originally categorized in two distinct states of 

polarization: the classically activated macrophage phenotype and the alternatively 

activated macrophage phenotype.  Before the publication in 1992 of Stein et al., 

demonstrating a newly discovered effect that IL-4 stimulation enhanced mannose 

receptor expression in macrophages (4), research was focused on macrophage activation 

by Th1 cytokine IFNγ and TNFα to enhance macrophage cytotoxicity (24).  This 

discovery, along with subsequent studies, established that IL-4 stimulation is able to up-

regulate a distinct set of genes in macrophages.  These IL-4 activated macrophages were 

then defined as “alternatively activated” macrophages, in contrast to the previously 

described IFNγ/TNFα activated macrophages, referred to as “classically activated” 

macrophages (25).  Based on the cytokines that are associated with these macrophage 

phenotypes, the nomenclature of M1/M2 was designated to the classically or alternatively 

activated macrophages, respectively, mirroring the T helper type 1 (Th1)/T helper type 2 

(Th2) paradigm.  The classically activated macrophages (M1) are usually modeled by in 

vitro stimulation with IFNγ/or LPS stimulation, and are associated with increased 

microbicidal activity, antigen-presenting functions, and tissue destructive functions.  

They express elevated genes that are associated with increased proinflammatory features 

such as MHC class II molecules, nitric oxide synthase 2 (NOS2), IL-12, TNFα, IL-6, etc.  

The alternatively activated macrophages (M2) are usually modeled by in vitro stimulation 
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with IL-4 or IL-13, and are associated with the antiinflammatory functions linked to 

wound healing, fibrosis, tissue repair, allergy, parasite infection, and tumor progression.  

Elevated antiinflammatory gene expression was observed in M2 including IL-10, TGFβ, 

arginase 1 (Arg 1), and mannose receptor 1 (MR), etc. (26, 27).    

Although the M1/M2 classification persists, a growing body of research suggests 

much more complex macrophage activation/polarization paradigms.  For example, a shift 

of inflammatory M1 phenotype to antiinflammatory M2 phenotype of macrophages was 

observed in many disease courses such as sepsis, cancer, obesity, and bacteria infection 

(26).  Combination of different stimuli, such as immune complexes + LPS/IL-1, IL-10 + 

LPS, IL-10 + IL-4 and IL-13, induced macrophage expression of subset of genes that are 

shared by both M1 and M2 phenotype (28).  Vastly different gene expression was found 

in macrophages isolated from different mouse strains, and in macrophages stimulated 

with LPS for short (0-6h) versus long (12-24h) time span (29), suggesting that the 

functional changes expressed by macrophages in response to stimuli is a response process 

rather than static.  This is also evidenced by the report that the production of IL-12 and 

TNFα induced by LPS stimulation is significantly repressed by adding IL-4 

simultaneously into the macrophage culture, whereas pre-treatment with IL-4 for > 20 h 

prior to LPS stimulation led to an opposite effect of enhanced IL-12 and TNFα 

production (30).   

 

Macrophage functional plasticity and regulation 

Studies in our lab have demonstrated that macrophages express remarkable 

heterogeneity and plasticity that is not restricted to the M1/M2 polarization paradigm.  
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This enormous variety of functional patterns expressed by macrophages is highly 

dependent on the microenvironment.  In this context, different organs and tissues are 

viewed as distinct microenvironments.  For example, the burden of endotoxin and 

particulate material from the portal circulation in liver provides a highly proinflammatory 

microenvironment, which is significantly different than the antiinflammatory 

microenvironment presented by immune privileged sites such as the eye and the brain.  

These distinct microenvironments provide unique subsets of stimuli that favor 

macrophage expression of organ specific functions (1).  This perspective is supported by 

our observation of macrophage phenotypic shifts with changes in the microenvironment 

(7).  By adding a variety of stimuli including IFNγ, IL-4, IL-10, IL-12, and FcR ligand 

for different durations pre- or post- LPS stimulation, macrophages express different 

cytokine expression patterns that cannot be classified entirely as M1 or M2.  These 

functional patterns of macrophages could be switched by alterations in the 

microenvironment by adding different combination of the stimulating reagents.  And 

these phenotypic changes could be reverted back to the original, untreated state by 

removing the reagent treatment from the culture for 1-2 days.  These data clearly 

demonstrated a remarkable ability of macrophages to reversibly adapt to the 

microenvironment (7), and raised the question of the macrophage heterogeneity over the 

whole body is a result of differentiation of distinct subsets or a result of differential 

regulation by the microenvironment.   

With the goal of identifying the mechanisms that manage macrophage functional 

plasticity, we found a master regulator of macrophage functions, AMP-activated protein 

kinase (AMPK) (14).  We found that pro-inflammatory stimuli such as LPS and TNFα 
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quickly deactivated AMPK while stimulation with the antiinflammatory stimuli such as 

IL-10, TGFβ, and IL-4 increased AMPK activation.  Activation of AMPK leads to 

inhibition of LPS-induced proinflammatory signaling pathways and cytokine production.  

Elevated AMPK activity promoted production of antiinflammatory cytokine production 

in macrophages, polarizing macrophages towards an antiinflammatory direction (14).  

This study has continued our keen interest in seeking the role of AMPK in regulating 

macrophage inflammatory plasticity in homestasis and in disease. 

 

AMPK 

AMPK is a heterotrimeric protein kinase complex.  Its orthologous are expressed 

with highly conserved features in almost all eukaryotes, mammals, fungi, and even in 

plants (31).  This indicates that its ancestral form emerged at least a billion years ago.  

The discovery of AMPK goes back to 1970s, when microsomal 3-hydroxy-3-

methylglutaryl-coenzyme A reductase (HMG-CoA reductase) (32) and acetyl-CoA 

carboxylase (ACC) (33) were found to be regulated by an upstream regulatory kinase by 

phosphorylation/ inactivation respectively, both of which were stimulated by AMP.  Later 

in 1987, Carling et al., provided evidence to show that both HMG-CoA reductase and 

ACC were regulated by the same protein kinase, namely AMP-activated protein kinase 

(AMPK) (34), and this name became official (35, 36).   The structural analysis of 

mammalian AMPK was achieved based on the successful purification and sequencing of 

this protein kinase in 1994 (37, 38).  Since the identification of AMPK, a burst of 

research emerged in the past decades exploring its regulation and function.  Based on its 

remarkable ability to sense reduced cellular energy represented by a low AMP/ATP ratio 
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(39), resulting in shutting off ATP-consuming biosynthetic pathways while turning on 

ATP-generating catabolic pathways (31, 40, 41), most of the research has focused on the 

role of AMPK as an energy gauge to regulate metabolic biological processes in the body.  

Interestingly, recent studies also suggest an important role of AMPK in regulating 

inflammatory responses and diseases including atherosclerosis, obesity, cancer, etc. (10, 

11).   

 

AMPK structure and expression 

The AMPK heterotrimeric complex contains a catalytic subunit (α) and two 

regulatory subunits (β and γ).  Each subunit has different isoforms in mammalian cells 

encoded by distinct genes that are distributed across five chromosomes.  The 

corresponding genes that are related to the subunit isoforms (α1, α2, β1, β2, γ1, γ2, γ3) 

are named PRKA following by the subunit identifier (PRKAA1, PRKAA2, PRKAB1, 

PRKAB2, PRKAG1, PRKAG2, PRKAG3) (42).   

These subunits are differentially expressed in different tissues.  The AMPKα1 

isoform is evenly distributed across liver, kidney, lung, heart, red vastus, and brain, with 

higher levels in adipose tissue and lower levels in white vastus, spleen, and pancreas.  

The AMPKα2 isoform shows highest expression levels in the red vastus, followed by 

white vastus then heart kidney and liver, with very low levels seen in the lung, brain, and 

adipose tissue and negligible amounts in the pancreas and spleen (42).  We reported in 

2008 that the AMPKα1 isoform is highly expressed in both human and murine 

macrophages with no detectable AMPKα2 isoform expression (14).  The AMPKβ1 

subunit is widely expressed allover the body and AMPKβ2 subunit has high expression 
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profile in skeletal muscle and heart to a lesser extent.  The AMPKγ1 subunit is 

ubiquitously expressed.  The AMPKγ2 isoform is also widely expressed but highest in 

the heart, followed by brain, placenta, and skeletal muscle.  The AMPKγ3 isoform shows 

the most restricted expression, as it is confined to skeletal muscle (42). 

The mammalian AMPKαβγ heterotrimer exists in solution as a single monomer.  

Structural analysis revealed the α subunit contains an NH2-terminal kinase catalytic 

domain, an auto-inhibitory sequence, and a β subunit-binding domain.  The β subunit 

mainly serves as a subunit-binding platform that contains both α and γ subunits-binding 

domains.  The γ subunit contains four adenine-nucleotide binding sites (CBS domains).  

Other than one out the four motifs (CBS2) that doesn’t bind to nucleotide, two of them 

(CBS1 and CBS3) allow allosteric AMP binding and ready ATP exchange and one 

(CBS4) allows only nonexchangeable AMP binding with approximately 30-fold stronger 

binding affinity (41-43).  Recent studies revealed that binding of AMP to CBS1 mediates 

allosteric activation of AMPK, whereas binding of AMP or ADP to CBS3 is correlated 

with ADP protective effect against dephosphorylation (43-45).  

 

AMPK activation and regulation 

It is well established that binding of AMP or closely related AMP analogues to the 

AMPKγ subunit induces allosteric activation of AMPK by up to ~5 fold (10, 45).  In 

addition to its allosteric activation effect, binding of AMP was also proposed to promote 

the phosphorylation of the AMPKα1 Thr172 residue (46), although the underlying 

mechanism was unclear until a recent report in 2011 by Xiao et al., suggesting individual 

roles of AMP or ADP binding to CBS1 or CBS3 in AMPKγ subunit (44).  This study 
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provided evidence that a tighter association of AMP to the CBS1 binding site is 

responsible for AMPK allosteric activation, while AMP or ADP binding to the relatively 

loose binding site CBS3 induces a conformational change of AMPK that promotes 

phosphorylation on AMPKα1 Thr172 residue and protects against dephosphorylation.   

Compared to allosteric activation, AMPK activation by upstream kinase 

phosphorylation at the Thr172 residue within the activation loop segment of α1 subunit 

catalytic domain reaches a much higher degree of more than 1000 fold (47).  AMPK that 

is not phosphorylated at α1 Thr172 displays negligible kinase activity (48).  Therefore, 

this phosphorylation/dephosphorylation mechanism plays a major role in regulating 

AMPK activation/inactivation.   

In mammalian cells the three predominant upstream kinases responsible for 

phosphorylation of Thr172 are liver kinase B1 (LKB1), Ca2+ /calmodulin-dependent 

protein kinase kinase β (CaMKKβ), and transforming growth factor (TGF)-β-activated 

kinase-1 (Tak1 kinase) (42).  LKB1 is constitutively active in cells, and the molecular 

mechanism of LKB1 phosphorylation of AMPK is unclear (49).  The role of LKB1 in 

activating AMPK has been demonstrated via different methods.  LKB1 activation of 

AMPK in vitro was demonstrated by immunoprecipitation and kinase activity assays, and 

pharmaceutical activators failed to induce AMPK kinase activity in LKB1-deficient 

murine embryonic fibroblasts (MEFs) (50).  Several AMPK-related kinase activities are 

stimulated by LKB1 (49), and blockage of LKB1 activity in cells abolishes AMPK 

activation in response to different stimuli (51).  In addition to LKB1, CaMKKβ is 

considered another important AMPK upstream kinase in many cell types in different 

tissues.  CaMKKβ is activated by calcium and calmodulin (52), and treatment with 
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ionomycin, which increases intracellular Ca2+, led to increased phosphorylation of 

AMPKα Thr172, a response inhibited by the treatment with the CaMKKβ inhibitor STO-

609 in HeLa and A549 cells (53).  Increased AMPK activity was observed in mammalian 

cells with overexpression of CaMKKβ (54), whereas treatment with CaMKKβ siRNA or 

pharmaceutical inhibitors abolished AMPK activation (54, 55).  Other studies supporting 

CaMKKβ-dependent AMPK activation in response to different agents were also reported 

in cell types including endothelial cells (56), T cells (57), and neurons (58).  Tak1 kinase 

belongs to the mitogen-activated protein 3-kinase family and was recently suggested to 

regulate AMPK activities (59).  Recombinant Tak1, fused to the activation domain of its 

binding partner TAB1, was able to induce AMPKα Thr172 phosphorylation in vitro and 

elevated Thr172 phosphorylation was detected in HeLa cells transfected with plasmids to 

transiently express Tak1 or TAB1 (59).  Loss of Tak1 expression in MEFs blocked 

AMPKα Thr172 phosphorylation and activity induced by the three pharmaceutical 

activators tested (oligomycin, metformin, and AICAR) (60).  However, the ability of 

Tak1 kinase to act an upstream kinase to regulate AMPK activation was challenged by a 

study by Kim et al. (61).  In this study a direct interaction between Tak1 and AMPK was 

observed in THP-1 cells by co-immunoprecipitation, and both LPS-induced Tak1-Thr187 

phosphorylation and Tak1 activity were reduced in AMPKα1 siRNA-containing 

lentiviruses transfected THP-1 cells, proposing an upstream role of AMPK to regulate 

Tak1 activity (61).  The role of Tak1 as an upstream kinase of AMPK activation is 

therefore controversial and requires further investigation.   

The identification of phosphatases that dephosphorylate the AMPKα subunit and 

inactivate AMPK has received less attention.  In addition to the understanding that 
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AMPK/ADP-binding to the AMPKγ CBS3 domain confers protection against AMPK 

dephosphorylation (44), it seems likely the phosphatases involved in the 

dephosphorylation of AMPK are stimuli and/or cell type-dependent.  In vitro studies have 

identified the ability to dephosphorylate AMPKα-Thr172 of members in the protein 

phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), both from PPP (phosphoprotein 

phosphatase) family (35) and protein phosphatase 2C (PP2C), PPM (metal-dependent 

protein phosphatase) family (46), while specific inhibition of the PPP family by okadaic 

acid did not affect AMPK activity in rat hepatocytes (62, 63), suggesting that AMPK 

dephosphorylation is catalyzed primarily by one or more members of the PPM family.  

However, inhibition of the PPP family phosphatase activities by siRNA knockdown is 

also effective to block glucose-induced AMPKα-Thr172 dephosphorylation in murine 

pancreatic β cell line (64).  Therefore, the identification of phosphatases involved in cell-

type and/or stimulus-dependent AMPK dephosphorylation effect is ongoing.   

 A wide range of physiological stresses regulate AMPK activity, for example 

muscle contraction, glucose deprivation, oxidative stresses, treatment with heat shock 

proteins, etc. (65).  A variety of agents are recognized as AMPK activators and become 

pharmacological treatments for many diseases like type 2 diabetes (T2D), obesity, cancer, 

and atherosclerosis (10, 66, 67).  These activators include 5-aminoimidazole-4-

carboxamide riboside (AICAR) (68), a nucleoside converted within the cell to an AMP 

mimetic, metformin (69) and thiazolidinediones (TZDs, such as rosiglitazone), both 

drugs used to treat T2D and atherosclerosis (70).  Different mechanisms were proposed 

for the action of those activators including increased AMP and/or ADP levels, activation 

of AMPK upstream kinase such as CaMKKβ, or other enzymes that may lead to 
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accumulation of cellular cAMP (10).  Understanding the pharmacological mechanisms of 

these AMPK-activating drugs to treat disease still needs investigation, as both AMPK-

dependent (68) and AMPK-independent (71) effects of these drugs were reported.  

 

Notably hormones and cytokines are also reported to regulate AMPK activity (72-

75).  Adiponectin and leptin are both hormones secreted by adipose tissue that play 

important roles in regulating energy homeostasis and glucose and lipid metabolism.  

AMPK can be activated by stimulation with adiponectin and this effect is responsible for 

adiponectin induced fatty-acid oxidation and glucose uptake in both liver and muscle 

cells (76).  Leptin also induces fatty acid oxidation and glucose uptake in muscle, and 

leptin activation of AMPK is required for this action (77).  In leukocytes, stimulation 

with adiponectin resulted in increased production of antiinflammatory cytokine IL-10 

(78), similar to the effect of AMPK activation in macrophages that we reported 

previously (14).   Cytokines such as TNFα and IL-6 are also reported to modulate AMPK 

activity.  Chronic treatment with TNFα leads to suppression of AMPK activation in 

muscle cells via transcriptional up-regulation of PP2C (79).  Stimulation with IL-6 

rapidly increased AMPK activation in myotubes (80), and this enhancement of AMPK 

activity by IL-6 treatment was also observed in muscle and adipocytes (81).   

The published research in our lab revealed a key regulatory role of AMPK in 

macrophage phenotypic activation in response to physiological stimuli with pro- or anti- 

inflammatory functions (14).  In this research, AMPKα1 was shown to be the major 

isoform expressed in macrophages.  Phosphorylation on AMPKα-Thr172 residue was 

quickly and robustly increased in macrophages by stimulation with IL-10 or TGFβ, both 
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Figure 2. AMPK is activated by antiinflammatory stimuli and suppresses the LPS-

induced NF-κB pathway in macrophages.  Stimulation with IL-10 activates AMPK.  In 

macrophages stimulated with LPS, AMPK suppresses proinflammatory cytokine 

production by inhibition of NF-κB pathway, whereas it promotes antiinflammatory 

cytokine IL-10 production.   
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antiinflammatory cytokines, whereas stimulation with TNFα or LPS reduced AMPK 

activation in macrophages.  Forced expression of CA-AMPKα1 in macrophages led to 

increased IL-10 production while decreased proinflammatory cytokine production in 

response to LPS, whereas forced expression of DN-AMPKα1 led to the opposite effect in 

macrophages.  This ability of activated AMPK to promote macrophage antiinflammatory 

functions is supported by mechanistic studies, which showed that the LPS-induced NF-

κB signaling pathway activation was greatly suppressed in the CA-AMPKα1 

macrophages while the opposite occurred in the DN-AMPKα1 macrophages.  This study 

promoted the theory that the pro- or anti- inflammatory physiological stimuli in the 

microenvironment are able to antagonize or promote AMPK activation, leading to 

enhanced or suppressed macrophage inflammatory function, respectively (Fig. 2).  This 

previous study provided the theoretical foundation of this Ph.D. dissertation research 

investigating the underlying mechanism of AMPK regulation of IL-10-induced immune 

suppressive signaling pathways, which lead to macrophage activation towards an 

antiinflammatory state.    

 

AMPK in metabolic syndromes  

The exclusive role of AMPK in maintaining energy homeostasis over the whole 

body has implications for its role in metabolic syndromes such as insulin resistance, T2D, 

cardiovascular disease, and fatty liver disease.  To sustain metabolism, the intracellular 

ATP concentration must be regulated within an appropriate range in the body at both 

subcellular and systemic levels.  As a tissue that constantly requires significant variation 

in ATP synthesis, skeletal muscle serves as a good target to understand AMPK regulation 
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of metabolic disorders (82).  Several beneficial drugs such as polyphenols (83) and 

berberine (84) used to treat metabolic disorders stimulate AMPK activity in skeletal 

muscle.  Improved AMPK activity is responsible for PPARγ coactivator-1α (PGC-1α)/ 

glucose transporter 4 (GLUT-4) activation/expression in muscle cells to promote glucose 

uptake and fatty acid oxidation (85), effects that contribute to improvements in insulin 

sensitivity and obesity.   

The AMPK-mediated gene regulation related to glucose uptake and lipid 

oxidation is also seen in liver, an organ that plays pivotal role in the control of whole 

body metabolism of energy nutrients (86).  The first two AMPK downstream substrates 

identified, ACC and HMG-CoA reductase, are key enzymes in the regulation of fatty acid 

and cholesterol synthesis, respectively, in the liver.  Hepatic AMPK can be activated by 

physiological stimuli such as exercise and nutrient deprivation, physiopathological 

situations such as prolonged starvation or chronic alcohol consumption, and 

pharmacological drugs such as metformin and TZDs (70, 87).  Activation of hepatic 

AMPK leads to inhibition of ACC and enhanced fatty acid oxidation (88), inhibition of 

HMG-CoA reductase and reduced cholesterol synthesis (89), and inhibition of the  

TSC2/mTOR pathway and decreased protein synthesis (90).  Meanwhile, hepatic AMPK 

also suppresses the expression of glycolytic and lipogenic genes such as liver-type 

pyruvate kinase (L-PK), fatty acid synthase (FAS) (91), sterol regulatory element-binding 

protein-1c (SREBP-1c), and carbohydrate response element-binding protein (ChREBP) 

(92), as well as gluconeogenic genes such as phosphoenolpyruvate carboxykinase 

(PEPCK) and glucose-6-phosphatase (G6Pase) (92).  Increased hepatic glucose 

production is an important hallmark of T2D.  Suppression of gluconeogenesis, a key 
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metabolic pathway for glucose output in liver, plays a beneficial role in improving overall 

glycemic control in T2D.  Treatment with AMPK activator abolishes hyperglycemia in 

diabetic ob/ob mice (92).  Hepatic AMPK therefore provides a valuable therapeutic target 

for the management of metabolic hepatic disorders linked to T2D and obesity. 

Adipose tissue is composed of adipocytes, endothelial cells, fibroblasts and 

macrophages.  It plays a key role in energy storage and is well recognized as an 

endocrine organ secreting the anorexigenic cytokine, leptin, and the insulin-sensitizing 

hormone, adiponectin (75). During exercise, fasting and in the presence of hypoglycemic 

drugs, AMPK can be activated in adipose tissue.  Leptin and adiponectin are both 

activators of AMPK (76, 77, 93, 94).  As in the liver, activation of AMPK in adipose 

tissue suppresses ACC activity and the expression of lipogenic genes thus favors local 

fatty acid oxidation while repressing lipogenic fluxes.  In addition, activation of AMPK 

leads to limitation of lipolysis, a process that the adipose tissue employs to break down 

the triglycerides through the lipolytic pathway during fasting to provide fatty acids and 

glycerol as fuels for peripheral tissues (95).  Treatment with the AMPK activator AICAR 

inhibited the secretion of TNFα and IL-6 in adipose tissue (96, 97).  To summarize, 

adipose tissue AMPK tends to enhance local fatty acid oxidation while inhibiting fatty 

acid and triglyceride synthesis and lipolysis to limit fatty acid efflux from adipocytes to 

the plasma.  This AMPK effect is extremely beneficial in insulin-resistant states such as 

T2D, particularly as AMPK activation also reduces inflammatory cytokine secretion by 

adipocytes.  
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AMPK in inflammation 

It is known that metabolic syndromes, particularly obesity, T2D, fatty liver 

disease and atherosclerosis, are associated with chronic inflammation (98).  The ability to 

withstand starvation and the capacity to mount an effective immune response to 

pathogens are among the most fundamental requirements for species survival.  The two 

systems, metabolism and inflammation, are highly integrated and the proper function of 

each is dependent on the other.  Evolutionarily, the functional units that control key 

metabolic and immune functions in higher organisms have evolved from common 

ancestral structures such as the Drosophila fat body, a structure found in lower organism 

Drosophila melanogaster which incorporates the mammalian homologues of the liver 

and the hematopoietic and immune systems (98, 99).  The association between 

metabolism and inflammation is also evident in metabolic important tissues of higher 

organisms, for example the liver and adipose tissue where macrophages reside along with 

hepatocytes and adipocytes.  The immune effector cell macrophages and the metabolic 

important cell adipocytes show evidence of coordination and coevolution.  Both of these 

two cell types share common functions such as cytokine secretion and responsiveness to 

LPS (100).  This coevolutionary relationship is also supported by the evidence that a 

wide range of overlapping gene expression is found between macrophages and 

adipocytes, and many adipocyte-specific metabolic and other genes are upregulated 

during the transformation of macrophages into foam cells (101).  Given the critical role 

of AMPK in metabolic syndromes, it is not surprising the regulation of inflammatory 

responses also requires AMPK activity.   

The beneficial role of AMPK activator AICAR is showed in experimental 
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autoimmune encephalomyelitis (EAE) (102) and colitis (103), both disease models 

associated with chronic inflammation.  Metformin, an effective anti-diabetic drug and 

AMPK activator, confers antiinflammatory features in impaired glucose tolerance (IGT) 

patients (104), IL-1β treated human vascular wall cells (105), LPS or oxidized LDL 

treated human monocytes (106), and endotoxin-induced uveitis rat model (107).  Chronic 

treatment with TNFα leads to suppression of AMPK activation in muscle cells via 

transcriptional up-regulation of PP2C, an effect that is associated with downregulated 

fatty acid oxidation (79), and neutralization of TNFα leads to elevated AMPK activity in 

a murine obese model.  This study provides evidence supporting an AMPK-regulated 

mechanism to link inflammation and defective fatty acid metabolism in obesity.   

Our report in 2008 was the first investigation of AMPK activity in immune cells 

(14).  Macrophages are important players in both innate and adaptive immune responses.  

The accumulation of macrophages in adipose tissue in an inflammatory state is a 

hallmark of obesity-induced insulin resistance.  Our study showed that AMPK activation 

is directly triggered by antiinflammatory stimuli such as IL-10, TGFβ, and IL-4, whereas 

it is suppressed by proinflammatory stimuli such as LPS and TNFα in macrophages.  

Activated AMPK then acts as a key regulator to promote macrophage antiinflammatory 

functions via stimulation of the Akt/CREB pathway and inhibition of the IKK/IκB/NF-

κB pathway (14).  A number of studies then emerged after our initial findings to further 

demonstrate an important regulatory role of AMPK in macrophages (108, 109), dendritic 

cells (DCs) (15, 110), and T cells (111-113).  Macrophages deficient in AMPKβ1 

expression displayed increased levels of diacylglycerol and markers of inflammation, and 

hematopoietic deletion of AMPK β1 results in systemic inflammation and insulin 
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resistance in adipose and hepatic tissue in mice fed on high fat diet (HFD) (108), 

revealing a protective role of myeloid AMPK against inflammation and insulin resistance 

during obesity.  AMPK activity is reduced in macrophages treated with fatty acids and 

HFD (109).  In an adipocyte/macrophage co-culture system, inactivation of AMPKα1 in 

macrophages resulted in reduced insulin signaling in adipocytes.  This research also 

showed that macrophage AMPKα1 negatively regulates the inflammatory response 

caused by exposure to free fatty acids, LPS or diet-induced obesity by inhibiting NF-κB 

signaling in via SIRT1 deacetylation of the NF-κB p65 subunit (109).  In addition to the 

key regulatory role of AMPK in macrophage antiinflammatory functions (14), we also 

reported a positive role of AMPK to suppress CD40-mediated inflammatory responses in 

DCs (15).  AMPK-deficiency in both macrophages and DCs lead to increased IL-6 and 

TNFα production, whereas IL-10 production was decreased in response to LPS 

stimulation.  The antigen-induced Th1 and Th17 responses were enhanced in T cells co-

cultured with AMPKα1-deficient macrophages and DCs.  Upon treatment of CD40 

ligand, CD145, stimulation, AMPKα1-deficiency was shown to limit Akt/CREB pathway 

activation while enhancing NF-κB and MAPK pathways therefore enhancing CD40-

induced proinflammatory responses in DCs (15).  LPS stimulation was shown to reduce 

AMPK activation in DCs and this effect was accompanied by increased cellular glucose 

consumption (110).  In addition to our findings that AMPK-deficiency in both antigen 

presenting cells (APCs) and T cells greatly enhanced Th1 and Th17 responses, AMPK is 

also shown to improve T cell viability in the absence of survival signals such as IL-2, and 

to suppress GLUT-1 expression and to limit glycolysis in T cells (111).  Significantly, 

elevated AMPK activity is found in T regulatory cells (Treg) compared to T effector cells 
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(Teff), and treatment with metformin improves Treg frequency (112).  Most recently, 

AMPKα1 expression was found essential for generation of CD8+ T cell memory (113).  

 

In contrast to the long road discovering AMPK functions in metabolic systems 

since the 1970s, the understanding of AMPK function in immune responses is relatively 

nascent, but quickly developing.  Research in our lab has been conducted with keen 

interest in exploring mediators of immune cell functional plasticity.  During the discovery 

of fatty acid binding protein (FABP) regulation of macrophage phenotype the significant 

role of AMPK was noticed.  Investigation of AMPK regulation of immune cell functions 

including macrophages, DCs and T cells have been developed in our lab and important 

roles of AMPK in the regulation of immune responses has been revealed.  The underlying 

mechanisms responsible for these AMPK-mediated effects in different immune cells need 

to be further defined.  Herein, we provide evidence to support an important role of 

macrophage expressed AMPK in the expression of atheroprotective proteins and 

demonstrate a key role of AMPK to integrate and regulate IL-10-induced signaling 

pathways that lead to functional reprogramming of macrophage functions towards an 

antiinflammatory direction.  These studies underscore the value of AMPK as a 

therapeutic target for chronic inflammation-associated diseases such as atherosclerosis, 

autoimmune disease and cancer.   
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CHAPTER 2 

 

AMPK REGULATION OF MACROPHAGE FUNCTION IN 

ATHEROSCLEROSIS 

 

INTRODUCTION 

 

Atherosclerosis is commonly associated with metabolic syndromes.  Statistics in 

2010 implicate that atherosclerosis is the leading cause of death and morbidity in 

developed countries and is likely soon to attain this status worldwide (114). 

Atherosclerosis is characterized by a lipid metabolic imbalance that results in 

accumulation of lipids and fibrous elements at the artery wall.  This process leads to a 

chronic inflammatory process and to the development of complex lesions, or plaques, that 

protrude into the arterial lumen and induce acute clinical complications of myocardial 

infarction and stroke (115).  In the body, dietary and endogenous cholesterol is carried 

and transported by several lipoprotein particles including chylomicrons, very low-density 

lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins 

(HDL).  The majority of serum cholesterol is carried by LDL, which can be transformed 

from VLDL by removal of the triglyceride content from the particle.  LDL is subject to 

oxidative modifications in the subendothelial space, and progresses from minimally 

modified LDL (mmLDL) to extensively oxidized LDL (oxLDL) (116).  Cholesterol 
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within LDL droplets can be internalized by the peripheral cells expressing LDL receptor 

(LDLR) via receptor recognition, whereas modified/oxidized LDL particles can only be 

recognized by a group of scavenger receptors such as SR-A and CD36.  While high LDL 

cholesterol level is associated with high risk of cardiovascular disease, lack of LDLR 

expression in mice could significantly exacerbate plasma cholesterol level induced by 

HFD and result in massive hypercholesterolemia leading to extensive atherosclerotic 

disease (117).  Accumulation of modified LDL in the artery wall results in endothelial 

cell expression of adhesion molecules like VCAM-1 and monocyte-attractive chemokine 

like MCP-1.  Circulating monocytes are attracted to the artery wall directly by ox-LDL 

and by endothelial-secreted MCP-1 and attach to the endothelial layer via the adhesion 

molecules.  The adherent monocytes then migrate into the subendothelial space and 

differentiate into macrophages.  At the intima, macrophages take up ox-LDL via 

scavenger receptors and transform to foam cells.  This process is so called “fatty streak 

lesion” formation, and initiates the first steps of atherosclerosis.  The development of 

lesion progression is mediated by a chronic state of inflammation created by interactions 

between macrophage-derived foam cells and T cells.  Cytokines secreted by lymphocytes 

and macrophages exert both pro- and anti- atherogenic effects on each of the cellular 

elements of the vessel wall.  Smooth muscle cells (SMCs) migrate from the medial 

portion of the arterial wall to the lesion where they proliferate and secrete extracellular 

matrix (ECM) proteins that form a fibrous plaque.  With growing burden of the lesion, 

macrophage- and SMC-derived foam cells undergo necrotic death and release the lipid-

rich cell contents to the necrotic core of the lesion.  The lesions continue to grow by the 

recruitment of new monocytes to the lesion, accompanied by cell proliferation, ECM 
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protein production and the accumulation of extracellular lipid.  During this process, 

macrophage secretion of matrix metalloproteinases (MMPs) and neovascularization 

contribute to weakening of the fibrous plaque.  Eventually, the plaque ruptures and 

exposes blood components to tissue factor, which initiates coagulation, the recruitment of 

platelets, and the formation of a thrombus, resulting in myocardial infarction or stroke 

(115, 118). 

 

MACROPHAGES AND AMPK IN ATHEROSCLEROSIS 

Macrophages in atherosclerosis 

Atherosclerosis was once considered to be a cholesterol storage disease 

characterized by the collection of cholesterol and thrombotic debris in the artery wall.   

With the identification of abundant monocyte-derived macrophages in atherosclerotic 

plaques, and the gradual recognition of their importance in atherogenesis, macrophage-

mediated innate and adaptive immunity provided modern insights to the research of 

atherosclerosis as a complex chronic inflammatory disease (118-122).   

Macrophages play important roles in all steps of atherosclerosis progression, from 

lesion formation to plaque destabilization.  A hallmark of atherosclerosis is the 

transformation from monocyte-derived macrophages to lipid-laden foam cells in the 

subendothelial intima.  Although macrophage take-up of lipoproteins is initially 

beneficial, lack of negative feedback mechanisms results in accumulation of lipids within 

those macrophages.  This leads to dysregulation of lipid metabolism and alters the 

immune features of macrophages, both in proliferative functions and inflammatory 

phenotypes, therefore promoting the development of the plaque (17, 123, 124).  These 
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macrophages continue to establish a chronic inflammatory response with the participation 

of other local or recruited immune cells to the lesion by secreting proinflammatory 

mediators including chemokine, cytokines, reactive oxygen and nitrogen species, and 

matrix-degrading proteases.  Eventually the death of macrophages causes the release of 

the tissue factor- and lipid-rich contents which leads to the formation of necrotic core, a 

key component of unstable plaques.  The rupture of the unstable plaque is the final cause 

of myocardial infarction and stroke (17, 125).   

Although many immune cell types exhibit heterogeneity during atherosclerosis 

such as monocytes and DCs, the central role of macrophage heterogeneity and functional 

phenotypic change has been highlighted in a growing body of evidence (17, 125, 126).   

A broad range of macrophage heterogeneity is found in atherosclerotic lesions at different 

plaque development stages (127), with proinflammatory macrophage phenotypes found 

to be enriched in progressing plaques and antiinflammatory macrophage phenotypes 

found to be enriched in regressing plaques.  Moreover, phenotypic changes from an 

antiatherogenic “M2-like” state of activation to a proatherogenic “M1-like” state of 

activation is observed during atherosclerosis progression (128).  We previously described 

a remarkable macrophage plasticity to be differentially activated by microenvironmental 

factors (1, 7, 8).  The diverse plaque-associated environmental signals, even with 

opposing immune features, may play critical role in directing macrophage polarization 

during lesion development.  Indeed, a high level of IL-4 in early stage lesions, and a high 

level of IFNγ in late stage lesions, is found to associate with the phenotypic switch from 

“M2-like” activation state to “M1-like” activation state of macrophages during 

atherosclerosis progresssion (127), and oxLDL is reported to modulate macrophage 
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activation as well as induce unique gene expression patterns (129, 130).  These studies 

suggest the environmental factors during atherosclerosis lesion progression contribute 

siginificantly to macrophage activation and phenotypic polarization, therefore modulating 

plaque development.   

Given the significance of macrophages, many regulators of macrophage 

cholesterol trafficking and macrophage functional polarization have been identified as 

therapeutic targets to treat atherosclerosis.  These targets include growth/differentiation 

factors such as macrophage colony-stimulating factor M-CSF (125), cytokines such as 

IL-10 (131-133), lipid chaperones such as fatty acid binding proteins (FABPs) (134), 

transcription factors such as peroxisome proliferator activated receptors (PPARs) and 

liver X recepters (LXRs) and subsequent genes including apolipoprotein E (apoE) and 

ATP-binding cassette transporter A1 (ABCA1) (135).   Most recently AMPK is also 

suggested to play atheroprotective roles (136), although these studies have focused on 

endothelial inflammation and the endogenous AMPK activation in macrophages received 

less attention in atherosclerosis research. 

 

Fatty acid-binding proteins (FABPs) in atherosclerosis 

FABPs comprise a family of homologous cytosolic proteins with distinct patterns 

of tissue expression. The capability of FABPs to bind hydrophobic compounds and 

shuttle them between cytoplasmic compartments and enzyme systems within the cell has 

implicated FABPs as upstream modulators of many lipid signaling cascades (137-140).  

Studies on FABP-deficient mouse models reveal a strikingly protective role of FABP-

deficiency from development of obesity, insulin resistance, T2D, fatty liver disease and 
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atherosclerosis (134, 141).  A-FABP, also known as aP2 and Adipocyte Lipid Binding 

Protein (ALBP), is expressed by adipose tissue, adipogenic cell lines, and macrophages.  

A-FABP-deficiency provides remarkable protection against atherosclerosis in apoE-

deficient models of atherosclerosis, and this effect of A-FABP is predominantly related to 

its actions in the macrophage (142, 143).  Likewise, treatment with A-FABP inhibitors 

specifically targeting macrophages protects mice against severe atherosclerosis (144).   

The collaborative work between Suttles’ lab and Hotamisligil’s lab provided the 

underlying mechanism of A-FABP to control macrophage cholesterol trafficking and 

inflammatory activity via impairment of PPARγ activity that leads to inhibition of CD36 

and ABCA1-mediated pathways and enhancement of IKK/NF-κB pathway, respectively 

(145).   

Notably, A-FABP binds to a variety of metabolites including compounds that act 

as ligands for PPARγ  (146, 147).  Although there are reports of FABPs shuttling PPAR 

ligands to the nucleus in non-macrophage cell types (148-150), our previous observation 

of elevated PPARγ activity in A-FABP-deficient macrophages suggests that in 

macrophages, FABPs act to sequester PPARγ ligands in the cytosol, thus preventing their 

migration to the nucleus.  When A-FABP expression is absent, lipid ligands are free to 

interact with nuclear receptors, as well as other targets, including IKK (145).  This 

speculation is supported by the Suttles lab’s unpublished confocal microscopy data 

showing that a PPARγ ligand, 13-HODE, is sequestered in the cytosol of wild-type 

macrophages whereas is present in the nucleus of A-FABP-deficient macrophages (Fig. 

3).   
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Figure 3. Presence of FABPs prevents nuclear localization of 13-HODE.  (A), 13-HODE 

(10µM) (green) was restricted to the cytoplasm of macrophages in the presence of A-

FABP expression, but was able to enter the nucleus in A-FABP-deficient macrophages 

(turquoise). (B), Quantitation of co-localization of 13-HODE in nucleus (**p<0.001).  
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Peroxisome proliferator activated receptor γ (PPARγ) in atherosclerosis 

PPARγ is expressed in macrophages and belongs to the PPAR family of nuclear 

receptors, which are ligand-activated transcription factors that function as fatty acid 

sensors to regulate glucose and lipid metabolism (151, 152).  Studies in vitro 

demonstrated the role of PPARγ to promote cholesterol trafficking in macrophages via 

transcriptional induction of genes encoding proteins involved in cholesterol trafficking 

including the scavenger receptor CD36 (153), LXRα and ABCA1 (154).  Treatment with 

PPAR agonists in vivo exhibit beneficial effects in atherosclerosis animal models (135).   

Expression of PPARγ can be induced by IL-4 stimulation in macrophages (155), and 

activation of PPARγ promotes macrophage activation towards an antiinflammatory state 

associated with elevated expression of Arg 1, MR, and the antiinflammatory cytokine IL-

10 (156-158)  while it suppresses activation of proinflammatory pathways and gene 

expression (155, 159).   

 

Interleukin 10 (IL-10) in atherosclerosis 

IL-10 is a potent immunosuppressive cytokine produced by Th2-type T cells, B 

cells, monocytes, and macrophages that systemically limits excessive inflammation and 

controls inflammatory disease progression including atherosclerosis (160, 161).  It is 

produced in atherosclerotic lesions and correlates with diminished expression of 

inflammatory mediators within the lesion and vessel wall (162-164).   IL-10-deficient 

C57BL/6 mice fed on an atherogenic cholate-containing diet develop early 

atherosclerotic lesions, characterized by increased lipid accumulation, increased 

infiltration of inflammatory cells, and increased proinflammatory cytokine production 
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(131, 165).  The similar atheroprotective property of IL-10 is demonstrated with IL-10-/- 

apoE-/- mice fed a chow diet (166).  Consistent with this protective role of IL-10 in 

atherosclerosis, overexpression of IL-10 using the human IL-2 promoter or by adenoviral 

gene transfection resulted in effective prevention of atherosclerosis development (165, 

167).  Leukocyte-derived IL-10 is crucial in the prevention of atherosclerotic lesion 

development as it influences leukocyte functions as well as modulates systemic immune 

response thus influences plaque composition (168).  Most recently, a series of studies by 

Han et al., established a critical role of IL-10 in promoting cholesterol trafficking in 

macrophages treated with modified LDL by promoting PPARγ-mediated atheroprotective 

gene productions whereas inhibiting proinflammatory gene expression (132), and 

macrophage specific overexpression of IL-10 in mice led to reduced atherosclerosis 

development (133), suggesting an important role of IL-10-regulated macrophage function 

in regulating atherosclerosis progression.  All the studies analyzing the role of IL-10 in 

murine atherosclerosis models demonstrated that the regulation of balance between 

proinflammatory and antiinflammatory cytokines is decisive for disease development and 

progression (161).  Therefore, research seeking for the regulators of this balance, 

especially in macrophages, is extremely promising as a source of new therapeutic targets 

to treat atherosclerosis. 

 

AMPK in atherosclerosis 

Our research has established a key regulatory role of AMPK in modulating 

macrophage polarization in response to pro- or anti- inflammatory stimuli that 

subsequently leads to modulation of the balance between macrophage produced  
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Figure 4. FABP-deficient macrophages express elevated AMPK activity.  Macrophages 

with deficient expression of A-FABP, E-FABP, or both A- and E-FABP show significantly 

increased AMPK activation compared to wild type macrophages.  
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proinflammatory and antiinflammatory cytokines (14).  Therefore, the AMPK expression 

in macrophages may play important roles in atherosclerosis.  In support of this 

hypothesis, the atheroprotective role of AMPK has been suggested in recent studies based 

on the significant role of AMPK in regulating both metabolic fatty acid oxidation 

pathways and inflammatory pathways (18, 19, 66, 136).  Many atheroprotective agents 

are proved to be potent AMPK activators such as AICAR, metformin, TZDs, statins, and 

adiponectin.  However, the protective role of AMPK has not been investigated until 

recent, and most of the studies concerning this topic focus on the AMPK regulation of 

metabolic processes in non-immune cells such as in endothelial cells and SMCs.  The 

underlying mechanism of this AMPK atheroprotective effect is not well demonstrated 

and the role of macrophage expressed-AMPK in the regulation of atherosclerosis 

progression has not been reported so far.   

 

During the investigation of FABP regulation of macrophage functions (145), we 

found a striking effect that FABP-deficient macrophages display greatly enhanced 

PPARγ activity accompanied by elevated IL-10 production, and significantly enhanced 

AMPK activity (Fig. 4).  We have also shown that FABPs can antagonize PPARγ activity 

by holding its ligands within the cytosol (Fig. 3).  PPARγ is reported to promote 

antiinflammatory responses in macrophages including the induction of IL-10 expression 

(158).  IL-10 activates AMPK in macrophages in a time-dependent manner (14), AMPK 

then act as a counter regulator of macrophage inflammatory responses.  Interestingly, 

AMPK has also been implicated in the activation of PPARs, in part due to upregulation 

of PGC-1 (169).  Based on these findings, herein in this study we have demonstrated that 
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macrophage-expressed AMPK plays an important role in cardiovascular disease and that 

the systemic protective effect of AMPK activators includes their influence on 

macrophage AMPK activity.  We previously observed greatly increased macrophage 

expression of FABP in mice feed on HFD; here we provide evidence to support a FABP/ 

PPARγ pathway that leads to increased IL-10 production resulting in increased AMPK 

activation, which in turn, promotes PPARγ activity and IL-10 signaling in macrophages 

and mantains macrophage polarization towards an antiinflammatory, antiatherogenic 

state.   
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MATERIAL AND METHODS 

 

Mice  

Macrophage-specific constitutively active (CA)-AMPKα1 and dominant negative (DN)-

AMPKα1 transgenic mice were provided by Dr. DeBroski Herbert, Division of 

Immunology, University of Cincinnati College of Medicine.  These mice were crossbred 

with LDLR-/- mice to generate macrophage-specific CA/DN-AMPKα1/LDLR-/- mice.  

C56BL/6J mice and LDLR-/- were purchased from The Jackson Laboratories.  AMPKα1 

deficient (AMPKα1-/-) mice were generated as previously described (170).  C57BL/6J 

mice were purchased from the Jackson Laboratory.  These 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.   

 

High Fat Diet procedure 

High fat diet (60% kcal from fat, product number D12492) food was purchased from 

Research Diets, Inc.  After being weaned, macrophage-specific CA-AMPKα1 and DN-

AMPKα1 transgenic mice with C56BL/6J control mice were placed on the diet for 80 

days (10 mice per group).  Whole body weight of individual mouse was weighted every 

two days.  Fat tissue was isolated from different parts of the body and weighted before fat 

associated macrophage (FAM) isolation. 
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Fat associated macrophage (FAM) isolation 

Fat pads were isolated from animal and weighted before fat associated macrophage 

(FAM) isolation.  The fat tissue was then placed into 10 cm petri dish with PBS + 2% 

FBS.  Fatty tissue was cut into small pieces and collected into a 50ml tube and PBS + 2% 

FBS was added to get a final volume of 30 ml.  Samples were centrifuged at 500 g, 4°C 

for 5 minutes to remove the red blood cells.  The floating tissue was transferred to a new 

tube and collagenase was added for 30-60 minutes at 37°C, depending on the tissue 

volume.  The tube was lightly vortexed every 5-10 minutes for contact.  The contents 

were filtered through a 100um fliter into a 50mL conical tube. Samples were washed 3 

times with PBS + 2% FBS by centrifugation at 500g, 4°C for 5 min between washes. 

After the final wash, the floating tissue and buffer was removed and the SVT pellet was 

resuspended in fresh buffer.  Single-cell suspension was achieved by gentle pipetting. 

Gey’s solution was added for 5 min to remove red blood cells.  Samples were then 

washed 3 times with PBS + 2% FBS by centrifugation at 500g, 4°C for 5 min between 

washes.  Cells were counted for FAM isolation.  FAM were isolated by positive selection 

with anti-CD11b (Mac-1) magnetic beads (Miltenyi Biotec). A purity of  > 95% CD11b+ 

cells was confirmed by flow cytometry.  

 

Reagents 

LPS (Escherichia coli serotype O111:B4) was purchased from Sigma-Aldrich.  

Recombinant mouse IL-10 was purchased from R&D Systems.  Purified NA/LE Rat 

Anti-Mouse IL-10 neutralization Ab. was purchased from BD PharmingenTM.  15-deoxy-

Δ12, 14-PGJ2 (15dPGJ2), 13R-hydroxy-9Z, 11E-octadecadienoic acid (13-HODE), 
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Rosiglitazone, and GW9662 were purchased from Cayman Chemical (Ann Arbor, MI).  

Western blot detection of specific proteins used the following primary Abs: anti-A-FABP, 

anti-E-FABP (R&D Systems), anti-phospho-AMPKα (Thr172), anti-AMPKα (Cell 

Signaling), anti-β-actin (Sigma-Aldrich), and HRP-conjugated secondary Ab (Jackson 

ImmunoResearch Laboratories).  

 

Cells 

Bone marrow-derived macrophages (BMDM) were generated from C57BL/6J mice 

following the protocol previously described (171).  CA-AMPKα1 and DN-AMPKα1 

macrophage stable transfected cell lines were generated following the protocol previously 

described (14).  Cell culture were maintained in incubators set to 37°C and 5% CO2.  For 

stimuli/reagents used in individual experiments, cells were harvested into a 24-well cell 

culture plate (1 x 106 cells/well) and rested overnight in RPMI medium supplemented 

with 5% FBS, 10ml HEPES Buffer (Sigma), and 1ml gentamycin (Atlanta Biologicals) 

(referred as R5 medium) prior to stimulus.  The cells were quickly rinsed with pre-

warmed DPBS supplemented with 2% FBS before lyse.  Kupffer cells were isolated from 

mouse liver by preparing single cell suspension according to gentle MACS protocol 

followed by positive selection with anti-CD11b (Mac-1) magnetic beads (Miltenyi 

Biotec). 

 

RNA interference 

Bone marrow-derived macrophages were transfected with 0.5 μg AMPKα1 or PPARγ 

small interfering RNA (siRNA) or non-targeting control siRNA (Dharmacon, Thermo 
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Scientific) using NucleofectorTM Kits according to the corresponding AmaxaTM 

Optimized Protocols (Lonza). Following NucleofectionTM, the macrophages were plated 

in 12-well plates in RPMI 1640 (HyClone) medium containing 20% FBS (Atlanta 

Biologicals), 10 mM HEPES, and 10 μg/ml gentamicin.  The cells were analyzed 24 h or 

48 h post-transfection.  

 

Real-time RT-PCR analysis 

mMACsTM One-step cDNA Kit (Miltenyi Biotech) were 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).  All the gene mRNA expression levels (abca1, apoe, socs3, socs1, 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 (172).   

 

Western blot analysis 

Whole 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 

HALTTM 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% Criterion gels (Bio-Rad) by SDS-PAGE.  Medium and high molecular 

weight proteins (55-289KDa) were transferred to nitrocellulose membranes using a 
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Trans-Blot® TurboTM Nitrocellulose Transfer Pack and Trans-Blot®TurboTM 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.  

 

ELISA 

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

and assayed by ELISA using OptEIATM 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 < 0.050 considered statistically significant. 
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RESULTS 

 

Generation of macrophage-specific CA-AMPKα1 and DN-AMPKα1 mice 

Our lab previously constructed stable transfected macrophage cell lines with 

expression of either CA-AMPKα1 or DN-AMPKα1 by nucleotransfection (14).  The CA-

AMPKα1 containing constructs encode an α1 subunit with a polypeptide truncated at 

residue 312 so it no longer associates with the β and γ subunits but retains significant 

kinase activity.  The DN-AMPKα1 containing constructs encode an α1 subunit with 

mutation of aspartate 157 to alanine in a conserved subdomain that yields an inactive 

kinase but does not have any effect on the binding of the β and γ subunits within the 

complex (173).  To generate macrophage-specific CA-AMPKα1 and DN-AMPKα1 

transgenic mice for the purpose of this study, these constructs were sent to Dr. DeBroski 

Herbert, University of Cincinnati College of Medicine.  Dr. Herbert’s lab sub-cloned 

these constructs into a pNN265 vector that contains rabbit gamma globulin introns and 

poly A tail.  A 2 kb fragment was liberated by a Not1 digestion and inserted behind the 

1kb promoter sequence from human CD68 (macrosialin) including the 89 bp intronic 

enhancer (provided by Peter Murray at St. Jude Hospital) and confirmed by 

restriction digest and DNA sequencing. CD68-CA- or DN-AMPKα1 transgenic mice 

were generated by pronuclear injection of fertilized C57BL/6 oocytes at the University of 

Cincinnati transgenic core facility.  
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Macrophage-specific DN-AMPKα1 mice develop spontaneous obesity associated 

with increased proinflammatory cytokine production  

Macrophage-specific CA-AMPKα1 and DN-AMPKα1 transgenic mice were 

successfully generated in Dr. Herbert’s lab and shipped to our lab.  A series of 

characterization studies were performed on these mice before the generation of 

macrophage-specific CA- or DN-AMPKα1 / LDLR-/- mice.  Genomic DNA was isolated 

from these mice from the tail tissue and was used for genotypic classification.  Based on 

the genotypic classification of these mice, BMDM were generated with the procedure 

described in the method.  Whole cell lysates were collected from the resting BMDM at 

day 7 of in vitro culture for Western blot analysis of basal level AMPK activity.   ACC is 

a substrate of AMPK and its phosphorylation level is generally used as indicator of 

AMPK regulation.  Both phospho-ACC and total-ACC expression level were detected by 

Western blot.  As shown in Fig. 5A, CA-AMPKα1 BMDM expressed elevated p-ACC 

compared to WT BMDM whereas DN-AMPKα1 BMDM expressed decreased p-ACC 

compared to WT BMDM, indicating constitutively activated AMPK activity in CA-

AMPKα1 mice and dominant negative AMPK expression in CA-AMPKα1 mice.  

Suprisingly, the F1 offspring of the macrophage-specific DN-AMPKα1 mice developed 

spontaneous whole body obesity after 16-20 weeks of age under the animal care facility 

in Baxter Research Center, University of Louisville (Fig. 5B).  The macrophage-specific 

CA-AMPKα1 mice and WT mice at the same age under the same animal care facility did 

not develop such phenotype.   Fatty liver was associated with the spontaneous obese 

phenotype of the macrophage-specific DN-AMPKα1 mice, and the expression of both A-

FABP and E-FABP were dramatically increased in Kupffer cells isolated from the fatty  
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Figure 5. Macrophage-specific DN-AMPKα1 mice develop spontaneous obesity.  (A), 

Bone marrow derived macrophages (BMDM) were generated from macrophage-specific 

CA- or DN-AMPKα1 and wild type (WT) control mice.  Whole cell lysates were 

collected from the resting BMDM at day 7 of in vitro culture for Western blot analysis of 

both p-ACC and t-ACC detection.  The ACC phosphorylation level is analyzed by 

densitometry and shown as bar histogram.  (B), Photos were taken to show the weight 

difference between a WT and a DN-AMPKα1 mouse at 2 months of age.  Average body 

weight (n=4) was shown as bar histograms between the two groups.  Kupffer cells were 

isolated from the livers of these mice and whole cell lysate were generated for Western 

blot detection of A-FABP and E-FABP.   
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Table 1.  Macrophage-specific DN-AMPKα1 mice develop whole body obesity 

associated with fatty liver.   
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liver of macrophage-specific DN-AMPKα1 mice (Fig. 5B).  We further harvested organs 

and fat tissues from different parts of the body from age-matched WT, macrophage-

specific CA-AMPKα1 or DN-AMPKα1 mice and compared their weights.  Differences in 

the weight of the organs and fat tissue between groups were shown in Table 1 (T. 1).  

Compared to WT and macrophage-specific CA-AMPKα1 mice, the weight of the liver 

and fat tissue isolated from macrophage-specific DN-AMPKα1 mice were higher (T. 1).   

Further characterization on these mice was performed by the evaluation of 

cytokine production in macrophages.  LPS-induced cytokine production in BMDM 

generated from these mice was measured by ELISA.  Expression of the proinflammatory 

cytokine, IL-6, was decreased in macrophages isolated from macrophage-specific CA-

AMPKα1 mice, whereas its expression was elevated in DN-AMPKα1 macrophages 

compared to in WT macrophages (Fig. 6).  The same expression pattern was also seen 

with TNFα and MCP-1.  These data suggest that the expression of dominant negative 

form of AMPKα1 in macrophages promotes a proinflammatory state in these transgenic 

mice.   

 

ABCA1 expression is increased in macrophages from macrophage-specific CA-

AMPKα1 mice  

The primary data we collected from the macrophage-specific CA- or DN-

AMPKα1 transgenic mice clearly suggested an import role of macrophage-expressed 

AMPK in the control of body weight growth and inflammatory cytokine productions.  

Unfortunately, the F2 offspring of macrophage-specific DN-AMPKα1 mice lost the  
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Figure 6. Macrophage-specific DN-AMPKα1 mice are inflammation-prone compared to 

WT and CA-AMPKα1 mice.  Bone marrow derived macrophages (BMDM) generated 

from macrophage-specific CA- or DN-AMPKα1 and wild type (WT) control mice were 

incubated with LPS (10, 50, 100 ng) overnight.  Supernatants were collected for ELISA 

analysis of inflammatory cytokine production.  Data shown are mean ± SEM of triplicate 

determinations.     
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spontaneous obese phenotype after the animals were transferred from the animal care 

facility in Baxter Research Center, University of Louisville to the animal care facility in 

Medical Dental Research (MDR) building, University of Louisville.  Additionally, in the 

process of crossbreeding between the macrophage-specific CA- or DN-AMPKα1 with 

LDLR-/-mice, the F1 offspring of these mice had lost the constitutively active or 

dominant negative expression of AMPKα1 activity in the macrophages isolated from 

bone marrow, peritoneal, and spleen.  We then put the macrophage-specific CA- or DN-

AMPKα1 and WT mice on a diet with 60% cal fat to test if the diet induced differential 

obesity development between the different genotypes of mice.  The body weights of these 

mice were measured every two days and were shown in Fig. 7A.  The organs and fat 

tissue were harvested from these mice and weighed between 70-80 days of HFD 

treatment (Table. 2).  Fat associated macrophages (FAM) were isolated from the fat 

tissue and were subjected to RT-PCR analysis of ABCA1 expression.   ABCA1 belongs 

to the family of ATP-binding cassette (ABC) transporters, and enhances cholesterol 

trafficking in macrophages and prevent atherosclerosis development (154, 174).  Deletion 

of ABCA1 in macrophages enhances atherosclerosis in mice (175).  Although the 

differences of the diet-induced obesity degree were not dramatically apparent as the 

spontaneous obese phenotype we observed in the macrophage-specific DN-AMPKα1 F1 

offspring (Fig. 5 and 7A), the macrophage-specific DN-AMPKα1 mice fed on HFD still 

possess higher fat tissue distribution all over the body compared to the macrophage-

specific CA-AMPKα1 and WT mice (Table. 2).  Interestingly, the FAM isolated from 

macrophage-specific CA-AMPKα1 fed on HFD expressed significantly elevated ABCA1 

(Fig. 7B), indicating increased cholesterol efflux in these macrophages.  A consistent  
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 Figure 7. ABCA1 expression is increased in CA-AMPKα1 mice.  Macrophage-specific 

CA-AMPKα1 and DN-AMPKα1 transgenic mice with C56BL/6J control mice were 

placed on the diet for 80 days.  (A), Whole body weights of individual mice were 

assessed every two days.  Average body weight was shown as line histogram (n=10).  (B), 

Fat tissue was isolated from different parts of the body and weighed (weight shown in 

Table 2) before FAM isolation.  FAM were isolated from the fat tissue from these mice 

and were subjected to RT-PCR analysis of ABCA1 expression.  ABCA1 mRNA 

expression level was normalized to β-actin.  Data shown are mean ± SD of triplicate 

determinations.   
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Table 2. Fat tissue weight chart of the macrophage-specific CA- or DN-AMPKα1 and 

WT mice fed on HFD. 
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atheroprotective role of AMPK was observed in the subsequent mechanistic studies.   

 

AMPK enhances atheroprotective gene expression induced by IL-10 in macrophages 

While the unstable phenotype of the macrophage-specific CA- or DN-AMPKα1 

transgenic mice slowed down our research with the atherosclerosis disease model, in the 

meantime we found an interesting role of AMPK in regulating atherosclerosis-related 

signaling pathways in macrophages.   IL-10 is an important antiinflammatory/ 

atheroprotective cytokine regulating macrophage antiatherogenic functions in the way of 

promoting cholesterol trafficking via induction of PPARγ-mediated expression of 

atheroprotective genes such as ABCA1, apoE, and LXRα, thereby inhibiting 

proinflammatory gene expression (132).  Other  IL-10-induced genes include the 

antiinflammatory proteins such as SOCS family members which serve as effective 

counter-regulators to inflammatory TLR and cytokine stimuli, as well as Arg1, TGFβ and 

IL-10 itself (176).  IL-10 is also a potent activator of AMPK in macrophages (14).  To 

assess the role of AMPK in the regulation of macrophage functions in atherosclerosis, we 

examined expression of a panel of genes induced by IL-10 treatment at different time 

points post-stimulation (30 min - 18 h) in BMDM generated from AMPKα1+/+ and 

AMPKα1-/- mice.  As shown in Fig. 8, as expected, IL-10 stimulation increased mRNA 

expression of genes encoding apoE, SOCS1, SOCS3, LXRα, ABCA1, IL-10 and TGFβ 

in AMPKα1+/+ macrophages to varying degrees (1.2 to ~ 10-fold, peak expression time 

point is shown for each gene).  However, in AMPKα1-/- macrophages, 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 IL-10 and TGFβ mRNA expression in  
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Figure 8. AMPK enhances atheroprotective gene expression induced by IL-10 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).  Data shown are the mean ± SD of triplicate 

determinations.     
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AMPKα1+/+ macrophages was modest (1.3 and 1.2 –fold respectively), however, 

interestingly, levels of expression in AMPKα1-/- macrophages were below the baseline 

levels of AMPKα1+/+.  We also noted that macrophage-derived MMP-9, which belongs 

to a family of protease-activated enzymes that can degrade various types of ECM 

proteins that has critical macrophage-mediated roles in atherosclerosis (177), was 

upregulated by IL-10 only in AMPKα1-/- macrophages, suggesting a counter-regulatory 

role of AMPK in MMP-9 expression.   

 

AMPK promotes apoE expression in macrophages  

ApoE is an important determinant of atherosclerosis and positive regulator of 

cholesterol efflux in macrophages.  Macrophages isolated from apoE-/- mice express 

markedly lower cholesterol efflux (178), and transplantation of bone marrow derived 

from apoE null mice resulted in a significant increase in atherosclerotic lesion size 

compared to controls in C57BL/6 mice (179).  Conversely, transplantation of bone 

marrow from wild-type mice into apoE-null mice slowed the progression of 

atherosclerosis (180, 181).  These researches suggest that myeloid expression of apoE is 

critical to attenuate atherosclerosis initiation and progression.  Interestingly, as is the case 

for AMPK (14), apoE has also been recognized as a regulator of macrophage functional 

plasticity that promotes an antiinflammatory phenotype (182, 183).  IL-10 and PPARγ are 

suggested responsible for apoE expression in macrophages (133, 135).  IL-10 induced 

significant increase of apoE expression in macrophages, and this effect was abrogated in 

macrophages deficient in AMPK expression (Fig. 8), suggesting that IL-10-induced apoE 

expression depends on AMPK.  
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Figure 9. AMPK promotes ApoE expression in macrophages.  (A), stable transfected 

macrophage cell line that express CA-AMPKα1 and the control empty vector were 

generated and treated with recombinant mouse (rm)-IL-10 (20 ng/ml) for 1h.  Whole cell 

lysates were collected for real-time analysis of ApoE expression.  (B), BMDM generated 

from AMPKα1+/+ and AMPKα1-/- mice were treated with rosiglitazone (2μM) for 1h.  

Whole cell lysates were collected for real-time analysis of ApoE expression.  (C), 

BMDM generated from C56BL/6J mice were transfected with AMPK siRNA and control 

non-targeting siRNA.  24h post transfection, 20ng/ml rm-IL-10 or 2μM rosiglitazone 

were added into the cell culture for 1h stimulation.  Cell lysates were analyzed by real-
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time PCR for ApoE expression.  ApoE mRNA expression levels were normalized to β-

actin.  Data shown are mean ± SD of triplicate determinations.  All the data are from one 

representative experiment out of two independent experiments with similar results.   
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This AMPK dependency was further investigated in macrophage cell line that 

expresses CA-AMPKα1 stimulated with IL-10 and with the use of a PPARγ agonist, 

rosiglitazone.  As shown in Fig. 9A, CA-AMPKα1 macrophages express remarkably 

elevated apoE (~60-fold) at both basal levels and with IL-10 stimulation compared to the 

control cell line.  Similar to IL-10 stimulation, treatment with rosiglitazone resulted in 

increased apoE mRNA transcription about 2-fold 1h post stimulation, and this effect was 

abrogated in AMPKα1-/- macrophages (Fig. 9B).  Likewise, silencing of AMPK 

expression with siRNA transfection led to inability for both IL-10 and rosiglitazone to 

induce apoE expression.  These data support a critical role of AMPK in mediating apoE 

expression in macrophages, and this AMPK-dependency may contribute greatly in the 

regulation of macrophage function in inflammatory responses as well as cholesterol 

trafficking that both play important roles in atherosclerosis.   

 

Relationship between PPARγ and AMPK in macrophages  

In our hypothesis, a mechanistic link between FABP/PPARγ/IL-10/AMPK is 

suggested as the underlying mechanism of AMPK regulation of macrophage 

atherosclerosis-related functions.  To test this hypothesis, a variety of PPARγ agonists 

including 13-HODE, 15dPGJ2, rosiglitazone and antagonist such as GW9662 was used 

to activate or block PPARγ activity and the effect on AMPK expression and activation 

was evaluated.  PPARγ expression was sufficiently silenced by 24h siRNA transfection in 

Fig. 10A, whereas AMPK expression was not affected by this treatment, indicating that 

PPARγ expression itself does not affect AMPK expression.  However, inhibition of 

PPARγ activity by 24h co-treatment with PPARγ antagonist GW9662 and LPS repressed  
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Figure 10. PPARγ activity positively regulates AMPK.  (A), BMDM generated from 

C56BL/6J mice were transfected with PPARγ siRNA or control non-targeting siRNA.  

Whole cell lysates were collected 24h post transfection for real-time analysis of PPARγ 

and AMPKα1 expression.  (B), BMDM generated from C56BL/6J mice were treated with 

LPS (100ng/ml) alone, or LPS (100ng/ml) with GW9662 (2μM) for 24 h.  Cell lysates 

were analyzed by real-time PCR for AMPKα1 expression.  (C), BMDM generated from 

C56BL/6J mice were treated with LPS (100ng/ml) alone, or LPS (100ng/ml) with 

GW9662 (2μM) for 12 h.  Cell lysates were analyzed by Western blot for AMPKα-

Thr172 phosphorylation.  (Continued on next page…) 
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Figure 10, continued.  (D), BMDM generated from C56BL/6J  mice were treated with 

15dPGJ2 (3μM). Whole cell lysates were collected at 0, 10’, 30’, 1h, 6h post stimulation 

respectively for Western blot assessment of AMPKα-Thr172 phosphorylation.  (A and B), 

gene mRNA expression levels were normalized to β-actin.  Data shown are mean ± SD of 

triplicate determinations.  (C and D), AMPK activation level was analyzed by 

densitometry and displayed as bar histogram.  The results shown are representative of 

two or more independent experiments. 
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the expression of AMPKα1 mRNA and this reduction of expression was about 80-fold 

higher than LPS alone group (Fig. 10B), indicating that inhibition of PPARγ activity led 

to reduced AMPK expression in macrophages.  This finding is supported by Western blot 

analysis of AMPK activity in macrophages treated with GW9662 and/or LPS.  12h 

treatment of LPS resulted a reduction of AMPK activation (Fig. 10C), this result is 

consistent with the data we showed prevously (14).  Compared to the LPS treated group, 

treatment with GW9662 resulted more potent inhibition on AMPK activation and the 

cobination of LPS and GW9662 completely abrogated AMPK activation (Fig. 10C).  

Conversely,  1-6 h treatment of PPARγ agonist 15dPGJ2 resulted AMPK activation in 

macrophages (Fig. 10D).  These data supported our hypothesis that elevated PPARγ 

activity results in increased AMPK activity in macrophages.   

We noticed that the PPARγ agonist 15dPGJ2 activates AMPK at a relatively late 

time point (6h).  This late activation implicates an indirect regulation of AMPK activity 

mediated by PPARγ inducible gene expression.  Because PPARγ promotes IL-10 

expression and IL-10 activates AMPK (14, 158), IL-10 is likely the intermediate factor 

that links PPARγ and AMPK activity.  To verify the role of IL-10 in this PPARγ/AMPK 

regulation, we used a neutralization antibody to block endogenous IL-10 signaling.  

Before use, the efficacy of this antibody was demonstrated by examination of IL-10-

induced signal transducer and activator of transcription 3 (STAT3) activation with anti-

IL-10 pretreatment.  IL-10 induces rapid STAT3 activation in macrophages (184).  1h 

pretreatment with anti-IL-10 antibody at concentration of 50-150 ng/ml efficiently 

blocked IL-10 activation of STAT3 (Fig. 11A).  Like 15dPGJ2, stimulation with PPARγ 

agonist 13-HODE induced AMPK activation at 6 h time point, and pretreatment with  
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Figure 11. PPARγ agonists induce AMPK activation and require IL-10 expression.  (A), 

BMDM generated from C56BL/6J mice were treated with anti-IL-10 neutralization 

antibody (50, 100, 150 ng/ml) 1h pre-incubation, then exposed to rm-IL-10 (20ng/ml) 

stimulation for 1h.  Cell lysates were analyzed by Western blot for STAT3-Tyr705 

phosphorylation.  (B), BMDM generated from C56BL/6J mice were treated with anti-IL-

10 neutralization antibody (100 ng/ml) 1h pre-incubation, then exposed to 13-HODE 

(10μM) for indicated time.  Cell lysates were analyzed by Western blot for AMPK-

Thr172 phosphorylation.  (C), BMDM generated from C56BL/6J mice were treated with 

anti-IL-10 neutralization antibody (100 ng/ml) 1h pre-incubation, then exposed to 

rosiglitazone (2μM) for indicated time.  (Continued on next page…) 
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Figure 11, continued.  Cell lysates were analyzed by Western blot for AMPK-Thr172 and 

ACC-Ser79 phosphorylation.  (D), BMDM generated from C56BL/6J mice were treated 

with GW9662 (2μM) for1h pre-incubation, then exposed to rosiglitazone (2μM) for the 

indicated times.  Cell lysates were analyzed by Western blot for AMPK-Thr172 

phosphorylation.  Protein activation levels were analyzed by densitometry and displayed 

as bar histogram.  The results shown are representative of two or more independent 

experiments. 
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anti-IL-10 neutralization antibody abolished this effect (Fig. 11B).  A similar effect was 

also seen upon stimulation with another PPARγ agonist, rosiglitazone, without or with 

IL-10 neutralization (Fig. 11C).  Interestingly unlike 15dPGJ2 induced AMPK activation, 

an early activation of AMPK between 10 min to 1 h was observed with stimulation by 

13-HODE or rosiglitazone (Fig. 11B and C).  To test if this early activation of AMPK by 

PPARγ agonists was mediated by PPARγ activity, we pretreated BMDM with GW9662 

to block PPARγ activity followed by stimulation with rosiglitazone.  The early AMPK 

activation stimulated by rosiglitazone was not affected by GW9662 pretreatment (Fig. 

11D), suggesting this early AMPK activation by PPARγ agonist is independent of 

PPARγ activity.  These data demonstrated that PPARγ activity positively regulates 

AMPK activity in macrophages, and this regulation requires IL-10 signaling. 

An interesting result was observed during the research of PPARγ/AMPK 

relationship.  We noticed that silencing of AMPK expression by siRNA also suppressed 

PPARγ expression (Fig. 12A), in contrast to the observation that PPARγ siRNA 

treatment did not affect AMPK expression (Fig. 10A), and suggested a positive 

regulation of PPARγ expression by AMPK.  This conclusion is supported by the data we 

collected from the CA-AMPKα1 macrophage cell line, which showed an elevated PPARγ 

expression at both baseline and IL-10 stimulated level (Fig. 12B).   

Our data showing that PPARγ activity positively regulates AMPK activation via 

IL-10 production, and AMPK in turn, regulates PPARγ expression, indicated that there is 

a co-dependent relationship between PPARγ and AMPK in macrophages. 
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Figure 12. AMPK positively regulates PPARγ expression.  (A), BMDM generated from 

C56BL/6J mice were transfected with AMPK siRNA and control non-targeting siRNA.  

Whole cell lysates were collected 24h post transfection for real-time analysis of PPARγ 

and AMPKα1 expression.  (B), CA-AMPKα1 and the control macrophage cell line were 

treated with rm-IL-10 (20ng/ml) for 1 h.  Whole cell lysates were collected for real-time 

analysis of PPARγ expression.  Data shown are mean ± SD of triplicate determinations. 

All the data are one representative experiment out of two independent experiments with 

similar results.  
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DISCUSSION 

 

Macrophages are key players in atherosclerosis.  They perform a variety of 

regulatory functions including lipid trafficking, energy homeostasis, and inflammatory 

responses that are closely related to every step of atherogenesis from lesion formation to 

plaque destabilization.  The physiological microenvironment within atherosclerosis lesion 

contains diverse factors with opposing influences of inflammation properties, such as 

IFNγ or IL-10, that have the potential to promote macrophage functional adapt towards 

either atherogenic or antiatherogenic directions, respectively.  Our research has 

established a key regulatory role of AMPK in macrophage inflammatory functions (14).  

Antiinflammatory stimulation with IL-10 activates AMPK, thus turns on the signaling 

events that eventually lead to suppression of NF-κB mediated proinflammatory cytokine 

productions while enhancing IL-10 production.  

The primary data we collected from the macrophage-specific CA-AMPKα1 and  

DN-AMPKα1 transgenic mice provided valuable evidence to support a counter 

regulatory role of macrophage expressed AMPK in the development of metabolic 

syndromes including obesity and atherosclerosis.  Transgenic mice that expressed a 

dominant negative form of AMPK specifically in their macrophages had more inflamed 

macrophages and were more susceptible to obesity, even without intake of excessive 

dietary fat (Fig. 5 and 6).   On a HFD, these mice developed excessive fat all over the 

body while in the contrast the transgenic mice that expressed macrophage-specific CA-
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AMPKα1 showed much higher levels of ABCA1, indicating accelerated cholesterol 

trafficking in their fat associated macrophages (Fig. 7).  Although the instability of the 

phenotypes of these transgenic mice caused an unexpected gap for this research, a 

mechanism demonstrating a co-dependent relationship between PPARγ and AMPK in 

macrophages provided futher evidence to support the beneficial role of AMPK in 

atherosclerosis (Fig. 10-12).   

 

More importantly, a requirement of AMPK for the potent antiinflammatory/ 

antiatherogenic cytokine IL-10 to induce atheroprotective gene expression including 

ABCA1, apoE, LXRα, and IL-10 itself, was discovered.  This discovery is important due 

to the broad-reaching significance of IL-10 in maintaining immune homeostasis, and in 

the regulation in many inflammatory diseases including obesity, atherosclerosis, 

autoimmune disease, and cancer.  The investigation of the role of AMPK in IL-10 

mediated signaling events that eventually led to genetic modification of macrophage 

functions may provide valuable insights into therapies of a broad range of inflammatory 

diseases including atherosclerosis as well as the understanding of IL-10’s suppressive 

functions to maintain immune homeostasis in the body.  Experiments were then carefully 

designed for this purpose, and the results are shown and discussed in the next chapter.   
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CHAPTER 3 

 

    AMPK REGULATES IL-10-MEDIATED ANTIINFLAMMATORY SIGNALING 

PATHWAYS IN MACROPHAGES 

  

INTRODUCTION 

 

In the process of investigating of the regulatory mechanisms of AMPK in 

macrophage functional polarization in atherosclerosis, we found that AMPK is essential 

for IL-10-induced expression of genes including these encoding apoE and suppressor of 

cytokine signaling 3 (SOCS3) (Fig. 8).  In addition to AMPK (14), ApoE is also 

recognized as a regulator of macrophage plasticity that promotes antiinflammatory 

phenotype (182, 183).   SOCS3 is an established inhibitory protein rapidly induced by IL-

10, and potently inhibits inflammatory responses in many cell types including 

macrophages (185, 186).  Our discovery of a requirement of AMPK for IL-10-mediated 

gene expression led us to re-focus efforts on the role of AMPK in IL-10 signal 

transduction.  In doing so, an essential role of AMPK in IL-10-mediated 

antiinflammatory signaling and function was evident by data demonstrating a 

requirement of AMPK in IL-10 activation of the PI3K/Akt/mTOR and STAT3/SOCS3 

pathways.  The important role of AMPK in maintaining energy homeostasis has been 
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well studied in non-immune cells such as endothelial cells and SMCs.  Recent studies 

revealed the importance of leukocyte AMPK in the immune suppression of inflammation 

in health and disease (187).  This study of AMPK regulation of IL-10-mediated 

antiinflammatory signaling pathways and functions in macrophages is an important 

addition to the understanding of AMPK biological functions and the underlie 

mechanisms of the suppressive immune surveillance, therefore provides the fundamental 

molecular mechanisms for the treatment of inflammation-associated diseases including 

atherosclerosis. 

 

AMPK signaling 

The role of AMPK in mediating metabolic pathways in the body is well studied.  

Recent work has also established an association of AMPK activity with inflammatory 

potential in leukocytes (11, 13-15, 111).   For example, 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 (14).  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 (14).  

Likewise, TLR activation by LPS in DCs induced decreased AMPK activation and this 

effect was accompanied by increased cellular glucose consumption (110).  We 

demonstrated recently that AMPK deficiency in DC results in a heightened inflammatory 

response to CD40 stimulation, resulting in an increased capacity to induce Th1 and Th17 

differentiation during antigen presentation (15).  AMPKα1 activity was also found to be 
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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 (13).  

In addition to the discovery of upstream regulators including LKB1, CaMKKβ, and Tak1 

kinase (42), identified mechanisms of AMPK-induced suppression of inflammatory 

signaling in macrophages include activation of inhibitory PI3K-mediated pathways (14) 

and enhancement of SIRT1 activity and expression leading to NF-κB deacetylation (109).   

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 (11).  

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 (14) suggests that AMPK serves as an immediate upstream 

signaling molecule in antiinflammatory pathways.   

 

IL-10 signaling  

IL-10 is a potent immunosuppressive cytokine that systemically limits excessive 

inflammation and controls inflammatory disease progression (160, 161).  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 (166, 188, 189).  However, the signaling 
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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 and JAK/ STAT3 pathways (184, 190). 

 

IL-10 activates PI3K/Akt pathway  

IL-10 is reported to promote PI3K/Akt activation.  Pharmaceutical inhibition of 

PI3K in macrophages impairs IL-10-induced gene expression, as well as IL-10-mediated 

suppression of LPS-induced proinflammatory gene expression and this effect is reversed 

by the expression of a constitutively active Akt (190).  Although PI3K and Akt activity 

can be induced by IL-10 stimulation in pro-myeloid cells (191), 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 (192-194).  It associates with the catalytic subunit p110 

and coordinates unique PI3K kinase functions such as the induction of cell cycle arrest 

(195, 196) and prevention of xenograft tumor growth (197).  Physiological stimulation 

such as IL-10 induces phosphorylation of the regulatory subunit of PI3K and results in 

PI3K activation.  Once activated, PI3K converts PtdIns(3,4)P2 (PIP2) into PtIns(3,4,5)P3 

(PIP3), and promotes the accumulation of PIP3 on plasma membrane, which leads to 

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

plasma membrane where PDK1 phosphorylates Akt directly on Thr308 (198-200).  In 

contrast, phosphatase and tensin homologue deleted on chromosome ten (PTEN) reverses 

PI3K action by catalyzing dephosphorylation of PIP3 and convert PIP3 into PIP2 (201).  
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Phosphorylation on three phosphorylation sites, serine-380, threonine-382 and -383 

(Ser380/Thr382/383) maintains PTEN at a more stable state of expression (202).  PDK1 

is constitutively active in cells with different sites phosphorylated in the absence of 

stimulation, yet so far only serine-241 (Ser241) is proved to be essential for PDK 

function (199, 203).  Phosphorylation of both Thr308 in the activation loop and Ser473 in 

the kinase tail enhances the activation of Akt (198).   

 

Activation of Akt promotes mTORC1 and GSK3β/CREB activation 

Activation of Akt mediates many downstream biological events including the 

direct activation of mammalian target of rapamycin (mTORC1) (204).   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 

(205).  IL-10 prevents LPS-induced proinflammatory gene expression by the inhibition of 

NF-κB activation (206) via the PI3K/Akt/GSK3β pathway (190).  Phosphorylation/ 

inactivation of glycogen synthase kinase-3 β (GSK3β) promotes the competitive binding 

of the nuclear coactivator CBP to cAMP response element-binding protein (CREB), 

therefore negatively regulates NF-κB activity (207).  Interestingly, an inhibitory role of 

AMPK was observed in IκB degradation and NF-κB activation, and CA-AMPKα1 

macrophages express increased CREB activation in response to LPS stimulation (14).   

 

IL-10 activates JAK/STAT3/SOCS3 pathway  

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

macrophages remains unclear, the direct association of IL-10R with Janus family of 
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tyrosine kinases (JAKs) and the subsequent phosphorylation/activation of STAT3 and 

STAT3-directed expression of SOCS3 is well-established (184, 208-211).  In addition to 

the tyrosine phosphorylation events in this pathway, 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 (212-214).  Interestingly, 

mTORC1 was reported to mediate STAT3 serine phosphorylation in different cell types 

and data suggests that this serine phosphorylation is required for optimal activation of 

STAT3 (215-218).  Following STAT3 activation, the rapid expression of SOCS3 protein 

potently suppresses TLR inflammation in different cell types including macrophages 

(185, 219, 220).  The mTORC1 protein complex is shown to negatively regulate innate 

inflammatory responses in myeloid immune cells (221, 222) and, in contrast to non-

immune cells in which AMPK typically inhibits mTORC1 (223), evidence suggests that 

AMPK activity positively regulates mTORC1 activity in macrophages (224).    

 

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, 

PI3K/Akt/CREB and JAK/STAT3/SOCS3 signaling pathways to contribute to IL-10-

mediated polarization of macrophages to an antiinflammatory phenotype.   
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MATERIAL AND METHODS 

 

Reagents 

Recombinant mouse IL-10 was purchased from R&D Systems.  LY294002, JAK 

inhibitor I, and rapamycin were purchased from Calbiochem (EMD Millipore) and STO-

609 was purchased from Tocris Biosciences.  The Jak inhibitors AG490 and CP-690, 550 

were purchased from LC Laboratories Ltd.  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-GSK3β 

(Ser9), anti-GSK3β, anti-phospho-CREB (Ser133), anti-CREB, 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 (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 (170).  

C57BL/6J mice were purchased from the Jackson Laboratory.  C57BL/6J mice,  
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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 (171).  BMDM were maintained in incubators set to 37°C 

and 5% CO2.  For stimuli/reagents used in individual experiments, BMDM were 

harvested into a 24-well cell culture plate and rested overnight in RPMI medium 

supplemented with 5% FBS, 10 mM HEPES Buffer (Sigma), and 10 μg/ml gentamycin 

(Atlanta Biologicals) (referred as R5 medium) prior to stimulus.  The cells were quickly 

rinsed with pre-warmed DPBS supplemented with 2% FBS before lyse.  

 

Western blot analysis 

Whole 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 

HALTTM 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% Criterion gels (Bio-Rad) by SDS-PAGE.  Medium and high molecular 

weight proteins (55-289KDa) were transferred to nitrocellulose membranes using a 

Trans-Blot® TurboTM Nitrocellulose Transfer Pack and Trans-Blot®TurboTM 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 
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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.  

 

Real-time RT-PCR analysis 

mMACsTM One-step cDNA Kit (Miltenyi Biotech) were 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).  All the gene mRNA expression levels (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 (172).   

 

ELISA 

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

and assayed by ELISA using OptEIATM 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 < 0.050 considered statistically significant. 
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RESULTS 

 

IL-10 activates AMPK on a time dependent manner 

Our previous research demonstrated a time-dependent activation of AMPK by 

antiinflammatory factors, including IL-10, in macrophages generated from wild-type 

mice (14).  The influence of IL-10 stimulation on AMPK activation was tested with 

macrophages generated from both AMPKα1+/+ and AMPKα1-/- mice (Fig. 13).  IL-10 

stimulation induced rapid AMPK activation in AMPKα1+/+ macrophages within 5 min, 

as confirmed by both phosphorylation on AMPKα and ACC (Fig. 13A), and this 

activation persisted as long as the IL-10 stimulation up to > 8 h (Fig. 13B).  Both 

phosphorylated- and total- AMPK expression were wiped out in AMPKα1-/- mice (Fig. 

13 A and B).  This result revealed a potent role of IL-10 in AMPK activation in 

macrophages and confirmed the deficient expression of AMPK in AMPKα1-/- mice, 

which provides a good tool for the studies to investigate the role of AMPK in IL-10 

signaling transduction.    

 

AMPK is required for IL-10 activation of PI3K/Akt pathway 

The data shown in Figure 8 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 

(225).  We investigated the means by which AMPK signaling contributes to this aspect of 
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Figure 13. IL-10 activates AMPK in a time-dependent manner.  BMDM generated from 

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

points indicated.  Cell lysates were analyzed by Western blot for (A), AMPKα-Thr172 

and ACC-Ser79 phosphorylation and (B), AMPKα-Thr172 phosphorylation.  The results 

shown are representative of more than four independent experiments. 
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IL-10 function.  IL-10 is reported to activate the PI3K/Akt pathway in macrophages (190, 

191), however direct phosphorylation of PI3K in macrophages through IL-10 stimulation 

has not been shown.  With BMDM generated from AMPKα1+/+ mice, we demonstrated 

that IL-10 stimulation induced rapid AMPK activation, as indicated by elevated 

phosphorylation of AMPKα-Thr172 residue and phosphorylation of ACC-Ser79 residue 

within 5 minutes (Fig. 13A).  This effect was accompanied by more than 2 fold increase 

of the phosphorylation level of the PI3K p55 regulatory subunit within 15 minutes (Fig. 

14A).  IL-10 induced PI3K activation was not apparent in AMPKα1-/- BMDM (Fig. 

14A).  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.  Moreover, elevated PI3K p55 

phosphorylation level was observed in CA-AMPKα1 macrophage cell line at both 

baseline and IL-10 stimulated levels compared to the control macrophages (Fig. 14B).  

We failed to detect phosphorylated PI3K p85 in both AMPKα1+/+ and AMPKα1-/- 

BMDM and the transfected macrophage cell lines in repeated experiments, indicating a 

novel role of IL-10-induced AMPK in the activation of the PI3K p55 regulatory subunit, 

specifically.   

 The data in Figure 14 suggested that IL-10 induces transient PI3K activation.  The 

expression of AMPK is required for this effect, and constitutively active AMPK enhances 

this effect.  To test if AMPK is upstream of PI3K activation in IL-10 signal transduction, 

we pretreated macrophages generated from C57BL/6J mice with the PI3K inhibitor 

LY294002, then stimulated the cells with IL-10.  Cell lysates were collected at both early 

and late time points (5 min-18 h) for Western blot analysis of both p-Akt and p-AMPK  
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Figure 14. AMPK positively regulates IL-10-induced PI3K activation.  (A), BMDM 

generated from AMPKα1+/+ and AMPKα1-/- mice were treated with rm-IL-10 (20 

ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for p-

PI3K p55 (Tyr199), t-PI3K p55, and t-PI3K p85 expression.  (B), CA-AMPKα1 and the 

control macrophage cell line were treated with rm-IL-10 (20ng/ml) for indicated time.  

Cell lysates were analyzed by Western blot for PI3K p55-Tyr199 phosphorylation.  PI3K 

activation/ phosphorylation levels were analyzed by densitometry and displayed as bar 

histogram.  The results shown are representative of two or more independent 

experiments. 
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Figure 15. PI3K inhibitor LY294002 does not block IL-10-induced AMPK activation. 

BMDM generated from C56BL/6J mice were treated with LY294002 (20mM) for 1h pre-

incubation, then exposed to rm-IL-10 (20ng/ml) stimulation for indicated time.  Cell 

lysates were analyzed by Western blot for (A), Akt-Ser473 and Akt-Thr308 

phosphorylation (upper panel), AMPK-Thr172 phosphorylation (lower panel), and (B), 

Akt-Ser473 phosphorylation (upper panel), AMPK-Thr172 phosphorylation (lower 

panel).  (Continued on next page…)   
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Figure 15, continued.  Activation level of proteins were analyzed by densitometry and 

displayed as bar histogram.  The results shown are representative of three independent 

experiments.  
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levels.  Akt is a downstream target for PI3K phosphorylation and its phosphorylation/ 

activation was used as an indicator of PI3K inhibition by LY294002.  As showed in Fig. 

15A, upper panels, pretreatment with LY294002 completely blocked IL-10-induced Akt 

phosphorylation of both serine and threonine residues, and this was evident throughout a 

5’-18h time period  (Fig. 15B, upper panels).  LY294002 pretreatment resulted in a slight 

impairment of early phosphorylation of AMPK induced by IL-10 stimulation but 

phosphorylation returned to control levels after 30 min, and was higher in the LY294002 

pretreated macrophages at the later time points (Fig. 15, lower panels). LY294002 is 

capable of suppressing calcium entry into the cells independent of its inhibition on PI3K 

activity (226, 227) thus the early inhibition of AMPK by LY294002 may due to 

LY294002 inhibition of Ca2+ influx leading to the inhibition of the AMPK upstream 

regulator CaM-KKβ (54).  These results demonstrate that IL-10 activation of AMPKα1 is 

upstream of PI3K/Akt signaling in macrophages.   

 

 Akt activation is a mutiple-step process that is mediated by several up-stream 

signaling proteins including PI3K, PTEN, and PDKs.  PTEN is a phosphatase that 

counters PI3K phosphorylation of PIP2, therefore negatively regulates Akt activation. 

CA- or DN- AMPKα1 macrophages cell lines stimulated with IL-10 indicated a negative 

role of AMPK in PTEN phosphorylation/expression, as demonstrated in Figure 16: the 

phosphorylated/activated AMPKα1 is constitutively expressed in CA- AMPKα1 

macrophages, whereas in these macrophages the expression of both phosphorylated and 

total level of PTEN is decreased (Fig. 16A).  However PTEN phosphorylation and 

expression were unaffected in either DN-AMPKα1 macrophages or primary macrophages 



 
 

79 

 

 

 

 

 

 

Figure 16. AMPK negatively regulates PTEN activity in response to IL-10.  (A), CA-

AMPKα1, DN-AMPKα1, and the control macrophage cell line were treated with rm-IL-

10 (20ng/ml) for indicated time.  Cell lysates were analyzed by Western blot for AMPKα-

Thr172 and PTEN-Ser380/Thr382/383 phosphorylation.  (B), BMDM generated from 

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

points indicated.  Cell lysates were analyzed by Western blot for PTEN-

Ser380/Thr382/383 phosphorylation.  The results shown are representative of two or 

more independent experiments. 
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isolated from AMPKα1-/- bone marrow (Fig. 16 A and B).  These results suggest that in 

macrophages, AMPK activity is not necessary for PTEN phosphorylation or expression, 

but increased AMPK activity enhances the suppression of PTEN activity, thereby 

favoring the conversion from PIP2 to PIP3 and thus promoting the co-localization of 

PDK1 and Akt.   

 

 The data in Figure 15 showed that IL-10 stimulation induced Akt activation in 

AMPKα1+/+ macrophages, suggesting that Akt is a part of IL-10-mediated signaling 

pathways.  The fact that inhibition of PI3K activity abrogated Akt activation indicated 

that IL-10 induced Akt activation depends on PI3K activity (Fig. 15).  These results also 

suggest that PDK1 may also be a part of the IL-10-induced activation of PI3K/Akt 

pathway.  To test if PDK1 is also regulated by AMPK activity, we generated macrophages 

from AMPKα1+/+ and AMPKα1-/- mice and stimulated the cells with IL-10.  Although 

the phosphorylation of PDK1-Ser241 site is constitutively active, stimulation with IL-10 

still induced a slight increase of p-PDK1-Ser241 in AMPKα1+/+ macrophages where as 

this effect was not observed in AMPKα1-/- macrophages (Fig. 17).  Interestingly, like the 

total-PI3K p55 level (Fig. 14A), the overall total-PDK1 expression level was also 

reduced in AMPKα1-/- macrophages (Fig. 17).  This result suggested that AMPK 

expression in macrophages has a positive effect in the maintenance of PDK1 activity and 

expression.   

 

 The data in Figures 14-17 have suggested a positive role of AMPK in the 

regulation of Akt upstream protein kinases in response to IL-10 stimulation in  
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Figure 17. AMPK positively regulates PDK1 activity in response to IL-10.  BMDM 

generated from AMPKα1+/+ and AMPKα1-/- mice were treated with rm-IL-10 (20 

ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for 

PDK1-Ser241 phosphorylation.  PDK1 activation level was analyzed by densitometry 

and displayed as bar histogram.  The results shown are representative of two independent 

experiments. 
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Figure 18. AMPK is required for IL-10-induced Akt activation.  BMDM generated from 

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

points indicated.  Cell lysates were analyzed by Western blot for p-Akt (Thr308) (upper 

panel) and p-Akt (Ser473) (lower panel) expression.  The results shown are 

representative of more than three independent experiments. 
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macrophages.  We then tested the influence of AMPK in Akt activation in IL-10 signal 

transduction.  The level of Akt phosphorylation in AMPKα1-/- macrophages was greatly 

reduced as compared with levels present in AMPKα1+/+ macrophages.  Phosphorylation 

of Thr308 was reduced ~3.5 fold (Fig. 18, upper panel) and phosphorylation of Ser473 

was reduced ~8.5 fold (Fig. 18, lower panel) indicating a significant impairment of IL-

10’s ability to activate Akt in the absence of AMPKα1 expression.   

 

Overall, results from Figure 14-18 demonstrate that IL-10 activation of AMPKα1 

is upstream of PI3K/Akt signaling in macrophages.   

 

AMPK positively regulates IL-10 activation of Akt/CREB pathway  

Activated Akt regulates numerous cellular functions including cytokine 

expression, apoptosis, and proliferation (228, 229).  The IL-10 PI3K/Akt/GSK3β 

pathway is known to mediate the IL-10 suppression of LPS-induced NF-κB inflammation 

(190, 206).  We previously reported evidence that supports a positive role of AMPK in 

the regulation of the LPS-induced GSK3β/CREB pathway in macrophages (14).  Based 

on these studies and the data supporting positive AMPK regulation of PI3K/Akt pathway, 

the role of AMPK in the regulation of IL-10-mediated GSK3β/CREB pathway was 

tested.  The level of GSK3β phosphorylation remains intact in IL-10 stimulated 

macrophages in repeated experiments (Fig. 19A).  Interestingly IL-10 stimulation 

induced robust CREB-Ser133 phosphorylation despite the unresponsiveness of GSK3β 

phosphorylation to IL-10.  IL-10 induced CREB activation was abrogated in DN-

AMPKα1 macrophages but was increased in CA-AMPKα1 macrophages (Fig. 19B).  
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Figure 19. AMPK positively regulates IL-10 activation of GSK3β/CREB pathway.  (A), 

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

(20 ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for 

p-GSK3β (Ser9) and t-GSK3β expression.  (B), CA-AMPKα1, DN-AMPKα1, and the 

control pcDNA-Zeo macrophage cell line were treated with rm-IL-10 (20ng/ml) for the 

indicated times.  Cell lysates were analyzed by Western blot for CREB-Ser133 

phosphorylation.  CREB activation level was analyzed by densitometry and displayed as 

bar histogram.  The results shown are representative of two or more independent 

experiments. 
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This pattern demonstrates that in response to IL-10 stimulation, activated AMPK 

promotes Akt activation that leads to enhancement of CREB activity.  

 

AMPK positively regulates IL-10 activation of mTORC1/S6K pathway 

Activity of the kinase complex mTORC1 is promoted by Akt phosphorylation of 

mTOR on Ser2448 (204, 230) and by Akt phosphorylation/inhibition of the mTORC1 

inhibitory protein tuberous sclerosis complex protein 2 (TSC2) (residue Thr1462 and 

Ser939) (231, 232).  On the other hand, AMPK restricts mTORC1 activity by 

phosphorylation/activation of TSC2 (residue Ser1345 and Thr1227) under conditions of 

energy stress in non-immune cells to limit energy consuming metabolic pathways (223).  

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 and treatment with AMPK inhibitor 

Compound C abolished this effect, indicating positive regulation of mTORC1 by AMPK 

(224).  Emerging evidence support a negative role of mTORC1 to regulate inflammatory 

responses in myeloid immune cells (221, 222).  Given the observed AMPK-dependent 

Akt activation in response to IL-10 stimulation (Fig. 18), the role of mTORC1 in this 

signaling pathway was evaluated.  We found that IL-10 stimulus induced phosphorylation 

of mTOR-Ser2448 in AMPKα1+/+ macrophages with a peak of ~1.5 fold increase at 30 

min post-stimulus.  However, in comparison with AMPKα1+/+ macrophages, both 

baseline and IL-10-induced levels of phospho-mTOR-Ser2448 were reduced in 

AMPKα1-/- cells (Fig. 20A).  In consistent, the CA-AMPKα1 macrophages, elevated 

AMPK activity, indicated by elevated p-ACC-Ser79 level, resulted in elevated mTOR  
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Figure 20. AMPK positively regulates IL-10 activation of mTORC1/S6K pathway.  (A),  

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

(20 ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for 

p-mTOR (Ser2448) and t-mTOR expression.  (B), CA-AMPKα1, DN-AMPKα1, and the 

control macrophage cell line were treated with rm-IL-10 (20ng/ml) for indicated time.  

Cell lysates were analyzed by Western blot for p-ACC (Ser79), t-ACC, p-mTOR 

(Ser2448), t-mTOR, and β-actin expression. (Continued on next page…)   
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Figure 20, continued.  (C and D), BMDM generated from AMPKα1+/+ and AMPKα1-/- 

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

were analyzed by Western blot for (C) p-p70 S6K (Ser371) and t-p70 S6K expression, 

and (D) p-TSC2 (Ser939), p-TSC2 (Ser1387), t-TSC2, and β-actin expression.  Protein 

phosphorylation and expression levels were analyzed by densitometry and are displayed 

as a bar histogram.  The results shown are representative of two or more independent 

experiments. 
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phosphorylation on Ser2448 (Fig. 20B).  This positive regulation of AMPK with 

mTORC1 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 in AMPKα1+/+, but not AMPKα1-/- macrophages (Fig. 20C).  

Meanwhile, there was no influence of IL-10 on the phosphorylation levels of either 

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

AMPKα1-/- BMDM (Fig. 20D).  These data suggest a positive role of AMPK in IL-10-

induced mTORC1 activation via enhancement of PI3K/Akt activity, a regulatory effect 

that is TSC2-independent in macrophages.   

 

AMPK is required for IL-10 activation of JAK/STAT3/SOCS3 pathway 

The JAK/STAT3/SOCS3 signaling cascade is an important contributor to the 

antiinflammatory activity of IL-10 (184, 210, 211).  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 with a potent 

ability to suppress TLR-mediated inflammation (185, 219, 220).  In our evaluation of the 

role of AMPK in IL-10-induced JAK/STAT3/SOCS3 pathway, ~4.5 fold increase of 

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

reduced in AMPKα1-/- BMDM (Fig. 21A).  To further address the relationship between 

IL-10 induced AMPK and JAK kinase activity, we pretreated BMDM generated from 

wild-type C57BL/6J mice with a variety of JAK kinase inhibitors (the JAK2 inhibitor  
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Figure 21. AMPK positively regulates JAKs activity in response to IL-10.  (A), BMDM 

generated from AMPKα1+/+ and AMPKα1-/- mice were treated with rm-IL-10 (20 

ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for p-

JAK1 (Tyr1022/1023) and t-JAK1 expression.  JAK1 phosphorylation and expression 

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

generated from C57BL/6 mice were incubated with either media alone, or with JAK2 

inhibitor AG490 (25 μM), or JAK3 inhibitor CP690, 550 (25 nM) for 1 h, then exposed 

to rm-IL-10 (20 ng/ml) for the time points indicated.  Cell lysates were analyzed by 

Western blot for AMPK-Thr172 phosphorylation.  The results shown are representative 

of two to four independent experiments. 
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AG490 and the JAK 3 inhibitor CP-690, 550), then stimulated the cells with IL-10.  Cell 

lysates were collected at the time points shown in Fig. 21B for Western blot analysis of 

phospho-AMPK levels.  The efficacy of the JAK kinase inhibitors was demonstrated by 

impaired JAK phosphorylation in response to IL-10 stimulation (data not shown).  As 

shown in Fig. 21B, AMPK activation by IL-10 stimulation was not affected by pre-

treatment with these inhibitors.   

 

IL-10-induced JAK1 activation is accompanied with elevated phosphorylation of 

both STAT3 Tyr705 (Fig. 22A, upper panel) and Ser727 (Fig. 22A, lower panel) in 

AMPKα1+/+ BMDM, whereas AMPKα1-deficiency completely abrogated this influence 

of IL-10.  The phosphorylation of Tyr705 occurred within 5 min whereas the 

phosphorylation of Ser727 occurred with slightly delayed onset, but both phosphorylation 

events peaked at 30 min - 1h (Fig. 22A).  This AMPK-dependent STAT3 activation by 

IL-10 is further confirmed by the utilization of the pharmaceutical inhibitor STO-609 to 

block AMPK activity.  STO-609 at concentrations between 1-10 μg/ml (2.6 - 26 μM) 

effectively blocks AMPK signaling cascades via inhibition of its upstream regulatory 

kinase CaMKKβ (233).  BMDM derived from AMPKα1+/+ 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 AMPK and STAT3 

phosphorylation.  Pre-incubation with STO-609 blocked IL-10 induced AMPKα-Thr172 

phosphorylation (Fig. 22B, upper panel) and inhibited IL-10-induced STAT3 

phosphorylation of both Tyr705 (Fig. 22B, upper panel) and Ser727 (Fig. 22B, lower 

panel).  The observation that IL-10 induced higher STAT3-Tyr705 phosphorylation in  
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Figure 22. IL-10-induced STAT3/SOCS3 activation requires AMPK activity.  BMDM 

generated from AMPKα1+/+ and AMPKα1-/- mice were treated with rm-IL-10 (20 

ng/ml) for the time points indicated.  Cell lysates were analyzed by Western blot for (A), 

STAT3-Tyr705 (upper panel) and STAT3-Ser727 (lower panel) phosphorylation, and (D, 

upper panel), SOCS3 and β-actin expression.  (Continued on next page…) 
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Figure 22, continued. (B), BMDM generated from C57BL/6 mice were incubated with 

either media alone, or with CaMKKβ inhibitor STO-609 (5 µM) for 1 h, then exposed to 

rm-IL-10 (20 ng/ml) for the time points indicated.  Cell lysates were analyzed by Western 

blot for AMPK-Thr172, STAT3-Tyr705 (upper panel) and STAT3-Ser727 (lower panel) 

phosphorylation.  (C), CA-AMPKα1, DN-AMPKα1, and the control macrophage cell 

line were treated with rm-IL-10 (20ng/ml) for indicated time.  Cell lysates were analyzed 

by Western blot for STAT3-Tyr705 phosphorylation.  STAT3 activation levels were 

analyzed by densitometry and are displayed as a bar histogram.  (D, lower panel), CA-

AMPKα1 and the control macrophage cell line were treated with rm-IL-10 (20ng/ml) for 

indicated time.  Cell lysates were analyzed by Western blot for SOCS3 and β-actin 

expression.  The results shown are representative of two or more independent 

experiments. 
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CA-AMPKα1 macrophages also supported a positive role of AMPK in promoting IL-10 

activation of STAT3 (Fig. 22C).   In our analysis of SOCS3 mRNA in response to IL-10, 

an example of which is shown in Fig. 8, 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. 22D upper panel).  Measurement of SOCS3 in CA-AMPKα1 

macrophages revealed a more stable baseline expression (Fig. 22D lower panel), 

providing the supportive evidence of AMPK positive regulation of SOCS3 stable 

expression. 

 

Data in Figures 21 and 22 suggested an essential role of AMPK in promoting IL-

10-induced activation of JAK/STAT3 pathway that leads to expression of SOCS3 protein.    

 

mTORC1 activity is required for optimal STAT3 activation  

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.  Data in 

Figures 21 and 22 provided evidence of AMPK-directed Jak1 kinase activity.  The 

mTORC1 inhibitor rapamycin was used to determine a possible role of mTORC1 in the 

IL-10-mediated serine phosphorylation of STAT3.  Pretreatment of BMDM with 

rapamycin suppressed IL-10-induced S6K phosphorylation (Fig. 23A, upper panel), 

without influencing AMPK activity (Fig. 23A, lower panel).  Rapamycin pre-treatment  
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Figure 23. Inhibition of mTORC1 activity leads to impaired STAT3 phosphorylation.  

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.  Cell lysates were analyzed by Western blot for (A) 

p70 S6K-Ser371 (upper panel) and AMPK-Thr172 (lower panel) phosphorylation and (B) 

STAT3-Ser727 (upper panel) and STAT3-Tyr705 (lower panel) phosphorylation.  

(Continued on next page…)   

 

 

 

 



 
 

95 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23, continued. 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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resulted in blockade of STAT3 Ser727 phosphorylation (Fig. 23B, upper panel), without 

effect on Tyr705 phosphorylation (Fig. 23B, lower panel).   

 

The results in Figures 20-23 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 

The STAT3/SOCS3 pathway has been shown to play a major role in IL-10 

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

constitutively active form of STAT3 mimicked IL-10 suppression of LPS-induced TNFα 

and IL-6 production in primary human macrophages (234).  In contrast, deficiency of 

STAT3 expression in murine macrophages resulted in an inability of IL-10 to inhibit LPS-

induced TNFα production (214).  In addition, it has been reported that macrophages 

derived from mice with myeloid-specific STAT3-deletion produce significantly increased 

TNFα, IL-6, and IL-12 in response to LPS stimulation, and the ability of IL-10 to limit 

LPS-induced TNFα and IL-6 production is greatly reduced in these macrophages (235).  

SOCS3 was found to be responsible for IL-10 inhibition of LPS-induced TNFα and NO 

production in macrophages (220).  Our data indicating AMPK’s role in induction of 

STAT3 activation and SOCS3 expression suggested that AMPK activity should impact 

IL-10’s suppressive influence on TLR responses in macrophages.  As shown in Fig. 6, 

stimulation with LPS (10 ng/ml) induced expression of the proinflammatory cytokines  
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Figure 24. AMPK contributes to IL-10-mediated suppression of LPS-induced TNFα (A), 

IL-6  (B) and IL-12p40 production (C).  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.  (Continued on next page…)   
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Figure 24, continued.  Total cellular lysates were collected for real-time PCR analysis 

(left panels).  The ability of IL-10 to suppress LPS-mediated responses, based on the RT-

PCR data, is depicted as % suppression (middle panels).  Supernatants were collected for 

analysis by ELISA (right panels).  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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TNFα, IL-6, and IL-12p40 in both AMPKα1+/+ and AMPKα1-/- BMDM at the mRNA 

and protein (ELISA) levels.  As we have shown previously, AMPKα1-/- BMDM 

produced higher levels of TNFα and IL-6 (14, 15) and, in addition, higher levels of IL-

12p40 (Fig. 24).   Pre-treatment with IL-10 resulted in strong suppression (~80%) of 

LPS-induced TNFα, IL-6, and IL-12p40 mRNA transcription (Fig. 24).  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. 24).    

 

Overall, our data suggest an essential role of AMPK in regulating IL-10 

suppressive signaling pathways that promotes immune suppressive functions of 

macrophages induced by IL-10 (Fig. 25).  AMPK is quickly activated by IL-10 

stimulation in macrophages.  IL-10 signaling promotes the rapid phosphorylation of 

JAK1 in an AMPK-dependent manner.  Activation of JAK1 subsequently leads to the 

phosphorylation and activation of STAT3 (Tyr 705), which 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 its p55 

subunit.  Phospho-activation of Akt rapidly follows, leading to an increase in mTORC1 

activity as 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 production. Expression of 

SOCS3 in turn suppresses TLR-activated inflammatory cytokines 

production.  Additionally, AMPK positively contributes to IL-10 induced Akt 
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downstream CREB activation that is responsible for IL-10 production that enhances 

macrophage antiinflammatory functions.   
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Figure 25. AMPK activation promotes the antiinflammatory 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. Activation of JAK1 subsequently leads to the phosphorylation and 

activation of STAT3 (Tyr 705), which 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.  Phospho-activation of Akt rapidly 

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 production. Expression of SOCS3 in turn suppresses TLR-

activated inflammatory cytokines production.  
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DISCUSSION 

 

Macrophages display profound phenotypic and functional heterogeneity due to 

their ability to adapt to the tissue microenvironment (1).  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 stimuli and in doing so can change functional phenotype (7).  

The ability of macrophages to be polarized to inflammatory and antiinflammatory states, 

e.g., via 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 (236, 237).  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 (14, 

15).   Likewise, Yang et al., reported that AMPK activity inhibited fatty acid-induced 

inflammation in macrophages in a SIRT1-dependent manner (109).   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 (14) 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 
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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 immune suppressive SOCS family proteins in an AMPK-dependent manner (Fig. 8).  

The influence of AMPKα1 on apoE expression is supported by the matching data that 

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 (Fig. 9A and 

C).  Interestingly, as is the case for AMPK (14), ApoE has been recognized as a regulator 

of macrophage plasticity that promotes an antiinflammatory “M2-like” phenotype (182, 

183).   

SOCS3 is rapidly induced by IL-10 and potently inhibits inflammatory responses 

in many cell types including macrophages (185, 186).  Our data demonstrate a 

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

mRNA (Fig. 8) and protein (Fig. 22D upper panel) level.  This positive regulatory role of 

AMPKα1 in SOCS3 expression is also supported by the elevated SOCS3 protein 

expression in constitutively active-AMPKα1 transfected macrophages as compared to 

empty-vector transfected macrophages (Fig. 22D lower panel).   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. 14) and phosphorylation of 

both Akt Thr308 and Akt Ser473 (Fig. 18).  The Akt downstream target mTORC1 was 

likewise activated as indicated by both mTOR phosphorylation and phosphorylation of 

the mTORC1 target p70 S6K (Fig. 20).  Each of these IL-10-induced phosphorylation 
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events were reduced in AMPKα1-/- BMDM as compared to BMDM derived from 

AMPKα1+/+ mice (Figs. 18 and 20).  Neither the PI3K inhibitor LY294002 nor the 

mTORC1 inhibitor rapamycin affected IL-10 induced AMPK activity (Fig. 15 and Fig. 

23), indicating an upstream regulatory role of AMPK IL-10 activation of the 

PI3K/Akt/mTOR pathway.   

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 suggested to mediate 

phosphorylation of Akt Ser473 (238, 239).  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 an as yet undescribed mechanism.    

Akt is a central mediator of many signaling cascades involved in different 

biological processes.  PI3K/Akt/GSK3β pathway is one of those cascades that take 

responsibility to IL-10 suppression of LPS-induced proinflammatory gene expression via 

the inhibition of NF-κB activation (190, 206).  Our previous research demonstrated that 

CA-AMPKα1 macrophages display elevated phosphorylation/inactivation of GSK3β 

accompanied with increased CREB phosphorylation/activation in response to LPS 

stimulation (14).  We therefore investigated if IL-10 signaling also initiates the activation 

of this pathway.  Phosphorylation level of GSK3β stayed intact in both AMPKα1+/+ and 

AMPKα1-/- BMDM in response to IL-10 stimulation (Fig. 19A), whereas IL-10 

stimulation induced diminished CREB activation in DN-AMPKα1 compared to control 

macrophages while CREB activation was elevated in CA-AMPKα1 (Fig. 19B).   Both 
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mTORC1 (221) and CREB (240) are suggested to be responsible for IL-10 gene 

expression.  Although other mechanisms may provide feedback compensation effects on 

GSK3β activity based on the unresponsiveness of GSK3β phosphorylation by IL-10 

stimulation (Fig. 19A), the positive regulation between AMPK and CREB activation (Fig. 

19B) and between AMPK and mTORC1 (Fig. 20) both suggested that AMPK is 

important for IL-10 activation of PI3K/Akt downstream pathways that lead to 

antiinflammatory responses such as IL-10 production in macrophages.  

Studies on non-immune cells have shown that mTORC1 activity is negatively 

regulated via phosphorylation/activation of TSC2 on by AMPK (residue 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 

(223, 231).  Additionally, Akt positively regulates mTORC1 activity via direct 

phosphorylation of mTOR-Ser2448 residue (204).  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. 20D).  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.   

Activation of the PI3K/Akt/mTORC1 pathway in macrophages is shown to elicit 

an antiinflammatory phenotype including induction of IL-10 expression (190, 191, 221, 

222).  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 
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with an inhibitor of CaMKKβ, an upstream activator of AMPK (Figs. 22).  The data 

suggest that STAT3 in response to IL-10 is a two-step mechanism involving AMPK 

dependent regulation of both JAK kinase and mTORC1-mediated STAT3 

phosphorylation.  This conclusion is supported by our observation that both JAK1 and 

mTOR phosphorylation were impaired in AMPKα1-/- BMDM in response to IL-10 

stimulation (Figs. 21A and 20A), and that pretreatment with JAKs inhibitors (AG490 and 

CP-690, 550) or mTORC1 inhibitor (rapamycin) did not affect IL-10 induced AMPK and 

PI3K activation (Figs. 21B, 23A, and data not shown).  The impaired STAT3 activity in 

AMPKα1-/- BMDM is accompanied by diminished SOCS3 protein production (Fig. 

22D), a result that is consistent with the reduced SOCS3 mRNA level observed in 

AMPKα1-/- BMDM (Fig. 8).   

The lack of SOCS3 expression in response to IL-10 stimulation in AMPKα1-/- 

BMDM suggested that the suppressive function typically induced by IL-10 would likely 

by impaired.   Indeed, our data revealed a notable contribution of AMPKα1 towards the 

ability of IL-10 to suppress LPS-induced macrophage proinflammatory cytokine 

production (Fig. 24).  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 (220).  Proposed 

mechanisms for IL-10 suppression of LPS-induced IL-12p40 production include reduced 

RNA polymerase II recruitment to the p40 promoter (241) and promoter histone 

deacetylation (242).  A role for both STAT3/SOCS3 dependent and independent 

mechanism of IL-10-medicated suppression could account for the partial effect of 
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AMPKα1-deficiency on IL-10 suppression of LPS-induced IL-12p40 expression (Fig. 

24C).   

 

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 (14, 15) and as a mediator of the suppressive function of the 

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

mediators to rapidly activate AMPK in myeloid cells (14), 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 (160).   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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CHAPTER 4 

 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

Macrophages are extremely versatile immune cells with the remarkable ability to 

rapidly and reversibly respond to cytokine stimuli and adaptively change their functional 

phenotype (7).  This functional plasticity is critically correlated to atherosclerosis disease 

progression and recession (127, 128).  The physiological microenvironment within 

atherosclerosis lesions contains diverse factors with opposite roles in inflammation.  For 

example, IFNγ and IL-10, have the potential to promote macrophage functions that are 

either atherogenic or antiatherogenic, repectively.  Attempts to elucidate the intracellular 

signaling pathways controlling macrophage polarization process have been studied 

extensively for over a decade (236, 237).   

Herein, we present data that supports an essential role of AMPK in mediating IL-

10 triggered signaling events that lead to acquisition of antiinflammatory functions of 

macrophages as well as expression of atheroprotective genes such as apoE, LXRα, 

ABCA1, PPARγ, etc. (Figs. 8, 9 and 12) and inhibition of LPS-induced proinflammatory 

cytokine productions such as TNFα, IL-6, and IL-12p40 (Fig. 24).  Macrophage-specific 

expression of DN-AMPKα1 in transgenic mice resulted in spontaneous obesity 

associated with fatty liver, heart enlargement, and increased proinflammatory cytokine 

production in macrophages (Fig. 5, 6, and T. 1).  Although the spontaneous obese 
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phenotype of DN-AMPKα1 mice was lost in their F2 offspring after an animal 

maintenance facility change, possibly due to the variation in the composition of 

residential bacteria (243), the critical role of macrophage expressed AMPK in the 

regulation of atherosclerosis was further supported by data showing decreased expression 

of the inflammatory cytokine IL-6 (Fig. 6A) but increased expression of the 

atheroprotective proteins ABCA1 (Fig. 7B) and apoE (Fig. 9A) in the CA-AMPKα1 

macrophages.  These data suggested an important role of macrophage-expressed AMPK 

in the regulation of whole body metabolic and inflammatory homeostasis.   Additionally, 

a co-dependent relationship was discovered between AMPK and the atheroprotective 

transcriptional factor PPARγ (Figs. 10 and 12).  In this co-dependent relationship, 

PPARγ-mediated IL-10 production was suggested to be responsible for PPARγ agonist-

induced AMPK activation at time points > 3h after treatment (Fig. 11).  These results 

provide plausible evidence for an important regulatory role of AMPK in macrophage 

antiatherogenic functions and contribute to the search for the therapeutic targets for 

atherosclerosis.   

 

Further investigation demonstrated a vital role of AMPK in mediating signaling 

pathways that are responsible for IL-10 immune regulatory functions.   These AMPKα1-

regulated pathways include IL-10 activation of PI3K/Akt/CREB, PI3K/Akt/mTORC1, 

and JAK/STAT/SOCS3 pathways.   

Our data showed rapid AMPK activation by IL-10 stimulation in macrophages 

(Fig. 13), which was found essential for IL-10 activation of PI3K (Fig.14), and then 

proved to be upstream of PI3K activation (Fig. 15).  In addition to the PI3K activity 
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implied to be stimulated by IL-10 in pro-myeloid cells (191), our data showed for the first 

time that elevated phosphorylation/activation of PI3K by IL-10 in macrophage occurs 

through an AMPK-dependent mechanism.  The new insight provides important 

information for the understanding of IL-10 signaling pathways.   

Supportive data of AMPK regulation in IL-10 induced PI3K/Akt pathway include 

that constitutively active AMPK activity in macrophages resulted in decreased PTEN 

phosphorylation on the residues that are important to maintain PTEN stability, which 

may be responsible for the reduced PTEN levels (202) in these macrophages (Fig. 16A).  

Deficient expression of AMPKα1 in macrophages led to impaired overall expression and 

slightly reduced phosphorylation of PDK1 (Fig. 17), a kinase that phosphorylates Akt-

Thr308 and promotes Akt activation.  In agreement with these data, the result shown in 

Figure 18 clearly demonstrated a requirement for AMPKα1 in IL-10 activation of Akt on 

both threonine and serine residues, both of which contribute to optimal activation of Akt.  

Thus, an essential role of AMPK in the regulation of IL-10 activation of PI3K/Akt 

signaling pathway is demonstrated for the first time in macrophages. 

Further investigation of this pathway included examination of two downstream 

targets of Akt, CREB (Fig. 19) and mTORC1 (Fig. 20).  A mechanism for AMPK’s 

enhancement of CREB activity was demonstrated in CA-AMPKα1 macrophage cell line 

stimulated with LPS (14), however the underling mechanism between LPS and IL-10 

crosstalk is not fully understood.  Our data suggested a positive role of AMPK activity to 

enhance IL-10-induced activation of CREB (Fig.19), therefore providing a possible 

mechanism to understand the crosstalk between IL-10 and LPS.  It has been well 

established in non-immune cells that under metabolic stress, AMPK negatively regulates 
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mTORC1 activity via phosphorylation on TSC2-Ser1387 (223), however our data 

suggested a TSC2-independent but Akt-dependent mechanism by which AMPK enhances 

mTORC1 activity in response to IL-10 stimulation in macrophages (Fig. 20).  This 

conclusion was confirmed by the fact that inhibition of mTORC1 activity by the inhibitor 

rapamycin failed to suppress IL-10 induced AMPK activation (Fig. 23A), and is 

consistent with the observation by Guo, et al. that AMPK activity is positively associated 

with mTORC1 activity in macrophages (224).  This groundbreaking discovery suggests a 

need to reconsider carefully the use of AMPK activators such as metformin in the 

treatment of inflammation-associated diseases such as in atherosclerosis or cancer, as 

these drugs may influence inflammatory signaling pathways in immune cells totally 

separate from the effects they have on the metabolic pathways in non-immune cells 

including SMCs or tumor cells.  For example, although metformin may reduce tumor 

growth, it may also suppress anti-tumor immunity by boosting IL-10’s 

immunosuppressive functions. 

Another important discovery is that our data suggested a requirement for both 

JAK-mediated tyrosine phosphorylation and mTORC1-mediated serine phosphorylation 

of STAT3, both of which are regulated by AMPK.   Activation of the JAK/STAT3 

pathway by IL-10 is well established, however, a requirement for a second signal in 

addition to JAK tyrosine phosphorylation to mediate IL-10-induced STAT3 function was 

suggested (214) but never elucidated in the literature.  It has also been suggested that 

mTORC1-mediated serine-727 phosphorylation is important for STAT3 optimal 

activation (215-218), however the significance of this phosphorylation event in IL-10 

signaling was never reported.  By showing a requirement for both AMPK (Fig. 21 and 
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22) and mTORC1 (Fig.23), we are able to identify the critical regulatory role of AMPK 

in mediating optimal STAT3 activation via both tyrosine and serine phosphorylation in 

response to IL-10 stimulation in macrophages.  This conclusion provided an answer to 

the unresolved search for a secondary signal in mediating IL-10 activation of 

JAK1/STAT3 pathway, and contributes to the understanding of the IL-10 signaling 

puzzle. 

Finally, the IL-10-induced signaling cascades mediated by AMPK in macrophages 

led to the production of SOCS3 (Figs. 8 and 23D), which is recognized as a potent 

mediator of IL-10 suppressive functions.  Impaired SOCS3 production due to the lack of 

AMPKα1 expression contributes to the inability of AMPKα1-deficient macrophages to 

efficiently suppress LPS-induced proinflammatory cytokine production (Fig. 24), 

confirming the key role of AMPK in mediating IL-10 suppressive functions in 

macrophages.   

 

Thus far, the research in this dissertation provides a body of evidence to 

demonstrate an IL-10 initiated signaling network regulated at several critical points by 

AMPK (Fig. 25), which mediate macrophage antiinflammatory functions.  The findings 

have broad-reaching implications for our understanding the mechanism of IL-10 action in 

the maintenance of the immune homeostasis, as well as in inflammation-associated 

diseases where IL-10 plays a key role in limiting excessive inflammatory responses, such 

as in atherosclerosis (166), bowel disease (188), EAE (189), and cancer (244, 245).  The 

mechanisms discovered in this dissertation also contribute to our understanding of the 

possible outcomes of using AMPK activators as a treatment of these diseases.  For 
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example, treatment with the AMPK activator AICAR led to protective effects in EAE 

(102) and colitis (103).  Another AMPK activator, metformin, has been used to treat T2D 

and atherosclerosis (69, 70) and recently the use of metformin has been suggested to have 

beneficial effects in reducing tumor growth (246).  However the mechanisms of these 

drugs are not fully understood.   

 

Therefore, this study in the understanding of AMPK as a key regulator of IL-10 

suppressive pathways in macrophages has great values in answering the question of what 

is the underlying mechanism of both macrophage polarization and IL-10 

antiinflammatory functions that has been investigated over decades (210, 236, 237), and 

also has provided additional insights into the use of AMPK as a therapeutic target to treat 

inflammation-associated diseases such as atherosclerosis, autoimmune diseases and 

cancer.   



 
 

114 

REFERENCES 

 

1. Stout, R. D., and J. Suttles. 2004. Functional plasticity of macrophages: reversible 
adaptation to changing microenvironments. J. Leukoc. Bio 76: 509-513. 

 
2. Yu, S. F., T. J. Koerner, and D. O. Adams. 1990. Gene regulation in macrophage 

activation: differential regulation of genes encoding for tumor necrosis factor, 
interleukin-1, JE, and KC by interferon-gamma and lipopolysaccharide. J. 

Leukoc. Bio 48: 412-419. 
 
3. Watkins, S. K., N. K. Egilmez, J. Suttles, and R. D. Stout. 2007. IL-12 rapidly 

alters the functional profile of tumor-associated and tumor-infiltrating 
macrophages in vitro and in vivo. J. Immunol. 178: 1357-1362. 

 
4. Stein, M., S. Keshav, N. Harris, and S. Gordon. 1992. Interleukin 4 potently 

enhances murine macrophage mannose receptor activity: a marker of alternative 
immunologic macrophage activation. J. Exp. Med. 176: 287-292. 

 
5. Loke, P., M. G. Nair, J. Parkinson, D. Guiliano, M. Blaxter, and J. E. Allen. 2002. 

IL-4 dependent alternatively-activated macrophages have a distinctive in vivo 
gene expression phenotype. BMC Immunol. 3: 7. 

 
6. Williams, L., G. Jarai, A. Smith, and P. Finan. 2002. IL-10 expression profiling in 

human monocytes. J. Leukoc. Bio 72: 800-809. 
 
7. Stout, R. D., C. Jiang, B. Matta, I. Tietzel, S. K. Watkins, and J. Suttles. 2005. 

Macrophages sequentially change their functional phenotype in response to 
changes in microenvironmental influences. J. Immunol. 175: 342-349. 

 
8. Stout, R. D., and J. Suttles. 2005. Immunosenescence and macrophage functional 

plasticity: dysregulation of macrophage function by age-associated 
microenvironmental changes. Immunol. Rev. 205: 60-71. 

 
9. Hardie, D. G., J. W. Scott, D. A. Pan, and E. R. Hudson. 2003. Management of 

cellular energy by the AMP-activated protein kinase system. FEBS lett. 546: 113-
120. 

 
10. Carling, D., C. Thornton, A. Woods, and M. J. Sanders. 2012. AMP-activated 

protein kinase: new regulation, new roles? Biochem. J. 445: 11-27. 



 
 

115 

 
11. O'Neill, L. A., and D. G. Hardie. 2013. Metabolism of inflammation limited by 

AMPK and pseudo-starvation. Nature 493: 346-355. 
 
12. Dandapani, M., and D. G. Hardie. 2013. AMPK: opposing the metabolic changes 

in both tumour cells and inflammatory cells? Biochem. Soc. Trans 41: 687-693. 
 
13. Baghdadi, M., A. Yoneda, T. Yamashina, H. Nagao, Y. Komohara, S. Nagai, H. 

Akiba, M. Foretz, H. Yoshiyama, I. Kinoshita, H. Dosaka-Akita, M. Takeya, B. 
Viollet, H. Yagita, and M. Jinushi. 2013. TIM-4 glycoprotein-mediated 
degradation of dying tumor cells by autophagy leads to reduced antigen 
presentation and increased immune tolerance. Immunity 39: 1070-1081. 

 
14. Sag, D., D. Carling, R. D. Stout, and J. Suttles. 2008. Adenosine 5'-

monophosphate-activated protein kinase promotes macrophage polarization to an 
anti-inflammatory functional phenotype. J. Immunol. 181: 8633-8641. 

 
15. Carroll, K. C., B. Viollet, and J. Suttles. 2013. AMPKalpha1 deficiency amplifies 

proinflammatory myeloid APC activity and CD40 signaling. J. Leukoc. Bio. 94: 
1113-1121 

 
16. Leitinger, N., and I. G. Schulman. 2013. Phenotypic polarization of macrophages 

in atherosclerosis.  Arterioscler. Thromb. Vasc. Biol. 33: 1120-1126. 
 
17. Moore, K. J., F. J. Sheedy, and E. A. Fisher. 2013. Macrophages in 

atherosclerosis: a dynamic balance. Nat. Rev. Immunol. 13: 709-721. 
 
18. Motoshima, H., B. J. Goldstein, M. Igata, and E. Araki. 2006. AMPK and cell 

proliferation--AMPK as a therapeutic target for atherosclerosis and cancer. J. 

Physiol. 574: 63-71. 
 
19. Xu, Q., and L. Y. Si. 2010. Protective effects of AMP-activated protein kinase in 

the cardiovascular system. J. Cell. Mol. Med 14: 2604-2613. 
 
20. van Furth, R., and Z. A. Cohn. 1968. The origin and kinetics of mononuclear 

phagocytes. J. Exp. Med. 128: 415-435. 
 
21. Geissmann, F., M. G. Manz, S. Jung, M. H. Sieweke, M. Merad, and K. Ley. 

2010. Development of monocytes, macrophages, and dendritic cells. Science 327: 
656-661. 

 
22. Gordon, S., and P. R. Taylor. 2005. Monocyte and macrophage heterogeneity. 

Nat. Rev. Immunol. 5: 953-964. 
 
23. Stout, R. D., and J. Suttles. 1997. T cell signaling of macrophage function in 

inflammatory disease. Front. Biosci. 2: d197-206. 



 
 

116 

 
24. Schreiber, R. D. 1984. Identification of gamma-interferon as a murine 

macrophage-activating factor for tumor cytotoxicity. Contemp. Top. Immunobio. 

13: 171-198. 
 
25. Gordon, S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3: 

23-35. 
 
26. Biswas, S. K., and A. Mantovani. 2010. Macrophage plasticity and interaction 

with lymphocyte subsets: cancer as a paradigm. Nat. Immunol. 11: 889-896. 
 
27. Lawrence, T., and G. Natoli. 2011. Transcriptional regulation of macrophage 

polarization: enabling diversity with identity. Nat. Rev. Immunol. 11: 750-761. 
 
28. Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004. 

The chemokine system in diverse forms of macrophage activation and 
polarization. Trends. Immunol. 25: 677-686. 

 
29. Wells, C. A., T. Ravasi, G. J. Faulkner, P. Carninci, Y. Okazaki, Y. Hayashizaki, 

M. Sweet, B. J. Wainwright, and D. A. Hume. 2003. Genetic control of the innate 
immune response. BMC Immunol. 4: 5. 

 
30. D'Andrea, A., X. Ma, M. Aste-Amezaga, C. Paganin, and G. Trinchieri. 1995. 

Stimulatory and inhibitory effects of interleukin (IL)-4 and IL-13 on the 
production of cytokines by human peripheral blood mononuclear cells: priming 
for IL-12 and tumor necrosis factor alpha production. J. Exp. Med. 181: 537-546. 

 
31. Hardie, D. G., and D. Carling. 1997. The AMP-activated protein kinase--fuel 

gauge of the mammalian cell? Eur. J. Biochem. 246: 259-273. 
 
32. Beg, Z. H., J. A. Stonik, and H. B. Brewer, Jr. 1979. Characterization and 

regulation of reductase kinase, a protein kinase that modulates the enzymic 
activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase. Proc. Natl. Acad. 

Sci. U. S. A. 76: 4375-4379. 
 
33. Hardie, D. G., D. Carling, S. Ferrari, P. S. Guy, and A. Aitken. 1986. 

Characterization of the phosphorylation of rat mammary ATP-citrate lyase and 
acetyl-CoA carboxylase by Ca2+ and calmodulin-dependent multiprotein kinase 
and Ca2+ and phospholipid-dependent protein kinase. Eur. J. Biochem. 157: 553-
561. 

 
34. Carling, D., V. A. Zammit, and D. G. Hardie. 1987. A common bicyclic protein 

kinase cascade inactivates the regulatory enzymes of fatty acid and cholesterol 
biosynthesis. FEBS lett. 223: 217-222. 

 
35. Carling, D., P. R. Clarke, V. A. Zammit, and D. G. Hardie. 1989. Purification and 



 
 

117 

characterization of the AMP-activated protein kinase. Copurification of acetyl-
CoA carboxylase kinase and 3-hydroxy-3-methylglutaryl-CoA reductase kinase 
activities. Eur. J. Biochem. 186: 129-136. 

 
36. Munday, M. R., D. Carling, and D. G. Hardie. 1988. Negative interactions 

between phosphorylation of acetyl-CoA carboxylase by the cyclic AMP-
dependent and AMP-activated protein kinases. FEBS lett. 235: 144-148. 

 
37. Davies, S. P., S. A. Hawley, A. Woods, D. Carling, T. A. Haystead, and D. G. 

Hardie. 1994. Purification of the AMP-activated protein kinase on ATP-gamma-
sepharose and analysis of its subunit structure. Eur. J. Biochem. 223: 351-357. 

 
38. Carling, D., K. Aguan, A. Woods, A. J. Verhoeven, R. K. Beri, C. H. Brennan, C. 

Sidebottom, M. D. Davison, and J. Scott. 1994. Mammalian AMP-activated 
protein kinase is homologous to yeast and plant protein kinases involved in the 
regulation of carbon metabolism. J. Biol. Chem. 269: 11442-11448. 

 
39. Hardie, D. G., J. Corton, Y. P. Ching, S. P. Davies, and S. Hawley. 1997. 

Regulation of lipid metabolism by the AMP-activated protein kinase. Biochem. 

Soc. Trans 25: 1229-1231. 
 
40. Corton, J. M., J. G. Gillespie, and D. G. Hardie. 1994. Role of the AMP-activated 

protein kinase in the cellular stress response. Curr. Biol. 4: 315-324. 
 
41. Carling, D. 2004. The AMP-activated protein kinase cascade--a unifying system 

for energy control. Trends. Biochem. Sci. 29: 18-24. 
 
42. Steinberg, G. R., and B. E. Kemp. 2009. AMPK in Health and Disease. Physiol. 

Rev. 89: 1025-1078. 
 
43. Xiao, B., R. Heath, P. Saiu, F. C. Leiper, P. Leone, C. Jing, P. A. Walker, L. 

Haire, J. F. Eccleston, C. T. Davis, S. R. Martin, D. Carling, and S. J. Gamblin. 
2007. Structural basis for AMP binding to mammalian AMP-activated protein 
kinase. Nature 449: 496-500. 

 
44. Xiao, B., M. J. Sanders, E. Underwood, R. Heath, F. V. Mayer, D. Carmena, C. 

Jing, P. A. Walker, J. F. Eccleston, L. F. Haire, P. Saiu, S. A. Howell, R. Aasland, 
S. R. Martin, D. Carling, and S. J. Gamblin. 2011. Structure of mammalian 
AMPK and its regulation by ADP. Nature 472: 230-233. 

 
45. Chen, L., F. J. Xin, J. Wang, J. Hu, Y. Y. Zhang, S. Wan, L. S. Cao, C. Lu, P. Li, 

S. F. Yan, D. Neumann, U. Schlattner, B. Xia, Z. X. Wang, and J. W. Wu. 2013. 
Conserved regulatory elements in AMPK. Nature 498: E8-10. 

 
46. Davies, S. P., N. R. Helps, P. T. Cohen, and D. G. Hardie. 1995. 5'-AMP inhibits 

dephosphorylation, as well as promoting phosphorylation, of the AMP-activated 



 
 

118 

protein kinase. Studies using bacterially expressed human protein phosphatase-2C 
alpha and native bovine protein phosphatase-2AC. FEBS lett. 377: 421-425. 

 
47. Hawley, S. A., M. Davison, A. Woods, S. P. Davies, R. K. Beri, D. Carling, and 

D. G. Hardie. 1996. Characterization of the AMP-activated protein kinase kinase 
from rat liver and identification of threonine 172 as the major site at which it 
phosphorylates AMP-activated protein kinase. J. Biol. Chem. 271: 27879-27887. 

 
48. Neumann, D., A. Woods, D. Carling, T. Wallimann, and U. Schlattner. 2003. 

Mammalian AMP-activated protein kinase: functional, heterotrimeric complexes 
by co-expression of subunits in Escherichia coli. Protein. Expr. Purif. 30: 230-
237. 

 
49. Sakamoto, K., O. Goransson, D. G. Hardie, and D. R. Alessi. 2004. Activity of 

LKB1 and AMPK-related kinases in skeletal muscle: effects of contraction, 
phenformin, and AICAR. Am. J. Physiol. Endocrinol. Metab. 287: E310-317. 

 
50. Shaw, R. J., M. Kosmatka, N. Bardeesy, R. L. Hurley, L. A. Witters, R. A. 

DePinho, and L. C. Cantley. 2004. The tumor suppressor LKB1 kinase directly 
activates AMP-activated kinase and regulates apoptosis in response to energy 
stress. Proc. Natl. Acad. Sci. U. S. A. 101: 3329-3335. 

 
51. Woods, A., S. R. Johnstone, K. Dickerson, F. C. Leiper, L. G. Fryer, D. 

Neumann, U. Schlattner, T. Wallimann, M. Carlson, and D. Carling. 2003. LKB1 
is the upstream kinase in the AMP-activated protein kinase cascade. Curr. Biol. 

13: 2004-2008. 
 
52. Tokumitsu, H., and T. R. Soderling. 1996. Requirements for calcium and 

calmodulin in the calmodulin kinase activation cascade. J. Biol. Chem. 271: 5617-
5622. 

 
53. Hurley, R. L., K. A. Anderson, J. M. Franzone, B. E. Kemp, A. R. Means, and L. 

A. Witters. 2005. The Ca2+/calmodulin-dependent protein kinase kinases are 
AMP-activated protein kinase kinases. J. Biol. Chem. 280: 29060-29066. 

 
54. Woods, A., K. Dickerson, R. Heath, S. P. Hong, M. Momcilovic, S. R. Johnstone, 

M. Carlson, and D. Carling. 2005. Ca2+/calmodulin-dependent protein kinase 
kinase-beta acts upstream of AMP-activated protein kinase in mammalian cells. 
Cell. Metab. 2: 21-33. 

 
55. Hawley, S. A., D. A. Pan, K. J. Mustard, L. Ross, J. Bain, A. M. Edelman, B. G. 

Frenguelli, and D. G. Hardie. 2005. Calmodulin-dependent protein kinase kinase-
beta is an alternative upstream kinase for AMP-activated protein kinase. Cell. 

Metab. 2: 9-19. 
 
56. Stahmann, N., A. Woods, D. Carling, and R. Heller. 2006. Thrombin activates 



 
 

119 

AMP-activated protein kinase in endothelial cells via a pathway involving 
Ca2+/calmodulin-dependent protein kinase kinase beta. Mol. Cell. Biol. 26: 5933-
5945. 

 
57. Tamas, P., S. A. Hawley, R. G. Clarke, K. J. Mustard, K. Green, D. G. Hardie, 

and D. A. Cantrell. 2006. Regulation of the energy sensor AMP-activated protein 
kinase by antigen receptor and Ca2+ in T lymphocytes. J. Exp. Med. 203: 1665-
1670. 

 
58. Thornton, C., A. Sardini, and D. Carling. 2008. Muscarinic receptor activation of 

AMP-activated protein kinase inhibits orexigenic neuropeptide mRNA 
expression. J. Biol. Chem. 283: 17116-17122. 

 
59. Momcilovic, M., S. P. Hong, and M. Carlson. 2006. Mammalian TAK1 activates 

Snf1 protein kinase in yeast and phosphorylates AMP-activated protein kinase in 
vitro. J. Biol. Chem. 281: 25336-25343. 

 
60. Xie, M., D. Zhang, J. R. Dyck, Y. Li, H. Zhang, M. Morishima, D. L. Mann, G. E. 

Taffet, A. Baldini, D. S. Khoury, and M. D. Schneider. 2006. A pivotal role for 
endogenous TGF-beta-activated kinase-1 in the LKB1/AMP-activated protein 
kinase energy-sensor pathway. Proc. Natl. Acad. Sci. U. S. A. 103: 17378-17383. 

 
61. Kim, S. Y., S. Jeong, E. Jung, K. H. Baik, M. H. Chang, S. A. Kim, J. H. Shim, E. 

Chun, and K. Y. Lee. 2012. AMP-activated protein kinase-alpha1 as an activating 
kinase of TGF-beta-activated kinase 1 has a key role in inflammatory signals. 
Cell. Death. Dis. 3: e357. 

 
62. Haystead, T. A., A. T. Sim, D. Carling, R. C. Honnor, Y. Tsukitani, P. Cohen, and 

D. G. Hardie. 1989. Effects of the tumour promoter okadaic acid on intracellular 
protein phosphorylation and metabolism. Nature 337: 78-81. 

 
63. Moore, F., J. Weekes, and D. G. Hardie. 1991. Evidence that AMP triggers 

phosphorylation as well as direct allosteric activation of rat liver AMP-activated 
protein kinase. A sensitive mechanism to protect the cell against ATP depletion. 
Eur. J. Biochem. 199: 691-697. 

 
64. Garcia-Haro, L., M. A. Garcia-Gimeno, D. Neumann, M. Beullens, M. Bollen, 

and P. Sanz. 2010. The PP1-R6 protein phosphatase holoenzyme is involved in 
the glucose-induced dephosphorylation and inactivation of AMP-activated protein 
kinase, a key regulator of insulin secretion, in MIN6 beta cells. FASEB J. 24: 
5080-5091. 

 
65. Hawley, S. A., F. A. Ross, C. Chevtzoff, K. A. Green, A. Evans, S. Fogarty, M. 

C. Towler, L. J. Brown, O. A. Ogunbayo, A. M. Evans, and D. G. Hardie. 2010. 
Use of cells expressing gamma subunit variants to identify diverse mechanisms of 
AMPK activation. Cell. Metab. 11: 554-565. 



 
 

120 

 
66. Ewart, M. A., and S. Kennedy. 2011. AMPK and vasculoprotection. Pharmacol. 

Ther. 131: 242-253. 
 
67. Papanas, N., and E. Maltezos. 2009. Oral antidiabetic agents: anti-atherosclerotic 

properties beyond glucose lowering? Curr. Pharm. Des. 15: 3179-3192. 
 
68. Jhun, B. S., Q. Jin, Y. T. Oh, S. S. Kim, Y. Kong, Y. H. Cho, J. Ha, H. H. Baik, 

and I. Kang. 2004. 5-Aminoimidazole-4-carboxamide riboside suppresses 
lipopolysaccharide-induced TNF-alpha production through inhibition of 
phosphatidylinositol 3-kinase/Akt activation in RAW 264.7 murine macrophages. 
Biochem. Biophys. Res. Commun. 318: 372-380. 

 
69. Bailey, C. J. 2008. Metformin: effects on micro and macrovascular complications 

in type 2 diabetes. Cardiovasc. Drugs. Ther. 22: 215-224. 
 
70. Fryer, L. G., A. Parbu-Patel, and D. Carling. 2002. The Anti-diabetic drugs 

rosiglitazone and metformin stimulate AMP-activated protein kinase through 
distinct signaling pathways. J. Biol. Chem. 277: 25226-25232. 

 
71. Foretz, M., S. Hebrard, J. Leclerc, E. Zarrinpashneh, M. Soty, G. Mithieux, K. 

Sakamoto, F. Andreelli, and B. Viollet. 2010. Metformin inhibits hepatic 
gluconeogenesis in mice independently of the LKB1/AMPK pathway via a 
decrease in hepatic energy state. J. Clin. Invest. 120: 2355-2369. 

 
72. Steinberg, G. R., M. J. Watt, and M. A. Febbraio. 2009. Cytokine Regulation of 

AMPK signalling. Front. Biosci. 14: 1902-1916. 
 
73. Kahn, B. B., T. Alquier, D. Carling, and D. G. Hardie. 2005. AMP-activated 

protein kinase: ancient energy gauge provides clues to modern understanding of 
metabolism. Cell. Metab. 1: 15-25. 

 
74. Almabrouk, T. A., M. A. Ewart, I. P. Salt, and S. Kennedy. 2014. Perivascular fat, 

AMP-activated protein kinase and vascular diseases. Br. J. Pharmacol. 171: 595-
617. 

 
75. Daval, M., F. Foufelle, and P. Ferre. 2006. Functions of AMP-activated protein 

kinase in adipose tissue. J. Physiol. 574: 55-62. 
 
76. Yamauchi, T., J. Kamon, Y. Minokoshi, Y. Ito, H. Waki, S. Uchida, S. 

Yamashita, M. Noda, S. Kita, K. Ueki, K. Eto, Y. Akanuma, P. Froguel, F. 
Foufelle, P. Ferre, D. Carling, S. Kimura, R. Nagai, B. B. Kahn, and T. 
Kadowaki. 2002. Adiponectin stimulates glucose utilization and fatty-acid 
oxidation by activating AMP-activated protein kinase. Nat. Med. 8: 1288-1295. 

 
77. Minokoshi, Y., Y. B. Kim, O. D. Peroni, L. G. Fryer, C. Muller, D. Carling, and 



 
 

121 

B. B. Kahn. 2002. Leptin stimulates fatty-acid oxidation by activating AMP-
activated protein kinase. Nature 415: 339-343. 

 
78. Wolf, A. M., D. Wolf, H. Rumpold, B. Enrich, and H. Tilg. 2004. Adiponectin 

induces the anti-inflammatory cytokines IL-10 and IL-1RA in human leukocytes. 
Biochem. Biophys. Res. Commun. 323: 630-635. 

 
79. Steinberg, G. R., B. J. Michell, B. J. van Denderen, M. J. Watt, A. L. Carey, B. C. 

Fam, S. Andrikopoulos, J. Proietto, C. Z. Gorgun, D. Carling, G. S. Hotamisligil, 
M. A. Febbraio, T. W. Kay, and B. E. Kemp. 2006. Tumor necrosis factor alpha-
induced skeletal muscle insulin resistance involves suppression of AMP-kinase 
signaling. Cell. Metab. 4: 465-474. 

 
80. Carey, A. L., G. R. Steinberg, S. L. Macaulay, W. G. Thomas, A. G. Holmes, G. 

Ramm, O. Prelovsek, C. Hohnen-Behrens, M. J. Watt, D. E. James, B. E. Kemp, 
B. K. Pedersen, and M. A. Febbraio. 2006. Interleukin-6 increases insulin-
stimulated glucose disposal in humans and glucose uptake and fatty acid 
oxidation in vitro via AMP-activated protein kinase. Diabetes 55: 2688-2697. 

 
81. Kelly, M., C. Keller, P. R. Avilucea, P. Keller, Z. Luo, X. Xiang, M. Giralt, J. 

Hidalgo, A. K. Saha, B. K. Pedersen, and N. B. Ruderman. 2004. AMPK activity 
is diminished in tissues of IL-6 knockout mice: the effect of exercise. Biochem. 

Biophys. Res. Commun. 320: 449-454. 
 
82. Jorgensen, S. B., E. A. Richter, and J. F. Wojtaszewski. 2006. Role of AMPK in 

skeletal muscle metabolic regulation and adaptation in relation to exercise. J. 

Physiol. 574: 17-31. 
 
83. Baur, J. A., K. J. Pearson, N. L. Price, H. A. Jamieson, C. Lerin, A. Kalra, V. V. 

Prabhu, J. S. Allard, G. Lopez-Lluch, K. Lewis, P. J. Pistell, S. Poosala, K. G. 
Becker, O. Boss, D. Gwinn, M. Wang, S. Ramaswamy, K. W. Fishbein, R. G. 
Spencer, E. G. Lakatta, D. Le Couteur, R. J. Shaw, P. Navas, P. Puigserver, D. K. 
Ingram, R. de Cabo, and D. A. Sinclair. 2006. Resveratrol improves health and 
survival of mice on a high-calorie diet. Nature 444: 337-342. 

 
84. Cheng, Z., T. Pang, M. Gu, A. H. Gao, C. M. Xie, J. Y. Li, F. J. Nan, and J. Li. 

2006. Berberine-stimulated glucose uptake in L6 myotubes involves both AMPK 
and p38 MAPK. Biochim. Biophys. Acta. 1760: 1682-1689. 

 
85. Jager, S., C. Handschin, J. St-Pierre, and B. M. Spiegelman. 2007. AMP-activated 

protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of 
PGC-1alpha. Proc. Natl. Acad. Sci. U. S. A. 104: 12017-12022. 

 
86. Viollet, B., M. Foretz, B. Guigas, S. Horman, R. Dentin, L. Bertrand, L. Hue, and 

F. Andreelli. 2006. Activation of AMP-activated protein kinase in the liver: a new 
strategy for the management of metabolic hepatic disorders. J. Physiol. 574: 41-



 
 

122 

53. 
 
87. Hardie, D. G. 2004. The AMP-activated protein kinase pathway--new players 

upstream and downstream. J. Cell. Sci. 117: 5479-5487. 
 
88. Winder, W. W., H. A. Wilson, D. G. Hardie, B. B. Rasmussen, C. A. Hutber, G. 

B. Call, R. D. Clayton, L. M. Conley, S. Yoon, and B. Zhou. 1997. 
Phosphorylation of rat muscle acetyl-CoA carboxylase by AMP-activated protein 
kinase and protein kinase A. J Appl Physiol (1985) 82: 219-225. 

 
89. Clarke, P. R., and D. G. Hardie. 1990. Regulation of HMG-CoA reductase: 

identification of the site phosphorylated by the AMP-activated protein kinase in 
vitro and in intact rat liver. EMBO J. 9: 2439-2446. 

 
90. Reiter, A. K., D. R. Bolster, S. J. Crozier, S. R. Kimball, and L. S. Jefferson. 

2005. Repression of protein synthesis and mTOR signaling in rat liver mediated 
by the AMPK activator aminoimidazole carboxamide ribonucleoside. Am. J. 

Physiol. Endocrinol. Metab. 288: E980-988. 
 
91. Ferre, P., D. Azzout-Marniche, and F. Foufelle. 2003. AMP-activated protein 

kinase and hepatic genes involved in glucose metabolism. Biochem. Soc. Trans 

31: 220-223. 
 
92. Foretz, M., N. Ancellin, F. Andreelli, Y. Saintillan, P. Grondin, A. Kahn, B. 

Thorens, S. Vaulont, and B. Viollet. 2005. Short-term overexpression of a 
constitutively active form of AMP-activated protein kinase in the liver leads to 
mild hypoglycemia and fatty liver. Diabetes 54: 1331-1339. 

 
93. Orci, L., W. S. Cook, M. Ravazzola, M. Y. Wang, B. H. Park, R. Montesano, and 

R. H. Unger. 2004. Rapid transformation of white adipocytes into fat-oxidizing 
machines. Proc. Natl. Acad. Sci. U. S. A. 101: 2058-2063. 

 
94. Wu, X., H. Motoshima, K. Mahadev, T. J. Stalker, R. Scalia, and B. J. Goldstein. 

2003. Involvement of AMP-activated protein kinase in glucose uptake stimulated 
by the globular domain of adiponectin in primary rat adipocytes. Diabetes 52: 
1355-1363. 

 
95. Daval, M., F. Diot-Dupuy, R. Bazin, I. Hainault, B. Viollet, S. Vaulont, E. 

Hajduch, P. Ferre, and F. Foufelle. 2005. Anti-lipolytic action of AMP-activated 
protein kinase in rodent adipocytes. J. Biol. Chem. 280: 25250-25257. 

 
96. Lihn, A. S., N. Jessen, S. B. Pedersen, S. Lund, and B. Richelsen. 2004. AICAR 

stimulates adiponectin and inhibits cytokines in adipose tissue. Biochem. Biophys. 

Res. Commun. 316: 853-858. 
 
97. Sell, H., D. Dietze-Schroeder, K. Eckardt, and J. Eckel. 2006. Cytokine secretion 



 
 

123 

by human adipocytes is differentially regulated by adiponectin, AICAR, and 
troglitazone. Biochem. Biophys. Res. Commun. 343: 700-706. 

 
98. Hotamisligil, G. S. 2006. Inflammation and metabolic disorders. Nature 444: 860-

867. 
 
99. Sondergaard, L. 1993. Homology between the mammalian liver and the 

Drosophila fat body. Trends. Genet.  9: 193. 
 
100. Chung, S., K. Lapoint, K. Martinez, A. Kennedy, M. Boysen Sandberg, and M. K. 

McIntosh. 2006. Preadipocytes mediate lipopolysaccharide-induced inflammation 
and insulin resistance in primary cultures of newly differentiated human 
adipocytes. Endocrinology 147: 5340-5351. 

 
101. Hotamisligil, G. S., and E. Erbay. 2008. Nutrient sensing and inflammation in 

metabolic diseases. Nat. Rev. Immunol. 8: 923-934. 
 
102. Nath, N., S. Giri, R. Prasad, M. L. Salem, A. K. Singh, and I. Singh. 2005. 5-

aminoimidazole-4-carboxamide ribonucleoside: a novel immunomodulator with 
therapeutic efficacy in experimental autoimmune encephalomyelitis. J. Immunol. 

175: 566-574. 
 
103. Bai, A., A. G. Ma, M. Yong, C. R. Weiss, Y. Ma, Q. Guan, C. N. Bernstein, and 

Z. Peng. 2010. AMPK agonist downregulates innate and adaptive immune 
responses in TNBS-induced murine acute and relapsing colitis. Biochem. 

Pharmacol. 80: 1708-1717. 
 
104. Caballero, A. E., A. Delgado, C. A. Aguilar-Salinas, A. N. Herrera, J. L. Castillo, 

T. Cabrera, F. J. Gomez-Perez, and J. A. Rull. 2004. The differential effects of 
metformin on markers of endothelial activation and inflammation in subjects with 
impaired glucose tolerance: a placebo-controlled, randomized clinical trial. J. 

Clin. Endocrinol. Metab. 89: 3943-3948. 
 
105. Isoda, K., J. L. Young, A. Zirlik, L. A. MacFarlane, N. Tsuboi, N. Gerdes, U. 

Schonbeck, and P. Libby. 2006. Metformin inhibits proinflammatory responses 
and nuclear factor-kappaB in human vascular wall cells. Arterioscler. Thromb. 

Vasc. Biol.26: 611-617. 
 
106. Arai, M., M. Uchiba, H. Komura, Y. Mizuochi, N. Harada, and K. Okajima. 2010. 

Metformin, an antidiabetic agent, suppresses the production of tumor necrosis 
factor and tissue factor by inhibiting early growth response factor-1 expression in 
human monocytes in vitro. J. Pharmacol. Exp. Ther. 334: 206-213. 

 
107. Kalariya, N. M., M. Shoeb, N. H. Ansari, S. K. Srivastava, and K. V. Ramana. 

2012. Antidiabetic drug metformin suppresses endotoxin-induced uveitis in rats. 
Invest. Ophthalmol. Vis. Sci. 53: 3431-3440. 



 
 

124 

 
108. Galic, S., M. D. Fullerton, J. D. Schertzer, S. Sikkema, K. Marcinko, C. R. 

Walkley, D. Izon, J. Honeyman, Z. P. Chen, B. J. van Denderen, B. E. Kemp, and 
G. R. Steinberg. 2011. Hematopoietic AMPK beta1 reduces mouse adipose tissue 
macrophage inflammation and insulin resistance in obesity. J. Clin. Invest. 121: 
4903-4915. 

 
109. Yang, Z., B. B. Kahn, H. Shi, and B. Z. Xue. 2010. Macrophage alpha1 AMP-

activated protein kinase (alpha1AMPK) antagonizes fatty acid-induced 
inflammation through SIRT1. J. Biol. Chem. 285: 19051-19059. 

 
110. Krawczyk, C. M., T. Holowka, J. Sun, J. Blagih, E. Amiel, R. J. DeBerardinis, J. 

R. Cross, E. Jung, C. B. Thompson, R. G. Jones, and E. J. Pearce. 2010. Toll-like 
receptor-induced changes in glycolytic metabolism regulate dendritic cell 
activation. Blood 115: 4742-4749. 

 
111. MacIver, N. J., J. Blagih, D. C. Saucillo, L. Tonelli, T. Griss, J. C. Rathmell, and 

R. G. Jones. 2011. The liver kinase B1 is a central regulator of T cell 
development, activation, and metabolism. J. Immunol. 187: 4187-4198. 

 
112. Michalek, R. D., V. A. Gerriets, S. R. Jacobs, A. N. Macintyre, N. J. MacIver, E. 

F. Mason, S. A. Sullivan, A. G. Nichols, and J. C. Rathmell. 2011. Cutting edge: 
distinct glycolytic and lipid oxidative metabolic programs are essential for 
effector and regulatory CD4+ T cell subsets. J. Immunol. 186: 3299-3303. 

 
113. Rolf, J., M. Zarrouk, D. K. Finlay, M. Foretz, B. Viollet, and D. A. Cantrell. 

2013. AMPKalpha1: a glucose sensor that controls CD8 T-cell memory. Eur. J. 
Immunol. 43: 889-896. 

 
114. Lloyd-Jones, D., R. J. Adams, T. M. Brown, M. Carnethon, S. Dai, G. De 

Simone, T. B. Ferguson, E. Ford, K. Furie, C. Gillespie, A. Go, K. Greenlund, N. 
Haase, S. Hailpern, P. M. Ho, V. Howard, B. Kissela, S. Kittner, D. Lackland, L. 
Lisabeth, A. Marelli, M. M. McDermott, J. Meigs, D. Mozaffarian, M. Mussolino, 
G. Nichol, V. L. Roger, W. Rosamond, R. Sacco, P. Sorlie, R. Stafford, T. Thom, 
S. Wasserthiel-Smoller, N. D. Wong, and J. Wylie-Rosett. 2010. Executive 
summary: heart disease and stroke statistics--2010 update: a report from the 
American Heart Association. Circulation 121: 948-954. 

 
115. Glass, C. K., and J. L. Witztum. 2001. Atherosclerosis. the road ahead. Cell 104: 

503-516. 
 
116. Williams, K. J., and I. Tabas. 1998. The response-to-retention hypothesis of 

atherogenesis reinforced. Curr. Opin. Lipidol. 9: 471-474. 
 
117. Ishibashi, S., M. S. Brown, J. L. Goldstein, R. D. Gerard, R. E. Hammer, and J. 

Herz. 1993. Hypercholesterolemia in low density lipoprotein receptor knockout 



 
 

125 

mice and its reversal by adenovirus-mediated gene delivery. J. Clin. Invest. 92: 
883-893. 

 
118. Libby, P. 2002. Inflammation in atherosclerosis. Nature 420: 868-874. 
 
119. Weissberg. P. L., and M. R. Bennett. 1999. Atherosclerosis--an inflammatory 

disease. N. Engl. J. Med. 340: 1928-1929. 
 
120. Rocha, V. Z., and P. Libby. 2009. Obesity, inflammation, and atherosclerosis. 

Nature reviews. Cardiology 6: 399-409. 
 
121. Woollard, K. J. 2013. Immunological aspects of atherosclerosis. Clin Sci (Lond) 

125: 221-235. 
 
122. Tabas, I. 2000. Cholesterol and phospholipid metabolism in macrophages. 

Biochim. Biophys. Acta. 1529: 164-174. 
 
123. Randolph, G. J. 2013. Proliferating macrophages prevail in atherosclerosis. Nat. 

Med. 19: 1094-1095. 
 
124. Tabas, I. 2010. Macrophage death and defective inflammation resolution in 

atherosclerosis. Nat. Rev. Immunol. 10: 36-46. 
 
125. Moore, K. J., and I. Tabas. 2011. Macrophages in the pathogenesis of 

atherosclerosis. Cell 145: 341-355. 
 
126. Mantovani, A., C. Garlanda, and M. Locati. 2009. Macrophage diversity and 

polarization in atherosclerosis: a question of balance. Arterioscler. Thromb. Vasc. 

Biol.29: 1419-1423. 
 
127. Khallou-Laschet, J., A. Varthaman, G. Fornasa, C. Compain, A. T. Gaston, M. 

Clement, M. Dussiot, O. Levillain, S. Graff-Dubois, A. Nicoletti, and G. 
Caligiuri. 2010. Macrophage plasticity in experimental atherosclerosis. PloS one 

5: e8852. 
 
128. Lumeng, C. N., J. L. Bodzin, and A. R. Saltiel. 2007. Obesity induces a 

phenotypic switch in adipose tissue macrophage polarization. J. Clin. Invest. 117: 
175-184. 

 
129. van Tits, L. J., R. Stienstra, P. L. van Lent, M. G. Netea, L. A. Joosten, and A. F. 

Stalenhoef. 2011. Oxidized LDL enhances pro-inflammatory responses of 
alternatively activated M2 macrophages: a crucial role for Kruppel-like factor 2. 
Atherosclerosis 214: 345-349. 

 
130. Kadl, A., A. K. Meher, P. R. Sharma, M. Y. Lee, A. C. Doran, S. R. Johnstone, 

M. R. Elliott, F. Gruber, J. Han, W. Chen, T. Kensler, K. S. Ravichandran, B. E. 



 
 

126 

Isakson, B. R. Wamhoff, and N. Leitinger. 2010. Identification of a novel 
macrophage phenotype that develops in response to atherogenic phospholipids via 
Nrf2. Circ. Res. 107: 737-746. 

 
131. Mallat, Z., S. Besnard, M. Duriez, V. Deleuze, F. Emmanuel, M. F. Bureau, F. 

Soubrier, B. Esposito, H. Duez, C. Fievet, B. Staels, N. Duverger, D. Scherman, 
and A. Tedgui. 1999. Protective role of interleukin-10 in atherosclerosis. Circ. 

Res. 85: e17-24. 
 
132. Han, X., S. Kitamoto, Q. Lian, and W. A. Boisvert. 2009. Interleukin-10 

facilitates both cholesterol uptake and efflux in macrophages. J. Biol. Chem. 284: 
32950-32958. 

 
133. Han, X., S. Kitamoto, H. Wang, and W. A. Boisvert. 2010. Interleukin-10 

overexpression in macrophages suppresses atherosclerosis in hyperlipidemic 
mice. FASEB J. 24: 2869-2880. 

 
134. Furuhashi, M., and G. S. Hotamisligil. 2008. Fatty acid-binding proteins: role in 

metabolic diseases and potential as drug targets. Nat. Rev. Drug. Discov. 7: 489-
503. 

 
135. Rigamonti, E., G. Chinetti-Gbaguidi, and B. Staels. 2008. Regulation of 

macrophage functions by PPAR-alpha, PPAR-gamma, and LXRs in mice and 
men. Arterioscler. Thromb. Vasc. Biol.28: 1050-1059. 

 
136. Fullerton, M. D., G. R. Steinberg, and J. D. Schertzer. 2013. Immunometabolism 

of AMPK in insulin resistance and atherosclerosis. Mol. Cell. Endocrinol. 366: 
224-234. 

 
137. Coe, N. R., and D. A. Bernlohr. 1998. Physiological properties and functions of 

intracellular fatty acid-binding proteins. Biochim. Biophys. Acta. 1391: 287-306. 
 
138. Hertzel, A. V., and D. A. Bernlohr. 2000. The mammalian fatty acid-binding 

protein multigene family: molecular and genetic insights into function. Trends. 

Endocrinol. Metab. 11: 175-180. 
 
139. Zimmerman, A. W., and J. H. Veerkamp. 2002. New insights into the structure 

and function of fatty acid-binding proteins. Cell. Mol. Life Sci.  59: 1096-1116. 
 
140. Chmurzynska, A. 2006. The multigene family of fatty acid-binding proteins 

(FABPs): function, structure and polymorphism. J. Appl. Genet. 47: 39-48. 
 
141. Makowski, L., and G. S. Hotamisligil. 2005. The role of fatty acid binding 

proteins in metabolic syndrome and atherosclerosis. Curr. Opin. Lipidol. 16: 543-
548. 

 



 
 

127 

142. Makowski, L., J. B. Boord, K. Maeda, V. R. Babaev, K. T. Uysal, M. A. Morgan, 
R. A. Parker, J. Suttles, S. Fazio, G. S. Hotamisligil, and M. F. Linton. 2001. Lack 
of macrophage fatty-acid-binding protein aP2 protects mice deficient in 
apolipoprotein E against atherosclerosis. Nat. Med. 7: 699-705. 

 
143. Boord, J. B., K. Maeda, L. Makowski, V. R. Babaev, S. Fazio, M. F. Linton, and 

G. S. Hotamisligil. 2002. Adipocyte fatty acid-binding protein, aP2, alters late 
atherosclerotic lesion formation in severe hypercholesterolemia. Arterioscler. 

Thromb. Vasc. Biol.22: 1686-1691. 
 
144. Furuhashi, M., G. Tuncman, C. Z. Gorgun, L. Makowski, G. Atsumi, E. 

Vaillancourt, K. Kono, V. R. Babaev, S. Fazio, M. F. Linton, R. Sulsky, J. A. 
Robl, R. A. Parker, and G. S. Hotamisligil. 2007. Treatment of diabetes and 
atherosclerosis by inhibiting fatty-acid-binding protein aP2. Nature 447: 959-965. 

 
145. Makowski, L., K. C. Brittingham, J. M. Reynolds, J. Suttles, and G. S. 

Hotamisligil. 2005. The fatty acid-binding protein, aP2, coordinates macrophage 
cholesterol trafficking and inflammatory activity. Macrophage expression of aP2 
impacts peroxisome proliferator-activated receptor gamma and IkappaB kinase 
activities. J. Biol. Chem. 280: 12888-12895. 

 
146. Banaszak, L., N. Winter, Z. Xu, D. A. Bernlohr, S. Cowan, and T. A. Jones. 1994. 

Lipid-binding proteins: a family of fatty acid and retinoid transport proteins. Adv. 

Protein Chem. 45: 89-151. 
 
147. Simpson, M. A., V. J. LiCata, N. Ribarik Coe, and D. A. Bernlohr. 1999. 

Biochemical and biophysical analysis of the intracellular lipid binding proteins of 
adipocytes. Mol. Cell. Biochem. 192: 33-40. 

 
148. Hertzel, A. V., and D. A. Bernlohr. 1998. Regulation of adipocyte gene 

expression by polyunsaturated fatty acids. Mol. Cell. Biochem. 188: 33-39. 
 
149. Wolfrum, C., C. M. Borrmann, T. Borchers, and F. Spener. 2001. Fatty acids and 

hypolipidemic drugs regulate peroxisome proliferator-activated receptors alpha - 
and gamma-mediated gene expression via liver fatty acid binding protein: a 
signaling path to the nucleus. Proc. Natl. Acad. Sci. U. S. A. 98: 2323-2328. 

 
150. Schug, T. T., D. C. Berry, N. S. Shaw, S. N. Travis, and N. Noy. 2007. Opposing 

effects of retinoic acid on cell growth result from alternate activation of two 
different nuclear receptors. Cell 129: 723-733. 

 
151. Evans, R. M., G. D. Barish, and Y. X. Wang. 2004. PPARs and the complex 

journey to obesity. Nat. Med. 10: 355-361. 
 
152. Castrillo, A., and P. Tontonoz. 2004. Nuclear receptors in macrophage biology: at 

the crossroads of lipid metabolism and inflammation. Annu. Rev. Cell. Dev. Biol. 



 
 

128 

20: 455-480. 
 
153. Tontonoz, P., L. Nagy, J. G. Alvarez, V. A. Thomazy, and R. M. Evans. 1998. 

PPARgamma promotes monocyte/macrophage differentiation and uptake of 
oxidized LDL. Cell 93: 241-252. 

 
154. Chawla, A., W. A. Boisvert, C. H. Lee, B. A. Laffitte, Y. Barak, S. B. Joseph, D. 

Liao, L. Nagy, P. A. Edwards, L. K. Curtiss, R. M. Evans, and P. Tontonoz. 2001. 
A PPAR gamma-LXR-ABCA1 pathway in macrophages is involved in 
cholesterol efflux and atherogenesis. Mol. Cell. 7: 161-171. 

 
155. Ricote, M., J. S. Welch, and C. K. Glass. 2000. Regulation of macrophage gene 

expression by the peroxisome proliferator-activated receptor-gamma. Horm. Res. 

54: 275-280. 
 
156. Bouhlel, M. A., B. Derudas, E. Rigamonti, R. Dievart, J. Brozek, S. Haulon, C. 

Zawadzki, B. Jude, G. Torpier, N. Marx, B. Staels, and G. Chinetti-Gbaguidi. 
2007. PPARgamma activation primes human monocytes into alternative M2 
macrophages with anti-inflammatory properties. Cell. Metab. 6: 137-143. 

 
157. Odegaard, J. I., R. R. Ricardo-Gonzalez, M. H. Goforth, C. R. Morel, V. 

Subramanian, L. Mukundan, A. Red Eagle, D. Vats, F. Brombacher, A. W. 
Ferrante, and A. Chawla. 2007. Macrophage-specific PPARgamma controls 
alternative activation and improves insulin resistance. Nature 447: 1116-1120. 

 
158. Stienstra, R., C. Duval, S. Keshtkar, J. van der Laak, S. Kersten, and M. Muller. 

2008. Peroxisome proliferator-activated receptor gamma activation promotes 
infiltration of alternatively activated macrophages into adipose tissue. J. Biol. 

Chem. 283: 22620-22627. 
 
159. Chawla, A. 2010. Control of macrophage activation and function by PPARs. Circ. 

Res. 106: 1559-1569. 
 
160. Ouyang, W., S. Rutz, N. K. Crellin, P. A. Valdez, and S. G. Hymowitz. 2011. 

Regulation and functions of the IL-10 family of cytokines in inflammation and 
disease. Annu. Rev. Immunol. 29: 71-109. 

 
161. Tedgui, A., and Z. Mallat. 2006. Cytokines in atherosclerosis: pathogenic and 

regulatory pathways. Physiol. Rev. 86: 515-581. 
 
162. Uyemura, K., L. L. Demer, S. C. Castle, D. Jullien, J. A. Berliner, M. K. Gately, 

R. R. Warrier, N. Pham, A. M. Fogelman, and R. L. Modlin. 1996. Cross-
regulatory roles of interleukin (IL)-12 and IL-10 in atherosclerosis. J. Clin. Invest. 

97: 2130-2138. 
 
163. Mallat, Z., C. Heymes, J. Ohan, E. Faggin, G. Leseche, and A. Tedgui. 1999. 



 
 

129 

Expression of interleukin-10 in advanced human atherosclerotic plaques: relation 
to inducible nitric oxide synthase expression and cell death. Arterioscler. Thromb. 

Vasc. Biol.19: 611-616. 
 
164. Tedgui, A., and Z. Mallat. 2001. Anti-inflammatory mechanisms in the vascular 

wall. Circ. Res. 88: 877-887. 
 
165. Pinderski Oslund, L. J., C. C. Hedrick, T. Olvera, A. Hagenbaugh, M. Territo, J. 

A. Berliner, and A. I. Fyfe. 1999. Interleukin-10 blocks atherosclerotic events in 
vitro and in vivo. Arterioscler. Thromb. Vasc. Biol.19: 2847-2853. 

 
166. Caligiuri, G., M. Rudling, V. Ollivier, M. P. Jacob, J. B. Michel, G. K. Hansson, 

and A. Nicoletti. 2003. Interleukin-10 deficiency increases atherosclerosis, 
thrombosis, and low-density lipoproteins in apolipoprotein E knockout mice. Mol 

Med 9: 10-17. 
 
167. Von Der Thusen, J. H., J. Kuiper, M. L. Fekkes, P. De Vos, T. J. Van Berkel, and 

E. A. Biessen. 2001. Attenuation of atherogenesis by systemic and local 
adenovirus-mediated gene transfer of interleukin-10 in LDLr-/- mice. FASEB J. 

15: 2730-2732. 
 
168. Potteaux, S., B. Esposito, O. van Oostrom, V. Brun, P. Ardouin, H. Groux, A. 

Tedgui, and Z. Mallat. 2004. Leukocyte-derived interleukin 10 is required for 
protection against atherosclerosis in low-density lipoprotein receptor knockout 
mice. Arterioscler. Thromb. Vasc. Biol.24: 1474-1478. 

 
169. Lee, W. J., M. Kim, H. S. Park, H. S. Kim, M. J. Jeon, K. S. Oh, E. H. Koh, J. C. 

Won, M. S. Kim, G. T. Oh, M. Yoon, K. U. Lee, and J. Y. Park. 2006. AMPK 
activation increases fatty acid oxidation in skeletal muscle by activating 
PPARalpha and PGC-1. Biochem. Biophys. Res. Commun. 340: 291-295. 

 
170. Viollet, B., F. Andreelli, S. B. Jorgensen, C. Perrin, D. Flamez, J. Mu, J. F. 

Wojtaszewski, F. C. Schuit, M. Birnbaum, E. Richter, R. Burcelin, and S. 
Vaulont. 2003. Physiological role of AMP-activated protein kinase (AMPK): 
insights from knockout mouse models. Biochem. Soc. Trans 31: 216-219. 

 
171. Reynolds, J. M., Q. Liu, K. C. Brittingham, Y. Liu, M. Gruenthal, C. Z. Gorgun, 

G. S. Hotamisligil, R. D. Stout, and J. Suttles. 2007. Deficiency of fatty acid-
binding proteins in mice confers protection from development of experimental 
autoimmune encephalomyelitis. J. Immunol. 179: 313-321. 

 
172. Pfaffl, M. W., G. W. Horgan, and L. Dempfle. 2002. Relative expression software 

tool (REST) for group-wise comparison and statistical analysis of relative 
expression results in real-time PCR. Nucleic Acids Res. 30: e36. 

 
173. Woods, A., D. Azzout-Marniche, M. Foretz, S. C. Stein, P. Lemarchand, P. Ferre, 



 
 

130 

F. Foufelle, and D. Carling. 2000. Characterization of the role of AMP-activated 
protein kinase in the regulation of glucose-activated gene expression using 
constitutively active and dominant negative forms of the kinase. Mol. Cell. Biol. 

20: 6704-6711. 
 
174. Calkin, A. C., and P. Tontonoz. 2012. Transcriptional integration of metabolism 

by the nuclear sterol-activated receptors LXR and FXR. Nat. Rev. Mol. Cell. Biol. 

13: 213-224. 
 
175. Tall, A. R., L. Yvan-Charvet, N. Terasaka, T. Pagler, and N. Wang. 2008. HDL, 

ABC transporters, and cholesterol efflux: implications for the treatment of 
atherosclerosis. Cell. Metab. 7: 365-375. 

 
176. Lang, R., D. Patel, J. J. Morris, R. L. Rutschman, and P. J. Murray. 2002. Shaping 

gene expression in activated and resting primary macrophages by IL-10. J. 

Immunol. 169: 2253-2263. 
 
177. Gough, P. J., I. G. Gomez, P. T. Wille, and E. W. Raines. 2006. Macrophage 

expression of active MMP-9 induces acute plaque disruption in apoE-deficient 
mice. J. Clin. Invest. 116: 59-69. 

 
178. Langer, C., Y. Huang, P. Cullen, B. Wiesenhutter, R. W. Mahley, G. Assmann, 

and A. von Eckardstein. 2000. Endogenous apolipoprotein E modulates 
cholesterol efflux and cholesteryl ester hydrolysis mediated by high-density 
lipoprotein-3 and lipid-free apolipoproteins in mouse peritoneal macrophages. J. 

Mol. Med. (Berl) 78: 217-227. 
 
179. Fazio, S., V. R. Babaev, A. B. Murray, A. H. Hasty, K. J. Carter, L. A. Gleaves, J. 

B. Atkinson, and M. F. Linton. 1997. Increased atherosclerosis in mice 
reconstituted with apolipoprotein E null macrophages. Proc. Natl. Acad. Sci. U. S. 

A. 94: 4647-4652. 
 
180. Boisvert, W. A., J. Spangenberg, and L. K. Curtiss. 1995. Treatment of severe 

hypercholesterolemia in apolipoprotein E-deficient mice by bone marrow 
transplantation. J. Clin. Invest. 96: 1118-1124. 

 
181. Linton, M. F., J. B. Atkinson, and S. Fazio. 1995. Prevention of atherosclerosis in 

apolipoprotein E-deficient mice by bone marrow transplantation. Science 267: 
1034-1037. 

 
182. Baitsch, D., H. H. Bock, T. Engel, R. Telgmann, C. Muller-Tidow, G. Varga, M. 

Bot, J. Herz, H. Robenek, A. von Eckardstein, and J. R. Nofer. 2011. 
Apolipoprotein E induces antiinflammatory phenotype in macrophages. 
Arterioscler. Thromb. Vasc. Biol.31: 1160-1168. 

 
183. Raffai, R. L. 2012. Apolipoprotein E regulation of myeloid cell plasticity in 



 
 

131 

atherosclerosis. Curr. Opin. Lipidol. 23: 471-478. 
 
184. Williams, L., L. Bradley, A. Smith, and B. Foxwell. 2004. Signal transducer and 

activator of transcription 3 is the dominant mediator of the anti-inflammatory 
effects of IL-10 in human macrophages. J. Immunol. 172: 567-576. 

 
185. Donnelly, R. P., H. Dickensheets, and D. S. Finbloom. 1999. The interleukin-10 

signal transduction pathway and regulation of gene expression in mononuclear 
phagocytes. J. Interferon. Cytokine. Res. 19: 563-573. 

 
186. White, C. A., and N. A. Nicola. 2013. SOCS3: An essential physiological 

inhibitor of signaling by interleukin-6 and G-CSF family cytokines. Jak-Stat 2: 
e25045. 

 
187. Salminen, A., J. M. Hyttinen, and K. Kaarniranta. 2011. AMP-activated protein 

kinase inhibits NF-kappaB signaling and inflammation: impact on healthspan and 
lifespan. J. Mol. Med. (Berl) 89: 667-676. 

 
188. Kuhn, R., J. Lohler, D. Rennick, K. Rajewsky, and W. Muller. 1993. Interleukin-

10-deficient mice develop chronic enterocolitis. Cell 75: 263-274. 
 
189. Croxford, J. L., M. Feldmann, Y. Chernajovsky, and D. Baker. 2001. Different 

therapeutic outcomes in experimental allergic encephalomyelitis dependent upon 
the mode of delivery of IL-10: a comparison of the effects of protein, adenoviral 
or retroviral IL-10 delivery into the central nervous system. J. Immunol. 166: 
4124-4130. 

 
190. Antoniv, T. T., and L. B. Ivashkiv. 2011. Interleukin-10-induced gene expression 

and suppressive function are selectively modulated by the PI3K-Akt-GSK3 
pathway. Immunology 132: 567-577. 

 
191. Zhou, J. H., S. R. Broussard, K. Strle, G. G. Freund, R. W. Johnson, R. Dantzer, 

and K. W. Kelley. 2001. IL-10 inhibits apoptosis of promyeloid cells by 
activating insulin receptor substrate-2 and phosphatidylinositol 3'-kinase. J. 

Immunol. 167: 4436-4442. 
 
192. Pons, S., T. Asano, E. Glasheen, M. Miralpeix, Y. Zhang, T. L. Fisher, M. G. 

Myers, Jr., X. J. Sun, and M. F. White. 1995. The structure and function of 
p55PIK reveal a new regulatory subunit for phosphatidylinositol 3-kinase. Mol. 

Cell. Biol. 15: 4453-4465. 
 
193. Inukai, K., M. Anai, E. Van Breda, T. Hosaka, H. Katagiri, M. Funaki, Y. 

Fukushima, T. Ogihara, Y. Yazaki, Kikuchi, Y. Oka, and T. Asano. 1996. A novel 
55-kDa regulatory subunit for phosphatidylinositol 3-kinase structurally similar to 
p55PIK Is generated by alternative splicing of the p85alpha gene. J. Biol. Chem. 

271: 5317-5320. 



 
 

132 

 
194. Mothe, I., L. Delahaye, C. Filloux, S. Pons, M. F. White, and E. Van Obberghen. 

1997. Interaction of wild type and dominant-negative p55PIK regulatory subunit 
of phosphatidylinositol 3-kinase with insulin-like growth factor-1 signaling 
proteins. Mol. Endocrinol. 11: 1911-1923. 

 
195. Xia, X., A. Cheng, D. Akinmade, and A. W. Hamburger. 2003. The N-terminal 24 

amino acids of the p55 gamma regulatory subunit of phosphoinositide 3-kinase 
binds Rb and induces cell cycle arrest. Mol. Cell. Biol. 23: 1717-1725. 

 
196. Hu, J., S. Liu, J. Wang, X. Luo, X. Gao, X. Xia, Y. Feng, D. Tao, G. Wang, X. Li, 

J. Zhao, H. Ding, E. Reed, Q. Q. Li, and J. Gong. 2005. Overexpression of the N-
terminal end of the p55gamma regulatory subunit of phosphatidylinositol 3-kinase 
blocks cell cycle progression in gastric carcinoma cells. Int. J. Oncol. 26: 1321-
1327. 

 
197. Wang, G. H., X. L. Luo, L. Sun, Y. Deng, X. L. Li, D. D. Tao, J. B. Hu, and J. P. 

Gong. 2008. [Inhibitory effect of N-terminal 24 amino acids of the p55 gamma, a 
regulatory subunit of phosphoinositide 3-kinase, on proliferation of colon 
carcinoma cell line HT29]. Ai zheng = Aizheng = Chinese journal of cancer 27: 
1034-1038. 

 
198. Alessi, D. R., M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen, and 

B. A. Hemmings. 1996. Mechanism of activation of protein kinase B by insulin 
and IGF-1. EMBO J. 15: 6541-6551. 

 
199. Alessi, D. R., S. R. James, C. P. Downes, A. B. Holmes, P. R. Gaffney, C. B. 

Reese, and P. Cohen. 1997. Characterization of a 3-phosphoinositide-dependent 
protein kinase which phosphorylates and activates protein kinase Balpha. Curr. 

Biol. 7: 261-269. 
 
200. Alessi, D. R., and P. Cohen. 1998. Mechanism of activation and function of 

protein kinase B. Curr. Opin. Genet. Dev 8: 55-62. 
 
201. Maehama, T., and J. E. Dixon. 1998. The tumor suppressor, PTEN/MMAC1, 

dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J. Biol. Chem. 273: 13375-13378. 

 
202. Vazquez, F., S. Ramaswamy, N. Nakamura, and W. R. Sellers. 2000. 

Phosphorylation of the PTEN tail regulates protein stability and function. Mol. 

Cell. Biol. 20: 5010-5018. 
 
203. Casamayor, A., N. A. Morrice, and D. R. Alessi. 1999. Phosphorylation of Ser-

241 is essential for the activity of 3-phosphoinositide-dependent protein kinase-1: 
identification of five sites of phosphorylation in vivo. Biochem. J. 342: 287-292. 

 



 
 

133 

204. Nave, B. T., M. Ouwens, D. J. Withers, D. R. Alessi, and P. R. Shepherd. 1999. 
Mammalian target of rapamycin is a direct target for protein kinase B: 
identification of a convergence point for opposing effects of insulin and amino-
acid deficiency on protein translation. Biochem. J. 344: 427-431. 

 
205. Crawley, J. B., L. M. Williams, T. Mander, F. M. Brennan, and B. M. Foxwell. 

1996. Interleukin-10 stimulation of phosphatidylinositol 3-kinase and p70 S6 
kinase is required for the proliferative but not the antiinflammatory effects of the 
cytokine. J. Biol. Chem. 271: 16357-16362. 

 
206. Schottelius, A. J., M. W. Mayo, R. B. Sartor, and A. S. Baldwin, Jr. 1999. 

Interleukin-10 signaling blocks inhibitor of kappaB kinase activity and nuclear 
factor kappaB DNA binding. J. Biol. Chem. 274: 31868-31874. 

 
207. Martin, M., K. Rehani, R. S. Jope, and S. M. Michalek. 2005. Toll-like receptor-

mediated cytokine production is differentially regulated by glycogen synthase 
kinase 3. Nat. Immunol. 6: 777-784. 

 
208. Finbloom, D. S., and K. D. Winestock. 1995. IL-10 induces the tyrosine 

phosphorylation of tyk2 and Jak1 and the differential assembly of STAT1 alpha 
and STAT3 complexes in human T cells and monocytes. J. Immunol. 155: 1079-
1090. 

 
209. Ho, A. S., S. H. Wei, A. L. Mui, A. Miyajima, and K. W. Moore. 1995. 

Functional regions of the mouse interleukin-10 receptor cytoplasmic domain. 
Mol. Cell. Biol. 15: 5043-5053. 

 
210. Williams, L. M., G. Ricchetti, U. Sarma, T. Smallie, and B. M. Foxwell. 2004. 

Interleukin-10 suppression of myeloid cell activation--a continuing puzzle. 
Immunology 113: 281-292. 

 
211. Murray, P. J. 2007. The JAK-STAT signaling pathway: input and output 

integration. J. Immunol. 178: 2623-2629. 
 
212. Zhang, X., J. Blenis, H. C. Li, C. Schindler, and S. Chen-Kiang. 1995. 

Requirement of serine phosphorylation for formation of STAT-promoter 
complexes. Science 267: 1990-1994. 

 
213. Wen, Z., Z. Zhong, and J. E. Darnell, Jr. 1995. Maximal activation of 

transcription by Stat1 and Stat3 requires both tyrosine and serine phosphorylation. 
Cell 82: 241-250. 

 
214. Riley, J. K., K. Takeda, S. Akira, and R. D. Schreiber. 1999. Interleukin-10 

receptor signaling through the JAK-STAT pathway. Requirement for two distinct 
receptor-derived signals for anti-inflammatory action. J. Biol. Chem. 274: 16513-
16521. 



 
 

134 

 
215. Yokogami, K., S. Wakisaka, J. Avruch, and S. A. Reeves. 2000. Serine 

phosphorylation and maximal activation of STAT3 during CNTF signaling is 
mediated by the rapamycin target mTOR. Curr. Biol. : CB 10: 47-50. 

 
216. Ohtani, M., S. Nagai, S. Kondo, S. Mizuno, K. Nakamura, M. Tanabe, T. 

Takeuchi, S. Matsuda, and S. Koyasu. 2008. Mammalian target of rapamycin and 
glycogen synthase kinase 3 differentially regulate lipopolysaccharide-induced 
interleukin-12 production in dendritic cells. Blood 112: 635-643. 

 
217. Kim, J. H., J. E. Kim, H. Y. Liu, W. Cao, and J. Chen. 2008. Regulation of 

interleukin-6-induced hepatic insulin resistance by mammalian target of 
rapamycin through the STAT3-SOCS3 pathway. J. Biol. Chem. 283: 708-715. 

 
218. Kim, J. H., M. S. Yoon, and J. Chen. 2009. Signal transducer and activator of 

transcription 3 (STAT3) mediates amino acid inhibition of insulin signaling 
through serine 727 phosphorylation. J. Biol. Chem. 284: 35425-35432. 

 
219. Berlato, C., M. A. Cassatella, I. Kinjyo, L. Gatto, A. Yoshimura, and F. Bazzoni. 

2002. Involvement of suppressor of cytokine signaling-3 as a mediator of the 
inhibitory effects of IL-10 on lipopolysaccharide-induced macrophage activation. 
J. Immunol. 168: 6404-6411. 

 
220. Qasimi, P., A. Ming-Lum, A. Ghanipour, C. J. Ong, M. E. Cox, J. Ihle, N. 

Cacalano, A. Yoshimura, and A. L. Mui. 2006. Divergent mechanisms utilized by 
SOCS3 to mediate interleukin-10 inhibition of tumor necrosis factor alpha and 
nitric oxide production by macrophages. J. Biol. Chem. 281: 6316-6324. 

 
221. Weichhart, T., G. Costantino, M. Poglitsch, M. Rosner, M. Zeyda, K. M. 

Stuhlmeier, T. Kolbe, T. M. Stulnig, W. H. Horl, M. Hengstschlager, M. Muller, 
and M. D. Saemann. 2008. The TSC-mTOR signaling pathway regulates the 
innate inflammatory response. Immunity 29: 565-577. 

 
222. Weichhart, T., M. Haidinger, K. Katholnig, C. Kopecky, M. Poglitsch, C. 

Lassnig, M. Rosner, G. J. Zlabinger, M. Hengstschlager, M. Muller, W. H. Horl, 
and M. D. Saemann. 2011. Inhibition of mTOR blocks the anti-inflammatory 
effects of glucocorticoids in myeloid immune cells. Blood 117: 4273-4283. 

 
223. Inoki, K., T. Zhu, and K. L. Guan. 2003. TSC2 mediates cellular energy response 

to control cell growth and survival. Cell 115: 577-590. 
 
224. Guo, L., J. L. Stripay, X. Zhang, R. D. Collage, M. Hulver, E. H. Carchman, G. 

M. Howell, B. S. Zuckerbraun, J. S. Lee, and M. R. Rosengart. 2013. 
CaMKIalpha regulates AMP kinase-dependent, TORC-1-independent autophagy 
during lipopolysaccharide-induced acute lung neutrophilic inflammation. J. 

Immunol. 190: 3620-3628. 



 
 

135 

 
225. Murray, P. J. 2006. Understanding and exploiting the endogenous interleukin-

10/STAT3-mediated anti-inflammatory response. Curr. Opin. Pharmacol. 6: 379-
386. 

 
226. Tolloczko, B., P. Turkewitsch, M. Al-Chalabi, and J. G. Martin. 2004. LY-

294002 [2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] affects calcium 
signaling in airway smooth muscle cells independently of phosphoinositide 3-
kinase inhibition. J. Pharmacol. Exp. Ther. 311: 787-793. 

 
227. Morita, M., K. Yoshizaki, A. Nakane, and Y. Kudo. 2007. Inhibitory effect of the 

phosphoinositide 3-kinase inhibitor LY294002 on muscarinic acetylcholine 
receptor-induced calcium entry in PC12h cells. J. Pharmacol. Sci. 105: 258-263. 

 
228. Zhang, Y., X. Wang, H. Yang, H. Liu, Y. Lu, L. Han, and G. Liu. 2013. Kinase 

AKT controls innate immune cell development and function. Immunology 140: 
143-152. 

 
229. Lee, Y. G., J. Lee, S. E. Byeon, D. S. Yoo, M. H. Kim, S. Y. Lee, and J. Y. Cho. 

2011. Functional role of Akt in macrophage-mediated innate immunity. Front. 

Biosci. (Landmark Ed) 16: 517-530. 
 
230. Scott, P. H., and J. C. Lawrence, Jr. 1998. Attenuation of mammalian target of 

rapamycin activity by increased cAMP in 3T3-L1 adipocytes. J. Biol. Chem. 273: 
34496-34501. 

 
231. Inoki, K., Y. Li, T. Zhu, J. Wu, and K. L. Guan. 2002. TSC2 is phosphorylated 

and inhibited by Akt and suppresses mTOR signalling. Nat. Cell. Biol. 4: 648-
657. 

 
232. Manning, B. D., A. R. Tee, M. N. Logsdon, J. Blenis, and L. C. Cantley. 2002. 

Identification of the tuberous sclerosis complex-2 tumor suppressor gene product 
tuberin as a target of the phosphoinositide 3-kinase/akt pathway. Mol. Cell. 10: 
151-162. 

 
233. Tokumitsu, H., H. Inuzuka, Y. Ishikawa, M. Ikeda, I. Saji, and R. Kobayashi. 

2002. STO-609, a specific inhibitor of the Ca(2+)/calmodulin-dependent protein 
kinase kinase. J. Biol. Chem. 277: 15813-15818. 

 
234. Williams, L. M., U. Sarma, K. Willets, T. Smallie, F. Brennan, and B. M. 

Foxwell. 2007. Expression of constitutively active STAT3 can replicate the 
cytokine-suppressive activity of interleukin-10 in human primary macrophages. J. 

Biol. Chem. 282: 6965-6975. 
 
235. Takeda, K., B. E. Clausen, T. Kaisho, T. Tsujimura, N. Terada, I. Forster, and S. 

Akira. 1999. Enhanced Th1 activity and development of chronic enterocolitis in 



 
 

136 

mice devoid of Stat3 in macrophages and neutrophils. Immunity 10: 39-49. 
 
236. Locati, M., A. Mantovani, and A. Sica. 2013. Macrophage activation and 

polarization as an adaptive component of innate immunity. Adv. Immunol. 120: 
163-184. 

 
237. Zhou, D., C. Huang, Z. Lin, S. Zhan, L. Kong, C. Fang, and J. Li. 2014. 

Macrophage polarization and function with emphasis on the evolving roles of 
coordinated regulation of cellular signaling pathways. Cell. signal. 26: 192-197. 

 
238. Jacinto, E., V. Facchinetti, D. Liu, N. Soto, S. Wei, S. Y. Jung, Q. Huang, J. Qin, 

and B. Su. 2006. SIN1/MIP1 maintains rictor-mTOR complex integrity and 
regulates Akt phosphorylation and substrate specificity. Cell 127: 125-137. 

 
239. Sarbassov, D. D., D. A. Guertin, S. M. Ali, and D. M. Sabatini. 2005. 

Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. 
Science 307: 1098-1101. 

 
240. Platzer, C., E. Fritsch., M. H. Lehmann, H. D. Volk, and S. Prosch. 1999. Cyclic 

adenosine monophosphate-responsive elements are involved in the transcriptional 
activation of the human IL-10 gene in monocytic cells. Eur. J. Immunol. 29: 
3908-3104. 

 
241. Zhou, L., A. A. Nazarian, and S. T. Smale. 2004. Interleukin-10 inhibits 

interleukin-12 p40 gene transcription by targeting a late event in the activation 
pathway. Mol. Cell. Biol. 24: 2385-2396. 

 
242. Kobayashi, T., K. Matsuoka, S. Z. Sheikh, S. M. Russo, Y. Mishima, C. Collins, 

E. F. deZoeten, C. L. Karp, J. P. Ting, R. B. Sartor, and S. E. Plevy. 2012. IL-10 
regulates Il12b expression via histone deacetylation: implications for intestinal 
macrophage homeostasis. J. Immunol. 189: 1792-1799. 

 
243. Ericsson, A. C., C. E. Hagan, D. J. Davis, and C. L. Franklin. 2014. Segmented 

filamentous bacteria: commensal microbes with potential effects on research. 
Comp. Med. 62: 90-98. 

 
244. Hao, N. B., M. H. Liu, Y. H. Fan, Y. L. Cao, Z. R. Zhang, and S. M. Yang. 2012. 

Macrophage in tumor microenvironments and progression of tumors. Clin. Dev. 

Immunol. 2012: 948098. 
 
245. Candido, J. and Hagemann. T. 2013. Cancer-related inflammation. J. Clin. 

Immunol. 33 (Suppl 1): S79-S84. 
 
246. Kourelis, T. V. and Siegel, R. D. 2012. Metformin and cancer: new applications 

for an old drug. Med. Oncol. 29: 1314-1327. 
 



137 
 

CURRICULUM VITAE 
 
 

Yanfang “Peipei” Zhu 
Department of Microbiology and Immunology 
University of Louisville School of Medicine 
319 Abraham Flexner Way Bldg.55A Rm311 

Louisville, KY 40202 
Phone: (502) 852-6979    Email: y0zhu012@louisville.edu 

 
 

EDUCATION 

2008-present  Ph.D. Candidate, Microbiology and Immunology, Department of 
Microbiology and Immunology, University of Louisville School of 
Medicine, Louisville, KY   USA 

   
2008-2011  M.S., Microbiology and Immunology, Department of 

Microbiology and Immunology, University of Louisville School of 
Medicine, Louisville, KY   USA 

   
2003-2007  B.Sc., Biotechnology, Life Science College, Northwest A & F 

University, China 
 

RESEARCH AND TRAINING EXPERIENCE  

Position:   Graduate Research Assistant 
Mentor:     Jill Suttles, Ph.D., Professor 
Department of Microbiology and Immunology 
University of Louisville School of Medicine 
   
2008-present  Project 1:  “AMP-activated protein kinase (AMPK) in the 

regulation of macrophage inflammatory function”.    
This project has entailed the investigation of the mechanisms by 
which AMPK regulates inflammatory signaling and has resulted in 
the identification of AMPK as a critical component of the anti-
inflammatory activity of IL-10 via its impact on PI3K/Akt/mTOR 
and STAT3/SOCS3 pathways.  

   



138 
 

2013-present  Project 2: “Influence of myeloid-expressed AMPK on onset and 
progression of experimental autoimmune encephalomyelitis 
(EAE)”.   
I am currently a team member in the investigation of the role of 
myeloid-expressed AMPK in the regulation of EAE.  Work in the 
lab has shown that AMPK activity in macrophages and dendritic 
cells strongly influences T cell differentiation during antigen 
presentation and thereby can influence both early events in 
development of autoimmune disease as well as the inflammation 
that occurs with disease progression.  

   
2013-present  Project 3: “AMPK regulation of macrophage function in tumor 

growth and metastasis” 
I am currently a team member in the investigation of AMPK 
regulation of macrophage functional polarization in the tumor 
environment.  This project is based on the hypothesis that AMPK 
contributes to the tumor-supportive function of tumor-associated 
macrophages. 

 
Position:   Research Assistant 
Mentors:   Gehong Wei, Ph.D., Professor (project 1); Zengqiang Zhang, Ph.D.,      
                 Professor (project 2) 
Northwest A & F University, Shaanxi, China 
   
2007-2008  Project 1: “Sweet clover rhizobium genetic diversity and its role in 

nodule formation and nitrogen fixation”.   
We isolated rhizobium from the nodules of sweet clover plants 
sampled from northwest China.  The bacteria’s genetic diversity 
and the role in nodule formation and nitrogen fixation were 
analyzed.  

   
2006-2007  Project 2: “Use of zero-valent iron for nitrate removal from the 

loess soil water in highland areas”.   
We sampled nitrate polluted loess soil water from highland areas 
of northwest China.  The method of Permeable Reactive Barriers 
(PRB) based on zero-valent iron powder to effectively remove the 
nitrite pollution in the loess soil water was tested and optimized 
for practical use in highland areas of China. 

   
2005-2006  Project 3: “Classification and cultivation of an unrecorded 

mushroom in Gansu Province”.   
We sampled a rare type of mushroom from cold, high latitude area 
of Gansu Province.  Morphology studies were performed to 
identify the mushroom classification and the reserved spores were 
dedicated for indoor cultivation. 

   



139 
 

2005  Student trainee.  “Instrumental operation skills training”.   
I was trained and certified to operate analytical instruments 
including Gas Chromatography (GC), High-Performance Liquid 
Chromatography (HPLC), Nuclear Magnetic Resonance (NMR), 
and Scanning Electron Microscope (SEM).  

   
Position: Research Intern 
Hanzhong Sci-Tech Bureau/Institute of Botany, Shaanxi, China 
 
2005  I received training in general biotechnology lab skills as an 

undergraduate intern. 
 

MEMBERSHIPS AND ACTIVITIES 

2010-present  Member, Society for Leukocyte Biology  
   
2010-present  Member, American Heart Association  
   
2008-present  Member, Microbiology and Immunology Student Organization, 

University of Louisville School of Medicine, Louisville, KY  USA 

   
2008-present  Member, Graduate Student Council, University of Louisville 

School of Medicine, USA 

   
2011  Admissions Committee Representative, Microbiology and 

Immunology Student Organization, University of Louisville 
School of Medicine, Louisville, KY   USA 

   
2003-2007  Member, Scientific Research Study Group, Northwest A & F 

University, China  
 

HONORS AND AWARDS 

10/29/2012  Invited speaker and conference poster presenter, Inflammation in 
Innate and Adaptive Immune Mechanisms, 45th Annual Meeting of 
The Society for Leukocyte Biology, Maui, Hawai’i, USA   

   
2008-2010  Awardee, Integrated Programs in Biomedical Sciences (IPIBS) 

Fellowship, University of Louisville, Louisville, KY   USA 

   
09/2006  Third place winner, English Speech Contest, Northwest A & F 

University, China 

   
2004   Third place winner, Social Practice Paper Competition, Northwest 

A & F University, China 

   



140 
 

2003-2007  Third place winner, Honored Student Scholarship, Northwest A & 
F University, China 

 
 

PRESENTATIONS 

10/21/2013  Conference poster presenter, Regulators of Innate Cell Plasticity, 
46th Annual Meeting of The Society for Leukocyte Biology, 
Newport, Rhode Island, USA 

   
10/29/2012  Invited speaker and conference poster presenter, Inflammation in 

Innate and Adaptive Immune Mechanisms, 45th Annual Meeting of 
The Society for Leukocyte Biology, Maui, Hawai’i, USA   

   
09/23/2011  Conference poster presenter, Infection Inflammation Immunity, 

44th Annual Meeting of The Society for Leukocyte Biology, 
Kansas City, USA 

   
10/11/2011  Poster presenter, Research ! Louisville, University of Louisville, 

Louisville, KY  USA 

   
 

RESEARCH SUPPORT 

2010-2012  American Heart Association, Great Rivers Affiliate Spring 2010 
Predoctoral Fellowship (PI Yanfang Zhu) 
“AMPK regulation of macrophage function in atherosclerosis”  
Award Total $46,000 
    

2005-2006  National Sci-tech Innovation Fund for College Students (one year 
fellowship), National Ministry of Education, China (PI Yanfang 
Zhu, Co-I P. Zhang, S. F. Zhang) 
“Classification and cultivation of an unrecorded mushroom in 
Gansu province” 

 

PUBLICATIONS 

Peer Reviewed Manuscripts 

Cilai Tang, Yanfang Zhu, Yingchao Zhang, Zengqiang Zhang. 2007. Use of zero-valent 
iron for nitrate removal from the soil water in loess areas [J]. Acta Scientiae 

Circumstantiae 27(8): 1292-1299. This publication is in Chinese. 
 
 



141 
 

Manuscripts Submitted 

Yanfang Peipei Zhu, Jonathan R. Brown, Duygu Sag, Lihua Zhang, and Jill Suttles. 
2014. AMP-activated protein kinase regulates IL-10-mediated antiinflammatory signaling 
pathways in macrophages.   

 

Published Abstracts  

Yanfang Zhu, Jonathan R. Brown, and Jill Suttles. 2013. AMPK is required for IL-10 
activation of the PI3K/Akt/mTOR and STAT3/SOCS3 signaling pathways in 
macrophages. J. Leuk. Biol. S46 Abst.116 

 
Yanfang Zhu, Jill Suttles. 2012. AMPK is required for IL-10 activation of the 
PI3K/Akt/mTOR and STAT3/SOCS3 signaling pathways in macrophages. J. Leuk. Biol. 
S22 Abst.52 

 
Yanfang Zhu, Duygu Sag, and Jill Suttles. 2011. Elevated AMPK activity in Fatty Acid 
Binding Protein-deficient macrophages: evidence for AMPK maintenance of an IL-10 
autocrine loop. J. Leuk. Biol. S40 Abst.116 


	University of Louisville
	ThinkIR: The University of Louisville's Institutional Repository
	5-2014

	Regulation of macrophage inflammatory signaling pathways by AMP-activated protein kinase.
	Yanfang Zhu
	Recommended Citation


	tmp.1423685735.pdf.vJlMW

