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    Chapter 2   
 The Molecular Basis of Hepatic De Novo 
Lipogenesis in Insulin Resistance                     

       Mengwei     Zang     

    Abstract     Humans with obesity and type 2 diabetes exhibit the classic triad of 
hyperinsulinemia, hyperglycemia, and hypertriglyceridemia. The paradox of selec-
tive insulin resistance in the liver, in which the gluconeogenic pathway becomes 
insensitive to insulin but the lipogenesis pathway remains sensitive to insulin, leads 
to an elevation in hepatic and plasma levels of fatty acids and triglyceride and makes 
detrimental contributions to the development of insulin resistance. However, the 
precise mechanism for selective insulin resistance remains largely unknown. AMP- 
activated protein kinase (AMPK) is an energy sensor that regulates metabolic 
homeostasis. Recently, elucidating the role of AMPK leads to surprising fi ndings 
and helps identify novel downstream effectors of AMPK. Cellular and molecular 
biological approach and obese, diabetic mouse models are utilized to characterize 
that sterol regulatory element binding protein (SREBP), a family of the transcrip-
tion regulator of lipid synthesis, functions as a conserved substrate of AMPK. AMPK 
specifi cally interacts with and phosphorylates SREBP-1c and SREBP-2. AMPK 
and its pharmacological activators, such as metformin and polyphenols, inhibit the 
cleavage processing of SREBP-1c and SREBP-2, decrease the nuclear transloca-
tion, and reduce the transcription of target genes involved in the biosynthesis of 
fatty acid, triglyceride, and cholesterol at least in part through AMPK-dependent 
inhibition of SREBP in hepatocytes. Strikingly, integrated inhibition of AMPK and 
stimulation of SREBP are implicated on hepatic lipogenesis and steatosis. In con-
trast, suppression of the de novo lipogenesis by AMPK in the liver results from an 
increase in SREBP-1 phosphorylation and a reduction in its cleavage processing 
and transcriptional activity in insulin resistance. These studies provide mechanistic 
insight into the development of potential therapeutic strategies to target the nutrient 
sensing AMPK-SREBP pathway for treating type 2 diabetes and related metabolic 
disorders.  
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1         Introduction 

 In mammals, the liver is the principle organ responsible for the regulation of  glu-
cose and lipid metabolism  . Fatty acids are substrates for cellular metabolism and 
are essential components of cellular membranes. In  cellular metabolism  , sources 
of fatty acids are exogenously-derived (dietary) fatty acids and endogenously- 
synthesized fatty acids. 

 The biosynthesis of endogenous fatty acids, known as  de novo  lipogenesis, is the 
metabolic pathway that converts excess carbohydrates (glucose) into fatty acids, 
which are ultimately esterifi ed with glycerol 3-phosphate to form triglyceride in the 
 liver   (Fig.  2.1 ). During the  de novo  lipogenic process, glucose is fi rst converted to 
pyruvate, which enters the  tricarboxylic acid (TCA) cycle      in the mitochondria to 
yield  citrate. Citrate   is then transported into the cytosol and broken down by ATP 
citrate lyase to yield acetyl-CoA and oxaloacetate. In the rate-limiting step in the 
lipogenesis pathway, the conversion of acetyl-CoA to malonyl-CoA is catalyzed by 
acetyl-CoA carboxylase (ACC).  Fatty acid synthase (FAS)      can synthesize long- 
chain fatty acids by using acetyl-CoA as a primer, malonyl-CoA as a two-carbon 
donor, and NADPH as a reducing equivalent. Palmitic acid (C16:0), the predomi-
nant fatty acid, is generated by FAS. Palmitic acid is desaturated by stearoyl-CoA 
desaturase-1 (SCD-1) to produce palmitoleic acid or it can be elongated to yield 
stearic acid (C18:0). SCD-1 catalyzes the conversion of stearoyl-CoA to oleoyl- 
CoA, which is a major substrate for triglyceride synthesis. Oleic acid (C18:1) is 
formed as a result of desaturation of stearic acid and it is thought to be the end 
product of  de novo   fatty acid synthesis   (Dentin et al.  2005 ).

   The activity of the  lipogenic pathway   is regulated upon nutritional conditions 
(Kim et al.  1998 ). A diet rich in carbohydrates stimulates the lipogenic pathway in 
the liver, whereas starvation decreases hepatic lipogenesis. Activities of lipogenic 
enzymes are controlled by post-translational and transcriptional mechanisms.    It is 
established that the transcription of lipogenic enzymes is regulated by insulin and 
glucose (Hasty et al.  2000 ; Foretz et al.  1999a ).  Sterol regulatory element binding 
protein-1c (SREBP-1c)   is    implicated in the transcriptional regulation of multiple 
lipogenic enzymes such as acetyl-CoA carboxylase (ACC), fatty acid synthase 
(FAS), and stearoyl-CoA desaturase-1 (SCD-1). Aberrant activation of hepatic  de 
novo  lipogenesis is observed in obesity-induced insulin resistance in animals. In 
this chapter, we discuss nutrient sensing mechanisms and signaling crosstalk 
responsible for the regulation of  de novo  lipogenesis in the liver and discuss how 
these nutrient sensing pathways become deregulated in metabolic disease.  
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2     Mammalian AMPK 

2.1     The Regulation and Function of AMPK 

 AMP-activated protein kinase (AMPK) is an intracellular energy and nutrient sen-
sor that has been implicated in the regulation of  glucose and lipid homeostasis   
(Kahn et al.  2005 ; Hardie et al.  2012 ). AMPK serine/threonine protein kinase is a 
heterotrimeric protein complex that consists of α catalytic subunit and β and γ regu-
latory subunits (Hardie et al.  2012 ).  Phosphorylation   of a conserved Thr-172 site 
within the activation loop of the kinase domain of the α subunit is required for 
AMPK activity. The regulation of AMPK is complex: it involves allosteric activa-
tion by elevated AMP or ADP concentrations; and AMPK activity is increased by 
ATP depletion. AMPK activity can also be regulated by upstream kinases such as 

  Fig. 2.1     De novo  lipogenesis is regulated by insulin and glucose in  hepatocytes  . Metabolic fl ux 
in the liver refl ects the activation of major pathways including glycolysis and lipogenesis. Acetyl- 
CoA is produced from glucose through a glycolytic process; it can be used as a substrate for fatty 
acid synthesis. The major function of glycolysis in the liver provides carbons from glucose for 

promoting  de novo  lipogenesis. The transcription of SREBP-1c and its target genes involving 
lipogenic enzymes is induced by high concentrations of glucose and insulin       
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LKB1, CaMKKβ, and TAK1 (Hardie et al.  2012 ; Kahn et al.  2005 ; Hawley et al. 
 2005 ; Momcilovic et al.  2006 ). The  protein kinase LKB1  , the Peutz-Jeghers syn-
drome tumor-suppressor, can directly phosphorylate and activate AMPK (Shaw 
et al.  2004 ; Sakamoto et al.  2004 ; Lizcano et al.  2004 ). Both LKB1 and CaMKKβ 
phosphorylate the same residue (Thr-172) on the α subunit of AMPK. AMPK is 
activated by LKB1  in   response to increased intracellular levels of AMP or ADP and 
depleted intracellular levels of ATP. Binding of AMP to the γ subunit of AMPK 
allosterically activates the kinase while preventing dephosphorylation of the α sub-
unit of AMPK. On the other hand, AMPK is also activated by CaMKKβ in response 
to elevated intracellular concentrations of Ca 2+  (Fig.  2.1 ). 

 AMPK activity is induced by physiological stimuli such as  exercise and adipo-
nectin  . AMPK is also activated by pharmacological agents such as metformin  and 
xenobiotics  . Additionally, AMPK can be activated by metabolic stresses that inhibit 
mitochondrial ATP production or accelerate ATP consumption. In numerous sys-
tems, AMPK serves as a protective response to energy stress. Once activated, 
AMPK restores cellular energy balance by switching off ATP-consuming anabolic 
pathways including the synthesis of fatty acid, triglyceride and cholesterol as well 
as by switching on ATP-generating catabolic pathways, such as fatty acid oxidation 
and lipolysis (Fig.  2.2 )   . Notably, AMPK is thought to be a checkpoint that maintains 
energy balance in both cells and organisms. AMPK also plays a role in the regula-
tion of whole-body energy metabolism through decreased energy production and 
increased energy expenditure. Specifi cally, AMPK can increase whole-body energy 
expenditure via actions on the  hypothalamus  . However, the dysregulation of AMPK 
is implicated in the pathogenesis of diabetes as well as its related metabolic disor-
ders and some cancers.

  Fig. 2.2    AMPK serves as 
a master energy sensor that 
controls  metabolic   switch       
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2.2        AMPK Activators 

 Pharmacological activation of AMPK by  metformin   and other compounds holds 
promising application that may improve metabolic abnormalities associated with 
 obesity   and type 2  diabetes  . Given the fact that the correction of the deregulated 
 LKB1/AMPK pathway   can reduce the Warburg effect in cancer (Faubert et al. 
 2013 ), these studies suggest that AMPK has the potential as a drug target for cancer 
prevention and treatment (Luo et al.  2010 ; Shackelford and Shaw  2009 ). Activation 
of AMPK by naturally occurring compounds also prevents the development of 
 chronic diseases   related to aging (Martin-Montalvo et al.  2013 ). These fi ndings 
raise the possibility of metformin-based interventions that extend lifespan and pro-
mote healthy aging. 

2.2.1     AMPK and Metformin 

  Type 2 diabetes   is associated  with   insulin resistance, accompanied by elevated 
hepatic glucose production, hyperglycemia, and hyperlipidemia. Since the 1950s, 
one of the few classes of therapeutics effective in reducing hepatic glucose produc-
tion has been the biguanides (Viollet et al.  2012 ). Biguanide class of antidiabetic 
drugs contains two linked guanidine rings that are originally derived from galegine 
(isoamylene guanidine), a guanidine derivative found in the French lilac Galega 
offi cinalis. The  biguanide drugs   include phenformin and metformin (N, 
N-dimethylbiguanide). Particularly, metformin is the most widely used antidiabetic 
agent and is currently recommended as the fi rst line drug for patients with type 2 
diabetes worldwide. 

  Metformin   is an oral antidiabetic drug that improves systemic insulin sensitivity 
with reduced plasma glucose levels in patients with type 2 diabetes. Metformin may 
increase hepatic insulin sensitivity through the upregulation of insulin signaling by 
increased  tyrosine phosphorylation   of the insulin receptor and insulin receptor sub-
strate 1, leading to reduced hepatic gluconeogenesis and glucose output (Viollet 
et al.  2012 ). 

 Beyond its effect on  glucose metabolism  , metformin has been reported to 
improve  fatty liver and cardiovascular complications   associated with type 2 diabe-
tes. Metformin has also emerged as an adjunct treatment for cancer due to its role in 
cancer metabolism. However, the precise mechanism by which metformin lowers 
lipids is not fully understood. To explore the mechanism of metformin action, an  in 
vitro  cell model of  high glucose-induced insulin resistance and triglyceride   accumu-
lation is initially developed (Zang et al.  2004 ). An   in vitro  insulin-resistant state  , as 
characterized by a decrease in insulin-stimulated phosphorylation of Akt and its 
downstream effector, glycogen synthase kinase 3α/β in hepatocytes, is induced by 
high concentrations of glucose (30 mm), which mimics an  in vivo  hyperglycemia 
state. Under these conditions, metformin dose- and time-dependently increases 
phosphorylation of AMPK at Thr-172, the major stimulatory phosphorylation site 
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of the AMPK α subunit, and its downstream target  acetyl-CoA carboxylase 1 
(ACC1)        at Ser-79 and ACC2 at Ser-212, major inhibitory phosphorylation sites of 
ACC. A decrease in AMPK activity is correlated with an elevation in hepatocellular 
lipid content in an insulin-resistant state. These results indicate that the inhibition of 
AMPK may represent a critical mechanism for hepatocellular  lipid   accumulation 
associated with insulin resistance (Zang et al.  2004 ). Strikingly, the impairment of 
AMPK and accumulation of lipids caused by high glucose are prevented by metfor-
min treatment. The protective effects of metformin are mimicked by overexpression 
of the constitutively active form of AMPKα and blocked by expressing the kinase- 
inactive form of AMPKα. These studies provide biochemical evidence that 
while AMPK activation is required for the lipid-lowering effect of metformin in 
insulin-resistant hepatocytes, it is up for debate whether the glucose-lowering effect 
of metformin is dependent on AMPK (Zhou et al.  2001 ; Shaw et al.  2005 ; Foretz 
et al.  2010 ; Fullerton et al.  2013 ; Shaw  2013 ), Given that the salutary effect of met-
formin on  hepatocellular lipid   accumulation is primarily mediated by AMPK in 
hepatocytes exposed to high glucose, it suggests that this cell model not only pro-
vides a useful tool to screen or develop potential therapeutic agents to target AMPK 
for the treatment of fatty liver and insulin resistance, but also enables us to seek new 
drug targets for these diseases. 

 Previous studies have shown that AMPK activation by either AICAR or metfor-
min stimulates fatty acid oxidation, because AICAR reduces [ 14 C]-oleate and 
[ 3 H]-glycerol incorporation into triacylglycerol in  rat hepatocytes   (Zhou et al.  2001 ; 
Muoio et al.  1999 ). ACC, the major downstream target of AMPK, is a key enzyme 
that catalyzes the conversion of acetyl-CoA to malonyl-CoA. Malonyl-CoA serves 
as a potent inhibitor of  carnitine palmitoyltransferase 1 α (CPT-1α)     , which is the 
rate-limiting enzyme for mitochondrial fatty acid oxidation, as evidenced by 
increased fatty acid oxidation and leanness in mice defi cient in ACC2 (Abu-Elheiga 
et al.  2001 ). On the other hand, malonyl-CoA produced by ACC acts as the initial 
substrate for fatty acid biosynthesis. Interestingly, the ability of metformin to lower 
triglyceride levels coincides with an increase in inhibitory phosphorylation of 
ACC1 and ACC2 by AMPK  in vitro.  The lipid-lowering effect of metformin can be 
explained by increased fatty acid oxidation and decreased  fatty acid synthesis   pos-
sibly in part through phosphorylation and inactivation of ACC1 and ACC2 (Zang 
et al.  2004 ). Recent studies from the Steinberg and Kemp group confi rm these early 
fi ndings in a novel mouse model with alanine knock-in mutations in both ACC1 at 
Ser79 and ACC2 at Ser212 (ACC double knock-in, ACC-DKI) (Fullerton et al. 
 2013 ).    Compared to wild-type mice, the ACC-DKI mice fed a control diet display a 
complete loss of phosphorylation of ACC1 and ACC2 as well as have lowered fatty 
acid oxidation and elevated lipogenesis. Strikingly, ACC-DKI mice challenged with 
high fat feeding are refractory to the lipid-lowering and insulin-sensitizing effects 
of metformin. Taken together, these  in vitro  and  in vivo  fi ndings illustrate that 
AMPK- dependent phosphorylation and inactivation of ACC at least partially con-
tributes to metformin-induced improvements in insulin resistance in the setting of 
obesity (Fullerton et al.  2013 ). 
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 Glucose production in the  liver   is essential for providing a substrate for the glu-
cose utilization and survival of critical tissues, such as the brain and heart, during 
prolonged fasting. The inability of insulin to suppress hepatic glucose output con-
tributes to the pathological process of  hyperglycemia   in type 2 diabetes. Over a 
decade ago, metformin was demonstrated to activate AMPK by increasing phos-
phorylation of the AMPK catalytic α subunit at Thr-172 in primary hepatocytes 
(Zhou et al.  2001 ; Zang et al.  2004 ; Kahn et al.  2005 ). A subsequent study showed 
that hepatic knockout of LKB1, the upstream kinase for AMPK, abolishes 
metformin- mediated suppression of hepatic glucose production. These studies also 
indicate that LKB1 mediates hepatic AMPK activation and therapeutic effects of 
metformin in mice (Shaw et al.  2005 ). Recent studies provide a novel mechanism 
by which metformin antagonizes the action of glucagon and thus reduces fasting 
glucose levels. Metformin is also shown to reduce levels of cyclic AMP and protein 
kinase A ( PKA)         activity that abrogates phosphorylation of critical protein targets of 
PKA and that blocks glucagon-dependent glucose output in hepatocytes (Miller 
et al.  2013 ).  

2.2.2     AMPK and Polyphenols 

 Many  of   polyphenols are widely reported to have a favorable effect on type 2 diabe-
tes, dyslipidemia, and cardiovascular disease in animal models with obesity 
(Bradamante et al.  2004 ; Vita  2005 ), but their mechanism(s) remain a mystery, lim-
iting their therapeutic potential. In addition to galegine, a number of natural poly-
phenolic products—many derived from plants used as herbal medicines in Asian 
countries—are reported to activate AMPK. These include resveratrol from red 
grapes, quercetin present in many fruits and vegetables, berberine from  Coptis chi-
nensis  (used in the Chinese herbal medicine Huanglian), epigallocatechin gallate 
from green tea, theafl avin from black tea, ginsenoside from  Panax ginseng , and 
curcumin from  Curcuma longa  (Manach et al.  2004 ) .  Resveratrol, one of natural 
polyphenols, has multiple benefi cial activities similar to those associated with 
caloric restriction (CR), such as increased life span and delayed onset of diseases 
associated with aging (Howitz et al.  2003 ). Elucidating the role of AMPK in diabe-
tes makes some surprising discoveries and identifi es novel agents that directly or 
indirectly activate AMPK (Kahn et al.  2005 ; Steinberg and Kemp  2009 ; Zhang et al. 
 2009 ).  In vitro  studies demonstrate that a synthetic polyphenol, S17834, strongly 
and persistently stimulates AMPK phosphorylation and activity at concentrations 
50–200 times lower than those of AMPK-activating compounds, 5-aminoimidazole-
4-carboxamide-1-β-d-ribofuranoside (AICAR) or metformin (Zang et al.  2006 ). 
Natural polyphenols such as resveratrol, a key component in red wine, have similar 
but less potent effects on hepatic AMPK activity. Mechanistic studies demonstrate 
that the activation of AMPK by polyphenols is dependent on LKB1, but not 
on CaMKKβ (Hou et al.  2008 ). These fi ndings suggest that LKB1 functions as an 
upstream regulator for AMPK signaling in response to polyphenols. As a conse-
quence, S17834 and resveratrol suppress hepatocellular lipid accumulation caused 
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by high glucose largely through an AMPK-dependent mechanism (Zang et al. 
 2006 ). Further animal studies show decreased phosphorylation and activity of 
hepatic AMPK, elevated hepatic lipids, increased hyperlipidemia, and accelerated 
aortic atherosclerosis in type 1 diabetic  low density lipoprotein receptor (LDLR)      
knockout mice. In contrast, treatment with S17834 in these animals prevents 
impaired hepatic AMPK and elevated hepatic and serum lipids and thereby sup-
presses the acceleration of atherosclerosis caused by diabetes. These studies defi ne 
that AMPK activation may represent a novel molecular mechanism by which poly-
phenols, like S17834 and resveratrol, attenuate the deleterious effect of diabetic 
milieu on hepatic steatosis, hyperlipidemia, and atherogenesis (Zang et al.  2006 ). 

 These early and important fi ndings have been confi rmed by several independent 
groups. Results from Sinclair’s group indicate that resveratrol activates hepatic 
AMPK, improves insulin sensitivity, and modulates known longevity pathways 
(Baur et al.  2006 ). By using the mice defi cient in the catalytic subunit of AMPK α1 
or α2, Chung’s group indicates that the effect of resveratrol on insulin sensitivity, 
glucose tolerance, and physical endurance are diminished in the absence of either 
AMPK α1 or α2. Consistent with this, expression of genes involved in mitochon-
drial biogenesis was not induced by resveratrol in AMPK-defi cient mice (Um et al. 
 2010 ). Strikingly, a clinical trial study shows calorie restriction-like effects of res-
veratrol supplementation on energy metabolism and on the metabolic profi le in 
obese humans, where healthy subjects and obese patients are given with either 
a placebo or 150 mg/day resveratrol in a randomized double-blind crossover study 
for 30 days. Mechanistically, administration of resveratrol to obese patients leads to 
activated AMPK, increased SIRT1 and PGC-1α protein levels, and improved mito-
chondrial respiration in skeletal muscle (Timmers et al.  2011 ). Taken together, these 
animal experiments and clinical studies provide strong biochemical evidence that 
AMPK is the central target for the metabolic effects of resveratrol. 

 Berberine, a  natural   plant product, activates AMPK and benefi ts metabolic dis-
order in obese, insulin-resistant mice (Lee et al.  2006 ; Turner et al.  2008 ). Berberine 
treatment results in increased AMPK activity in 3T3-L1 adipocytes and L6 myo-
tubes. Clinical trials of  berberine   in newly diagnosed type 2 diabetic subjects reveal 
favorable effects on plasma glucose, lipids, and HbA 1c , although plasma berberine 
levels and AMPK activity are not assessed (Zhang et al.  2008 ; Yin et al.  2008 ).    

3     Mammalian SREBP 

3.1     The Structure of SREBP 

 Sterol regulatory element binding protein (SREBP) is a key regulator of  intracellu-
lar lipid metabolism   that belongs to the  basic helix-loop-helix–leucine zipper 
(bHLH-Zip)        family of transcription factors (Brown and Goldstein  1997 ,  2009 ; 
Horton et al.  2002 ; Goldstein and Brown  2008 ). SREBP differs from other bHLH- 
Zip proteins because it is synthesized as an inactive precursor bound to the 
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endoplasmic reticulum (ER). The SREBP precursor with about 1150  amino acids   
consists of three domains: (i) an NH 2 -terminal domain of about 480 amino acids 
that contains the transactivation domain—a region of the bHLH-Zip domain for 
DNA binding and dimerization; (ii) two hydrophobic transmembrane-spanning seg-
ments interrupted by a short loop of about 30 amino acids that projects into the 
lumen of the ER; and (iii) a COOH-terminal domain of about 590 amino acids—a 
regulatory region that binds to the COOH-terminal domain of an escort protein 
known as   SREBP cleavage activating protein     (SCAP). The SREBP family has three 
isoforms: SREBP-1a, SREBP-1c, and SREBP-2. SREBP-1c is also referred to as 
adipocyte determination and differentiation dependent factor 1/ADD1. SREBP-1a 
and SREBP-1c are derived from a single gene by using alternative transcription start 
sites that produce alternate forms of the fi rst exon. SREBP-1c is expressed in most 
adult tissues, with especially high expression in the liver; it is considered to be more 
physiologically relevant. Interestingly, SREBP-1c and SREBP-2 are highly 
expressed in the liver and also expressed in other tissues of adult animals. SREBP-1a 
appears to be constitutively expressed at low levels in almost all tissues of  adult 
  animals.  

3.2     The Function of SREBP on  Lipid   Biosynthesis 

 SREBP family controls lipid metabolism by stimulating expression of more than 30 
genes encoding a range of enzymes required for the synthesis or uptake of fatty 
acids, triacylglycerol, cholesterol,    and phospholipid (Brown and Goldstein  1997 ; 
Horton et al.  2002 ; Goldstein and Brown  2008 ). Three SREBP isoforms have 
isoform- specifi c functions on lipid biosynthetic processes.  In vivo  studies using 
transgenic and knockout mice demonstrate that SREBP-1c, the predominant iso-
form in the liver, preferentially promotes a  de novo  lipogenic process  by   activating 
genes involved in fatty acid and triglyceride synthetic pathways, whereas SREBP-2 
primarily activates a cholesterol biosynthetic pathway by stimulating expression of 
genes governing cholesterol synthetic pathways and uptake. In contrast, the 
SREBP-1a isoform, which is highly expressed in cell lines and tissues with a high 
capacity for cell proliferations such as  intestine and spleen   (Shimomura et al.  1997 ), 
is likely involved in both pathways.  

3.3     The Regulation of SREBP Activity 

 The regulation of SREBP activity occurs at posttranscriptional and transcriptional 
levels (Brown and Goldstein  1997 ; Horton et al.  2002 ). The  sterol-sensitive feed-
back inhibition process   is mainly involved in the regulation of SREBP-2. 
Accumulating evidence suggests that the SREBP-1c isoform appears to be mainly 
regulated by  glucose and insulin  . 
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3.3.1     The Posttranscriptional Regulation of SREBP Activity 

  Sterols   such as cholesterol are fundamental components of cellular membranes and 
precursors of molecules such as steroid hormones.  Cholesterol   can be obtained 
from the diet as well as endogenously synthesized  de novo . Hence, energetically 
demanding cholesterol biosynthetic pathway is only active when external supply 
and internal levels of sterols are low. Adequate sensing of internal cholesterol levels 
involves the posttranscriptional regulation of SREBP. The control occurs through 
SREBP cleavage processing and movement from the  endoplasmic reticulum (ER)      
to the Golgi apparatus.  Proteolytic activation   of SREBP is controlled by sterols 
through two intracellular sterol sensors:  SCAP   and Insulin-induced gene (Insig) (Ye 
and DeBose-Boyd  2011 ). SCAP contains an NH 2 -terminal domain with eight  trans-
membrane   helices and a cytosolic COOH- terminal domain that mediates the com-
plex formation with the COOH-terminal regulatory domain of SREBP (Matsuda 
et al.  2001 ; Moon et al.  2012 ). Insig is a polytopic membrane protein with six trans-
membrane helices that binds to SCAP for the retention of the SCAP-SREBP com-
plex in the ER membrane (Yang et al.  2002 ; Engelking et al.  2004 ; Flury et al.  2005 ; 
Rawson  2003b ). 

 SREBP protein is initially synthesized as an inactive precursor that is inserted 
into ER membrane. The retention of SCAP-SREBP complex in the  ER   membrane 
is mediated by an increase in the binding of SCAP to the Insig protein and a decrease 
in the interaction of SCAP with the COPII vesicle-formation proteins Sar1, Sec23 
and Sec24 (Rawson  2003a ,  b ; Osborne and Espenshade  2009 ). Upon activation, the 
newly synthesized precursor form of SREBP (~125 kDa) migrates from the ER 
membrane to the Golgi apparatus where SREBP precursor undergoes a sequential 
two-step proteolytic processing mediated by the site 1 (S1P) and site 2 (S2P) prote-
ases. This cleavage process can lead to the release of the transcriptionally active 
NH 2 -terminal domain of the protein (~68 kDa) in the Golgi apparatus. Once the 
mature, active nuclear form of SREBP, designated nuclear SREBP, is translocated 
into the nucleus, the nuclear SREBP can bind to the sterol regulatory element (SRE) 
sequence (5′-TCACNCCAC-3′) present in promoters/enhancers of SREBP and its 
target genes that activates the transcription of SREBP-responsive genes and pro-
motes the lipid synthetic process in the liver (Horton et al.  2002 ; Raghow et al. 
 2008 ; Amemiya-Kudo et al.  2000 ). 

 Since the discovery of SREBP in 1993, the molecular mode of SREBP-2 regula-
tion is well characterized. The proteolytic processing of SREBP-2 is mainly con-
trolled by cellular sterols through the feedback  inhibition   (Fig.  2.3 ). When 
intracellular sterols rise, cholesterol binds to its sensor SCAP in the ER that leads to 
the conformation change of SCAP and promotes the binding of SCAP to the 
ER-resident protein Insig. Under this condition, the SCAP-SREBP complex, which 
is not incorporated into ER transport vesicles, cannot migrate to the Golgi apparatus. 
Because the bHLH-Zip domain cannot be released from the membrane, the tran-
scription of SREBP-2 target genes is suppressed. When intracellular sterols decline, 
the precursor of SREBP-2 can be cleaved to produce the nuclear, active form of 
SREBP-2, which in turn induces  cholesterogenic gene expression  . Consequently, 
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newly synthesized cholesterol leads to the feedback inhibition of SREBP-2 activity 
in order to maintain cholesterol homeostasis (Nohturfft et al.  2000 ; Yang et al.  2002 ). 
Additionally, sterol-regulated ubiquitination and degradation of Insig-1 create a 
convergent mechanism for the negative feedback control of SREBP-2 activity and 
its function on cholesterol synthesis and uptake (Gong et al.  2006 ).

   SREBP-1 is likely regulated by fatty acids through the negative feedback regula-
tion. In mice, polyunsaturated fatty acids ( PUFA)        inhibit mRNA expression of 
hepatic SREBP-1c, but they are not affect SREBP-1a gene expression (Yoshikawa 
et al.  2002 ). The transcription of SREBP-1c is antagonized by PUFA through the 
effect of liver X receptor (LXR), because two  LXR-responsive elements (LXREs)      
are identifi ed on the promoter of the SREBP-1c gene, but not on that of the 
SREBP-1a gene (Repa et al.  2000 ). Strikingly, unsaturated fatty acids also inhibit 
proteolytic activation of SREBP-1 (Hannah et al.  2001 ). Further studies indicate 
that unsaturated fatty acids can have the greatest inhibitory effect on SREBP-1 
(Hannah et al.  2001 ), whereas sterols have the greatest inhibitory effects on 
SREBP-2. 

 Mature nuclear SREBP is highly unstable owing to its ubiquitin-dependent deg-
radation. Results from Ericsson’s group indicate that the nuclear form of SREBP is 
rapidly degraded by the  ubiquitin-proteasome pathway   through the action of an E3 
ubiquitin ligase Fbw7 (Sundqvist et al.  2005 ). Fbw7 negatively regulates the stabil-
ity and function of nuclear SREBP-1 and SREBP-2 by promoting the ubiquitination 

  Fig. 2.3    The  nutrient regulation   of SREBP in the liver. ( a ) In the presence of cholesterol, choles-
terol binds to the intracellular sterol sensor SCAP. The SCAP–SREBP complex binds to the Insig 
protein in the ER membrane and remains anchored in the ER. ( b ) In the absence of cholesterol, the 
SCAP–SREBP complex does not interact with the Insig protein, and the complex traffi cs to the 
Golgi where the cytoplasmic tail of SREBP is released by the proteolytic cleavage. For instance, 
the nuclear, active form of SREBP-2 triggers a transcriptional program in the nucleus through its 
binding to the SRE motif on promoters of its target genes such as HMG-CoA synthase and HMG- 
CoA reductase       
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and proteasome-mediated degradation via GSK3 dependent-phosphorylation of 
SREBP (Sundqvist et al.  2005 ). Because  GSK3 activity   is shown to be inhibited by 
insulin signaling, it suggests this non-transcriptional mechanism may be involved in 
insulin-induced SREBP. Moreover, the coactivator PGC-1β activity can bind to 
SREBP-1c, which can explain SREBP-induced lipogenesis in response to a fat-rich 
diet (Lin et al.  2005 ). Importantly, these factors permit the modulation of SREBP-1c 
expression independently of sterol-regulated proteolytic processing of SREBP-1.  

3.3.2     The Transcriptional Regulation of SREBP Activity 

 The central role of SREBP in controlling lipid synthesis has recently been high-
lighted by the multiple inputs to regulate SREBP activity from different  nutrient 
sensing pathways  . In addition to the posttranscriptional regulation of SREBP, the 
transcriptional regulation of the SREBP is more complex (Eberle et al.  2004 ; 
Osborne and Espenshade  2009 ). SREBP-1a appears to be constitutively expressed 
at low levels in most tissues. SREBP-1c and SREBP-2 in the  liver   are transcription-
ally regulated through at least three mechanisms. 

 In the fi rst mechanism, a feed-forward transcriptional regulation of SREBP-1c or 
SREBP-2 acts through the binding of nuclear SREBP to the SRE motif 
(5′-TCACNCCAC-3′) present in the promoter/enhancer region of each gene (Dif 
et al.  2006 ). Elevated nuclear SREBP-1c and SREBP-2 activate the transcription of 
their own genes via the auto-regulatory loop (Horton et al.  2002 ). The feed-forward 
stimulation may explain increased hepatic mRNA levels of  SREBP-1c and SREBP- 2   
observed in transgenic animals with overexpression of nuclear SREBP-1a and in 
 obesity-induced insulin-resistant mice   (Horton et al.  2003 ; Li et al.  2011 ). In con-
trast, when the nuclear SREBP declines, a secondary decline in mRNA expression 
of SREBP-1c and SREBP-2 is also seen in the liver of S1P- and SCAP-defi cient 
animals (Yang et al.  2001 ; Matsuda et al.  2001 ). 

 In the second mechanism, the transcription of SREBP-1c is selectively stimu-
lated by  nutrients and hormones   (Horton et al.  2002 ; Brown and Goldstein  2008 ). 
This concept can be illustrated by examining the effects of nutrient availability and 
deprivation on SREBP-1c. Prolonged fasting or food deprivation leads to a decrease 
in plasma glucose and insulin levels and an increase in plasma-free fatty acid 
 concentrations.  Hyperglycemia   stimulates lipogenesis via three possible mecha-
nisms: (i) glucose itself could be a substrate for the  de novo  lipogenesis in hepato-
cytes, because glucose promotes  fatty acid synthesis   through its conversion to 
acetyl-CoA via a glycolytic pathway; (ii) glucose induces the expression of lipo-
genic genes, the mechanisms of which are explained by activating SREBP-1c; and 
(iii) glucose increases lipogenesis by stimulating the release of insulin and inhibit-
ing the release of glucagon from the pancreas. The metabolic adaption to fasting is 
associated with changes in plasma hormone concentrations, such as a decrease in 
plasma insulin levels and an increase in  plasma glucagon levels  . This notion is sup-
ported by the observation that the transcription of SREBP-1c is controlled posi-
tively by insulin and negatively by glucagon and cyclic AMP in primary hepatocytes, 
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establishing a link between this transcription factor and carbohydrate availability 
(Foretz et al.  1999b ) 

 In the third mechanism, the transcription of SREBP-1c is selectively regulated 
through the cooperation of nuclear receptors with DNA-binding properties.  Nuclear 
receptors  , such as liver X receptor (LXR) and retinoid X receptor (RXR), function 
as a heterodimer to selectively upregulate SREBP-1c (Liang et al.  2002 ; Dif et al. 
 2006 ). The induction of SREBP-1c by LXR is supported by the observation that 
expression of hepatic SREBP-1c and fatty acid synthetic genes is increased by syn-
thetic LXR agonists and these effects are reduced in LXRα- and LXRβ-defi cient 
mice (Repa et al.  2000 ). Similarly, critical fatty acid synthetic genes are not upregu-
lated by LXR agonists in SREBP-1c knockout mice (Liang et al.  2002 ). One major 
function of the liver is to convert excess carbohydrates to fatty acids for storage as 
 triglycerides  . It has been shown that insulin stimulates  fatty acid synthesis   in 
response to excess carbohydrates and that the lipogenic effect of insulin in the liver 
is mediated by SREBP-1c. Although a complete understanding of the regulation of 
the SREBP-1c by insulin requires further investigation, a study shows that the stim-
ulatory effect of insulin on SREBP-1c transcription is mediated by LXR and liver X 
receptor (LXR)-responsive elements (LXREs) in the promoter region of SREBP-1c, 
but not that of SREBP-1a (Okazaki et al.  2010 ; Chen et al.  2004 ). Insulin activates 
the transcription of SREBP-1c promoter primarily by increasing LXR activity, pos-
sibly through production of a ligand that activates LXR or their heterodimerizing 
partner, the retinoid X receptor. Interestingly, polyunsaturated fatty acids (PUFA) 
inhibit SREBP-1c and  fatty acid synthesis   by antagonizing LXR-dependent activa-
tion of SREBP-1c (Yoshikawa et al.  2002 ). 

 The unique regulation and functions of each SREBP isoform facilitate the coor-
dinate control of  lipid metabolism  ; however, the signaling pathways that specifi -
cally regulate each SREBP isoform are not fully understood. 

 The dysregulation of SREBP-1c has been implicated in the pathogenesis of 
 hepatic steatosis and dyslipidemia   in  type 2 diabetes   (Raghow et al.  2008 ). This 
transcription factor is identifi ed as an attractive target for the development of new 
pharmaceutical interventions for metabolic disorders such as  hypertriglyceridemia   
and  obesity   (Tang et al.  2011 ). Elucidating this mechanism for the regulation of 
SREBP will be fundamental to understanding the molecular basis of  de novo  lipo-
genesis and selective insulin resistance.    

4     Role of AMPK-SREBP Nutrient Signaling 
in the Regulation of Hepatic Lipid Synthesis 

 Previous studies show that there is an inverse correlation between AMPK activity 
and SREBP-1c mRNA expression in livers of mice following re-feeding (Zhou 
et al.  2001 ; Foretz et al.  2005 ). However, little is known about how SREBP is down-
regulated by AMPK and how this regulation plays a role in the regulation of liver 
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and systemic lipid homeostasis and slows the progression of  insulin resistance and 
type 2 diabetes  . Another important but unanswered question is how elevated hepa-
tocellular cholesterol levels, a condition that is known to cause the negative feed-
back regulation of SREBP in physiological stimuli such as  refeeding  , lead to the 
aberrant activation of  SREBP   in pathological conditions such as insulin resistance 
and type 2 diabetes. 

4.1     AMPK Suppresses the Transcriptional Activity 
of SREBP-1 and SREBP-2 

 Recent studies demonstrate that hepatic AMPK activity, as determined by  phos-
phorylation   of AMPK and ACC, is repressed in insulin-resistant mice fed on a high 
fat, high sucrose diet. This impairment is reversed by treatment with S17834, a 
polyphonic AMPK activator (Li et al.  2011 ), which is consistent with increased 
hepatic AMPK activity seen in S17834-treated type 1 diabetic mice (Zang et al. 
 2006 ). Importantly, this study shows that AMPK activation by S17834 leads to a 
decrease in proteolytic processing of SREBP-1c and in mRNA expression of 
SREBP-1c in the liver of insulin-resistant mice, without affecting gene expression 
of SREBP-1a (Li et al.  2011 ). Consistently, mRNA expression of SREBP-1c target 
genes including acetyl-CoA carboxylase (ACC1), fatty acid synthase (FAS), and 
stearoyl-CoA desaturase-1 (SCD1) is suppressed, suggesting decreased rates of 
fatty acid and triglyceride synthesis in the liver. As a consequence, hepatic and 
plasma triglyceride concentrations are signifi cantly reduced by the AMPK activa-
tor. These  in vivo  studies suggest that increasing AMPK activity reduces hepatic 
fatty acid and triglyceride synthesis and ameliorates hepatic steatosis by inhibiting 
SREBP-1c-   dependent lipogenesis (Li et al.  2011 ). 

 SREBP-2 has been implicated in the regulation of cholesterol synthesis and 
uptake in the  liver  . SREBP-2 drives a cholesterol synthetic process by stimulating 
gene expression of  cholesterol biosynthetic enzymes   including rate-limited 
enzymes, 3’-hydroxy-methylglutaryl coenzyme A synthase (HMG-CoA synthase) 
and 3’-hydroxy-methylglutaryl coenzyme A reductase (HMG-CoA reductase) 
(Shimano et al.  1997 ). To further elucidate the precise mechanism by which AMPK 
regulates lipid homeostasis, recent studies indicate that high levels of nuclear active 
form and mRNA expression of hepatic SREBP-2 are associated with AMPK inhibi-
tion in obesity-induced insulin-resistant mice. Interestingly, nuclear accumulation 
of SREBP-2 is reduced by the AMPK activator, which correlates with a decrease in 
hepatic expression of SREBP-2 and its target genes, HMG-CoA synthase and 
HMG-CoA reductase. The suppression of SREBP-2 causes a reduction in hepatic 
cholesterol synthesis and content. The decrease in hepatic cholesterol synthesis in 
the liver is likely the major driving force leading to the  lipid-lowering effect   of 
AMPK (Li et al.  2011 ). Collectively,  AMPK-mediated inhibition   of SREBP-1 and 
SREBP-2 in the liver may explain the favorable effect of pharmacological activation 
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of AMPK on obesity-induced hepatic steatosis, insulin resistance, and hyperlipid-
emia (Li et al.  2011 ). 

 To support the hypothesis that AMPK is an upstream regulator to inhibit 
SREBP-1 activity at the posttranslational level,  in vitro  mechanistic experiments 
are performed to obtain several important observations in freshly isolated mouse 
hepatocytes or  human HepG2 hepatoma cells   (Li et al.  2011 ). First, hepatic triglyc-
eride content is dramatically increased in hepatocytes exposed to high glucose or 
high glucose plus insulin that  mimic hyperglycemia and insulin resistance    in   vivo  
(Zang et al.  2004 ,  2006 ; Hou et al.  2008 ; Li et al.  2011 ). Under this condition, cleav-
age processing of SREBP-1 and mRNA expression of SREBP-1c are increased, 
whereas gene expression of SREBP-1a is rarely affected. This suggests the feed-
forward stimulation of SREBP-1c caused by high concentrations of glucose and 
insulin. Interestingly,  polyphenols and metformin  , two pharmacological activators 
of AMPK (Zhou et al.  2001 ; Zang et al.  2006 ; Um et al.  2010 ), suppress nuclear 
translocation and accumulation of SREBP-1 and reduce gene expression of 
SREBP-1c, but not SREBP-1a, leading to the inhibition of a feed-forward regula-
tion of SREBP-1c. Second, the ability of AMPK activators such as resveratrol to 
repress the cleavage processing of SREBP-1 and expression of  lipogenic genes   are 
largely abrogated by overexpression of a dominant negative form of AMPK, which 
encodes a catalytically inactive AMPKα2 bearing a mutation altering lysine 45 to 
arginine (K45R) in the kinase domain of AMPKα2 subunit that exerts a dominant 
negative effect on AMPKα1 and AMPKα2 activities (Zang et al.  2004 ). These 
results suggest that resveratrol represses SREBP activity in an AMPK-dependent 
manner. Third, overexpression of the constitutively active mutant of AMPK, which 
contains a carboxyl-terminal truncated form of AMPKα2 lacking the auto-inhibi-
tory domain and the region interacting with β and γ regulatory subunits of AMPK 
(Zang et al.  2004 ), increases AMPK activity in  hepatocytes  . The constitutively 
active form of AMPK also decreases mRNA expression of SREBP-1c and 
FAS. Fourth, unlike other bHLH-Zip transcription factors that contain a well con-
served arginine residue in the bHLH-Zip domain, SREBP has a conserved tyrosine 
residue that enables SREBP to bind on both E-boxes, like all bHLH proteins, and 
SRE sequences on target genes of SREBP-1c (Kim et al.  1995 ). To determine 
whether SREBP-1c is required for AMPK-medicated inhibition of the lipogenic 
process, a dominant negative mutant of SREBP-1c, which disrupts the binding of 
SREBP-1c to the SRE motif owning to a point mutation of tyrosine 320 to arginine 
on a carboxyl-terminal truncated SREBP-1c (1-403) (Kim et al.  1995 ), is used to be 
transduced into hepatocytes.  In vitro  experiments demonstrate that AMPK sup-
presses the transcriptional activity of FAS promoter in a SREBP-1c-dependent 
manner. Lastly, to precisely elucidate the mechanism by which AMPK inhibits 
SREBP transcription,  in vitro  experiments is performed using  luciferase reporters 
e  ncoding different lengths of human SREBP-1c promoters (Dif et al.  2006 ). AMPK 
activators decrease the transcriptional activity of the wild-type SREBP-1c promoter 
(−1470/+90 and −257/+90). Conversely, disruption of the SRE motif present on the 
SREBP-1c promoter reduces the basal transcription of SREBP-1c and prevents the 
effect of AMPK activators on SREBP-1c promoter activity. These results indicate 
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that the SRE motif is responsible for AMPK inhibiting the auto-regulation of 
SREBP-1c. Taken together, these biochemical studies provide strong evidence that 
AMPK inhibits  de novo  lipogenesis by downregulating the cleavage processing of 
SREBP-1c and suppressing its feed-forward regulation in hepatocytes and  in vivo  
insulin-resistant states (Li et al.  2011 ).  

4.2     AMPK Interacts with and Directly Phosphorylates SREBP 

 Recent studies provide evidence that SREBP serves as a conserved substrate of 
AMPK (Li et al.  2011 ). The modulation of  protein-protein interaction   dynamically 
regulates protein phosphorylation, activity, subcellular localization, and stability. To 
delineate the mechanism by which AMPK downregulates SREBP activity, co- 
immunoprecipitation experiments show that the α catalytic subunit of AMPK physi-
cally interacts with the precursor and nuclear form of SREBP-1. In addition to the 
repression of SREBP-2 by AMPK in mouse livers, biochemical experiments also 
demonstrate that the AMPKα subunit physically associates with the SREBP-2 pre-
cursor (Li et al.  2011 ). Because the formation of the AMPK-SREBP complex is also 
increased by a constitutively active form of AMPK, it postulates that this interaction 
makes the kinase domain of the AMPKα subunit more accessible to putative sub-
strates, SREBP-1 and SREBP-2, for the phosphorylation modifi cation. It has been 
characterized that phosphorylation at Thr-172 in the activation loop of the kinase 
domain of the AMPKα subunit can trigger an increase in AMPK kinase activity by 
converting this enzyme from an inactive conformation to a catalytically active con-
formation (Hardie et al.  2012 ). AMP or  ADP   can bind to the AMPK γ regulatory 
subunit that promotes AMPK phosphorylation by upstream kinases as well as pro-
tects the AMPK enzyme against dephosphorylation by phosphatases. AMP can also 
cause allosteric activation of AMPK (Hardie et al.  2012 ). Furthermore, biochemical 
studies have discoverd the crystal structure of human AMPKα1 subunit and pro-
vided structure insight into that the AMPKα1 subunit as being held in an inactive 
conformation that renders the AMPK enzyme inactive owning to the association of 
the auto-inhibitory domain with the kinase domain of the AMPKα1 subunit (Chen 
et al.  2009 ). When intracellular AMP levels rise, AMP is bound to the AMPKγ 
subunit. Consequently, the inhibitory domain of the AMPKα1 subunit is released 
from its kinase domain. This disassociation leads to an active conformation of 
AMPK, which allows the upstream kinase such as LKB1 to phosphorylate the Thr- 
172 site on the kinase domain of the AMPKα subunit (Young  2009 ). Such a specifi c 
active conformation of the  AMPKα subunit   may possibly enable the kinase domain 
of the AMPKα subunit to be more accessible to its substrates. This possibility is 
supported by the fact that the active AMPKα subunit preferentially binds to and 
phosphorylates SREBP-1c and SREBP-2 (Li et al.  2011 ). 

 It is known that phosphorylation sites tend to be located on protein–protein bind-
ing interfaces and may modulate protein activity.  Bioinformatics tools   including 
Scansite (  http://mit.scansite.edu    ) are used to identify candidate substrates bearing 
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optimal AMPK motifs, in which the target serine and its critical fl anking  residues   
are conserved broadly throughout eukaryotes (Gwinn et al.  2008 ). To further search 
a consensus phosphorylation motif of AMPK on human SREBP-1c sequence, 
human SREBP-1c is identifi ed to have two putative AMPK sites, Ser-336 and Ser- 
372 located in the N-terminal region of SREBP-1c, which match the AMPK con-
sensus motif. Because a high degree of conservation in consensus sequences is 
important for AMPK phosphorylation, only one serine site of SREBP-1c—the Ser- 
372 on human SREBP-1c, is conserved. Strikingly, critical residues fl anking Ser- 
372 of human SREBP-1c are highly conserved across mouse, rat, dog, bovine as 
well as in  zebrafi sh   (Li et al.  2011 ). Sequence alignments also show the evolution-
ary conservation of the motif sequences surrounding Ser-372 on human SREBP-1c 
and surrounding Ser-792 on Raptor, the best-established substrate of AMPK (Gwinn 
et al.  2008 ). The remarkable conservation in the candidate AMPK phosphoryla-
tion site on SREBP-1 may represent an AMPK target that dictates the responsive-
ness of AMPK across mammals. 

 To test whether SREBP is directly phosphorylated by AMPK,  in vitro  kinase 
assays with purifi ed AMPK in rat livers are performed using recombinant SREBP-1 
or SREBP- 2   as a substrate in the presence of AMP as described previously (Inoki 
et al.  2006 ; Greer et al.  2007 ; Gwinn et al.  2008 ). Active AMPK substantially phos-
phorylates SREBP-1c or SREBP-2 in the presence of [γ- 32 P]-ATP  in vitro.  Mutagenic 
studies demonstrate that a point mutation of Serine 327 to alanine (S3721A) on 
human SREBP-1c, but not wild-type SREBP-1c, eliminates AMPK-triggered phos-
phorylation of SREBP-1c. To characterize the biological importance for the phos-
phorylation of SREBP-1c, a specifi c phospho-specifi c antibody against Ser-372 on 
human SREBP-1c is generated. Active AMPK potently stimulate Ser-372 phos-
phorylation on wild-type SREBP-1c, but not that on the S372A mutant, indicating 
that the Ser-372 on SREBP-1c is a major phosphorylation target of AMPK  in vitro  
(Li et al.  2011 ). 

 To determine the functional consequence of the  Ser-327   phosphorylation of 
SREBP-1c, further studies have demonstrated that AMPK is necessary for the 
induction of phosphorylation at Ser-372 in response to pharmacological activators 
of AMPK in cultured cells, since the ability of metformin and polyphenols to 
increase the phosphorylation at Ser-372  is   largely diminished by a dominant- 
negative AMPK form in hepatocytes (Li et al.  2011 ). Moreover, like phosphoryla-
tion of AMPK and ACC, phosphorylation of Ser-327 is stimulated by AMPK 
activators in AMPK +/+  MEFs. In contrast, phosphorylation of SREBP-1c is dimin-
ished in cells lacking AMPKα1 and AMPKα2 subunits. These results strongly dem-
onstrate that Ser-372 is potently phosphorylated by AMPK  in vitro  and in intact 
cells. To defi ne whether AMPK-stimulated phosphorylation of SREBP-1c is physi-
ologically relevant, mechanistic studies are performed using the phosphorylation- 
defective S372A mutant. Luciferase reporter assays show that the S372A mutant 
strongly diminishes the effect of AMPK activators on SREBP-1c activity. The 
results presented above indicate that AMPK inhibits the transcriptional activity of 
SREBP-1c in a Ser-372 phosphorylation-dependent manner. Furthermore, consis-
tent with the changes in hepatic AMPK activity, hepatic phosphorylation of 
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SREBP-1c at Ser-372 is reduced in insulin-resistant mice, and defective AMPK- 
SREBP signaling is prevented by treatment with the AMPK-activating polyphenol, 
revealing the  in vivo  physiological signifi cance of AMPK-dependent phosphoryla-
tion of SREBP-1c (Li et al.  2011 ). Although AMPK can cause phosphorylation of 
SREBP-1c at Ser-372 in intact cells, it cannot rule out that other phosphorylation 
sites on SREBP-1c may be involved in the metabolic action of AMPK. 

 An additional mechanism for understanding the role of AMPK in the regulation 
of  cholesterol metabolism   has recently emerged (Li et al.  2011 ). The induction of 
the cleavage processing and gene expression of hepatic SREBP-2 is reduced in 
insulin-resistant mice treated with the AMPK activator in a similar manner to that 
of SREBP-1. Because both SREBP-1c and SREBP-2 exert similar cleavage pro-
cessing and feed-forward regulation, phosphorylation of SREBP-2 is possibly 
involved in AMPK actions. Further work is required for the identifi cation of poten-
tial phosphorylation sites present on SREBP-2 and confi rm that SREBP-2 is a direct 
target of AMPK in intact cells. While previous studies demonstrate that AMPK 
directly phosphorylates  acetyl-CoA carboxylase and HMG-CoA reductase  , the 
rate-limited enzymes that regulate fatty acid and cholesterol biosynthesis, the phos-
phorylation regulation of SREBP by AMPK highlights the biological importance 
for the multilayered control of hepatic lipid biosynthesis under conditions of meta-
bolic stresses. Therefore, the identifi cation of the  nutrient signaling crosstalk   
between AMPK and SREBP represents an important advance in our understanding 
of the molecular mechanisms linking hepatic lipogenesis  to   insulin resistance, 
hepatic steatosis, and hyperlipidemia (Fig.  2.4 ) (Li et al.  2011 ).

4.3        Role of Other Nutrient Sensors in the Regulation 
of Hepatic SREBP Activity 

 The molecular mechanisms linking obesity to insulin resistance are complex. The 
increase in hepatic glucose production in the liver, is possibly attributed to the inhi-
bition of insulin-mediated suppression of  gluconeogenesis  . Paradoxically, insulin- 
induced nuclear accumulation and expression of hepatic SREBP-1c contribute 
substantially to hepatic lipogenesis observed in obesity-induced type 2 diabetic 
mice (Laplante and Sabatini  2010 ). However, the molecular mechanisms underly-
ing hepatic selective  insulin   resistance have not yet been characterized. Brown, 
Goldstein and co-workers have reported that the  mammalian target of rapamycin 
complex 1 (mTORC1)        plays an essential role in mediating the ability of  hyperinsu-
linemia   to stimulate SREBP-1c and lipogenesis in type 2 diabetes (Li et al.  2010 ). 
Interestingly, inhibition of mTORC1 by rapamycin reduces the mRNA expression 
of SREBP-1c in primary hepatocytes, whereas hepatic gluconeogenesis is unaf-
fected (Li et al.  2010 ). The role of mTORC1 in controlling insulin-regulated hepatic 
lipogenesis, but not in insulin-mediated suppression of  gluconeogenesis  , provides a 
molecule basis for understanding the selective nature of hepatic insulin resistance. 
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Recently, Sabatin’s group has reported that mTORC1-induced nuclear translocation 
of Lipin 1, a phosphatidic acid phosphatase, controls the transcriptional activity of 
SREBP-1 in hepatocytes and that activation of mTORC1-Lipin 1 signaling contrib-
utes to  diet-induced hepatic steatosis and hypercholesterolemia   in mice (Peterson 
et al.  2011 ). 

 Selective insulin resistance is a very challenging question in anti-diabetic thera-
pies, because treatment of type 2 diabetes patients with large doses of insulin can 

  Fig. 2.4    A proposed model of the phosphorylation regulation of SREBP by AMPK in the liver: 
potential therapeutic implication in hepatic steatosis and insulin resistance. AMPKα subunit binds 
to precursors of SREBP-1c and SREBP-2 and makes them better substrates for phosphorylation. 
Phosphorylation of SREBP may trigger a conformation change of SREBP that inhibits its proteo-
lytic cleavage and the release of the transcriptionally active N-terminal bHLH-Zip domain and 
thereby reduces its nuclear translocation in hepatocytes. Consequently, AMPK suppresses the 
feed-forward activation of SREBP-1c and SREBP-2 and represses the transcription of their target 
lipogenic genes at least in part by reduced binding of SREBP to SRE in the promoters of SREBP- 
responsive genes including fatty acid synthase (FAS), HMG CoA reductase (HMGCR), and 
LDLR. AMPK-dependent phosphorylation and repression of SREBP in the liver may represent a 
novel mechanism for AMPK activators, such as polyphenols and metformin, to protect against 
hepatic steatosis and type 2 diabetes. Figure modifi ed from Li et al,  Cell Metabolism , 2011, 13(4): 
376–388       
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overwhelm the insulin resistance and control the blood glucose levels, but insulin 
further enhances hepatic lipid synthesis and secretion while increasing  lipotoxicity  . 
To better understand the mechanism of selective insulin resistance, recent studies 
suggest that dysregulation of AMPK signaling may contribute to the induction of 
hepatic SREBP-1c and lipogenesis, since the transcription of SREBP-1c and FAS is 
upregulated in cells lacking AMPKα1 and α2 (Li et al.  2011 ). Given the demonstra-
tion that AMPK is a key kinase that negatively regulates mTORC1 (Inoki et al. 
 2006 ; Gwinn et al.  2008 ), it would be important to evaluate whether SREBP-1c 
processing is affected by AMPK through the inhibition of mTORC1 in  hepatocytes  . 
Alternatively, the possibility that mTORC1 could interfere with the action of LXR 
on SREBP-1c gene is considered because activation of AMPK suppresses SREBP-1c 
activity in a LXR-dependent fashion (Yap et al.  2011 ). 

 Kemper’s group have reported that SREBP-1c is an  in vivo  target of SIRT1 
(Ponugoti et al.  2010 ). SIRT1 interaction with SREBP-1c is increased by fasting. 
Consistently, decreased SREBP-1c acetylation levels in mouse livers are associated 
with decreased  lipogenic gene expression   during fasting.  In vivo  knockdown of 
hepatic SIRT1 increases the acetylation of SREBP-1c, accompanied with elevated 
lipogenic gene expression.  Tandem mass spectrometry and mutagenesis studies   fur-
ther reveal that SREBP-1c is acetylated by p300 at Lys-289 and Lys-309. Mechanistic 
studies using acetylation-defective mutants indicate that SIRT1 deacetylates and 
inhibits SREBP-1c transactivation by decreasing its stability and its occupancy at 
the lipogenic genes. Näär’s group has also reported a conserved role of SIRT1 
orthologs in fasting-dependent inhibition of SREBP. These results demonstrate that 
deacetylation and degradation of nuclear SREBP-1c and SREBP-2 by SIRT1 occur 
in response to fasting, which in turn inhibits  hepatic lipogenic and cholesterol syn-
thetic processes   (Walker et al.  2010 ). It has been shown that SIRT1 inhibits  fatty 
acid synthesis   and lipid accumulation caused by high glucose through activation of 
AMPK in cultured hepatocytes (Hou et al.  2008 ). According to the results presented 
above, AMPK inhibits SREBP-1c activity in a phosphorylation-dependent fashion. 
Further work is of interest to determine whether the effect of SIRT1 on SREBP-1c 
is possibly mediated by AMPK-dependent phosphorylation of SREBP-1c. 

 AMPK phosphorylates SREBP-1c at Ser-372, which is different from the resi-
due regulated by other protein kinases. For instance,  protein kinase   A has been 
previously identifi ed to attenuate the binding of nuclear SREBP-1c to SRE- 
containing promoters of SREBP-1c-responsive genes through phosphorylation of 
nuclear SREBP-1c at Ser-314,    without altered its cleavage processing (Lu and Shyy 
 2006 ). GSK3 directly phosphorylates nuclear SREBP-1a at Thr-426/Thr-420 and 
SREBP-2 at Ser-433 that mediate Fbw7-induced ubiquitination and degradation of 
their nuclear forms (Sundqvist et al.  2005 ). Recent study provides additional insight 
that unlike the effect of these kinases on the nuclear form of SREBP-1c, AMPK 
binding to SREBP-1c precursor triggers the Ser-327 phosphorylation. The phos-
phorylation resistant S372A mutant abrogates the ability of AMPK to inhibit 
SREBP-1c cleavage and nuclear translocation (Li et al.  2011 ). 

 Recent studies indicate that hepatic AMPK regulates  triglyceride and cholesterol 
metabolism   at least partially through the downregulation of proteolytic processing 
of SREBP-1c and SREBP-2 in obese, insulin-resistant mice (Zang et al.  2006 ). 
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These animals share some features with SCAP knockout mice (Matsuda et al.  2001 ) 
and with transgenic mice overexpressing Insig-1 in the liver (Engelking et al.  2004 ) 
where nuclear amounts of both SREBP-1 and SREBP-2 decline, due to the interrup-
tion of proteolytic cleavage of their precursors. Since SCAP and Insig play a key 
role in sterol-mediated negative feedback regulation of SREBP, it would be of inter-
est to further determine whether SCAP and Insig are involved in the ability of 
AMPK to regulate SREBP proteolytic processing.   

5     Conclusion 

 Over a decade ago, AMPK is identifi ed as a fundamental regulator of cellular 
metabolism and coordinates several metabolic responses in different cells. 
Subsequent work has shown that AMPK plays important roles in different biologi-
cal processes and infl uences various metabolic disorders associated with diabetes. 
Though our understanding of  nutrient-sensing mechanisms   is far from complete, 
signifi cant progress has been achieved. Recent studies provide compelling bio-
chemical evidence that AMPK-dependent phosphorylation and inactivation of 
SREBP lead to inhibited cleavage processing and nuclear translocation of SREBP 
and suppressed its auto-regulatory loop and lipogenic gene's transcription. The 
underlying mechanism plays an important role in controlling hepatocyte and whole- 
body lipid homeostasis, as well as in mediating the therapeutic effects of AMPK 
activators on insulin resistance. While some of metabolic consequences of the 
nutrient- sensing AMPK-SREBP, such as those that occur in obese states, have been 
defi ned, we have yet determined whether exercise modulates this nutrient sensing 
pathway or how ageing affects nutrient-sensing abilities. Additionally, nutrient 
excess not only affects the onset of diabetes but also infl uences cancer development 
and the ageing process. Nutrient sensing and metabolism in  cancer cells   have 
received a new attention, partly due to advances in metabolomics and next- 
generation sequencing. Therefore, understanding nutrient-sensing mechanisms is a 
prerequisite for designing better interventions against human diseases such as dia-
betes, non-alcoholic fatty liver disease, and cancer.     
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