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ABSTRACT OF THE DISSERTATION 
 
 
 

CaMKKβ/AMPK Negatively Regulates Adiposity 
 
 

    by 
 
 

    I-Chen Peng 
 
 

Doctor of Philosophy, Graduate Program in  
Biochemistry and Molecular Biology 

University of California, Riverside, December 2011  
Dr. John Y-J. Shyy, Chairperson 

 
 

Lipid synthesis and storage in adipose tissues contribute to energy 

homeostasis, which is inversely regulated by activated AMP-activated protein kinase 

(AMPK).  Here, I report that Ca2+/calmodulin-dependent protein kinase kinase β 

(CaMKKβ) negatively regulates lipogenesis in adipocytes through its 

phosphorylation of AMPK.  Specifically, the glucagon-activated CaMKKβ/AMPK 

cascade inhibits acetyl-CoA carboxylase (ACC) activity through the phosphorylation 

of ACC both in vitro and in vivo.  Fasting increases but refeeding decreases the 

phosphorylation of AMPK and ACC in CaMKKβ+/+ but not CaMKKβ-/- mice.  

Under ad libitum feeding, the increased expression of sterol regulatory element 

binding protein-1c (SREBP-1c)-mediated lipogenic gene is concurrent with decreased 

phosphorylation of AMPK-regulated ACC in white adipose tissue (WAT) of 

 v



CaMKKβ-/- mice.  In line with the inhibitory role of CaMKKβ in lipid synthesis and 

storage, CaMKKβ-/- mice exhibit increased body weight, adiposity, and adipocyte 

hypertrophy, although their appetite is comparable with the CaMKKβ+/+ littermates.  

Additionally, metformin, an AMPK activator, does not increase the phosphorylation 

of AMPK and ACC in WAT of CaMKKβ-/- mice.  Thus, the CaMKKβ/AMPK 

signaling is an important molecular event in physiological and pharmacological (e.g., 

metformin) regulation of adiposity. 
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Chapter 1 

Introduction 

1.1. Lipid metabolism and adipose tissue 

Lipids are important for many biological functions such as energy storage, 

membrane structure and cell signaling. Adipose tissue is the major organ for storage 

of lipids in the form of triglycerides, both from circulation and de novo synthesis 

(lipogenesis).  Lipoprotein lipase (LPL), synthesized by adipocytes, can hydrolyze 

triglyceride-rich lipoproteins such as chylomicrons and very-low-density lipoproteins 

(VLDLs) recruited from the blood to release free fatty acids.  Fatty acids are then 

transported into adipocytes and re-esterified with glycerol phosphate to form 

triglycerides, which are then stored in lipid droplets.     

The first step of lipogenesis in adipocytes is the biosynthesis of fatty acids, 

which are the primary components of both triglycerides and phospholipids.  Fatty 

acid synthesis starts from carboxylation of acetyl-CoA to produce malonyl-CoA, an 

irreversible process catalyzed by acetyl-CoA carboxylase (ACC1/ACC2) (1).  The 

long carbon chains of fatty acids are assembled in a repeated extending process, 

which is catalyzed by fatty acid synthase (FAS) (1). Other enzymes involved in the 

lipid synthesis process include acetyl-CoA synthetase, stearoyl-CoA desaturase 1 

(SCD1), and glycerol-3-phosphate acyltransferase (2).  Nevertheless, ACC1/ACC2 

is the rate-limiting enzyme for lipid synthesis. 
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Adipocytes also release fatty acids into the circulation by breaking down 

triglycerides, which are used by most organs for fuel when glucose is limited. 

Triglycerides are hydrolyzed (lipolysis) into fatty acids and glycerol, then exported 

into the blood.  Lipolysis involves several enzymes, including adipose triglyceride 

lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase 

(MAGL) (3-5).  ATGL initiates lipolysis by cleaving the first fatty acid from 

triglycerides, and then HSL and MAGL act on diacyglycerol and monoacylglycerol, 

respectively, releasing two additional fatty acids and one glycerol molecule (4).   

Adipocytes can also modulate lipid mobilization by altering fatty acid 

oxidation, which is also regulated by ACC2.  Malonyl-CoA, formed by ACC2, 

inhibits carnitine acyltransferase I, which catalyses the entry of fatty acids into 

mitochondria and constitutes the rate-limiting enzyme of fatty acid oxidation.  

Enhancement of fatty acid oxidation in white adipose tissue (WAT) has been 

proposed to reduce adiposity.  Mice with ACC2 knockout show increased fatty acid 

oxidation and decreased fat accumulation as compared with wild-type mice (6).  

Therefore, the balance among lipogenesis, lypolysis, and fatty acid oxidation in 

adipocytes is critical for whole-body energy homeostasis.  Fig. 1-1 illustrates the key 

enzymes involved in adipocyte lipid metabolism. 
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Fig. 1-1. Lipid metatabolism in adipocytes.  Key enzymes involved in lipid uptake, 
lipogenesis, lypolysis, and fatty acid oxidation in adipocytes. 

1.2. Regulation of fatty acid synthesis and oxidation by ACC1/ACC2  

ACC1/ACC2 catalyzes the rate-limiting step of fatty acid synthesis by 

converting acetyl-CoA to malonyl-CoA. ACC has two isoforms of different molecular 

weight: 265 kDa (ACC1 or ACCα) and 280 kDa (ACC2 or ACCβ).  Both ACC1 and 

ACC2 have three functional sites: the ATP binding site, the carboxylation site (biotin 

binding site) and the acyl-CoA binding site.  The major difference between ACC1 

and ACC2 is the extended N terminus of ACC2, which directs ACC2 to the 

mitochondrial membrane (7).  ACC1, which lacks this targeting sequence, is 

localized in the cytosol (7) and is predominately expressed in lipogenic tissues, such 
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as WAT and mammary glands (8-10).  ACC2 is the major form in oxidative tissues, 

such as heart and skeletal muscle, and governs the transfer of fatty acyl-CoA to the 

mitochondria for fatty acid oxidation through its regulation of malonyl-CoA (7, 11, 

12).  Both isoforms are expressed in the liver where both fatty acid synthesis and 

oxidation are important (9, 11, 12).  ACC1 is the predominant form in WAT, but 

ACC2 is also expressed, which suggests that it plays a role in regulating fatty acid 

oxidation in WAT (6).  Malonyl-CoA formed in the cytosol by ACC1 is used for 

fatty acid synthesis and elongation, thus leading to triglyceride formation, whereas 

malonyl-CoA formed at the mitochondrial surface by ACC2 acts primarily in the 

regulation of mitochondrial fatty acid oxidation (13). 

1.2.1 Regulation of ACC1/ACC2 by reversible phosphorylation  

ACC1/ACC2 activity is mainly regulated by reversible phosphorylation (14).   

Phosphorylation of ACC1/ACC2 inactivates it, whereas dephosphorylation of 

ACC1/ACC2 activates it.  ACC1 has eight phosphorylation sites, at S23, 25, 29, 77, 

79, 96, 1200, and 1215 (14).  Among the identified protein kinases, only 

cAMP-dependent protein kinase A (PKA) and AMP-activated protein kinase (AMPK) 

can phosphorylate and inactivate ACC1 in vitro (15-18).  PKA phosphorylates ACC1 

at S77 and S1200, whereas AMPK phosphorylates ACC1 at S79, S1200 and S1215. 

S77 and S1200 are critical sites for inactivation of ACC1 by PKA, and S79 is a 

critical site for inactivation by AMPK (15, 19).  However, phosphorylation of ACC1 
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S79 by AMPK is probably the most critical site involved in the inhibition of ACC1 

activity (20-22).     

Unlike knowledge of phosphorylation sites of ACC1, that of the number and 

identity of sites in ACC2 is unclear.  In vitro, PKA (23-25) and AMPK (23, 24) have 

been shown to phosphorylate ACC2.  AMPK phosphorylates ACC2 at S212, which 

is homologous to S79 of ACC1 in mice.  Furthermore, phosphorylation of ACC2 by 

AMPK, rather than PKA, is more significant for regulation of ACC2 activity and 

hence fatty acid oxidation in skeletal muscle (24).  Although AMPK and PKA 

potentially phosphorylate and regulate ACC2 activity, knowledge of protein kinases 

that phosphorylate ACC2 responding to different stimuli is unclear. 

1.2.2 Regulation of ACC1/ACC2 by transcriptional regulation  

ACC1/ACC2 is also regulated at the transcriptional level.  ACC1 and ACC2 

gene expression is induced in response to various factors including glucose, insulin, 

thyroid hormone, catabolic hormones and leptin (14, 26, 27).  Sterol regulatory 

element binding protein 1c (SREBP-1c) is the major transcriptional regulator of 

ACC1/ACC2 expression responding to hormonal and nutrient signals (28).  Other 

transcription factors that contribute to the control of ACC1/ACC2 expression include 

carbohydrate response element binding protein (ChREBP), liver X receptor, retinoid 

X receptor, peroxisome proliferator activated receptors (PPARs), forkhead box O 

(FOXO) and PPARγ co-activator (PGC) isoforms (29, 30).  However, in adipocytes, 
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the expression of lipogenic enzymes including ACC1/ACC2, FAS, SCD1, LPL are 

mainly regulated by SREBP-1c (31-33). 

1.3. AMPK is an energy sensor and a key regulator of ACC1/ACC2  

AMPK, an energy-sensing kinase, is a critical signaling molecule for the 

regulation of multiple metabolic processes (34, 35).  AMPK is activated in response 

to ATP depletion or an increase in the ratio of AMP to ATP within the cell. Activated 

AMPK upregulates catabolic pathways and downregulates anabolic pathways to 

promote ATP generation in peripheral tissues (36-41).  Furthermore, orexigenic and 

anorexigenic signals regulate hypothalamic AMPK, which, in turn, regulates food 

intake (42-46).  AMPK plays a role in the regulation of several aspects of 

metabolism, including fatty acid synthesis, fatty acid oxidation, lipolysis, glucose 

transport, gluconeogenesis, and glycolysis in the periphery.  The direct downstream 

targets of AMPK include ACC1/ACC2, FAS, mammalian target of rapamycin, 

glycerol phosphate acyltransferase, and 3-hydroxy-3-methyl-CoA reductase, which 

are key regulators of fatty acid, protein, glycerolipid, and cholesterol synthesis, 

respectively (47).  Hardie et al. reviewed all the targets for AMPK in different 

biosynthetic and catabolic pathways (Fig. 1-2). 
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Fig. 1-2. Targets for AMPK.  Target proteins and processes activated by AMPK are 
in green and those inhibited by AMPK are in red.  When the effect is caused by a 
change in gene expression, an upward-pointing green arrow next to the protein 
indicates an increase in expression, and a downward-pointing red arrow indicates a 
decrease.  CD36/FAT, CD36/fatty acid translocase; CFTR, cystic fibrosis 
transmembrane regulator; EF2, elongation factor-2; eNOS/nNOS. 
endothelial/neuronal isoforms of nitric oxide synthase; G6Pase, 
glucose-6-phosphatase; GLUT1/4, glucose transporters; GS, glycogen synthase; 
HMGR, 3-hydroxy-3-methyl-CoA reductase; HSL, hormone-sensitive lipase; MEF2, 
myocyte-specific enhancer factor-2; NRF1, nuclear respiratory factor-1; PEPCK, 
phosphoenolpyruvate carboxykinase; PGC1α, peroxisome proliferator-activated 
receptor-γ co-activator-1α; TOR, mammalian target of rapamycin. (Adapted from 
Hardie 2004) (48) 

One of the first proteins identified as a target of AMPK was ACC1 (22).  The 

phosphorylation and thus inhibition of ACC1 by AMPK has been shown both in vivo 

and in vitro.  In adipocytes, the effect of AMPK activation on ACC1 

phosphorylation and activity was shown by with 5-aminoimidazole-4-carboxamide 

1-ribofuranoside (AICAR) activation (49) or expression of constitutively active 
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AMPK (50).  AMPK also inhibits ACC2 activity, so activation of AMPK in 

adipocytes leads to decreased lipogenesis and increased fatty acid oxidation (51, 52).  

AMPK α2-/- mice fed a high-fat diet show increased adipose mass due to adipocyte 

hypertrophy as compared with control mice (53).  AMPK seems to be the major 

physiological ACC1/ACC2 kinase; however, the role of PKA inactivating 

ACC1/ACC2 should not be ignored.  Recently, Li et al. showed that AMPK directly 

phosphorylates SREBP-1c and suppresses its cleavage and nuclear translocation, 

thereby blocking lipogenic gene transcription (54).  Therefore, AMPK regulates 

ACC1/ACC2 activity and transcription. 

1.4. Regulation of AMPK by CaMKKβ 

AMPK exists as a heterotrimeric enzyme consisting of a catalytic subunit (α) 

and two regulatory subunits (β and γ) that play important roles in determining the 

substrate specificity and maintaining protein stability.  Several isoforms have been 

identified for each subunit (α1, α2, β1, β2, γ 1, γ 2, γ 3) (55).  These combinations 

confer different properties to the AMPK complexes (56) and relative tissue specificity 

(57). For the catalytic α subunit, the α1 isoform is widely distributed, whereas the α2 

isoform is highly expressed in muscle and liver but also found in adipocytes (58, 59).  

AMPK activation requires the phosphorylation of T172 in the activation loop 

of the catalytic α subunit by an upstream AMPK kinase (AMPKK).  Two major 

AMPKKs have been characterized.  LKB1 is a Ser/Thr kinase that can 
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phosphorylate and activate AMPK activity (60, 61).  Previous studies have 

indentified LKB1 in muscle, liver, and WAT (50, 62-64).  In addition to LKB1, 

Ca2+/calmodulin-dependent protein kinase kinase β (CaMKKβ) can phosphorylate 

and activate AMPK in the presence of increased calcium concentration (65).  

Expressed abundantly in the brain (66), CaMKKβ controls food intake by regulating 

hypothalamic AMPK, thus leading to the production of the orexigenic hormone 

neuropeptide Y (NPY) (67).  Although many studies show that LKB1 acts as an 

AMPKK in the periphery (50, 62, 68, 69), Gormand et al. showed that 

CaMKKβ may be involved in AMPK activation in cultured adipocytes (70).  

However, we lack evidence of the role of CaMKKβ in regulating AMPK and its 

downstream functions in adipose tissue in vivo.  Therefore, whether peripheral 

CaMKKβ regulates AMPK pathways in response to hormonal and nutrient signals 

remains unknown.   

CaMKK has 2 isoforms: a 505 amino acid α isoform and a slightly larger β 

isoform composed of 587 amino acids.  CaMKKβ is expressed primarily in the brain, 

but CaMKKα is also expressed in the thymus and spleen (71).  CaMKK resides in 

the cytosol and nucleus of the cell, where it can respond to both cytosolic and nuclear 

changes in Ca2+ concentration and act on its two known substrates, 

Ca2+/calmodulin-dependent protein kinase I (CaMKI) and Ca2+/ 

calmodulin-dependent protein kinase IV (CaMKIV).  CaMKK also mediates cell 

death as a substrate for death-associated protein kinase (DAPK), thus extending its 
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known cellular role (72).  Recently, CaMKKβ was shown to function as 

physiologically relevant AMPKK in cells (73-75).  In contrast to activation directed 

by AMP/LKB1, the CaMKKβ-dependent activation of AMPK operates independently 

of AMP.  The role of CaMKKβ in AMPK regulation in adipocytes remains unclear. 

1.5. Glucagon regulation of lipogenesis 

Fatty acid synthesis in adipocytes is regulated by several hormones, including 

glucagon, insulin, epinephrine, norepinephrine, adipokines, and thyroid hormones, 

and the elicited signaling pathways coordinate whole-body lipid metabolism.  Insulin 

and glucagon are two counter-regulatory hormones that regulate lipid metabolism 

responding to nutrient status.  Insulin promotes lipid storage through upregulating 

fatty acid synthesis by enhancing ACC1/ACC2 activity, whereas glucagon decreases 

fatty acid synthesis by inhibiting ACC1/ACC2 activity (76-78). 

Glucagon was originally demonstrated to increase the use of stored 

carbohydrates, opposite to the effect of insulin (79).  The catabolic action of 

glucagon promoting the breakdown of glycogen to glucose in concert with the 

anabolic action of insulin promoting glucose storage as glycogen allows these two 

hormones to tightly regulate blood glucose levels.  Upon post-absorption, fasting, or 

starvation, the increased glucagon secretion enhances the blood glucose level by 

promoting glycogenolysis and gluconeogenesis in the liver (80).  However, a 

growing body of data demonstrates that the physiologic role of glucagon extends 
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beyond glucose homeostasis (81). In addition to expression in liver, glucagon 

receptors are expressed in the heart, lymphoblasts, brain, retina, adrenal gland, 

gastrointestinal tract, and adipocytes (82).  The action of glucagon on adipocytes is 

particularly intriguing because of the increasing prevalence of adiposity and its close 

association with metabolic diseases (81).   

Glucagon regulates lipid metabolism in adipocytes by modulating the activity 

of ACC1/ACC2 (76, 78).  Low dietary carbohydrate level and thus low blood glucose 

level induces the release of glucagon, thus resulting in increased phosphorylation and 

inactivation of ACC1/ACC2.  Glucagon is a peptide hormone synthesized and 

secreted from α cells of the islets of Langerhans in the pancreas.  Glucagon signals by 

binding to glucagon receptors on the cell surface.  The glucagon receptor is a member 

of the G-protein-coupled family of receptors, and at least two classes of G proteins, 

Gsα and Gq, are involved in the signal transduction of the glucagon receptor (83).  

The activation of Gsα leads to activation of adenylate cyclase, increased intracellular 

cAMP levels, and subsequent activation of PKA, which induces downstream signaling 

pathways to regulate glucose and lipid metabolism.  The activation of Gq leads to the 

activation of phospholipase C, production of inositol 1,4,5-triphosphate, and 

subsequent increase of intracellular calcium ([Ca2+]i), which is cAMP independent 

(84-86).  Fig. 1-3 illustrates the glucagon signaling pathways involving both Gsα 

and Gq.  
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Fig. 1-3. Glucagon-signaling pathway.  PIP2, phosphatidylinositol 4,5-biphosphate; 
PGC-1, peroxisome proliferator-activated receptor-γ coactivator-1; PEPCK, 
phosphoenolpyruvate carboxykinase; G-6-Pase, glucose-6-phosphatase. (Adapted 
from Jiang 2003) (83) 

Glucagon-mediated inhibition of ACC1 in isolated hepatocytes and adipocytes 

may be through increased phosphorylation of ACC1 by PKA (87, 88).  However, 

other studies have shown ACC1 phosphorylation in glucagon-treated hepatocytes (22) 

or adrenaline-treated adipocytes (21), likely because of modulation by AMPK.  

Therefore, the molecular basis of glucagon-regulated fatty acid synthesis remains 

unclear.  The observation that S77 remains dephosphorylated in vivo suggested that 

AMPK is the major kinase that could physiologically inactivate ACC1 (89).  Chapter 

2 examines the role of CaMKKβ/AMPK in glucagon-regulated ACC1/ACC2 activity. 
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1.6. SREBP-1c regulation of lipogenesis 

Synthesis of both fatty acid and cholesterol is controlled by a common family 

of transcription factors, SREBPs.  SREBPs are synthesized as inactive precursors 

bound to the endoplasmic reticulum (ER) membranes.  The precursor of SREBPs 

migrates from the ER to the Golgi and undergoes sequential proteolytic processing to 

release the transcriptionally active N-terminal domain into the nucleus and are thus 

designated nSREBPs.  Once nSREBPs translocate into the nucleus, they bind to 

functional sterol regulator elements (SREs) present in promoters/enhancers of 

SREBPs and their target genes to activate the transcription of SREBPs and 

SREBP-responsive genes that control the synthesis of fatty acids and cholesterol (2, 

90).  

Three members of the SREBP family have been described in several 

mammalian species.  SREBP-1a and 1c are produced from a single gene (SREBF-1) 

(91) and SREBP-2 from a separate gene (SREBF-2) (92).  SREBP-1a and 1c 

transcripts are produced through the use of alternative transcription start sites and 

differ in their first exon (exon 1a and exon 1c), but the other exons are common to 

both isoforms.  SREBP-1a is a more potent transcriptional activator than SREBP-1c 

because of its longer NH2-terminal transactivation domain (93).  However, 

SREBP-1c is the predominant isoform expressed in most tissues of mice and humans, 

with especially high levels in the liver, WAT, skeletal muscle, adrenal gland and brain 

(94).  In contrast, SREBP-1a is highly expressed in cell lines and tissues with high 
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propensity for cell proliferation, such as spleen and intestine (94).  Fig. 1-4 illustrates 

the biosynthetic pathways used to generate cholesterol and fatty acids that are 

regulated by SREBP-2 and -1c (2).  SREBP-1c is key transcription factor associated 

with lipogenesis and adipocyte development in WAT (94, 95).  The expression of 

several lipogenic enzymes, including ACC1, ACC2, FAS, SCD1, and LPL, are mainly 

regulated by SREBP-1c in adipocytes (31-33, 96, 97). 

Fig. 1-4. Genes regulated by SREBPs.  The diagram illustrates the major metabolic 
intermediates for synthesis of cholesterol, fatty acids, and triglycerides.  In vivo, 
SREBP-2 preferentially activates genes of cholesterol metabolism, whereas 
SREBP-1c preferentially activates genes of fatty acid and triglyceride metabolism.  
DHCR, 7-dehydrocholesterol reductase; FPP, farnesyl diphosphate; GPP, 
geranylgeranyl pyrophosphate synthase; CYP51, lanosterol 14α-demethylase; G6PD, 
glucose-6-phosphate dehydrogenase; PGDH, 6-phosphogluconate dehydrogenase; 
GPAT, glycerol-3-phosphate acyltransferase. (Adapted from Horton 2002) (2)  

In mouse adipose tissue, SREBP-1c mRNA expression is greatly reduced by 

fasting by an insulin-dependent mechanism (32).  Subsequent experiments in 
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isolated adipocytes (32) and hepatocytes (96) demonstrated that the transcription of 

SREBP-1c is induced by insulin.  This induction of SREBP-1c transcription leads to 

a parallel increase in expression of both the ER membrane-bound precursor and the 

nuclear form of the active transcription factor (98).  The effects of insulin on 

SREBP-1c transcription are opposed by glucagon via cAMP (97).  SREBP-1c 

transcription can be induced by activation of liver X receptor (LXR)α, a nuclear 

hormone receptor (99).  However, the transcription factor interferon regulatory 

factor 4 (IRF4) can inhibit the transcription of SREBP-1c (100).  Moreover, 

SREBP-1c is negatively regulated by AMPK (101-103). AMPK directly 

phosphorylates SREBP-1c to suppress its cleavage and nuclear translocation, thereby 

blocking lipogenic gene transcription (54).  Thus, CaMKKβ/AMPK signaling may 

also regulate lipogenic gene expression through SREBP-1c.  Chapter 3 describes the 

role of CaMKKβ/AMPK in the regulation of lipogenic gene expression. 
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Chapter 2 

Glucagon regulates ACC1/ACC2 activity through CaMKKβ/AMPK 

pathway in adipocytes 

2.1 Abstract 

Glucagon is important in regulating lipid metabolism, in part through its 

inhibition of fatty acid synthesis in adipocytes.  Given that ACC1 is the rate-limiting 

enzyme for fatty acid synthesis, the proposed mechanism is glucagon activating PKA, 

which in turn phosphorylates ACC1 at S77 and S1200, and thereby attenuates the 

lipogenic activity of ACC1.  Because AMPK also inhibits FA synthesis by 

phosphorylating ACC1 S79, I examined the involvement of AMPK in the 

glucagon-elicited signaling in adipocytes.  In this chapter, I report that glucagon 

induces ACC1 S79 and ACC2 S212 phosphorylation through CaMKKβ/AMPK 

pathway in vitro and in vivo.  LC/MS/MS analysis revealed that ACC1 was 

phosphorylated only at S79 in glucagon-treated adipocytes.  Experiments with 

pharmacological inhibition or siRNA knockdown of AMPK or PKA revealed that 

glucagon regulated ACC1 and ACC2 activity through AMPK, not PKA.  

Furthermore, AMPKα2-/- and CaMKKβ-/- mice treated with glucagon showed no 

phosphorylation of ACC1 S79 or ACC2 S212 in WAT.  Therefore, CaMKKβ/AMPK 

is crucial in regulating the glucagon-elicited lipid metabolism in adipocytes. 
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2.2 Introduction 

Glucagon is a peptide hormone synthesized in and secreted from α cells of the 

islets of Langerhans of the pancreas.  With fasting or starvation, glucagon is released 

into blood plasma and enhances the blood glucose level by increasing glycogenolysis 

and gluconeogenesis in the liver.  Glucagon also plays an important role in 

regulating fatty acid metabolism largely by modulating the activity of ACC1, the 

rate-limiting enzyme in fatty acid synthesis.  Previous studies have shown that these 

actions are mediated by glucagon receptors belonging to the G-protein-coupled 

receptor family.  Stimulation of the glucagon receptor results in increased cellular 

cAMP level, which in turn activates PKA.  However, the molecular basis of 

glucagon-regulated fatty acid synthesis by PKA remains unclear. 

ACC has two major isoforma, ACC1 and ACC2.  ACC1 is the predominant 

isoform expressed in lipogenic tissues, such as WAT and mammary glands, and is the 

major form regulating fatty acid synthesis, whereas ACC2 is preferentially expressed 

in skeletal muscle and mainly regulates fatty acid oxidation.  Although ACC1 is the 

predominant form expressed in WAT, ACC2 is also expressed in WAT, so it may play 

a role in regulating fatty acid oxidation in WAT as well (6).  ACC1/ACC2 activity 

can be regulated at both transcriptional and post-translational levels.  Reversible 

phosphorylation represents a major post-translational modification of ACC1/ACC2 by 

stimuli such as glucagon.  Among the several identified protein kinases, only PKA 

and AMPK inactivate ACC through phosphorylation in vitro.  Specifically, 
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phosphorylation at S79 is required for the inhibition of ACC1 activity by AMPK, 

whereas S1200 and S77 are necessary for inactivation of ACC1 by PKA.  

AMPK is widely recognized as a cellular energy gauge by governing multiple 

metabolic processes.  Various stimuli can induce phosphorylation of AMPK by 

LKB1 or CaMKKβ at T172 in the activation loop of the α subunit, thus leading to its 

activation.  The key role of AMPK in lipid metabolism is largely mediated by 

phosphorylation of ACC1 at S79 and ACC2 at S212, which results in inhibition of 

ACC1 and ACC2 activity.  Given that adipocyte is the major tissue where lipid is 

metabolized and the lack of information about glucagon-activated AMPKK, I 

examined the elicited pathways and functional consequences in adipocytes responding 

to glucagon. 

      
2.3 Materials and Methods 

2.3.1 Antibodies and reagents 

Antibodies against phospho-AMPKα T172, AMPKα, phospho-ACC1 

S79/ACC2 S212, phospho-CREB S133, PKA and α-tubulin, GST-AMPKα, 

GST-CaMKKβ, and PKA C-α were from Cell Signaling.  Anti-CaMKK was from 

BD Biosciences Pharmingen.  Anti-ACC, anti-phospho-CaMKI T177 and 

anti-β-actin were from Santa Cruz Biotechnology.  Compound C, bovine brain 

calmodulin (CaM), and myristoylated-PKA inhibitor amide 14-22 (PKI) were from 

Calbiochem.  Glucagon, STO-609, 5-aminoimidazole-4-carboxamide 
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1-ribofuranoside (AICAR), Fura-2-AM, EGTA, and ATP were from Sigma.  The 

siRNA targeting AMPK, PKA, CaMKKβ, and LKB1, and scramble RNA were from 

QIAGEN.   

2.3.2 Cell culture and transient transfection 

Murine 3T3-L1 preadipocytes were cultured, maintained, and differentiated as 

described (104).  Briefly, cells were plated and grown for 2 days post-confluence in 

DMEM supplemented with 10% calf serum.  Differentiation was then induced by 

changing the medium to DMEM supplemented with 10% fetal bovine serum (FBS), 

0.5 mM 3-isobutyl-1-methylxanthine, 1 µM dexamethasone, and 1.7 µM insulin.  

After 48 hr, the differentiation medium was replaced with a maintenance medium 

containing DMEM supplemented with 10% FBS.  The maintenance medium was 

changed every 48 hr.  The induction lasted for 8 days until the cells were used for 

experiments.  Wild-type and CaMKKβ-/- mutine embryonic fibroblasts (MEFs) were 

isolated from the wild-type C57BL/6 and CaMKKβ-/- mouse embryos (E13) and 

cultured in vitro by a standard protocol (105).  LKB1-/- and AMPK-/- MEFs were gifts 

from Dr. Reuben Shaw (Salk Institute).  Differentiation of MEFs was induced as 

described (106).  Transient transfection involved use of Lipofectamine RNAiMAX 

(Invitrogen).  3T3-L1 adipocytes were transfected with scramble, AMPK, PKA, 

CaMKKβ or LKB1 siRNA (10 nM) in Opti-MEM (Gibco).  Four hours after 

transfection, the medium was changed to fresh DMEM supplemented with 10% FBS.  
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At 72-hr post-transfection, cells were exposed to 100 nM glucagon for 2 hr.  For 

inhibition experiments, the cells were pretreated with 20 µM compound C, 10 µM 

PKI, or 5.3 µM STO-609 for 30 min before glucagon exposure.  For the activation of 

AMPK with AICAR, cells were treated with 1 mM AICAR for 30 min.  

2.3.3 Western blot analysis 

After treatment, cells were harvested and lysed.  After protein quantification, 

an equal amount of total protein was resolved by 8% SDS-PAGE and then transferred 

to a PVDF membrane.  The samples were immunoblotted with primary antibodies as 

indicated, and then horseradish peroxidase-conjugated secondary antibodies.  The 

recognized bands were visualized by an enhanced chemiluminescence detection kit 

(Amersham Biosciences) and quantified by use of ImageJ.  

2.3.4 Nano-liquid chromatography tandem mass spectrometry 

(Nano-LC/MS/MS) 

ACC1 was immunoprecipitated from 4 mg glucagon-treated 3T3-L1 

adipocytes lysates by 8 µg of anti-ACC1 antibody.  The phosphorylation of 

immunoprecipitated ACC1 was detected by Nano-LC/MS/MS analysis, which 

involved the Q-TOF Premier mass spectrometer, nano-Acquity ultra-performance 

liquid chromatography (UPLC), with a BEH130 C18 analytical column (Waters Corp.).  

The immunoprecipitated ACC1 was first trypsin-treated and then purified with use of 

titanium dioxide (TiO2)-coated magnetic beads provided with the Phos-Trap 
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phosphopeptide enrichment kit (PN# PRT302001KT, Perkin Elmer).  The bound 

phosphopeptides were collected and lyophilized. The freeze-dried pellet was 

dissolved in 0.1% trifluoroacetic acid for Nano-LC/MS/MS.  The phosphorylation 

sites within the ACC1 phosphopeptide were determined by a characteristic neutral 

loss of the phosphate group during collision-induced dissociation.   

2.3.5 Intracellular calcium imaging 

3T3-L1 adipocytes were cultured on coverslips to 100% confluence, loaded 

with the ratiometric Ca2+ indicator Fura-2/acetoxymethyl ester (Invitrogen, 2 µM) in 

Tyrode’s solution containing 0.05% Pluronic F-127 for 30 min at 37oC, and mounted 

on the stage of a Nikon TE300 inverted fluorescence microscope.  Washed cells 

were illuminated alternately at 340 and 380 nm, and the emitted light was collected 

with a 40x objective (Nikon S-Fluor, NA 0.9) through a 490-530 nm bandpass filter.  

Images were captured every 2 min by use of a cooled CCD digital camera 

(Hamamatsu Orca-100) and analyzed by use of MetaFluor software (Molecular 

Devices).  Background-corrected 340/380 nm ratios from defined regions of cells 

were used to monitor local free Ca2+ concentration over time with calibration 

parameters determined at the end of each experiment.   

2.3.6 In vitro kinase assay 

GST-AMPKα1 (44 nM) or PKA (95 nM) were incubated with synthesized 1 

mM ACC1 peptide (HMRSSMSGLHLVKQG) or SAMS peptide 
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(HMRSAMSGLHLVKRR) in 25 µl HEPES buffer (50 mM, pH 7.4) containing 5 mM 

MgCl2, 0.2 mM ATP, and 0.2 mM AMP.  The kinase activity of AMPK or PKA, in 

the presence of GST-CaMKKβ (46 nM) and/or Ca2+ (2 mM)/CaM (2 µM), was 

determined by ACC1 or SAMS peptide phosphorylation.  The phosphorylation site 

of ACC1 or SAMS peptide was determined by Nano-LC/MS/MS.  The 

phosphorylation level changes in ACC1 and SAMS peptides were quantified by the 

selected ion monitoring mode of LC. 

2.3.7 Animal experiments 

The animal experimental protocols were approved by the UCR institutional 

Animal Care and Use Committee.  Twelve-week-old male C57BL/6, CaMKKβ+/+, 

CaMKKβ-/-, AMPKα2+/+ or AMPKα2-/- mice were housed with a 12-hr light/12-hr 

dark cycle with free access to regular chow unless otherwise described.  For 

glucagon experiments, mice were given glucagon (5 µg/kg) or saline as a vehicle 

control by intraperitoneal injection, for 30 min and 1, 2 and 4 hr.  Epididymal fat 

pads and livers were collected for Western blot analysis.    

2.3.8 Statistical analysis 

Unless indicated, results are expressed as mean ± SEM from three independent 

experiments.  Experiments comparing two groups were analyzed by Student t test.  

Differences among multiple groups were initially evaluated by ANOVA, then Dunnett 

or Newman-Keuls post-hoc test with GraphPad Prism 4 for Windows (GraphPad 
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Software Inc.).  Unless otherwise indicated, *p<0.05 was considered statistically 

significant.   

2.4 Results 

AMPK mediates glucagon-induced ACC1/ACC2 phosphorylation in adipocytes  

To explore the glucagon-induced molecular pathways in adipocytes, I initially 

examined the time- and dose-dependence of glucagon-induced phosphorylation of 

AMPK, ACC1, and ACC2 in cultured adipocytes.  As illustrated in Fig. 2-1A, 

glucagon treatment of 3T3-L1 and MEF-derived adipocytes increased the 

phosphorylation of ACC1 at S79 and ACC2 at S212 time and dose dependently, 

similar to that reported for hepatocytes (22).  Concurrently, the phosphorylation of 

AMPK at T172, the putative target of CaMKKβ, was increased by glucagon treatment.  

LC/MS/MS analysis was used to determine the possible site(s) of glucagon-induced 

phosphorylation of ACC1 in 3T3-L1 adipocytes.  Although previous studies 

suggested that PKA phosphorylates ACC1 at S77 (15, 18), Fig. 2-1B illustrates that 

glucagon induced the phosphorylation of ACC1 only at S79.  A trypsin-digested 

fragment containing S1200 was not phosphorylated by glucagon (data not shown), 

although this site is also a presumed PKA phosphorylation site (19).  

To provide additional evidence that AMPK, not PKA, mediates 

glucagon-induced regulation of the two ACC isoforms, AMPK and PKA in 3T3-L1 

adipocytes were knocked down by siRNA, and the effects of glucagon were examined.  
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As shown in Fig. 2-1C, the glucagon-induced phosphorylation of ACC1 and ACC2 

was dampened in AMPK siRNA- but not in PKA siRNA-transfected adipocytes, 

although glucagon activates both AMPK and PKA as revealed by the increased 

phosphorylation of AMPK and cAMP response element binding (CREB) protein.  

Similarly, compound C, an AMPK inhibitor, but not myristolylated PKI, a 

membrane-permeable PKA inhibitor, impaired the phosphorylation of ACC1 and 

ACC2 (Fig. 2-1D).   

CaMKKβ mediates glucagon activation of AMPK  

I next studied the ability of glucagon to activate AMPK in wild-type, 

CaMKKβ-/-, LKB1-/-, and AMPK-/- MEF-derived adipocytes to determine whether 

CaMKKβ or LKB1 mediates the glucagon activation of AMPK.  As illustrated in Fig. 

2-2A, glucagon-induced AMPK, ACC1, and ACC2 phosphorylation was attenuated in 

both CaMKKβ-/- and AMPK-/- but not LKB1-/- adipocytes.  In a second series of 

experiments, the ability of glucagon to induce AMPK, ACC1 and ACC2 

phosphorylation was abolished in 3T3-L1 adipocytes transfected with CaMKKβ 

siRNA but not LKB1 siRNA (Fig. 2-2B).  Further evidence that CaMKKβ mediates 

glucagon-induced AMPK activation was observed by STO-609, a selective CaMKK 

inhibitor, attenuating glucagon-induced phosphorylation of AMPK, ACC1, and ACC2 

(Fig. 2-2C).  Because CaMKKβ is known to be activated by intracellular calcium 

[Ca2+]i (107), I determined the effect of glucagon on free [Ca2+]i in cultured 
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adipocytes.  Imaging of Fura-2-loaded adipocytes revealed that glucagon elevated 

free [Ca2+]i after approximately 30 min (Fig. 2-2D).  Thus, glucagon increases 

[Ca2+]i, which in turn activates CaMKKβ in adipocytes.   

An in vitro kinase assay was then used to investigate whether Ca2+/CaMKKβ 

can directly activate the AMPK-ACC axis.  As illustrated in Fig. 2-3A, purified 

GST-AMPKα1  in the presence of CaMKKβ could phosphorylate a synthetic ACC1 

peptide at the residue corresponding to S79, and the inclusion of Ca2+/CaM greatly 

enhanced the phosphorylation of this site by AMPK.  However, PKA, failed to 

phosphorylate S79 in the ACC1 peptide in the presence or absence of Ca2+/CaM and 

CaMKKβ.  PKA phosphorylated the ACC1 fragment at the residue corresponding to 

S77, but this effect was only marginally enhanced by the addition of Ca2+/CaM and 

CaMKKβ.  Similar results were obtained with SAMS peptide, which is derived from 

ACC1 sequence with Ala substituted at S77 (Fig. 2-3B).   

CaMKKβ and AMPK are necessary for glucagon-increased ACC1/ACC2 

phosphorylation in vivo 

To verify that the glucagon-elicited CaMKKβ-AMPK-ACC axis is functional 

in WAT in vivo, glucagon was administered to C57BL/6 mice and caused an increase 

in the phosphorylation of AMPK, ACC1, and ACC2 in epididymal fat pads that lasted 

for 2 hr (Fig. 2-4A).  The phosphorylation of CaMKI, the canonical downstream 

target of CaMKK, was also increased. The increased phospohorylation of AMPK, 
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ACC1, ACC2, and CaMKI was found in the liver of these animals (Fig. 2-5A).  

Importantly, ablation of AMPKα2 and CaMKKβ in mice abolished the 

glucagon-induced ACC1 and ACC2 phosphorylation in fat tissue (Fig. 2-4, B and C) 

and liver (Fig. 2-5, B and C), as compared with littermates.  However, glucagon still 

activated PKA even in the absence of AMPKα2 or CaMKKβ.  Therefore, the 

CaMKKβ/AMPK but not PKA pathway is necessary for glucagon-induced 

phosphorylation of ACC1 at S79 and ACC2 at S212 in both adipocytes and 

hepatocytes at the organ level.  

To explain why ACC1 is only phosphorylated by AMPK in vivo, I performed 

structure modeling to show the interaction between ACC1 and AMPK, as well as 

ACC1 and PKA.  As shown in Fig. 2-6A, S79 of ACC1 fits with the consensus 

recognition motif for AMPK, but S77 of ACC1 fits with the consensus recognition 

motif for PKA.  Also, use of Accelrys discovery studio 2.1 to simulate the binding 

between AMPK and ACC1 or PKA and ACC1 revealed that S79 of ACC1 is close to 

the catalytic residue D139 of AMPK and S77 of ACC1 is close to the catalytic residue 

D167 of PKA (Fig. 2-6B and C). 

2.5 Discussion 

It appears that glucagon increases AMPK and ACC1/ACC2 phosphorylation 

through CaMKKβ in adipocytes (Fig. 2-2, A-C, and Fig. 2-4, A-C) and liver (Fig. 2-5, 

A-C).  Our results are consistent with previous findings that glucagon administration 

increased the AMPK phosphorylation but not LKB1 activity in the liver (108).  
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Mediated by Gαq, glucagon increases intracellular [Ca2+] in HEK293 cells (86).  

Because glucagon increased [Ca2+] in 3T3-L1 adipocytes (Fig. 2-2D), like other [Ca2+] 

elevating agents, it may activate AMPK through CaMKKβ, independent of LKB1 

(73-75, 109, 110).  The activation of CaMKKβ/AMPK by glucagon indicates that 

CaMKKβ/AMPK is one of the major pathways controlling ACC1/ACC2 activity in 

response to hormonal signals in adipose tissue.  

Glucagon and its receptor coupled to Gαs also increases the intracellular level 

of cAMP.  The ensuing activated PKA may phosphorylate and inhibit ACC1 in 

isolated rat hepatocytes and adipocytes (87, 88).  Residues S77 and S1200 seem to 

be PKA phosphorylation sites, whereas S79 is exclusively phosphorylated by AMPK 

(15, 18, 19).  LC/MS/MS analysis revealed only S79 phosphorylation in 

glucagon-treated adipocytes (Fig. 2-1B), which suggests that AMPK is the major 

kinase to regulate ACC1 activity responding to glucagon.  Depending on the stimuli, 

AMPK and PKA can be effector of each other (111-113).  However, our results show 

that glucagon activates AMPK and PKA independently, because knock-down or 

inhibition of PKA had little effect on glucagon-activated AMPK and vice versa (Fig. 

2-1, C and D). 

Glucagon-activated PKA triggers several acute effects, including 

gluconeogenesis and glycogen breakdown in the liver, which is the canonical function 

of glucagon (83).  However, glucagon also inhibits fatty acid synthesis and enhances 

fatty acid oxidation by regulating ACC1/ACC2 activity, which is mainly controlled by 
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AMPK (Fig. 2-1).  Because PKA is a more ancient protein kinase than AMPK during 

evolution, PKA may be involved in both glucagon-regulated glucose and lipid 

metabolism in prokaryotes.  In eukaryotes, glucagon-regulated glucose and lipid 

metabolism are controlled separately by PKA and AMPK, respectively.  Thus, 

glucagon-regulated glucose metabolism may be mediated through a cAMP/PKA 

pathway, which causes a rapid change of blood glucose level.  In contrast, 

glucagon-regulated lipid metabolism is regulated through a Ca2+/CaMKKβ/AMPK 

pathway leading to decreased fat accumulation. 

Although both AMPK and PKA are activated by glucagon, ACC1 is likely to 

be a better substrate for AMPK binding.  Structural modeling demonstrates that S79 

of ACC1 is close to the catalytic residue D139 of AMPK and S77 of ACC is close to 

the catalytic residue D167 of PKA (Fig. 2-6B).  The binding affinity between AMPK 

and ACC1 or PKA and ACC1 can be examined by competition kinase assay.  In this 

putative experiment, both AMPK and PKA will be mixed with ACC1 peptide in ratios 

of 1:1, 1:2, or 2:1, and then thephosphorylation of ACC1 peptide will be detected by 

LC/MS/MS.  If ACC1 is a better substrate for AMPK binding, the major 

phosphorylation site in ACC1 would be S79.  Further structural modeling can be 

performed to show the competition between AMPK and PKA for binding to ACC1.  

These analyses will be helpful to explain the glucagon-induced AMPK 

phosphorylation of ACC1, which is not mediated by PKA. 
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Fig. 2-1 

 

 

Fig. 2-1.  Glucagon-induced ACC1/ACC2 phosphorylation in adipocytes is 
mediated by AMPK.  (A) 3T3-L1 and MEF-derived adipocytes were treated with 
glucagon (100 nM) for the times indicated or various concentrations for 2 hr.  (B) 
ACC immunoprecipitated from glucagon-treated 3T3-L1 adipocytes was trypsin 
digested, and the phosphopeptides were concentrated by use of TiO2-coated magnetic 
beads.  Nano-LC/MS/MS was performed to map the phosphorylation site(s) within 
the peptide containing ACC1 S77 and S79.  (C) 3T3-L1 adipocytes were transfected 
with AMPK siRNA, PKA siRNA, or control RNA (10 nM).  (D) 3T3-L1 adipocytes 
were treated with compound C (20 µM) or myristolylated PKI 14-22 amide (10 µM) 
for 30 min.  Cells in (C) and (D) were then treated with glucagon (100 nM) for 2 hr.  
Western blot analysis was performed on cell lysates (A, C, and D) to detect the 
phospohorylation of AMPK T172, ACC1 S79, ACC2 S212, and CREB S133.  The 
bar graphs represent densitometry analyses of the ratios of phospho-ACC1 S79 or 
phospho-ACC2 S212 to α-tubulin.  Data represent mean ± SEM from 3 independent 
experiments, with control groups set as 1.  *p < 0.05 between indicated groups.  
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Fig. 2-2 

 
 
Fig. 2-2.  CaMKKβ phosphorylates AMPK in response to glucagon.  (A) 
Wild-type, CaMKKβ-/-, LKB1-/-, and AMPK-/- MEF-derived adipocytes were treated 
with 100 nM glucagon for 2 hr.  The positive control was cells treated with AICAR 
(1 mM) for 30 min.  (B) 3T3-L1 adipocytes were transfected with scramble, 
CaMKKβ, or LKB1 siRNA (10 nM) before glucagon treatment.  (C) 3T3-L1 
adipocytes were treated with STO-609 (5.3 µM) for 30 min before glucagon treatment 
for 2 hr.  In parallel controls, cells were stimulated with AICAR for 30 min.  
Western blot analysis involved antibodies against phospho-AMPK T172, AMPK, 
phospho-ACC1 S79, phospho-ACC2 S212, β-actin, and α-tubulin.  The bar graphs 
represent densitometry analyses of the ratios of phospho-ACC1 S79 or 
phospho-ACC2 S212 to β-actin or α-tubulin.  Data represent mean ± SEM from 
three independent experiments, with control groups set as 1.  *p < 0.05 between 
indicated groups.  (D) Glucagon (100 nM) was added to 3T3-L1 adipocytes before 
Fura-2-AM preload.  Cellular [Ca2+] was determined by a fluorescence microscopy.  
Water (vehicle) was used as a negative control.  
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Fig. 2-3 

 

 

Fig. 2-3.  Effect of CaMKKβ alone and with Ca2+/CaM on AMPK and 
PKA-mediated phosphorylation of ACC1 at S79, ACC1 at S77, and SAMS 
peptides.  The kinase activity of purified GST-AMPKα1 (44 nM) or PKA (95 nM) 
was determined by mixing 1 mM ACC1 peptide (HMRSSMSGLHLVKQG) (A) or 
SAMS peptide (B) with GST-CaMKKβ (46 nM) with or without Ca2+ (2 mM)/CaM 
(2 µM).  Nano-LC/MS/MS spectrometry was used to quantify the relative amount of 
phosphorylation.  The fold-change in level of phosphorylated peptide was 
normalized to that of control (without GST-CaMKKβ) set as 1.  The bar graphs 
represent mean ± SD from 3 independent experiments. *p < 0.05 between indicated 
groups.  
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Fig. 2-4 

 

 

Fig. 2-4.  Glucagon-induced ACC1/ACC2 phosphorylation is mediated by 
CaMKKβ/AMPK in mouse adipose tissue.  Glucagon (5 µg/kg) was administered 
to (A) C57BL/6 mice for the indicated times. In (B) and (C), AMPKα2+/+, AMPKα2-/-, 
CaMKKβ+/+, and CaMKKβ-/- mice received the same dose of glucagon or 0.2 ml 
saline for 2 hr.  After sacrifice, the tissue extracts of the epididymal fat pads were 
subjected to Western blotting to reveal the phosphorylation of AMPK T172, ACC1 
S79, ACC2 S212, CREB S133, and CaMKI T177. The bar graphs represent 
densitometry analyses of the ratios of phospho-AMPK T172 to AMPK, and 
phospho-ACC1 S79 or phospho-ACC2 S212 to β-actin or α-tubulin. Data represent 
mean ± SEM from three animals, with control groups set as 1. *p < 0.05 between 
indicated groups. 
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Fig. 2-5 

 

 
Fig. 2-5.  Glucagon-induced ACC1/ACC2 phosphorylation is mediated by 
CaMKKβ/AMPK in mouse liver.  Glucagon (5 µg/kg) was administered to (A) 
C57BL/6 mice for the indicated times.  In (B) and (C), AMPKα2+/+, AMPKα2-/-, 
CaMKKβ+/+, and CaMKKβ-/- mice received the same dose of glucagon or 0.2 ml 
saline for 2 hr.  After sacrificing, liver extracts were resolved by SDS-PAGE and 
then subjected to Western blot analysis to reveal the phosphorylation of AMPK T172, 
ACC1 S79, ACC2 S212, CREB S133, and CaMKI T177.  The bar graphs represent 
densitometry analyses of the ratios of phospho-AMPK T172 to AMPK and 
phospho-ACC1 S79 or phospho-ACC2 S212 to α-tubulin or β-actin.  Data represent 
mean ± SEM from 3 animals, with control groups set as 1.  *p < 0.05 between 
indicated groups.  
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Fig. 2-6 

 
 
Fig. 2-6.  Structure modeling of ACC1 peptide with AMPK or PKA.  (A) 
Portion of ACC1 sequence containing S77 and S79, and the consensus recognition 
motif for AMPK and PKA.  (B) Model of the peptide around S79 on ACC1 and 
AMPK.  (C) Model of the peptide around S77 on ACC1 and PKA.  The AMPK or 
PKA kinase domain is represented as a sphere and the ACC1 peptide is shown in 
ribbons with the side chains of selected amino acids in stick representation.  The 
interface residues are labeled.  (Images were constructed with the help of Dr. Mei-I 
Su) 
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Chapter 3 

CaMKKβ/AMPK mediated lipogenic activity in adipocytes 

3.1 Abstract 

Lipid synthesis and storage in adipose tissues contribute to energy homeostasis, 

which is inversely regulated by activated AMPK.  In this chapter, I report that 

CaMKKβ negatively regulates lipogenesis in adipocytes through its phosphorylation 

of AMPK.  Fasting increases but refeeding decreases the phosphorylation of AMPK 

and ACC1/ACC2 in CaMKKβ+/+ but not CaMKKβ-/- mice.  Under ad libitum 

feeding, the increased expression of SREBP-1c-mediated lipogenic gene is concurrent 

with decreased phosphorylation of AMPK-regulated ACC1/ACC2 in WAT of 

CaMKKβ-/- mice.  In line with the inhibitory role of CaMKKβ in lipid synthesis and 

storage, CaMKKβ-/- mice exhibit increased body weight, adiposity, and adipocyte 

hypertrophy, even though their food intake is the same as that of CaMKKβ+/+ 

littermates.  Thus, CaMKKβ/AMPK signaling is an important molecular event in 

physiological regulation of adiposity. 

3.2 Introduction 

Lipogenesis in WAT is controlled by lipogenic enzymes regulated at both 

post-translational and transcriptional levels.  In chapter 2, I showed that 

CaMKKβ/AMPK negatively regulates ACC1/ACC2 activity through phosphorylation 
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in response to glucagon.  The transcriptional regulation of lipogenic enzymes, 

including ACC1, ACC2, FAS, SCD1, and LPL, is mainly through SREBP-1c (2, 

31-33, 114).  SREBP-1c is negatively regulated by AMPK (101-103), which may be 

due in part to AMPK phosphorylation of SREBP-1c S372, thus leading to inhibition 

of both SREBP-1c maturation and expression (54).  Therefore, CaMKKβ/AMPK 

may also regulate lipogenesis at the transcriptional level. 

Lipogenesis is regulated by the nutritional environment, such as feeding and 

fasting.  Fasting decreases lipogenic activity in WAT, whereas refeeding restores it.  

Fasting has been shown to decrease ACC1/ACC2 activity and expression, but the 

mechanism remains unclear.  ACC1/ACC2 activity is mainly controlled by AMPK 

(20-22), and fasting has been shown to activate AMPK.  Therefore, fasting-regulated 

ACC1/ACC2 activity may be through the CaMKKβ/AMPK pathway.  Functioning 

as the master regulator of lipogenic genes, SREBP-1c is negatively regulated during 

fasting by several mechanisms.  These mechanisms include AMPK phosphorylating 

SREBP-1c at S372, thus leading to inhibition of SREBP-1c maturation (54), and 

interferon regulatory factor 4 (IRF4) inhibiting the transcriptional activation of 

SREBP-1c (100).  In this chapter, I examine CaMKKβ/AMPK signaling in the 

regulation of ACC1/ACC2 activity and expression under fasting, refeeding, and ad 

libitum. 
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3.3 Materials and Methods 

3.3.1 Antibodies and reagents 

Antibodies against phospho-AMPKα T172, AMPKα, phospho-ACC1 

S79/ACC2 S212, phospho-CREB S133, PKA and α-tubulin, GST-AMPKα, 

GST-CaMKKβ, and PKA C-α were from Cell Signaling.  Anti-CaMKK was from 

BD Biosciences Pharmingen.  Anti-ACC, anti-phospho-CaMKI T177 and 

anti-β-actin were from Santa Cruz Biotechnology.   

3.3.2 Western blot analysis 

After treatment, cells were harvested and lysed.  After protein quantification, 

an equal amount of total protein was resolved by 8% SDS-PAGE and then transferred 

to a PVDF membrane.  Samples were immunoblotted with primary antibodies, and 

then horseradish peroxidase-conjugated secondary antibodies.  Bands were 

visualized by use of an enhanced chemiluminescence detection kit (Amersham 

Biosciences) and quantified by use of ImageJ.  

3.3.3 Animal experiments 

The animal experiments were approved by the UCR institutional Animal Care 

and Use Committee.  Twelve-week-old male CaMKKβ+/+ and CaMKKβ-/- mice were 

housed in a 12-hr light/12-hr dark cycle with free access to regular chow unless 

otherwise described.  For fasting and refeeding experiments, mice were fasted for 30 

hr or fasted for 30 hr and then refed for 10 hr.  Mice had free access to water during 
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food deprivation.  Food intake during refeeding was monitored hourly.  At the end 

of fasting or refeeding, mice were sacrificed, and epididymal fat pads were collected. 

Serum glucagon and insulin levels were detected by Milliplex Map mouse endocrine 

panel.  Serum levels of total triglycerides (TG) and low-density lipoprotein (LDL) 

were determined by L-Type TG M and L-Type LDL-C tests (both Wako), respectively. 

Serum level of total cholesterol (TC) was determined by the InfinityTM Cholesterol 

Reagent method (Thermo Scientific).  Serum levels of high-density lipoprotein 

(HDL) and very low-density lipoprotein (VLDL) were determined by the Friedwald 

equation.  Mice were fed LabDiet 5001* for 40 weeks.  Body weight was measured 

every week.  Body length was measured as nose-to-rump length after euthanasia.  

Food consumption was monitored every 2 days during 8 days when mice had free 

access to food and water.  Mice were fasted for 14 hr before measurement of basal 

metabolic rate (BMR), determined by measuring oxygen consumption (ml/min) for 4 

hr.  For glucose tolerance test (GTT), mice were fasted for 15 hr, and blood glucose 

levels were determined at 0, 15, 30, 60, and 120 min after intraperitoneal injection of 

glucose (2 g/kg).  For insulin tolerance test (ITT), mice were fasted for 3 hr and then 

received insulin (1 U/kg) intraperitoneally.  Glucose levels were then measured at 0, 

15, 30, 60, 90, and 120 min. 
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3.3.4 Quantitative RT-PCR 

Total RNA was isolated by the TRIzol reagent method (Invitrogen).  Reverse 

transcription involved 2 µg total RNA with SuperScript II reverse transcriptase 

(Invitrogen).  Synthesized cDNA was used for real-time quantitative PCR (qPCR) 

with iQ SYBR Green supermix (Bio-Rad) and the MYQ real-time PCR detection 

system (Bio-Rad).  The primer sequences were for ACC1, 

TGACAGACTGATCGCAGAGAAAG and TGGAGAGCCCCACACACA; ACC2, 

CGCTCACCAACAGTAAGGTGG and GCTTGGCAGGGAGTTCCTC; SREBP-1c, 

GGAGCCATGGATTGCACATT and GGCCCGGGAAGTCACTGT; FAS, 

GCTGCGGAAACTTCAGGAAAT and AGAGACGTGTCACTCCTGGACTT; 

SCD1, TTCTTCTCTCACGTGGGTTG and CGGGCTTGTAGTACCTCCTC; LPL, 

GGGAGTTTGGCTCCAGAGTTT and TGTGTCTTCAGGGGTCCTTAG; GAPDH, 

AGGCCGGTGCTGAGTATGTC and TGCCTGCTTCACCACCTTCT.  The relative 

abundance of specific mRNAs was normalized to GAPDH mRNA as the invariant 

control. 

3.3.5 Histology and cell size measurement 

Fresh epididymal fat pads from CaMKKβ+/+ or CaMKKβ-/- mice were 

embedded in O.C.T. and then frozen 10-µm sections were processed.  The specimens 

were fixed and stained with hematoxylin and eosin.  Analysis of more than 350 

adipocytes per group in acquired images involved use of ImageJ.   
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3.3.6 Statistical analysis 

Unless indicated, results are expressed as mean ± SEM from three independent 

experiments.  Experiments comparing two groups were analyzed by Student t test.  

Differences among multiple groups were initially evaluated by ANOVA, then Dunnett 

or Newman-Keuls post-hoc test with GraphPad Prism 4 for Windows (GraphPad 

Software Inc.).  For histological specimens, statistical analysis involved use of SAS 

9.0 (SAS Inst.) and two-tailed Wilcoxon Rank Sum test were used to determine the 

differences.  Unless otherwise indicated, *p<0.05 was considered statistically 

significant.   

3.4 Results 

CaMKKβ is necessary for fasting-induced ACC1/ACC2 phosphorylation in vivo 

To explore the role of CaMKKβ in adipose tissue under physiological 

conditions, 12-week old CaMKKβ-/- and their littermate CaMKKβ+/+ mice were 

divided into three groups: fed ad libitum (control), fasted for 30 hr, or fasted for 30 hr 

and then refed for 10 hr before sacrifice.  Fasting increased the plasma level of 

glucagon but decreased that of insulin in CaMKKβ+/+ mice.  Refeeding restored 

them to the levels at ad libitum (Fig. 1A).  In CaMKKβ-/- mice, the 

fasting/refeeding-induced hormone fluctuations were similar to those in the wild-type, 

except the glucagon level remained high 10 hr after refeeding.  Because of low 

appetite due to lack of fasting-induced AMPK phosphorylation in the hypothalamus 
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(67), the reduced amount of food consumed by CaMKKβ-/- mice during refeeding 

(Fig. 1B) may account in part for the sustained elevated level of glucagon in these 

animals.  In contrast, the insulin surge in these animals caused by refeeding seemed 

less dependent on the amount of food intake (115, 116).  Fasting increased the 

phosphorylation of AMPK, ACC1, and ACC2 in WAT of CaMKKβ+/+ mice, when 

compared with those under ad libitum or after refeeding (Fig. 1C).  For CaMKKβ-/- 

mice, the extent of phosphorylation of the three proteins did not differ among the 

three metabolic conditions.  These results confirm that fasting-induced AMPK and 

ACC1/ACC2 phosphorylation is mediated by CaMKKβ. 

The expression of SREBP-1c and ACC1/ACC2 in WAT is increased in 

CaMKKβ-/- mice 

Because glucagon administration and fasting share a similar pathway to induce 

AMPK phosphorylation in adipose tissue (Fig. 2-4 and 3-1) and AMPK negatively 

regulates SREBP-1c (54, 101-103), we compared transcriptional changes of ACC1 

and ACC2 and their regulatory transcription factor SREBP-1c in CaMKKβ-/- and 

wild-type control mice.  As expected, under ad libitum, mRNA levels of ACC1, 

ACC2, and SREBP-1c were higher in CaMKKβ-/- than CaMKKβ+/+ mice (Fig. 3-2A).  

Furthermore, the SREBP-1c-regulated FAS and SCD1 mRNA levels were both 

increased in CaMKKβ-/- mice, which suggests that the expression of lipogenic genes 

in WAT under ad libitum is negatively regulated by CaMKKβ as well (Fig. 3-2A).   
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Compared with ad libitum, fasting reduced the level of ACC1, ACC2, and 

SREBP-1c mRNA in WAT of both CaMKKβ+/+ and CaMKKβ-/- mice (Fig. 3-2B), 

which indicates that SREBP-1c-regulated adiposity is attenuated under fasting 

regardless of the presence or absence of CaMKKβ.  As compared with fasting, with 

refeeding, the mRNA levels of ACC1, ACC2, and SREBP-1c were increased more in 

CaMKKβ+/+ than CaMKKβ-/- mice (Fig. 3-2C).  The low induction of lipogenic 

genes in CaMKKβ-/- mice might have been due to less consumed food (Fig. 3-1B).  

However, CaMKKβ-/- mice restored their appetite and ate even more afterwards.  

The accumulated food consumption during 24-hr refeeding was comparable between 

the two groups (data not shown).   

Lipogenesis in WAT depends on CaMKKβ 

Given the increased expression of genes involved in lipogenesis in CaMKKβ-/- 

mice under ad libitum, I monitored changes in body weight of both CaMKKβ-/- and 

CaMKKβ+/+ mice up to 40 weeks of age.  As illustrated in Fig. 3-3A, body weight 

was greater in CaMKKβ-/- than CaMKKβ+/+ mice.  Given the comparable body 

length, liver mass, and daily food intake between the two groups of animals (Fig. 3-4), 

a higher content of visceral fat seen in CaMKKβ-/- mice accounted for the discrepancy 

in body weight (Fig. 3-3B).  Epididymal fat mass was higher and body fat 

percentage (sum of epididymal, mesenteric, and perirenal fat weight/body weight) 

was higher by 2% in CaMKKβ-/- than CaMKKβ+/+ mice (Fig. 3-3B).  Despite 

increased epididymal adiposity in CaMKKβ-/- mice, these animals did not show 
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glucose intolerance or insulin resistance (Fig. 3-5).  Histological analysis of 

epididymal adipose tissue confirmed the increase in adipocyte hypertrophy in 

CaMKKβ-/- mice (Fig. 3-3C).  The increased size of adipocytes was consistent with 

decreased phosphorylation of AMPK, ACC1, and ACC2 and increased mRNA level 

of SREBP-1c, ACC1, ACC2, FAS, and SCD1 (Fig. 3-3, D and E).    

Of note, the phosphorylation of AMPK, ACC1, and ACC2 was decreased in 

the liver of CaMKKβ-/- mice (Fig. 2-5C), which suggests that hepatic synthesis of 

fatty acids was also increased in these animals.  When examining the serum lipid 

profile, I found elevated triglyceride and VLDL contents in CaMKKβ-/- mice, whereas 

levels of LDL and HDL were normal (Table 1).  Increased visceral fat in men has 

been found associated with increased serum insulin level (117).  However, I found 

comparable levels of serum insulin and glucagon in CaMKKβ-/- and CaMKKβ+/+ mice 

(Fig. 3-3G), which suggests that systemic CaMKKβ ablation did not affect long-term 

alteration in pancreatic secretion of insulin and glucagon.  Therefore, under ad 

libitum in CaMKKβ-/- mice, the lipid accumulation in WAT is largely due to a 

combination of hepatic production, adipocyte uptake and triglyceride storage. 

3.5 Discussion 

Lipogenesis is regulated by the nutritional environment, in particular feeding 

and fasting.  Fasting regulates lipogenic activity in WAT at both post-translational 

and transcriptional levels.  The present results demonstrate that fasting-regulated 
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AMPK, ACC1, and ACC2 phosphorylation in WAT is mediated through 

CaMKKβ (Fig. 3-1C).  Fasting-suppressed lipogenic gene expression is regulated by 

SREBP-1c in WAT (93, 95).  Functioning as the master regulator of lipogenic genes, 

SREBP-1c is negatively regulated during fasting by several mechanisms.  These 

mechanisms include AMPK phosphorylation of SREBP-1c at S372, thus leading to 

inhibition of SREBP-1c maturation (54), and interferon regulatory factor 4 (IRF4) 

inhibition of transcriptional activation of SREBP-1c (100).  During fasting, I found 

that phosphorylation of AMPK, ACC1 and ACC2 in WAT of wild-type mice increased 

(Fig. 3-1C) with concomitant decrease in the expression of SREBP-1c, ACC1, and 

ACC2 (Fig. 3-2B).  In fasted CaMKKβ-/- mice, the expression of SREBP-1c, ACC1, 

and ACC2 remained low despite the reduced level of AMPK phosphorylation due to 

CaMKKβ ablation.  Although seemingly paradoxical, these molecular events are 

physiologically possible.  Because the nutritional supply was restricted, the 

SREBP-1c-mediated lipogenesis in WAT would be inhibited in CaMKKβ-/- mice by 

pathways other than CaMKKβ/AMPK such as insulin-mediated IRF4.  Nonetheless, 

data for fasted CaMKKβ-/- animals do not negate the negative regulation of 

lipogenesis in WAT by the CaMKKβ/AMPK pathway in the wild-type.    

As the major AMPKK in the central nervous system (CNS), CaMKKβ 

regulates appetite through AMPK and NPY (67).  During refeeding, CaMKKβ-/- 

mice ingested less food than CaMKKβ+/+ mice (Fig. 3-1B), which would be due in 

part to lower AMPK activity in their hypothalamus (67).  Low food intake coincided 
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with a high plasma glucagon level (Fig. 3-1A) and low expression of SREBP-1c, 

ACC1, and ACC2 mRNA in the WAT of CaMKKβ-/- mice (Fig. 3-2C).  However, 

CaMKKβ-/- and CaMKKβ+/+ mice consumed a similar amount of food at 24 hr after 

the start of refeeding (data not shown). Therefore, alternative CNS pathways 

compensated the lack of CaMKKβ/AMPK to restore the appetite at a set point with 

unrestricted nutrition (i.e., ad libitum).  However, this pathway becomes a major 

appetite control mechanism with altered nutritional status (e.g., fasting, starvation, 

and refeeding).   

Although CaMKKβ-/- mice and their wild-type littermates ingested a similar 

amount of food under ad libitum (Fig. 3-4), the phosphorylation level of AMPK, 

ACC1, and ACC2 was lower and expression level of SREBP-1c, ACC1, ACC2, and 

other lipogenic genes in WAT higher in CaMKKβ-/- than CaMKKβ+/+ mice (Fig. 3-3, 

D and E).  This discrepancy suggests that lower CaMKKβ activity in WAT 

stimulates lipogenesis, thereby causing epididymal adiposity.  Because CaMKKβ is 

the major AMPKK in the liver and adipocytes, the systemic ablation of CaMKKβ 

would augment lipogenesis in peripheral tissues without affecting the hypothalamic 

satiety center, particularly under ad libitum.  This integrated lipid metabolism is 

supported by the decreased phosphorylation of AMPK and ACC1/ACC2, augmented 

lipogenic gene expression in the liver (Fig. 2-5 and 3-6), increased VLDL in 

circulation (Table 1) and upregulated LPL in WAT (Fig. 3-3E).  In addition to 

increased lipogenesis, BMR was lower in CaMKKβ-/- than CaMKKβ+/+ mice (Fig. 
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3-7), which associates well with decreased ACC2 phosphorylation leading to 

attenuated lipid oxidation in adipocytes.   
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Fig. 3-1 

 
Fig. 3-1. CaMKKβ regulates AMPK and ACC1/ACC2 phosphorylation in mouse 
adipose tissue during fasting.  (A) Serum level of glucagon and insulin in 
CaMKKβ+/+ and CaMKKβ-/- mice fed ad libitum and those fasted for 30 hr with or 
without refeeding for 10 hr (n = 4-7).  (B) The amount of food consumed by 
CaMKKβ+/+ and CaMKKβ-/- mice was monitored during 10-hr refeeding (n = 6).  (C) 
Western blot analysis of phosphorylation of AMPK T172, ACC1 S79, and ACC2 
S212 in tissue extracts isolated from epididymal fat pads of CaMKKβ+/+ and 
CaMKKβ-/- mice.  The bar graphs in panel B represent densitometry analyses of the 
ratio of phospho-AMPK T172 to AMPK and phospho-ACC1 S79 or phospho-ACC2 
S212 to β-actin (n = 3).  Data represent mean ± SEM, with control groups set as 1.  
*p < 0.05 between indicated groups. 
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Fig. 3-2 

 
Fig. 3-2. Level of lipogenic genes is upregulated in WAT of CaMKKβ-/- mice.  
Total RNA was isolated from epididymal fat of CaMKKβ+/+ and CaMKKβ-/- mice fed 
ad libitum, subjected to fasting, or fasting and then refeeding (described in Figure 4, n 
= 6-10 in each group).  (A) Quantitative RT-PCR of level of ACC1, ACC2, 
SREBP-1c, FAS, SCD1, and LPL mRNA in CaMKKβ+/+ and CaMKKβ-/- mice fed ad 
libitum.  (B and C) Relative levels of ACC1, ACC2, and SREBP-1c mRNA in 
CaMKKβ+/+ and CaMKKβ-/- mice were compared between ad libitum and fasting 
groups as well as fasting and refeeding groups.  Data represent mean ± SEM.  *p < 
0.05 between indicated groups.   
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Fig. 3-3 

 
Fig. 3-3. Lipogenesis is enhanced in WAT of CaMKKβ-/- mice.  (A) Body weight 
of CaMKKβ+/+ (n = 14) and CaMKKβ-/- mice (n = 11) fed ad libitum for 40 weeks.  
(B) Photographs of WAT of CaMKKβ+/+ and CaMKKβ-/- mice.  Epididymal fat 
weight and combined weight of WAT (sum of epididymal, mesenteric, and perirenal 
fat weight) as a percentage of total body weight (n = 11-14).  (C) Comparison of 
cross-sectional areas of adipocytes from epididymal fat pads of CaMKKβ+/+ and 
CaMKKβ-/- mice.  The median area for CaMKKβ+/+ was 1939.29 ± 95.69 µm2, and 
that for CaMKKβ-/- was 2457.11 ± 113.74 µm2 (median ± SEM).  p<0.01 revealed 
by Wilcoxon Rank Sum test.  (D) Phosphorylation of AMPK at T172, ACC1 at S79, 
ACC2 at S212, and CaMKI at T177 in WAT of CaMKKβ+/+ and CaMKKβ-/- mice.  
The bar graphs represent densitometry analyses of the ratio of phospho-AMPK T172 
to AMPK and phospho-ACC1 S79 or phospho-ACC2 S212 to β-actin, averaged from 
three animals, with wild-type groups set as 1.  (E) Quantitative RT-PCR of relative 
mRNA levels of SREBP-1c, ACC1, ACC2, FAS, SCD1, and LPL in WAT (n = 10-14), 
with wild-type groups set as 1.  (F) Serum levels of glucagon and insulin in 
CaMKKβ+/+ and CaMKKβ-/- mice (n = 8-14).  Data represent mean ± SEM.  *p < 
0.05 between indicated groups.
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Fig. 3-4 

 
Fig. 3-4. Body length (A), liver mass (B), and daily food intake (C) for CaMKKβ+/+ 
and CaMKKβ-/- mice.  Data represent mean ± SEM from 11-14 animals.   
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Fig. 3-5 

 
 
Fig. 3-5. CaMKKβ+/+ and CaMKKβ-/- mice show similar glucose tolerance and 
insulin sensitivity.  (A) CaMKKβ+/+ and CaMKKβ-/- mice were fasted for 15 hr, and 
then were intraperitoneally injected with glucose (2 g/kg) for GTT.  Blood samples 
were collected from the tail at the indicated times and analyzed for glucose 
concentration.  Data represent mean ± SEM from 12-13 animals.  (B) CaMKKβ+/+ 
and CaMKKβ-/- mice were fasted for 3 hr, and then were intraperitoneally injected 
with insulin (1 U/kg).  For ITT, blood glucose level was detected at the indicated 
times.  Data are presented as mean ± SEM from 11-12 animals.  Data of GTT and 
ITT were evaluated by calculation of area under the curve (AUC).  
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Fig. 3-6 

 
Fig. 3-6. Level of lipogenic genes is upregulated in the liver of CaMKKβ-/- mice. 
Relative levels of mRNA encoding ACC1, ACC2, SREBP-1c, FAS, and SCD1 in the 
liver of CaMKKβ+/+ and CaMKKβ-/- mice under ad libitum were analyzed by 
quantitative RT-PCR.  Data are mean ± SEM averaged from 10-11 animals, with 
wild-type groups set as 1.  *p < 0.05 between indicated groups.   
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Fig. 3-7 

 
Fig. 3-7. Basal metabolic rate (BMR) for CaMKKβ+/+ and CaMKKβ-/- mice.  (A) 
Mice were fasted for 14 hr before measurement of BMR.  (B) and (C) are BMR/total 
body mass and BMR/lean body mass, respectively.  Data represent mean ± SEM 
from 4 animals.  *p < 0.05 between indicated groups.   
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Table 1 

 
 
Values are mean ±  SEM from 11-13 animals.  ap ﹤ 0.05 compared with 
CaMKKβ+/+ mice.  *Determined by the Friedwald equation.  TG: total triglycerides; 
TC: total cholesterol; LDL: low-density lipoprotein; HDL: high-density lipoprotein; 
VLDL: very low-density lipoprotein. 
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Chapter 4 

Conclusions and perspectives 

Energy homeostasis at the whole-body level is tightly controlled by myriad 

biochemical signaling pathways in cells and tissues mediating metabolism such as 

adipocytes, muscle, liver, and hypothalamus.  Regulating multiple metabolic 

processes, AMPK is widely recognized as a cellular energy gauge (34, 35).  In this 

study, I demonstrated that the CaMKKβ/AMPK pathway in peripheral tissues is 

important in the regulation of adiposity.  The pathway regulates the activities and 

gene expression of key lipogenic enzymes, ACC1 and ACC2.  Because the 

CaMKKβ/AMPK pathway also regulates appetite in the hypothalamus (67), the 

coordinated regulation of hypothalamic and peripheral CaMKKβ/AMPK pathways 

are critical for responding to hormonal and nutrient signals to maintain whole-body 

energy homeostasis.   

4.1 Coordinated regulation of CaMKKβ/AMPK pathway in the periphery 

The CaMKKβ/AMPK pathway plays a major role in modulating lipid 

metabolism in adipocytes at both post-translational and transcriptional events.  In 

this study, I demonstrated that glucagon regulates ACC activity through 

phosphorylation by the CaMKKβ/AMPK pathway.  Also, CaMKKβ/AMPK 

negatively regulates lipogenic gene expression under ad libitum conditions, possibly 
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through SREBP-1c.  These findings emphasize the importance of CaMKKβ/AMPK 

in regulating lipid metabolism.  Fig. 4-1 summarizes the CaMKKβ/AMPK 

regulation of ACC1/ACC2 in adipocytes. 

 

 
 
 

Fig. 4-1. CaMKKβ/AMPK regulation of ACC1/ACC2 in adipocytes.  ACC1 and 
ACC2 are regulated by AMPK at both post-translational and transcriptional levels. 

Liver is another important tissue where fatty acid is synthesized.  I found the 

phosphorylation of AMPK, ACC1, and ACC2 decreased and lipogenic gene 

expression increased in the liver of CaMKKβ-/- mice, which suggests that hepatic 

synthesis of fatty acids was also increased in these animals.  The CaMKKβ/AMPK 

pathway regulates lipogenic activity in the liver, which in turn affects fat 

accumulation in adipocytes.  This integrated lipid metabolism is supported by the 

increased level of VLDL in circulation and upregulated LPL in WAT.  Fig. 4-2 
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demonstrates the coordinated regulation of the CaMKKβ/AMPK pathway in the liver 

and adipocytes.  

 
 

Fig. 4-2. Coordinated regulation of CaMKKβ/AMPK pathway in the liver and 
adipocytes.  Key enzymes involved in lipogenesis are regulated by 
CaMKKβ/AMPK pathway in the liver and adipocytes. 

4.2 CaMKKβ-knockout mice under high-fat diet 

As the major AMPKK in the CNS, CaMKKβ regulates appetite through 

AMPK and NPY (67).  CaMKKβ-/- mice under a high-fat diet have lower food intake, 

thus leading to decreased body weight (Fig. 4-4, C and D), which is consistent with 

previous findings (67).  Although CaMKKβ-/- mice under a high-fat diet have lower 

body weight, they show increased content of visceral fat (Fig. 4-4, A and B).  To 
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eliminate the effect caused by appetite, CaMKKβ+/+ and CaMKKβ-/- mice were fed 

the same amount of high-fat diet from week 41 to week 60.  The body weight was 

higher for CaMKKβ-/- than CaMKKβ+/+ mice at week 60 (Fig. 4-4E).  Moreover, 

CaMKKβ-/- mice under a normal diet exhibited higher body weight and increased 

accumulation of visceral fat as compared with CaMKKβ+/+ mice, although their daily 

food intake was comparable (Fig. 3-3).  Therefore, although CaMKKβ ablation 

decreases appetite under a high-fat diet, alternative CNS pathways compensate for the 

lack of CaMKKβ/AMPK to restore the appetite under a normal diet.  

 

Fig. 4-3. Effect of knocking out CaMKKβ on visceral fat accumulation, food 
intake, and body weight of mice fed a high-fat diet.  (A) Photographs of WAT of 
CaMKKβ+/+ and CaMKKβ-/- mice.  (B) Epididymal fat weight and combined weight 
of WAT (sum of epididymal, mesenteric, and perirenal fat weight) as a percentage of 
total body weight.  (C) Average daily food intake of CaMKKβ+/+ and CaMKKβ-/- 
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mice.  (D) Body weight of CaMKKβ+/+ and CaMKKβ-/- mice fed a high-fat diet 
during weeks 21 to 40.  (E) Body weight of CaMKKβ+/+ and CaMKKβ-/- mice 
during weeks 41 to 60 when both groups were fed the same amount.  To equalize 
food intake, the CaMKKβ+/+ mice were fed only the amount of high-fat diet consumed 
by the CaMKKβ-/- mice.  Data are mean ± SEM.  *p < 0.05 between indicated 
groups. 

4.3 Generation of tissue-specific CaMKKβ-knockout mice 

Because activation of CaMKKβ/AMPK pathway in different tissues leads to 

different consequences, tissue-specific CaMKKβ-knockout mice are useful to address 

the specific effect of CaMKKβ in a particular metabolic organ and the consequent 

functions at the whole-body level.  Cre-Lox recombination could be used to delete 

the loxP-flanked chromosomal CaMKKβ sequence in selected cell types and tissue, 

such as adipocytes, muscle, liver, and hypothalamus.  The Cre protein is a 

site-specific DNA recombinase that can catalyze the recombination between specific 

sites in a DNA molecule.  These sites, known as loxP sequences, contain specific 

binding sites for Cre protein.  Therefore, one can use adipocyte-, muscle-, liver-, or 

hypothalamus-expressed Cre mice crossed with LoxP-linked CaMKKβ+/+ mice to 

obtain tissue-specific CaMKKβ-/- mice. 

Using hypothalamus-specific CaMKKβ knockout mice, one can study 

CaMKKβ-regulated appetite under different diets or nutritional status, such as ad 

libitum, fasting, and refeeding.  However, using adipocyte-, muscle-, or liver-specific 

CaMKKβ-knockout mice, the CaMKKβ-regulated lipogenic activity in the periphery 

can be addressed.  The coordinated regulation of lipid and perhaps carbohydrate 
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metabolism by the hypothalamic and peripheral CaMKKβ/AMPK pathway can thus 

be demonstrated by comparing hypothalamus- and periphery-specific knockout mice 

in response to hormonal and/or nutrient signals.  

4.4 Metformin activation of the CaMKKβ/AMPK pathway 

A translational implication of the enhanced epididymal adiposity in 

CaMKKβ-/- mice may be the salutary effect of metformin on weight loss (118).  

Metformin is an oral antidiabetic drug for type 2 diabetes.  Many type 2 diabetic 

patients are overweight or obese, with associated cardiometabolic risk factors.  

However, many antidiabetic treatments increase body weight; examples are insulin 

secretagogues (sulphonylureas and meglitinides), thiazolidinediones (TZDs), and 

insulin itself (119).  Metformin has been evaluated in many clinical studies in 

diverse patient populations and found to decrease body weight (118, 120).  Therefore, 

metformin has been used as a first-line pharmacological therapy in overweight 

patients (120). 

The effect of metformin on hypoglycaemic action has been shown by AMPK 

activation decreasing glucose production in the liver and increasing glucose utilization 

in muscle (103).  In addition, activation of AMPK is involved in the lipid-lowering 

effect of metformin leading to decreased ACC activity in the liver (103, 121).  

Because metformin can induce AMPK and ACC phosphorylation in adipose tissue of 

rodent models and type II diabetic patients (122, 123), CaMKKβ may be involved in 
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this effect.  Indeed, I found that metformin administration failed to increase AMPK 

phosphorylation in CaMKKβ-/- MEF-derived adipocytes and WAT of CaMKKβ-/- 

mice as compared with wild-type controls (Fig. 4-3, A and B).  Although LKB1 in 

the liver is involved in the hypoglycemic action of metformin (124), these results 

suggest that CaMKKβ in WAT is also targeted by metformin.  Interestingly, 

metformin did not seem to affect AMPK and ACC phosphorylation in the mouse 

hypothalamus (Fig. 4C).  Thus, a possible drug intervention of dysregulated energy 

storage would be tissue-specific targeting of the CaMKKβ/AMPK in WAT.   

To study the long-term effect of metformin-regulated adiposity and body 

weight change, metformin can be given to the wild-type and CaMKKβ-/- mice for an 

extended period.  The ACC activity and lipogenic gene expression in WAT and liver 

can then be compared in both groups to show the importance of CaMKKβ in 

metformin-regulated lipogenesis.  In addition, food intake and AMPK 

phosphorylation in the hypothalamus could be examined to investigate the metformin 

effect in the CNS.  
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Fig. 4-4. Metformin-induced AMPK and ACC1/ACC2 phosphorylation in 
adipocytes is mediated by CaMKKβ.  (A) CaMKKβ+/+ and CaMKKβ-/- 
MEF-derived adipocytes were treated with or without metformin (1 mM) for 2 hr.  
Cell lysates were analyzed by Western blot analysis.  Bar graphs represent mean ± 
SEM from 3 independent experiments, with control groups set as 1.  *p < 0.05 
between indicated groups.  (B) CaMKKβ+/+ and CaMKKβ-/- mice were administered 
metformin (500 mg/kg) by oral gavage.  At 24 hr, adipose tissue was collected and 
protein levels were examined by Western blot analysis.  (C) C57BL/6 mice were 
treated with oral metformin (500 mg/kg) for 24 hr.  Protein levels were examined in 
hypothalamus tissue by Western blot analysis. (with the help of Drs. Zhen Chen and 
Wei Sun) 

4.5 Summary 

This study provides information on the CaMKKβ/AMPK pathway in 

regulating lipid metabolism in peripheral tissue in mice and implications for 

regulating adiposity.  Hormones, peptides, and nutrients may affect the 

CaMKKβ/AMPK pathway in both hypothalamus and peripheral tissue.  Furthermore, 

hypothalamic CaMKKβ/AMPK may regulate metabolic pathways in the periphery 
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through neuronal circuits, and peripheral CaMKKβ/AMPK may also affect 

hypothalamic signaling.  CaMKKβ controls food intake by regulating hypothalamic 

AMPK, thus leading to the production of the orexigenic hormone NPY, whereas 

CaMKKβ regulates adiposity by regulating peripheral AMPK and ACC1/ACC2 

activity.  How the coordinated regulation of the hypothalamic and peripheral 

CaMKKβ/AMPK cascade responds to multiple stimuli is still unclear.  In addition, 

further delineating this pathway in other tissues or other downstream targets for 

regulating whole-body energy homeostasis is important.  Therefore, tissue-specific 

CaMKKβ−knockout mice are useful for studying the importance of the 

CaMKKβ/AMPK pathway outside of adipocytes. 
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