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ABSTRACTS OF DISSERTATION

The role of ceramide in the Antagonism of Insulin Signal Transduction by Free

Fatty Acid in Skeletal Muscle

Obesity is highly associated with insulin resistance and is the major risk factor 

for Type 2 diabetes mellitus and Metabolic Syndrome X. However, the connection 

between expanded adipose mass and the development of insulin resistance in skeletal 

muscle, the tissue responsible for the majority of postprandial glucose uptake, is not 

clearly established. Recent studies suggest that circulating factors released by 

adipose tissue such as free fatty acids (FFAs) induce insulin resistance in peripheral 

organs by promoting the accumulation of ectopic fat-derived metabolites capable of 

attenuating insulin action. Specifically, numerous studies implicate the sphingolipid 

ceramide as a potential mediator linking lipid oversupply to the antagonism of insulin 

action. Ceramide is a direct product of fatty acyl-CoA that has been shown to 

accumulate in insulin resistance states and to inhibit early steps in insulin signaling. 

The studies described herein investigate the hypothesis that overaccumulation of 

ceramide is an important event in the development of muscle insulin resistance. We 

first demonstrated that induced ceramide buildup by exposing cultured C2C12 

myotubes to long-chain saturated FFAs inhibits insulin stimulation of Akt/PKB, a key 

regulator of glucose uptake and anabolic metabolism. To further evaluate the 

contribution of ceramide to the saturated FFA-dependant inhibition of insulin 

signaling, we employed different strategies to modulate intracellular ceramide levels 

in C2C12 myotubes. First, inhibitors of the de novo ceramide synthesis prevented the
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antagonistic effects of saturated FFAs on insulin signaling. Second, inhibitors of 

ceramide catabolism recapitulated and augmented the effects of saturated FFAs on 

both intracellular ceramide accumulation and the inhibition of insulin signaling. 

Third, overexpression of human acid ceramidase, an enzyme that catalyzes the 

lysosomal degradation of ceramide, protected cells from the inhibitory effects of 

long-chain saturated FFAs. Collectively, these studies demonstrated that ceramide is 

the principal intermediate linking saturated FFAs to the inhibition of insulin 

signaling, and implicate aberrant ceramide accumulation in the development of 

muscle insulin resistance.

Jose Antonio Chavez 
Department o f Biochemistry and Molecular Biology 

Colorado State University 
Fort Collins, CO 80523 

Fall 2004
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CHAPTER I

The Role of Lipids in the Pathogenesis of Muscle Insulin Resistance

Type 2 Diabetes and Obesity
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1.1 Introduction to Diabetes Mellitus

Diabetes mellitus is a chronic disease characterized by abnormally high levels of 

glucose in the blood due to deficiency in insulin secretion, insulin action or both (1). The 

resulting hyperglycemia of diabetes is associated with long-term damage and subsequent 

dysfunction of various organs causing serious complications. These generally occur after 

several years of diabetes and affect especially the blood vessels (microangiopathy) in the 

eye, kidney and nerves. The frequency of arterial disease (atherosclerosis or 

macroangiophaty) is also markedly increased during the diabetes onset. Thus, 

individuals with uncontrolled diabetes are at high risk of coronary hearth disease, stroke 

and peripheral vascular disease.

The majority of cases of diabetes fall into two major categories of pathogenesis. 

Type 1 diabetes mellitus is caused by an absolute deficiency of insulin secretion. It 

presents mainly in childhood and early adults and accounts for about 10-20% of cases. 

Type 1 diabetes is thought to be caused by an autoimmune destruction of the insulin- 

producing p cells of the islets of Langerhans (2). In type 2 diabetes, the cause of the 

disease is a combination of factors including resistance of the body’s cells to the action of 

insulin coupled with an inadequate insulin secretory response (3). Type 2 diabetes 

usually starts in middle age or in the elderly and is by far the most common form of this 

disease, representing about 80-90% of all cases (3). Genetic and environmental factors 

contribute to the heterogeneous etiology behind the development of this complex 

metabolic disease.

2
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Type 2 diabetes has a large public health impact, and is the first metabolic disease 

in the world to reach epidemic proportions. According to the World Health Organization 

(WHO), Type 2 diabetes afflicts more than 140 million people worldwide and over the 

next decade, is projected to affect in excess of 212 million (4). People living in 

developing countries and ethnic minorities in industrial societies are afflicted with 

highest frequency. In the United States, 6.5% of the population has diabetes (5). This 

amounts to more than 16 million people of all ages, races, educational levels, weights, 

and geographic distributions (6). Moreover, the complications resulting from diabetes 

are significant causes of morbidity and mortality (7).

In developed countries, diabetes care is responsible for up to 5% of total 

healthcare costs. In the US alone, the total annual economic cost of diabetes in 2002 was 

estimated to be 132 billion dollars, both because of medical expenditures and lost 

productivity (8). If diabetes prevalence rates remain constant, the number of people with 

diabetes could increase to more than 25 million over the next decade, which would carry 

with it an annual cost of approximately $160 billion dollars per year (8). Such estimates 

do not account for the losses attributable to pain and suffering incurred by people with 

diabetes, as well as to families and friends of those burdened with the disease.

The impact of diabetes on healthcare emphasizes the importance of more 

intensive disease management, and the advent of new medical technologies to affront this 

problematic disease.

3
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1.2 Overview of the Physiology of Insulin Secretion and Action

Normal subjects maintain blood glucose levels within a relatively narrow range 

(i.e. around 5 mM or 90 mg/dl) by balancing glucose entry into the bloodstream from the 

liver and from intestinal absorption after meals, and glucose uptake into the peripheral 

tissues (e.g. skeletal muscle, adipose tissue, etc.). The sources of hepatic glucose 

production are glycogenolysis (the breakdown of glycogen, the storage form of glucose) 

and gluconeogenesis (the synthesis of new glucose from noncarbohydrate precursors). 

After 8 to 12 hours without food intake, gluconeogenesis by the liver is the main source 

of circulating glucose. At this time, glucose is utilized mainly by the brain and red blood 

cells, whereas the rest of the tissues use free fatty acids (FFAs). Glucose is the main fuel 

for the brain, and this organ depends critically on the maintenance of normal blood 

glucose levels.

After digestion, glucose and other nutrients pass into the bloodstream and are 

taken up by peripheral tissues (primarily liver, skeletal muscle, and adipose). In the 

postprandial state, p cells within the islets of Langerhans in the pancreas sense circulating 

glucose levels and automatically secrete the appropriate amount of the hormone insulin to 

promote the clearance of blood glucose to normal levels. Between meals, P cells secrete 

low, basal amounts of insulin.

Insulin lowers circulating glucose levels by suppressing glucose output from the 

liver (glycogenolysis and gluconeogenesis) and by promoting glucose uptake and storage 

in muscle and fat, the two primary sites of insulin-dependent glucose disposal (Figure

4
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1.1). Relatively low amounts of insulin, such as the low, basal level found between 

meals, are sufficient to suppress hepatic glucose output. Higher concentrations of insulin, 

like those found postprandially, dramatically stimulate glucose uptake. Therefore, insulin 

is a key regulator of glucose homeostasis. An absence of insulin results in an elevated 

blood glucose concentration, while an excess of the hormone results in hypoglycemia. 

Both of the above circumstances can be life threatening. The basic functions of insulin 

appear to be well conserved among animal species as disparate as nematodes, fruit flies 

and mammals. Upon entering the muscle cells, the enzyme hexokinase rapidly 

phosphorylates glucose, which is subsequently stored as glycogen due to the insulin- 

mediated activation of the enzyme glycogen synthase (GS), or oxidized to generate ATP 

synthesis in the mitochondria. The ability of insulin to stimulate glucose transport and 

glycogen synthesis is one of its most important physiologic actions.

Insulin also has a profound influence on fat and protein metabolism in order to 

meet the energy demands of the organism. Ingested fat is stored as triacylglycerides 

(TAG) in the central lipid droplet of adipocytes. Because of its high caloric content and 

efficient storage form, adipose tissue TAG represents the major source of stored fuel 

available for mobilization when energy requirements are increased or when glucose 

availability is reduced. Insulin plays a central role in the synthesis, storage, mobilization 

and utilization of adipose tissue TAG (9). The integrated physiologic effects of insulin 

on lipid metabolism facilitate TAG storage (lipogenesis), and restrain its breakdown 

(lipolysis) and release of FFAs from endogenous fat stores (9).

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Since the breakdown of protein into their constitutive amino acids is a perpetual 

process, it is important for the maintenance of body protein homeostasis that protein 

synthesis also occurs on a continuous basis. Insulin participates actively in the control of 

proteolysis, protein synthesis, amino acid oxidation, and amino acid transport. Insulin’s 

primary function is to decrease proteolysis, which results in decreased amino acid 

availability and to increase protein deposition, which is amplified in the presence of 

exogenous amino acids (9).

Insulin *4-

▼ ▼ ▼ Pancreas

GLUCOSE

&
" • y - V ' 51' .  ’f e  . ' i '

! r* ;t? „;■■■ 

Adipose tissue Skeletal muscle

Liver

Figure 1.1 Physiologic effects of insulin. Elevated concentrations of glucose in blood 
stimulate release of insulin by pancreatic |3 cells. The effects of insulin on glucose metabolism 
vary depending on the target tissue. Insulin facilitates entry of glucose into skeletal muscle and 
adipose while simultaneously repressing glucose efflux from the liver. Diabetes mellitus results 
from defects in insulin action (insulin resistance) and/or insulin secretion
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1.3 Signaling Transduction Pathways Mediating Insulin Action

The mechanism by which insulin stimulates the glucose uptake into muscle and 

fat tissue involves the redistribution of the glucose transporter isoform GLUT4 from an 

intracellular location to the plasma membrane, a process known as GLUT4 translocation. 

Insulin effects the movement of specific intracellular vesicles containing GLUT4 to the 

cell surface, where they fuse with the plasma membrane. This action acutely increases 

the number of glucose transporters available to facilitate entry of glucose into the cell 

interior (Figure 1.2). Targeted disruption of GLUT4 selectively in muscle (10) or 

adipose (11) causes overt diabetes in transgenic mice, indicating that GLUT4-mediated 

glucose transport is essential to the maintenance of normal glucose homeostasis. The 

critical role of GLUT4 translocation in regulating whole-body metabolism explains the 

intense effort by many laboratories to understand this process at the molecular levels and 

how this might be altered in diabetes.

Glucose

Figure 1.2. Cellular effects of insulin action. Under basal conditions, GLUT4 glucose transporters are 
largely localized in cytoplasmic vesicles of muscle and adipose cells. Binding of insulin to its cell surface 
receptors triggers a signaling pathway that promotes the fusion of those vesicles with the plasma membrane, 
thus increasing the number of glucose transporters exposed to the extracellular milieu. Insulin also 
stimulates the storage of glucose in the form of glycogen
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Insulin stimulates its pleiotropic effects through the activation of a signaling 

cascade initiated by its binding to a cell surface receptor (Figure 1.3). Almost all 

mammalian tissues contain insulin receptors, although the number varies greatly, with the 

highest number being present in insulin-sensitive tissues such as skeletal muscle and 

adipose (2-3 x 105 receptors per cell) (12). The insulin receptor (IR) is a glycoprotein 

consisting of two a  subunits (135 kd) and two (3 subunits (95 kd) covalently linked 

through disulfide bonds to form an CC2 P2 heterotetramer. The a  subunit is entirely 

extracellular and contains the sites for insulin binding, whereas the (3 subunit has a small 

extracellular portion, a transmembrane domain, and an intracellular insulin-regulated 

tyrosine protein kinase activity (12). The insulin receptor behaves as a classic allosteric 

enzyme in which the binding of insulin to the a  subunit results in a conformational 

change that allows the activation of intrinsic tyrosine kinase activity of the (3 subunit (13, 

14). Subsequent autophosphorylation of specific tyrosine amino-acids residues within 

the receptor’s (3 subunit in turn results in activation of the kinase activity toward various 

intracellular protein substrates. Tyrosine kinase activity of IR is essential for intracellular 

insulin action.

The major cytoplasmic substrate for the enzyme activity of the IR is a group of 

docking proteins known as the insulin receptor substrates (IRS’s). The best characterized 

of these is a 185-kd protein called insulin receptor substrate-1 (IRS1). Based on its 

predicted amino acid sequence, IRS1 contains 22 potential tyrosine phosphorylation sites, 

numerous sites for serine phosphorylation sites and a specific phosphotyrosine binding 

(PTB) domain (15). The PTB domain is critical for recognition and interaction of

8
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phosphotyrosine residues in activated IR (15). Once phosphorylated, IRS1 serves as a 

docking protein, which recruits and activates multiple downstream targets.

One important signaling pathway emanating from IRS1 that mediates multiple 

insulin effects begins with the binding and activation of the enzyme phosphatidylinositol 

(PI) 3-kinase (PI3K) (16). PI3K is a heterodimer composed of a regulatory 85-kd subunit 

(usually referred as p85 subunit) and a catalytic 110-kd subunit (pi 10) (17). The p85 

subunit contains two Src-homology 2 (SH2) domains, which direct noncovalent 

interactions with specific phosphotyrosine-containing peptide motif, and one SH3 

domains, a region that directs protein-protein interaction to sites independent of tyrosine 

phosphorylation (17). Binding of the p85 subunit to tyrosine phosphorylated IRS1 

enables the formation of a ternary complex and is an activation step that results in a 

marked increase in PI3K activity of the pi 10 catalytic subunit (18).

PI 3-kinase, in turn, phosphorylates specific membrane phosphoinositides such as 

phosphatidylinositol 4-monophosphate and phosphatidylinositol 4,5-biphosphate on the 

D-3 position of the inositol ring to generate phosphatidylinositol-3,4-biphosphate 

(PI(3,4)Pi) and phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3) respectively (19). 

The cellular levels of PI(3,4)P2 and PI(3,4,5)P3 depend on the activity of PI3K and serve 

as second messengers for essentially all metabolic responses to insulin.

Several studies have confirmed a role for PI3K on insulin-induced activation of 

glucose transport. For instance, inhibition of PI3K activity using a dominant negative

9
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mutant (20) or pharmacological agents, such as wortmannin (21) or LY294002 (22), 

abolishes insulin-stimulated glucose uptake and inhibits GLUT4 vesicle translocation to 

the plasma membrane. On the other hand, expression of constitutively active PI3-kinase 

stimulates these effects (23, 24).

The increased levels of PI(3,4)P2 and PI(3,4,5)P3 activate downstream events by 

recruitment cytosolic enzymes to the plasma membrane as a result of directly binding to 

their pleckstrin homology (PH) domain. PH domain is the structure most frequently 

encountered in proteins capable of binding specifically and with high affinity D-3 

phosphoinositides. Various studies have shown that PI(3,4)P2 and PI(3,4,5)P3 contribute 

to activation of several serine/threonine kinase proteins including 3-phosphoinositide- 

dependant protein kinase-1 (PDK1) and Akt or protein kinase B (Akt/PKB) (25).

1.3.a Regulation o f Akt/Protein Kinase B (PKB)

Akt/PKB was cloned in 1991 by three independent laboratories. These groups 

identified the enzyme as Related to A and C Protein Kinase (RAC) (26), Protein Kinase 

B (PKB) (27) and cAkt (cellular homologue of the Akt retrovirus oncogene) (28). 

However, the first name has been dropped to avoid confusion with the small GTP- 

binding protein Rac. Three closely related isoforms Aktl (PKBa), Akt2 (PKBP) and 

Akt3 (PKBy) are now known, each composed of an N-terminal PH domain and a 

serine/threonine-rich C-terminal kinase catalytic domain (26-30). They belong to a 

subfamily of protein kinases that regulate a diverse array of cellular functions including

10
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protection from apoptosis, stimulation of cellular growth and proliferation, differentiation 

and intermediary metabolism (31).

Numerous hormones, growth factors, cytokines, and transforming oncogenes 

activate Akt/PKB. Akt/PKB activation depends on the presence of PI(3 ,4 )P2 and to a 

lesser extent on PI(3 ,4 ,5 )P3 (32). Although initial studies indicated that the interaction 

between Akt/PKB and the phospholipids directly enables Akt/PKB activation, subsequent 

studies revealed that the kinase is activated instead by phosphorylation (33). Indeed, the 

interaction of PI(3 ,4 ,5 )P3 with the PH domain of Akt/PKB promotes the translocation of 

the enzyme to the plasma membrane where it undergoes a conformational change 

resulting in exposure of two regulatory phosphorylation sites: One resides in the 

activation loop of the kinase domain (Thr308), and the other is located ~160 residues C- 

terminal to this site in a non-catalytic region of Akt/PKB (Ser473) (34). Both 

phosphorylations are required for full activation of the enzyme. PDK1 has been 

characterized as the kinase that phosphorylates Akt/PKB at Thr308. The identity of the 

kinase that phosphorylates Akt/PKB at Ser473 (usually referred as PDK2), and the 

mechanism underlying regulation of this second phosphorylation, remains elusive.

Several lines of evidence suggest that Akt/PKB functions downstream of PI3K. 

First, insulin stimulation of Akt/PKB is inhibited by LY294002 and/or wortmannin in L6  

myotubes (35, 36), human myoblasts (37), human skeletal muscle (38) and rat adipocytes 

(39). Second, expression of dominant negative forms of PI3K blocks Akt/PKB activation 

by Platelet-derived Growth Factor (PDGF) (40). Third, expression of constitutively

11
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active PI3K (targeted to the membrane by either N-terminal myristylation or C-terminal 

famesylation) results in Akt/PKB activation (41).

H-ir308 ®

Ser473

Figure 1.3. Mechanism of Akt/PKB activation. Insulin activates the receptor’s intrinsic tyrosine 
kinase activity, promoting the tyrosine phosphorylation of the receptor itself and a family of 
intracellular adaptor molecules (termed insulin receptor substrate (IRS) proteins]. 
Phosphorylation of IRS proteins effects the recruitment of proteins that contain SH2 domains, 
leading to the activation of downstream effectors enzymes including phosphatidyl inositol 3- 
kinase (PI3K). Once activated, PI3K phosphorylates the inositol head group of membrane 
phosphatydilinositides, generating the phospholipids signaling molecules PIP2 and PIP3. Akt/PKB 
binds to membrane associated D3 of PIP2 and PIP3 via its PH domain, where it undergoes 
phosphorylation at Thr308 (by PDK1) and at Ser473 (by the elusive PDK2 kinase).

1.4 The Central Role of Akt/PKB in Metabolic Insulin Action

Activated Akt/PKB has been shown to mediate various metabolic effects of 

insulin (Figure 1.4). For instance, overexpression of either wild-type or constitutively 

active form of Akt/PKB in 3T3-L1 adipocytes and L6 myotubes mimics insulin-induced 

GLUT4 translocation, glycogen and protein synthesis (42, 43). Akt/PKB can be rendered 

constitutively active by either coupling it to membrane targeting sequences (i.e.
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myristylation) or by exchanging both phosphorylation sites with acidic residues. 

Conversely, expression of a dominant negative form of Akt/PKB (kinase inactive mutant) 

significantly inhibits these metabolic responses of insulin in some cell lines (44-46). In 

addition to these experiments, further studies have investigated the regulation of specific 

isoforms of Akt/PKB and their involvement in insulin action. Micro injections of

antibodies to the Akt2/PKBP isoform into 3T3-L1 adipocytes partially blocked insulin 

stimulation of GLUT4 translocation (47). Moreover, experiments using RT-PCR and 

isoform specific antibodies revealed that expression of Akt2/PKBp, but not Aktl/PKBa, 

increases as 3T3-L1 fibroblasts differentiate into insulin responsive, metabolic active 

adipocytes (48). Additional studies support the involvement of the Akt2/PKBp isoform 

in glucose metabolism. Interestingly, knockout mice lacking the Akt2/PKBp gene are 

impaired in the ability of insulin to lower blood glucose because of defects in the action 

of the hormone in fat and skeletal muscle (49). However, in striking contrast to 

Akt2/PKBP null mice, Aktl/PKBa-deficient mice are normal with regard to glucose 

tolerance, suggesting that Akt2/PKBP isoform is indispensable in the maintenance of 

normal glucose homeostasis in vivo (50). Thus, Akt2/PKBP has been implicated as the 

central mediator of insulin-stimulated glucose transport in skeletal muscle and adipose 

tissue.

1.5 Downstream Targets of Akt/PKB

A variety of approaches have been applied to the identification of physiological 

Akt/PKB substrates leading to insulin-induced biological actions. The designation of a 

protein as a direct substrate of Akt/PKB requires that the candidate be directly

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



phosphorylated by Akt/PKB at the motif RXRXXT/S, where X is any amino acid and 

T/S is threonine or serine residues, respectively. Only a few well-supported Akt/PKB 

substrates have been identified so far (Figure 1.4). Nonetheless, among these are 

unquestionably crucial multifunctional effectors of insulin’s action.

1.5a Akt/PKB Substrate 160

The insulin-regulated translocation of GLUT4 containing vesicles is a critical 

process necessary for the maintenance of normal glucose homeostasis. Intense efforts 

have been directed toward defining the signaling elements that link insulin receptor 

activation to the trafficking of GLUT4 vesicles in adipocytes and muscle cells.

Recently, a novel protein of 160 kd has been identified as the key connection 

between signaling from Akt/PKB to the trafficking of the GLUT4 vesicles. This has 

been designated as AS 160 for Akt substrate of 160 kd (51). The most prominent feature 

of AS 160 is that it contains five phosphorylation sites that lie in the RXRXXS/T motif 

preferred by Akt/PKB, and a GTPase activating protein domain (GAP domain) for the 

Rab family of small GTP-binding proteins. AS 160 also contains two predicted 

phosphotyrosine binding (PTB) domains toward its amino terminus (51). Rab proteins in 

their active GTP-bound form are key components in the fusion of vesicles with 

membranes, and also in some cases participate in vesicle movement. In the absence of 

insulin, the Rab that presumably functions in GLUT4 translocation is maintained in its 

inactive GDP form by the GAP activity of AS 160. Rabs have an intrinsic capacity to 

hydrolyze their bound GTP to GDP; however this activity is typically very low. Insulin-
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stimulated Akt/PKB activity elicits phosphorylation of AS 160, inactivating its GAP 

activity and increasing the amount of active Rab triggering GLUT4 translocation. 

However, the identification and characterization of the Rab that is required for GLUT4 

translocation has not been accomplished yet.

A recent study by the Lienhard group strongly suggests that insulin-stimulated 

phosphorylation of AS 160 is required for GLUT4 translocation in 3T3-L1 adipocytes 

(52). Specifically, overexpression of AS 160 lacking several of the putative Akt/PKB 

phosphorylation sites in 3T3-L1 adipocytes markedly inhibited insulin-stimulated 

GLUT4 translocation compared with wild-type AS 160. Moreover, this inhibition did not 

occur when the GAP activity in these mutants was inactivated by a point mutation 

indicating that inactivation of the Rab GAP function is required for GLUT4 translocation 

(52).

1.5b Glycogen Synthase Kinase-3

In humans, greater than 70% of postprandial glucose is ultimately stored as 

glycogen in peripheral tissues. As stated above, an important role of insulin is to promote 

glycogen accumulation. In fact, impaired glycogen metabolism is associated with 

diabetes and may represent a critical event in the pathophysiology of the disease. Insulin 

promotes glycogen synthesis both by increasing rates of glucose transport and by 

activating glycogen synthase (GS), which catalyzes the final step in glycogen synthesis 

by adding activated glucosyl groups to growing polysaccharide chains. The regulation of 

GS is complex and involves allosteric activators as well as regulation by
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phosphorylation/dephosphorylation. In particular, the activity of GS is potently inhibited 

by its phosphorylation on four serine residues on the C-terminal portion. Glycogen 

Synthase Kinase-3b (GSK3P) is one of the kinases responsible for inactivating GS, and 

this enzyme is itself inactivated via phosphorylation by Akt/PKB.

GSK3 was purified as a kinase capable of phosphorylating and inactivating GS. 

Molecular cloning revealed two GSK3 genes that encode very similar polypeptides; 

GSK3a (51 kd) and GSK3P (47 kd), which are expressed ubiquitously in mammalian 

tissues (53). GSK3 is fully active in unstimulated cells, and undergoes a rapid inhibition 

in response to insulin and other growth factors. Upon insulin stimulation, Akt/PKB 

activity results in the phosphorylation at a single serine residue situated N-terminal to the 

catalytic domain (Ser21 in GSK3a and Ser9 in GSK3p) and in the subsequent inhibition 

of GSK3 (36). The insulin-stimulated inhibition of GSK3 diminishes GS 

phosphorylation and promotes its activation, contributing to the stimulation of glycogen 

synthesis. Like the activation of Akt/PKB, the inhibition of GSK3 by insulin is prevented 

by the PI3K inhibitors wortmannin and LY294002 (36).

Numerous studies suggest the significance of GSK3 in the insulin regulation of 

glycogen synthesis. For example, overexpression of a GSK3 S9A mutant, which is 

insensitive to the activity of Akt/PKB, in adipocytes results in suppression of insulin- 

stimulated GS activity (54). Similarly, the presence of constitutively active Akt/PKB in 

L6  muscle cells significantly blocks GSK3 activity and leads to GS activation in the 

absence of insulin (43), whereas a dominant-negative Akt/PKB results in 50% inhibition
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of insulin-stimulated GS activation in these cells (44). However, the absolute 

contribution of GSK3 to the regulation of GS remains uncertain since several signaling 

molecules that are not influenced by GSK3 can modulate this process. Indeed, insulin- 

stimulated glycogen synthesis may involve activation of a protein phosphatase type 1 

(PP1), which has been shown to dephosphorylate GS leading to its activation. PP1 is a 

serine/threonine-specific phosphatase implicated in the regulation of glycogen synthesis 

(55).

1.5c Mammalian Target o f Rapamycin

The ability of insulin to activate protein synthesis at the translational level is one 

of the central anabolic responses of insulin. Insulin promotes protein synthesis in muscle 

and fat cells by stimulating the initiation and elongation steps in protein translation.

An important step for protein synthesis initiation consists of the preparation of the 

mRNA 5’ untranslated segment for scanning by the 40S ribosomal complex. This 

process involves the binding of an mRNA 5’ cap structure (7-methyl GTP) by the cap- 

binding protein eIF-4E. One regulatory mechanism for this process involves the control 

of availability of eIF-4E, which is negatively regulated through the binding of eIF-4E to a 

family of abundant 4E-binding proteins (4E-BPs) (the latter also known as 

phosphorylated heat-and acid-stable polypeptide regulated by insulin or PHAS-1) (56). 

The interaction of eIF-4E with 4E-BP1 is abolished by the insulin-activated multisite 

phosphorylation of the 4E-BP1, which releases eIF-4E and subsequently promotes its 

incorporation into the initiation complex (57). The protein kinase responsible for the
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phosphorylation of 4E-BP1 is the mammalian Target of Rapamycin (mTOR), a direct 

target of activated Akt/PKB (58).

mTOR is a 289-kd serine/threonine kinase orthologue of target of rapamycin-1 

(TORI) and TOR2 in Saccharomyces cerevisiae (59). Direct evidence indicates that 

insulin-stimulated Akt/PKB kinase activity is clearly required for the effects of mTOR on 

4E-BP phosphorylation. First, the insulin-stimulated phosphorylation of 4E-BP/PHAS is 

completely inhibited by wortmannin (57). Also, dominant-inhibitory Akt/PKB partially 

blocks 4E-BP phosphorylation by insulin in L6  muscle cells (44), and constitutively 

active, membrane targeted Akt/PKB results in robust phosphorylation of the protein (60). 

In addition, translation of mRNAs encoding polypeptides of the translational apparatus 

itself (e.g. ribosomal proteins and elongation factors) and various “growth-regulated” 

proteins requires the presence of continuous tract of 5 to 14 pyrimidines residues 

immediately at the transcriptional initiation site. Insulin selectively promotes the 

translation of mRNA containing this 5’ terminal oligopyrimidine (5’ TOP) by a 

wortmannin-sensitive mechanism, indicating that the PI3K pathway also controls the 

regulatory apparatus that gates the initiation of 5’ TOP mRNAs (61). The incorporation 

of 5’ TOP mRNAs into polysomes requires the phosphorylation and activation of the 40S 

ribosomal protein S6  by its immediate upstream regulator; p70 S6  kinase (62). Similarly, 

activation of p70 S6  kinase is achieved through an ordered series of phosphorylation of 

the p70 polypeptide catalyzed by mTOR. Thus, the Akt/PKB activity is crucial for the 

expression of 5’ TOP mRNAs, a function that accounts for its role in protein synthesis.
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1.5d The Forkhead Domain Transcription Factors

Insulin regulates the transcription of genes involved in a variety of biological 

phenomena such as cellular growth and differentiation. Therefore it is likely that many 

of the effects of Akt/PKB signaling result in the regulation of gene expression. Genetic 

analyses in the nematode worm Caenorhabditis elegans established that PI3K suppresses 

the function of DAF-16, a Forkhead (FOX) transcription factor that regulates organism 

lifespan (63). Subsequent studies revealed evolutionarily conserved orthologues of DAF- 

16 in higher eukaryotes. These proteins are members of a family of Forkhead box class O 

(FOXO) transcription factors. Members of the Forkhead superfamily are characterized 

by the presence of putative consensus sequences for Akt/PKB phosphorylation 

(RXRXXS/T) and a conserved 110-amino acid DNA binding domain, called the 

"forkhead" domain that binds to the major groove of DNA (64). Although the 

mechanism by which Akt/PKB regulate FOXO activity is not completely clear, it is 

believed that Akt/PKB can directly phosphorylate FOXO transcription factors, and 

thereby inhibit their ability to induce the expression of target genes (65). In the absence 

of stimulation, FOXOs are localized in the nucleus, where they activate transcription of 

target genes. Upon activation by insulin, Akt/PKB phosphorylates FOXOs at the specific 

regulatory sites, eliciting their relocalization from the nucleus to the cytoplasm and 

preventing them from stimulating gene transcription (65). In addition, FOXO 

transcription factors appear to be able to regulate transcription through DNA-independent 

mechanisms. FOXO transcription factors have been found to play critical roles in 

regulation of proliferation, apoptosis and control of oxidative stress.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



©

AS160
AS160

' I 1- ' . . . . . . . . . . . . . . . .  - f t
ActiveActive

P> GDP-Rib 
Inacthra

GTP-Rab 
Active n Glycogen 

Gene Expression synthase
GDP GTP p r # t t |n

synthesis 
GLUT4 

translocatien

Figure 1.4. Schematic diagram depicting the central role of Akt/PKB in insulin action. Activated 
Akt/PKB has a number of known substrates, the phosphorylation of which account at least in part for the 
insulin’s effects on the stimulation of glucose transport (AS 160), stimulation of glycogen (GSK3) and lipid 
synthesis (mTOR) and changes in expression of specific genes (FOXO).

1.6 Non-PI3 Kinase Pathway

While many of insulin’s action occur through activation of PI3K, other pathways 

are also employed. The best characterized is one shared with other growth factors 

leading to activation of members of the mitogen activated protein kinase (MAPK) family 

of serine/threonine kinases. This pathway is initiated by phosphorylation of She by the 

IR. Upon tyrosine phosphorylation by IR, She is able to complex with another adaptor 

protein, Grb2, through the SH2 domain on Grb2. Grb2 exists in a constitutive complex 

with the guanine nucleotide exchange factor Son of Sevenless (SOS). The Grb2/SOS 

complex resides in the cytoplasm but upon binding to Shc-associated IR, is recruited to 

the inner surface of the plasma membrane. There, SOS is brought into proximity with the
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membrane localized small G-protein Ras, activating Ras to its GTP form. As a result, 

Ras-GTP complexes with the protein kinase Raf and leads to its activation. Activated 

Raf, then, phosphorylates and thereby activates the protein kinase MEK, and MEK 

phosphorylates and consequently activates the p42/p44 forms of MAPK (6 6 ).

The MAPK cascade represents the major mechanism mediating nuclear effects of 

insulin on gene expression (67). MAPK phosphorylates diverse transcription factors and 

so regulates the expression of specific genes (67). Even so, numerous studies indicate 

that this pathway has no involvement in the acute metabolic responses to insulin.

1.7 The Role of Lipids in the Development of Insulin Resistance

Insulin resistance is a state in which cells of peripheral tissues do not respond 

appropriately to normal dose of insulin. Insulin resistance is a major characteristic of 

nearly all individuals with metabolic disorders including Type 2 diabetes, obesity, 

hypertension, dyslipidemia, cardiovascular disease and other abnormalities, which 

together constitute a condition defined as Metabolic Syndrome X (6 8 ). A great 

proportion of individuals with one or more of the conditions of metabolic syndrome X are 

obese. The high prevalence of obesity in Type 2 diabetes and Metabolic Syndrome X 

indicates that obesity may be of pathophysiologic importance in the development of 

insulin resistance. However, not only the presence, but also the distribution of obesity 

has been shown to influence the risk of insulin resistance. For instance, central 

(abdominal) obesity is strongly associated with insulin resistance while fat stores in other 

locations is less strongly linked to these pathologies (69). One hypothesis for this
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phenomenon is that adipocytes in the central depot are particularly resistant to the 

antilipolytic action of insulin and can release FFAs into the portal vein, exposing 

peripheral tissues to high FFAs concentrations (70). As it will be discussed later on, 

FFAs can antagonize the effects of insulin on skeletal muscle and liver. Thus, a 

hypothesized progression of the Type 2 diabetes is as follows. First, insulin gradually 

fails to stimulate glucose uptake in skeletal muscle, whereas in the liver insulin losses the 

ability to suppress glucose production. This, in turn, leads to an elevation in circulating 

glucose levels, which forces the pancreas to produce increasing amounts of insulin. As 

insulin resistance worsens, the pancreas is forced to produce ever-increasing amounts of 

insulin. If the insulin resistance becomes so severe that the pancreas is not able to 

produce enough insulin to meet the body's needs, then, glucose tolerance deteriorates and 

the patient develops diabetes mellitus (Figure 1.5).

Although the major contributor to the development of insulin resistance is obesity, 

other factors are implicated in the etiology of this disease. These include environmental 

factors, such as lifestyle, smoking, diet, and exercise level, and genetic factors. However, 

the extent to which genetic and environmental factors specifically determine or influence 

the development of insulin resistance is uncertain.
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1.8 Increased Lipid Availability in Human Insulin Resistance States

The question arises as to how obesity might contribute to the development of 

insulin resistance in key tissues. A likely mechanism involves the release of one or more 

messengers from the expanded adipose tissue that inhibits insulin action on skeletal 

muscle or the liver. Several candidates for such a role have been proposed including 

leptin (71), tumor necrosis factor-alpha (TNF-a) (72), resistin (73), adiponectin (74) and 

FFAs (75).
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A large body of evidences indicates that in humans, FFAs are a likely link 

between obesity and insulin resistance. For example, it has been shown that plasma FFA 

concentrations are dramatically elevated in patients with severe Type 2 diabetes (76) and 

in the Zucker fatty (fa/fa) rat, which is a well-established animal model for type 2 

diabetes (77). This hypothesis has been supported by experiments demonstrating that 

insulin resistance can be induced by directly exposing cultured cells or isolated tissues to 

FFAs (78, 79). Also, targeted overexpression of lipoprotein lipase (LPL), the primary 

enzyme mediating the liberation of FFAs from triacylglicerides (TAG) found in plasma 

lipoproteins, increases lipid deposition and promotes insulin resistance in either skeletal 

muscle or liver of mice (80). However, the most direct demonstration in humans and 

rodents was provided by TAG/heparin infusions, which resulted in acute FFA elevation 

via action of heparin to induce LPL action to liberate FFAs from the infused TAG. This 

acute physiological elevation of plasma FFA decreased insulin sensitivity in both muscle 

and liver (81-85). The FFA-induced inhibition developed only 3 to 4 hours after start of 

the lipid infusion, disappeared 3 to 4 hours after return of plasma FFA to normal levels, 

and was dose dependent (82). In addition, FFAs are also elevated when insulin resistance 

is induced chronically by placing rats on a high-fat diet for several weeks (8 6 ). Thus, it is 

believed that similar mechanisms are operative in the induction of insulin resistance by 

acute FFA elevation or by placing animals on a high dietary intake of lipids.

1.9 Putative Mechanism of Lipid-induced Muscle Insulin Resistance

Skeletal muscle insulin resistance is particularly relevant to Type 2 diabetes 

because it is the tissue responsible for the majority of whole body insulin-mediated
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glucose disposal. Based on the abundant evidence that lipid oversupply induces insulin 

resistance states, a number of hypotheses have been suggested to define the mechanism 

by which increased lipid availability could lead to muscle insulin resistance.

1.9a Glucose Fatty Acid Cycle

The idea that an increase in plasma FFA levels causes insulin resistance was first 

introduced by Randle et.al. in the 1960s. The Randle group proposed that increased 

availability and oxidation of FFA reduces glucose oxidation and therefore glucose uptake 

(87). His group observed that increased FFA flux would lead to increased acetyl CoA in 

mitochondria, which in turn could inhibit pyruvate dehydrogenase activity, producing an 

elevation in citrate concentration. Citrate allosterically inhibits the activity of 

phosphofructokinase, leading to an accumulation of glucose 6 -phosphate which in turn 

inhibits hexokinase and glucose phosphorylation, thus reducing glucose utilization, a 

common feature of insulin resistance and diabetes. Although the ability of elevated FFAs 

levels to reduce glucose oxidation may play a role in insulin resistance in some situations 

(82-84), the contribution of the glucose-FFA cycle to the reduction of insulin-stimulated 

glucose uptake is less certain. For example, although lipid infusion induces a prompt 

inhibition of glucose oxidation, insulin stimulation of glucose uptake remains unaffected 

for several hours (3-4 hours after lipid infusion). Moreover, in high-fat fed rat models of 

insulin resistance, the presence of a blocker of FFA oxidation had little ability to restore 

impaired insulin stimulation of glycogen synthesis and GS activity (8 8 ). Finally, the 

reduction in glycogen synthesis occurs in association with decreased glucose 6 - 

phosphate, rather than the increased levels predicted by Randle’s hypothesis. This

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



impairment has been attributed to a reduction in glucose transport/phosphorylation 

associated with decreased insulin signaling activity (89). These studies suggest that 

mechanism other than, or additional to, Randle cycle effects are involved in the reduction 

of skeletal muscle insulin resistance by increased availability of FFAs.

1.10 Intramuscular Lipid Accumulation

Another model suggests that lipid environment leading to muscle insulin 

resistance is not a result of a direct FFA provision from the circulation but to the 

accumulation of fat-derived metabolites, which can inhibit insulin action (Figure 1.6). In 

fact, numerous studies have demonstrated that excess of muscle lipid availability 

promotes an increase in TAG content. Previously, these were results of studies based on 

muscle biopsy (90, 91). However, it has proven problematic to separate a mixture of 

muscle and adipose cells from intracellular TAG molecules. An important recent 

improvement is the use of proton nuclear magnetic resonance (*H NMR) to access 

intramyocellular lipids. This technique can distinguish signals from intramyocellular and 

extra-myocellular lipid, obviating earlier worries about possible contamination of muscle 

biopsies with adipose tissue. 'H NMR analysis indicates an inverse correlation between 

muscle TAG content and insulin sensitivity in subjects with body mass indexes ranging 

from normal to obese (92). Furthermore, according with those studies, intramyocellular 

TAG content correlates more tightly with the severity of insulin resistance than most 

known risk factors (93). This phenomena is now recognized as one of the most 

consistent indicators of whole-body insulin resistance.
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Intramuscular TAG accumulation is now evident in a wide array of experimental 

models, including insulin resistance induced acutely by lipid infusion in both humans 

(94) and rodents (85, 95). Genetic forms of obesity such as Zucker rats (96) as well as 

dietary animal models of insulin resistance (97) also exhibit increased intramyocellular 

TAG accumulation. Moreover, prolonged inhibition of fatty acid oxidation in muscle by 

pharmacological inhibition of camitine-palmitoyl transferase 1 (CPT-1), the key enzyme 

for the transport of long-chain acyl-CoA compounds into the mitochondria, impairs 

insulin-mediated glucose disposal in rats via a mechanism related to the accumulation of 

TAG (97).

More support comes from human lipodystrophy syndromes, where an absence of 

peripheral adipose tissue, and consequent lack of a peripheral store of fatty acids, leads to 

insulin resistance associated with increased TAG content in muscle (98). Recent 

development of a genetically modified mouse model that is deficient in white adipose 

tissue has increased the understanding of the profound consequences of lipodystrophy 

(99). These “fatless” mice have severe insulin resistance and other features of human 

lipoatrophic diabetes including an increase in intramyocellular TAG (99). Interestingly, a 

dramatic reduction of insulin resistance is observed in this model when adipose tissue is 

restored by transplantation (1 0 0 ) indicating the importance of adipose tissue as a “sink” 

for fatty acids that prevents an overload of lipid supply to other tissues.

Although the close coupling between increased intramyocellular TAG content and 

the development of insulin resistance is compelling, the mechanism behind the effect is
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yet to be elucidated. However it appears unlikely that intramyocellular TAG itself 

directly impairs insulin action. For example, TAG accumulation in muscle cells is not 

invariably associated with insulin resistance. Notably, the muscle of trained endurance 

athletes has been shown to be highly insulin-sensitive despite the presence of high levels 

of intramyocellular TAG (101). Moreover, short term (4-weeks) exercise training in 

humans improved muscle insulin sensitivity in the absence of measurable changes in 

muscle TAG content (102). To account to this discrepancy, it has been proposed that 

TAG accumulation is merely a marker for some other more harmful related FFA moiety 

such as long chain acyl-CoA, ceramide or diacylglycerol, whose appearance is associated 

to elevations in intramuscular TAG content (94,103).

1.10a Long-chain Acyl-CoAs.

Long-chain acyl-CoAs (LCACoAs) are the activated form of intracellular FFA, 

produced by the action of acyl CoA synthase (ACS). Interestingly, there is a consistent 

link between decreased insulin sensitivity and LCACoAs in muscle. LCACoA content of 

skeletal muscle has shown to be increased in insulin-resistant animals (85, 8 8 , 104, 105) 

and humans (104). In isolated soleus muscle strips, insulin-stimulated glucose uptake 

and glycogen synthesis was reduced by incubation with fatty acids in a manner that 

correlates with the accumulation of intracellular LCACoA (106). Furthermore, 

experimental maneuvers designed to acutely reduce the intramuscular LCACoA content 

of high-fat fed rats augmented insulin-stimulated glucose uptake into skeletal muscle 

(107).
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LCACoA might relate to mechanisms by which increased fat availability in 

muscle leads to insulin resistance. Findings so far point to the ability of LCACoA to 

modulate enzyme activity. Thompson et.al., (108) for example, showed that LCACoAs 

can inhibit hexokinase activity in homogenates of human and rat soleus muscle in vitro. 

This inhibition showed to be additive to the inhibition of hexokinase by glucose-6 - 

phosphate (Randle’s mechanism) suggesting that increase in intramuscular lipid 

metabolites could alter insulin-mediated glucose metabolism by decreasing the rate of 

glucose flux into the tissue (108). LCACoAs may also interfere with muscle glucose 

utilization through the direct activation of protein kinase C (PKC) isozymes, an enzyme 

that has been linked to insulin resistance in muscle in a wide variety of models. For 

instance, LCACoAs have been shown to activate PKCs in in vitro assays (109), and in 

isolated fibroblasts (110). Some PKC subtypes can phosphorylate IRS proteins on serine 

or threonine residues, reducing its tyrosine phosphorylation by the IR and decreasing 

activation of IRS-1-associated PI3K activity (111).

Furthermore, LCACoAs have also been shown to activate nuclear receptors 

providing the possibility that intracellular lipid availability can modulate gene expression. 

The most relevant of these receptors is the peroxisome proliferators activated receptors 

(PPARs) and in particular PPAR-y which is important for adipose tissue proliferation and 

fat deposition (112). PPAR-y is also expressed in skeletal muscle, although in lower 

abundance than in adipose tissue (113). However, PPAR-y expression has been shown to 

be significantly increased in insulin resistance diabetic subjects (113), further suggesting 

its involvement in the regulation of metabolism and insulin action in muscle.
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FFAs in muscle are activated to LCACoAs before transport across mitochondrial 

membranes by carnitine palmitoyltransferase (CPT), and then metabolized in the 

mitochondria by (3-oxidation. In addition, LCACoAs are the substrates for the 

esterification of FFAs for the synthesis of TAG and other less abundant second- 

messengers lipids such as diacylglycerol (DAG) and ceramide. Thus, it is believed that 

elevated tissue lipid availability can activate lipid signaling molecules derived from 

LCACoAs leading to attenuation of insulin action. The most direct support of this 

hypothesis is provided by the use of R-etomoxir, an oxirane carboxylic acid derivative 

that specifically inactivates CPT-1. In both humans (114) and rodents (97), insulin 

sensitivity was decreased by R-etomoxir suggesting that skeletal muscle insulin 

resistance may be aggravated by accumulation FFA-derived metabolites that inhibit 

insulin signaling.

1.10b 1,2-Diacylglycerol

1,2-Diacylglycerol (DAG) is an intermediate of both triglyceride and 

phospholipid metabolism. DAG can be generated by de novo synthesis, through the 

esterification of LCACoA into glycerol-3-phosphate backbones, or by the breakdown of 

phospholipids, particularly phosphatidylinositol-4,5-bisphosphate and 

phosphatidylcholine, by phospholipases C and D, respectively. DAG is an important 

second messenger involved in intracellular signaling and has been shown to accumulate 

in the insulin-resistant muscle of high-fat fed rats (115), Zucker rats (116) as well as 

transgenic mice with muscle-specific overexpression of lipoprotein lipase (LPL) (105). 

Numerous animal studies indicate that DAG may have detrimental effects on insulin
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action through its ability to activate PKC isoforms [reviewed in (117)]. Increased 

expression and/or activation of the novel, DAG-sensitive PKC isozymes s and/or 0 have 

been associated with reduced insulin action in skeletal muscle of rats during lipid 

infusions (95, 118), as well as in rodent models of insulin resistance including obese 

Zucker rats (119) and high-fat fed rats (115). In a study of high-fat fed rats there was 

evidence of chronic activation of PKC s and PKC 0 in association with elevated DAG 

levels (115). Moreover, rapid reversal of insulin resistance in high-fat fed rats by acute 

dietary intervention (1 2 0 ) or by insulin sensitizers (1 2 1 ) is associated with a 

normalization of activation of these PKC isozymes.

In humans, fatty-acid-induced muscle insulin resistance was recently found to be 

associated with increased DAG mass and with PKC isoform ([32 and 8 ) activation (94). 

The finding generally supports the relevance of the rodent DAG/PKC/insulin resistance 

scenario to humans, although the relative roles of the different PKC isoforms involved is 

unclear. In isolated human skeletal muscle strips and adipocytes, activation of PKC by 

1 2 -deoxyphorbol 13-phenylacetate 2 0 -acetate, a phorbol ester that mimics the effects of 

DAG, reduced insulin-stimulated glucose uptake whereas pharmacological inhibition of 

PKC activity increased insulin-stimulated glucose uptake by twofold in association with 

elevated insulin receptor tyrosine phosphorylation and PI 3-kinase activity (122). These 

data further support the notion that inappropriate activation of PKCs may interfere with 

insulin action by promoting serine/threonine phosphorylation of the insulin receptor 

and/or IRS-1, thus preventing tyrosine phosphorylation of these proteins that are 

necessary for the function of the insulin signaling cascade and stimulation of glucose
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transport. Direct evidence for increased serine phosphorylation of IRS-1 associated with 

fatty-acid-induced insulin resistance was recently reported in lipid-infused rats (95). 

Moreover, covalent modification of IRS-1 on serine/threonine residues was shown to 

impair its insulin-induced tyrosine phosphorylation, the activation of PI 3-kinase, and the 

stimulation of glucose transport (123). Despite the abundance of evidence for its key role 

in the development of insulin resistance, the serine phosphorylation of IRS-1 by 

LCACoA-derived metabolites has remained incompletely understood.

1.10c Ceramide

Ceramide is a derivative of sphingomyelin, a phospholipid component of cell 

membranes, which can be generated by the hydrolysis of sphingomyelin through the 

action of sphingomyelinase or via de novo synthesis using LCACoAs as precursors (124). 

Ceramide is a bioactive lipid that plays important roles as a signaling molecule in 

animals. Indeed, numerous studies have shown that ceramide can alter the activity of 

kinases, phosphatases and transcription factors through which it is thought to play a role 

in the regulation of cell proliferation, differentiation and apoptosis (125). Increased 

cellular production of ceramide has also been implicated in the pathogenesis of insulin 

resistance and in the impaired utilization of glucose. Intracellular ceramide levels are 

elevated in skeletal muscle from obese insulin-resistance humans (126) and in peripheral 

tissues of several rodent models of insulin resistance including Zucker fatty rats (116) 

and mice overexpressing LPL (105). Moreover, exercise-induced elevation in muscle 

glucose uptake in Wistar rats was shown to be inversely related to the total content of 

ceramide in the muscles (127).
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Several lines of evidence in cultured cells further implicate that ceramide may 

play a role in insulin resistance through its inhibition of glucose metabolic pathways. 

Incubation of 3T3-L1 adipocytes with a membrane-permeable C2-ceramide inhibited 

insulin-stimulated glucose transport by 50% by reducing GLUT4 translocation as a 

consequence of the direct inhibition of the phosphorylation Akt/PKB (128). Similarly, in 

L6  myotubes, C2-ceramide impairs the insulin-dependent activation of Akt/PKB leading 

to a complete loss of insulin-stimulated glucose transport and glycogen synthesis (129). 

Ceramide-induced inhibition of Akt/PKB occurs independently of any change in the 

ability of insulin to stimulate phosphorylation of IRS-1 or activate PI3-kinase and thus 

represents an independent pathway for the modification of insulin signaling.

Recently, it was demonstrated that incubation of C2C12 murine muscle cells with 

palmitate led to an increase in de novo intracellular ceramide, a decrease in Akt/PKB 

phosphorylation, and a decreased ability of insulin to stimulate glycogen synthesis (103). 

Taken together, this provides considerable evidence for the concept that LCACoA- 

induced ceramide accumulation might have important roles in the inhibition of glucose 

uptake in skeletal muscles. Although the identity of direct targets of ceramide that 

mediate its effects on insulin action remains elusive, several candidates through which 

ceramide could exert these effects has been proposed. These include; the ceramide- 

activated protein kinase (CAPK) (also known as kinase suppressor of Ras) (130), the 

atypical PKC isoforms C (PKC C) (131), and the ceramide-activated protein phosphatase 

(CAPP), which is a member of the protein phosphatase 2 A (PP2A) family (132).
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Figure 1.6. Some possible mechanism by which intramuscular lipids may interfere with muscle 
insulin action and glucose metabolism to produce insulin resistance. Muscle lipid accumulation may be 
manifested as increased levels of stored triacylglyceride (TAG or of cytosolic long-chain acyl CoA 
(LCACoA). LCACoA can influence glucose metabolism by altering directly key enzymes activities (e.g. 
Hexokinase (HK) or protein Kinase C (PKC). Mitochondrial LCACoA oxidation may influence glucose 
oxidation via the classic glucose-fatty (Randle) cycle. Accumulation of specific LCACoA-derived 
metabolites (e.g. DAG or ceramide) may alter insulin-signaling pathways through distinct effectors. 
LCACoA may change gene expression by acting as ligands for nuclear transcription activators (e.g. 
PPARy).

1.11 The Hexosamine Pathway

Another consequence of muscle lipid oversupply is an increased carbon flux 

through the hexosamine pathway, which has also been associated to the development of 

insulin resistance. In the presence of increased fatty acid availability, a greater 

proportion of fructose-6 -phosphate is converted to glucosamine-6 -phosphate by the rate- 

limiting enzyme glutamine: fructose-6 -phosphate amidotransferase (GFAT). Following 

acetylation and uridylation, result in increased concentrations of the end-product UDP-N- 

acetyl-glucosamine (UDP-GlcNAc). This pathway acts as a nutrient-sensing mechanism
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to decrease the rate of glucose uptake upon elevated hexose phosphates, as a result of 

increased lipid supply. Direct evidence for a role for hexosamine products in the 

generation of insulin resistance has been presented. Infusion of rats with either 

glucosamine (GlcN) or uridine (133), or overexpression of GFAT in transgenic mice 

(134), increases flux through the hexosamine pathway and induces skeletal muscle 

insulin resistance. Nonetheless, the role of the hexosamines in lipid-induced insulin 

resistance has recently been challenged after studies showing that elevations in plasma 

FFAs induced insulin resistance with no marked increase in skeletal muscle content of 

UDP-GlcNAc (135). It is believed that the product of this pathway, GlcNAc serves as a 

substrate for protein glycosylation so that alterations in regulated N- or CMinked 

glycosylation could play a role for its effects on insulin action. In particular, the 

widespread occurrence of cytosolic O-linked A-acetyl glucosamine on transcription 

factors, RNA polymerase, and nuclear pore proteins suggests a potential role for 

hexosamines in altering gene expression. Nevertheless, the levels at which hexosamines 

affect the expression of genes of the insulin signaling remains to be clarified.

1.12 Conclusion

Insulin resistance is a common feature of Type 2 Diabetes and other metabolic 

states including obesity and Metabolic Syndrome X. Despite myriad research studies, the 

molecular defects underlying the development of insulin resistance remain unknown. 

However, it is clear that the development of insulin resistance is associated with 

disturbances in lipid metabolism, which increase the concentration of circulating FFAs 

and promote their accumulation within peripheral tissues, particularly in muscle, the
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major site of insulin-stimulated glucose disposal. Human, animal and in vitro studies 

have examined mechanism whereby lipids could lead to muscle insulin resistance. 

Randle glucose-fatty acid cycle is the classical mechanism by which FFAs might 

influence muscle glucose metabolism and insulin action. However, the clear association 

that exist between increased accumulation of intramyocellular TAG and other FFAs 

metabolites (i.e. long-chain acyl coenzyme A, DAG, ceramide), and insulin resistance has 

prompted investigators to hypothesize that additional effects, others than impairment of 

glucose oxidation, are implicated in the development of insulin resistance by FFAs. 

These lipid metabolites are important second messenger involved in a wide variety of 

signal transduction pathways that mediate cell-specific biological responses, and it is 

therefore likely that they impede glucose transport by activating pathways that interfere 

with insulin signal transduction.

1.13 Dissertation Layout

The objective of the studies presented in the following chapters is to determine 

the importance of ceramide on the development of insulin resistance in cultured cells.

We began our studies by identifying an insulin-responsive cell line in which 

exogenous FFAs blocked insulin signaling and its metabolic action. C2C12 myotubes and 

3T3-L1 adipocytes, two well-established cell models of insulin signaling were used for 

this purpose. Chapter 2 evaluates the repercussions of excess FFAs delivery to the 

muscle and adipose cells. These experiments were also able to delineate the importance
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of the FFA species on the accumulation of these lipid metabolites and the inhibition of 

insulin action on both cell lines.

To determine whether ceramide was required for the inhibition of insulin action 

by FFAs in C2C12 myotubes, we designed two strategies described in both Chapter 3 and 

4. First, we attempted to block the inhibitory effects of saturated FFAs with 

pharmacological agents that prevent ceramide biosynthesis or metabolism. This 

approach permitted us to answer whether ceramide itself, or alternatively another 

ceramide metabolite, was the principal mediator of the inhibitory effects of FFAs. A 

second approach to delineate a role for ceramide in FFA-induced inhibition of insulin 

action was to overexpress in the myotubes genes involved in ceramide degradation, such 

as acid ceramidase. Results presented in chapter 4 not only support the central role of 

ceramide accumulation in the inhibition of muscle insulin sensitivity by exogenous FFAs, 

but also could suggest that strategies aimed at regulating aberrant ceramide deposition 

could be utilized for the treatment of insulin resistance in vivo.

The identification of ceramide as an important lipid-derived inhibitors of insulin 

signaling and action could ultimately lead to an increased understanding of the molecular 

basis for the development of insulin resistance, as well as to the identification of novel 

therapeutic targets.
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CHAPTER 2

Characterizing the Effects of Saturated Fatty Acids on Insulin Signaling 

and Ceramide and Diacylglycerol Accumulation in 3T3-L1 Adipocytes 

and C2C12 Myotubes.

This chapter describes work published in Archives of Biochemistry and Biophysics 

(Chavez and Summers, 2003). All experiments presented herein were carried out by 

Chavez JA.

Chavez JA, Summers SA Arch Biochem Biophys. 2003 Nov 15;419(2): 101-9
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2.1 Abstract

A strong correlation between intramyocellular lipid concentrations and the 

severity of insulin resistance has fueled speculation that lipid oversupply to skeletal 

muscle, fat, or liver may desensitize these tissues to the anabolic effects of insulin. To 

identify free fatty acids (FFAs) capable of inhibiting insulin action, we treated 3T3-L1 

adipocytes or C2C12 myotubes with either the saturated FFA palmitate (C l6:0) or the 

monounsaturated FFA oleate (C l8:1), which were shown previously to be the most 

prevalent FFAs in rat soleus and gastrocnemius muscles. In C2C12 myotubes, palmitate, 

but not oleate, inhibited insulin-stimulation of glycogen synthesis, as well as its activation 

of Akt/Protein Kinase B (PKB), an obligate intermediate in the regulation of anabolic 

metabolism. Palmitate also induced the accrual of ceramide and diacylglycerol, two lipid 

metabolites that have been shown to inhibit insulin signaling in cultured cells and to 

accumulate in insulin resistant tissues. Interestingly, in 3T3-L1 adipocytes, neither 

palmitate nor oleate inhibited glycogen synthesis or Akt/PKB activation, nor did they 

induce ceramide or DAG synthesis. Using myotubes, we also tested whether other 

saturated fatty acids blocked insulin signaling while promoting ceramide and DAG 

accumulation. The long chain fatty acids stearate (18:0), arachidate (20:0), and 

lignocerate (24:0) reproduced palmitate’s effects on these events, while saturated fatty 

acids with shorter hydrocarbon chains [i.e. laurate (12:0) and myristate (14:0)] failed to 

induce ceramide accumulation or inhibit Akt/PKB activation. Collectively these findings 

implicate excess deliver of long-chain fatty acids in the development of insulin resistance 

resulting from lipid oversupply to skeletal muscle.
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2.2 Introduction

The peptide hormone insulin stimulates the uptake and storage of glucose and 

other nutrients into adipose tissue and skeletal muscle, while simultaneously repressing 

glucose efflux from the liver. Insulin resistance occurs when a normal dose of insulin is 

incapable of eliciting these anabolic responses, and the condition is a major contributor to 

the pathogenesis of Type 2 Diabetes Mellitus (136) and Metabolic Syndrome X (6 8 ). 

Multiple studies reveal an association between increased lipid availability and insulin 

resistance, suggesting a causative role for lipid oversupply to skeletal muscle, adipose 

tissue, and the liver in the development of the insulin resistant condition ( 1 1 1 ). 

Moreover, recent studies utilizing 1H NMR indicate that intramyocellular triacylglyceride 

(TAG) concentrations correlate more tightly with insulin resistance than any other 

commonly used risk factors including body mass index, percent of body-fat mass, or age 

(93). A hypothesis emerging from these studies is that insulin resistance results from the 

accumulation of one or more fat-derived metabolites that antagonize insulin signal 

transduction (93, 111).

Insulin accelerates glucose entry into skeletal muscle and fat by stimulating the 

translocation of the glucose transporter GLUT4 from intracellular vesicles to the plasma 

membrane. Subsequently, insulin regulates metabolic enzymes to the storage of the 

incoming glucose as either glycogen, triglyceride, or protein (137, 138). Insulin initiates 

these anabolic actions through a signaling pathway triggered by a heterotrimeric receptor 

with intrinsic tyrosine kinase activity (139). The activated enzyme phosphorylates 

intracellular substrates (IRS proteins) that recruit and activate a variety of signaling
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molecules (140). Most notably, IRS proteins activate phosphatidylinositol 3-kinase 

(PI3K), which is an obligate intermediate in insulin’s metabolic (141-143), anti-apoptotic 

(144, 145), and mitogenic effects (146). PI3K, by catalyzing the phosphorylation of 

specific phosphoinositides to generate the lipid products phosphatidylinositol-3,4- 

bisphosphate (PI-3 ,4 -P2) and phosphatidylinositol-3,4,5-trisphosphate (PIP3), initiates 

intracellular signaling cascades by recruiting cytoplasmic enzymes to the plasma 

membrane. One particular target of PI-3 ,4 -P2 and PIP3 is Akt/Protein Kinase B (PKB), a 

serine/threonine kinase that mediates many of PI3K’s metabolic and anti-apoptotic 

actions (147-149).

Ceramide and diacylglycerol are fatty acyl-CoA metabolites shown to accumulate 

in peripheral tissues of insulin resistant rodents and to inhibit insulin signaling and action 

in various isolated tissues or cultured cells, including 3T3-L1 adipocytes and C2C12 

myotubes (116, 122, 128, 150-154). The studies described herein investigated the 

efficacy of various saturated free fatty acids (FFAs) as either (a) antagonists of insulin 

signaling and/or (b) inducers of ceramide and diacylglycerol accumulation in these two 

cell types. Findings obtained revealed that long-chain FFAs [i.e. palmitate (16:0), 

stearate (18:0), arachidate (20:0, and lignocerate (24:0)] effectively induced the synthesis 

of both metabolites and inhibited the activation of Akt/PKB in C2C12 myotubes. 

Conversely, saturated FFAs with hydrocarbon chains shorter than palmitate [i.e. laurate 

(12:0) and myristate (14:0)] failed to induce ceramide or inhibit Akt/PKB in either cell 

type. Interestingly, palmitate, which was the most potent inhibitor of Akt/PKB, failed to 

induce ceramide or DAG accumulation or to inhibit insulin signaling in 3T3-L1
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adipocytes. Collectively these findings identify long-chain saturated fats, through their 

ability to induce the synthesis of inhibitory bio-metabolites such as ceramide or DAG, as 

potential antagonists of insulin action in skeletal muscle.

2.3 Experimental Procedures 

2.3a Reagents'.

Fetal bovine serum was from Atlas Biologicals (Fort Collins, CO), and silica gel 

60 thin layer chromatography (TLC) plates were from Merck (Darmstadt, Germany). 

The FFAs, ceramide standards, and FFA-free bovine serum albumin (BSA) were 

obtained from Sigma Chemicals (St. Louis, MO). Low glucose Dulbecco’s Modified 

Eagles’s Medium (DMEM), was from Life Technologies (Rockville, MD). Antibodies 

utilized included the following: rabbit polyclonal anti-phospho-Akt (Ser-473), anti- 

phospho-GSK3p (serine-9), and anti-mitogen activated protein kinase (MAPK) 

antibodies from Cell Signaling; a mouse anti-glycogen synthase kinase 3p (GSK3P) 

antibody from Transduction Labs (Lexington, KY); a rabbit anti-phospho-MAPK 

antibody from Promega (Madison, WI); and rabbit polyclonal anti-Akt and horseradish 

peroxidase conjugated anti-rabbit and anti-mouse antibodies from Santa Cruz 

Biotechnology (Santa Cruz, CA).

2.3b Cell Culture'.

C2C12 myoblasts were maintained at 37°C in Dulbecco’s modified Eagle’s 

Medium (DMEM) containing 10% Fetal Bovine Serum (FBS). For differentiation into 

myotubes, the myoblasts were grown to confluency and the media replaced with DMEM
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containing 10% horse serum. Myotubes were used for experiments 4 days following 

differentiation.

2.3 c Immunoblot Analysis'.

Cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose and 

immunoblotted using methods described previously (155). Antibody binding was 

detected using the Enhanced Chemiluminescence Plus kit from Amersham Biosciences 

(Piscataway, NJ) according to manufacturers instructions.

2.3d Glycogen Synthesis Assay:

The incorporation of glucose into a glycogen pellet was determined as described 

previously (54). Lipid-pretreated myotubes in 6 -well plates were incubated for 1 h in 

1 ml/well serum free-DMEM containing D-[U-I4C]glucose (4 pCi/ml) in the absence or 

presence of 100 nM insulin. Cells were washed four times with 2 ml of ice-cold PBS and 

scraped into 250 pl/well 1 M KOH. Extracts were heated to 100 °C for lOmin. After 

addition of 40 pi of a saturated solution of Na2SC>4 , glycogen was precipitated by the 

addition of 700 pi ice-cold acetone and incubation at -70 °C for 15 min. Samples were 

centrifuged at 3500 RPM and supernatants aspirated. Pellets were washed by 

resuspension in 50 pi of water followed by addition of 500 pi of ice-cold acetone and 

recentrifugation. Final pellets were dissolved in 200 pi of water andcounted for 

radioactivity.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3e 2-Deoxgyglucose Uptake Assay:

The 2-deoxyglucose assay was performed using methods previously described 

(128). Adipocytes (12-well culture dishes) were incubated in 0.5ml Leibovitz’s L-15 

media/0.2%BSA for 1.5-2 hours in air incubator. Cell were washed once with PBS and 

once with Kreb’s-Ringer bicarbonate buffer supplemented with 0.2%BSA 

(KRP/0.2%BSA), and incubated for another 30 min in KRP/0.2%BSA. Insulin was 

added, and the cells incubated for 15 min. The assay was initiated by the addition of 

[14C-(U)]2-deoxyglucose (0.5 pCi/sample) and glucose (5mM final concentration). The 

assay was terminated after 15 min by washing cells three times in ice-cold PBS. Cells 

were solubilized in 0.05% SDS in PBS and cell-associated radioactivity determined by 

scintillation counting.

2.3f FFA Treatment'.

Free fatty acids were administered to cells by conjugating them with FFA-free 

bovine serum albumin (BSA). Briefly, FFAs were dissolved in ethanol and diluted 1:100 

in DMEM (with or without 1% FBS) containing 2% (w/v) BSA. C2C12 myotubes or 

3T3-L1 myotubes were incubated with the FFAs (0.75 mM final concentration) in 1% 

FBS-DMEM for 16 hours, washed with PBS, and then incubated with the FFA in serum 

free DMEM for 3 hours prior to experiment initiation.

2.3g Ceramide Assay:

Myotubes were lysed in ice-cold 1M NaCl (0.25-ml) and transferred to glass 

tubes. Ice cold CHCLiCFLOH (1:2, v/v, 0.75 ml) was added and the suspension was
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vortexed vigorously. After the subsequent addition of 0.25 ml of 1 M NaCl and 0.25 ml 

of CHCI3 , samples were incubated on ice for 10 minutes and phases were separated by 

centrifugation (2000xG for 5 min). Ceramide content in the extract was determined using 

a radiometric diacylglycerol assay kit (Amersham Biosciences, Piscataway, NJ) 

according to the manufacturer's instructions.
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2.4 Results and Discussion

To elucidate the molecular mechanisms underlying the inhibitory effects of lipid 

oversupply on insulin action, we set out to identify an insulin-responsive cell line in 

which insulin signaling or action was sensitive to exogenous FFAs. We began by 

studying two well-established models of insulin signaling: C2C12 myotubes and 3T3-L1 

adipocytes (Figure 2.1). Insulin dramatically stimulates early signaling events, including 

the phosphorylation and activation of the anabolic enzymes Akt/PKB and glycogen 

synthase kinase 30 (GSK30) and the mitogenic enzyme mitogen-activated protein kinase 

(MAPK), in either cell type (Figure 2.2A). By contrast, however, anabolic responses to 

insulin, such as the stimulation of glucose uptake and glycogen synthesis, are 

differentially sensitive to the hormone in the two cell types. For example, although 

insulin dramatically stimulates rates of both glucose uptake (~3-fold) (Figure 2.2B) and 

glycogen synthesis (~8 -fold) (Figure 2.2C) in 3T3-L1 adipocytes, its effect on either 

event is much smaller (-1.1 fold and 2-fold, respectively) in C2C12 myotubes. Thus, 

C2C12 myotubes apparently lack some of the intracellular machinery necessary to 

achieve maximal insulin responsiveness. The studies described herein investigated the 

ability of various FFAs to (a) antagonize insulin signaling and insulin-stimulated 

glycogen synthesis and (b) induce the accumulation of ceramide and DAG in these two 

cell types.
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Figure 2.1. Phase micrograph depicting morphology of C2C12 and 3T3-L1 cells 
before and after differentiation. Cells were differentiated as described in the Methods 
section and photographed at 20X magnification
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Figure 2.2: Comparing insulin signaling and action in 3T3-L1 adipocytes and C2C12 Myotubes A. Differentiated 
3T3-L1 adipocytes and C2C12 myotubes were stimulated with insulin (100 nM) for 10 minutes prior to lysis. Cell lysates 
were then resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the indicated antibodies. 
Detection was by enhanced chemiluminescence. Data are representative o f three independent experiments. B. 3T3-L1 
adipocytes and C2C12 myotubes were treated with insulin as in (A) above and rates o f 2-deoxyglucose were determined. 
Findings are reported as the mean fold-stimulation over basal rates +/- S.E.M. C. 3T3-L1 adipocytes and C2C12 
myotubes were treated with insulin as in (A) above and rates o f glucose incorporation into glycogen were determined. 
Findings are reported as the mean fold-stimulation over basal rates +/- S.E.M.
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2.4a Comparing the effects o f palmitate and oleate on insulin signaling and anabolic 

metabolism in C2C12 myotubes and 3T3-L1 adipocytes

Palmitate (C l6:0) and oleate (18:1) are the most prevalent saturated and 

monounsaturated FFAs, respectively, in the circulation. Moreover, they comprise the 

largest percentage of the diglyceride fraction of rat soleus or gastrocnemius (white or red) 

muscle (156). The addition of either palmitate or oleate to 3T3-L1 adipocytes failed to 

have any effect on rates of insulin-stimulated glycogen synthesis (Figure 2.3A). 

Interestingly, however, palmitate, but not oleate, completely ablated the small (~2-fold) 

insulin-stimulation of glycogen synthesis in C2C12 myotubes (Figure 2.3B). Under these 

conditions, no signs of cell death were observed in either cell type. The observation that 

the saturated fatty acid palmitate inhibited insulin action, while the unsaturated fat did 

not, is consistent with numerous dietary studies in human populations indicating that 

saturated fats markedly decrease insulin responsiveness in peripheral tissues, while 

unsaturated fats have weaker or in some cases insulin-sensitizing effects [reviewed in 

(157)]. Moreover, these data suggest that skeletal muscle is differentially sensitive to the 

regulatory effects of saturated FFAs on insulin action.

A substantial body of evidence suggests that the mechanism by which lipid 

oversupply antagonizes insulin action involves disruption of the insulin-signaling cascade 

responsible for GLUT4 translocation and the regulation of anabolic metabolism 

[reviewed in (93)]. Similarly, the inhibitory effects of palmitate on glycogen synthesis in 

C2C12 myotubes appeared to result, at least partially, from its ability to block the 

phosphorylation and activation of Akt/PKB. For example, using a phospho-specific
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antibody that recognizes an activating phosphorylation site (S473) in Akt/PKB, we found 

that palmitate reduced phosphorylation of this residue in C2C12 myotubes (Figure 2.4A). 

To confirm that the inhibition of Akt/PKB phosphorylation reduced Akt/PKB activity, we 

evaluated the phosphorylation state of glycogen synthase kinase 3p, a substrate of 

Akt/PKB that links it to the regulation of glycogen synthase (54). Again, palmitate, but 

not oleate, blocked insulin-stimulated phosphorylation of GSK3p in C2C12 myotubes 

(Figure 2.4A). Interestingly, palmitate stimulated the phosphorylation of the p44 isoform 

of MAPK, an enzyme linking insulin to the regulation of gene expression, in myotubes 

(Figure 2.4A). As predicted by the glycogen synthesis experiment (Figure 2.3), 3T3-L1 

adipocytes were refractory to all of the palmitate effects on Akt, GSK3p, and MAPK 

(Figure 2.4B). Thus, saturated fats selectively modulated insulin-signaling pathways in 

skeletal muscle, but were without effect in 3T3-L1 adipocytes.
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Figure 2.3: Com paring the inhibitory effect o f palm itate on insulin-stim ulated glycogen
synthesis in 3T3-L1 adipocytes and C2C12 myotubes. 3T3-L1 adipocytes (A) and C2C12 
m yotubes (B) were incubated in the presence or absence o f  palmitate (0.75 mM , 16 hours) prior to 
stimulation with insulin (100 nM, 10 minutes). G lucose incorporation into glycogen  was 
determined as described in the Materials and Methods section. Findings are reported as the mean 
fold-stim ulation over basal rates + /- S.E.M . The asterisk denotes that the value w as statistically  
different than the (+) insulin sample at p<0.05.
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Figure 2.4: Comparing the effect o f palmitate on Akt/PKB and MAPK phosphorylation in 3T3-L1 adipocytes 
and C2C12 Myotubes. 3T3-L1 adipocytes (A) and C2C12 myotubes (B) were treated with or without palmitate (0.75 
mM, 16 hours) prior to stimulation with insulin (100 nM, 10 minutes). Cells were then lysed, resolved by SDS-PAGE, 
transferred to nitrocellulose, and immunoblotted with the indicated antibodies. Equal loading and expression was 
confirmed by immunoblotting with antibodies recognizing total Akt/PKB, GSK3P, or MAPK (data not shown). 
Detection was by enhanced chemiluminescence. Data are representative o f three independent experiments.
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2.4b Evaluating the effects o f palmitate and oleate on ceramide/DAG accumulation 

in 3T3-L1 adipocytes and C2C12 myotubes

Many investigators have hypothesized that derivatives of fatty acyl-CoA are the 

likely mediators of lipid-induced insulin resistance (93). Since 3T3-L1 adipocytes 

predominantly store fatty acids in the form of triglycerides (158), we speculated that their 

resistance to the inhibitory effects of palmitate may result from their ability to effectively 

convert fatty acyl-CoAs into triglyceride, thus preventing their conversion into other 

inhibitory metabolites. Ceramide and DAG are two particular fatty acyl-CoA metabolites 

that have been shown to accumulate in insulin resistant tissues (116) and to block insulin 

signaling and action in cultured cells (122, 128, 150-154). Specifically, endogenous 

ceramide and short-chain ceramide analogs block the activation of Akt/PKB by 

preventing its recruitment to PIP3 enriched microdomains in the plasma membrane (128, 

150), while phorbol esters, which mimic the effects of DAG, inhibit insulin signaling to 

IRS-1 (122, 151-153) and Akt (154). Moreover, both reagents have been shown to block 

insulin-stimulated glucose uptake and/or glycogen synthesis in 3T3-L1 adipocytes or 

C2C12 myotubes (103, 128). Interestingly, ceramide, in addition to inhibiting Akt/PKB 

activation, has also been shown to stimulate MAPK phosphorylation (137), and thus 

could mediate the effects of palmitate on both of these signaling intermediates.

To determine whether palmitate or oleate induced ceramide or DAG accumulation 

in either cell type, we employed the ceramide :DAG kinase assay. Briefly, DAG kinase 

can phosphorylate both DAG and ceramide to produce phosphatidic acid and ceramide 1- 

phosphate, respectively, which can be resolved from each other by thin layer
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chromatography (TLC). When the reaction is allowed to proceed in the presence of 

[ P]ATP, the phosphorylated products can be detected using a Storm phosphorimager 

(159). Figures 2.5A and 2.5B demonstrate the use of this system to quantify DAG and 

ceramide standards. As shown in figures 2C and 2D, palmitate induced the accumulation 

of both DAG and ceramide in C2C12 myotubes, while it failed to stimulate production of 

either in 3T3-L1 adipocytes. By contrast, oleate, which was unable to inhibit insulin 

signaling in either cell type, failed to stimulate ceramide or DAG accumulation under any 

circumstances. As shown in Figure 2.6 A, palmitate induced ceramide and DAG 

synthesis in myotubes at concentrations as low as 250 pM, which is comparable to 

circulating FFA levels found in both normal and pathological states (160, 161). The 

effects of palmitate on both DAG and ceramide synthesis correlated tightly with its 

effects on Akt/PKB phosphorylation (Figure 2.6B).

Many investigators have hypothesized that certain tissues are particularly 

sensitive to lipid oversupply. The data presented thus far are consistent with this 

hypothesis, as FFAs selectively modulated insulin action in skeletal muscle, but were 

without effect in adipocytes. Moreover, the findings presented suggest that ability of 

3T3-L1 adipocytes to maintain normal insulin sensitivity in the presence of a large lipid 

load may result from their ability to absorb the lipids without converting them into 

inhibitory bio-metabolites, such as ceramide and DAG.
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Figure 2.5: Comparing the effects o f palmitate on ceramide and DAG accumulation in 3T3-L1 adipocytes and 
C2C12 myotubes. Ceramide or DAG standards or lipid extracts from C2C12 myotubes or 3T3-L1 adipocytes were 
incubated with DAG-kinase and [32P]ATP as described in the Methods section. Lipids were then re-extracted, resolved 
by thin layer chromatography, and detected using a storm phosphorimager. Figure A demonstrates the use o f  this assay to 
measure DAG and long-chain ceramide species (C18 and C24:1) while Figure B demonstrates the ability o f this system to 
resolve ceramide species o f varying chain length (C2, C6, C8, C16, and C18 ceramide as indicated). Figures C and D are 
autoradiographs depicting the use o f this assay to quantify ceramide and DAG levels in lipid extracts obtained from 
C2C12 myotubes (C) or 3T3-L1 adipocytes (D) treated with or without palmitate or oleate (0.75 mM, 16 hours). Data are 
representative o f at least 3 different experiments.

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



* 1 8 • Ceramides

-Hnsulln

mrnm ***-m       P-Akt

0 100 250 750

P alm ita te  (jliM)

Figure 2.6: Dose response effect of palmitate treatment on C2C12 myotubes. C2C12 myotubes were 
treated with or without increasing concentrations o f palmitate (16:0) (0 —» 0.75 mM) for 16 hours prior to 
lipid extraction or insulin stimulation (100 nM, 10 min). A Ceramide and DAG levels were quantified 
using the DAG-kinase assay as described in the Materials and Methods section. The figure depicts a 
representative autoradiograph. B Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, 
and immunoblotted with the indicated antibodies. Detection was by enhanced chemiluminescence. Data 
are representative o f three independent experiments
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2.4c Evaluating the effects o f other saturated fats on insulin signaling and ceramide 

and DAG accumulation

We next sought to determine whether other saturated FFAs also had the capacity 

to inhibit insulin signaling and/or induce ceramide or DAG accumulation in C2C12 

myotubes. Stearate (18:0), arachidate (20:0), and lignocerate (24:0) all inhibited insulin- 

stimulated phosphorylation of Akt/PKB and GSK3P, though none were as potent as 

palmitate (Figure 2.7). Interestingly, FFAs with shorter hydrocarbon chains [laurate 

(12:0) and myristate (14:0)] had no effect on insulin-stimulated Akt/PKB or GSK3P 

phosphorylation. These results indicated that FFAs with hydrocarbon chains as long or 

longer than palmitate blocked insulin signaling, while those with hydrocarbon chains 

shorter than palmitate had no effect.
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Figure 2.7: Evaluating the effect o f other saturated fatty acids on Akt/PKB and GSK3[3 
phosphorylation in C2C12 myotubes. C2C12 myotubes were treated with or without 0.75 mM laurate 
(12:0), myristate (14:0), palmitate (16:0), stearate (18:0), arachidate (20:0), and lignocerate (24:0) for 16 
hours prior to stimulation with insulin (100 nM, 10 minutes). Cells were then lysed, resolved by SDS- 
PAGE, transferred to nitrocellulose, and immunoblotted with the indicated antibodies. Equal loading and 
expression was confirmed by immunoblotting with antibodies recognizing total Akt/PKB or GSK3P (data 
not shown). Detection was by enhanced chemiluminescence. Data are representative o f three independent 
experiments.
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The long-chain saturated FFAs also significantly induced the synthesis of 

ceramide, while shorter-chain saturated FFAs had no effect (Figure 2.8B). However, the 

mechanism by which long-chain saturated FFAs stimulate ceramide synthesis remains 

unclear. Generally, the rate-limiting reaction in ceramide biosynthesis is the 

condensation of serine with palmitoyl-CoA, a reaction catalyzed by serine 

palmitoyltransferase (SPT) [reviewed in (162)]. The product, 3-ketosphinganine, then 

gets reduced, acylated, and oxidized in three subsequent reactions to produce ceramide. 

Palmitate increases ceramide levels by simply providing precursor palmitoyl-CoA for 

ceramide synthesis [reviewed in (162)] and, in at least one cell type, inducing SPT 

expression (163). We surmise that under the cellular conditions used herein, longer 

chain saturated FFAs either ‘protect’ the endogenous palmitoyl-CoA pool, perhaps by 

inhibiting its conversion to stearoyl-CoA and other long-chain fatty acids, or alternatively 

are converted to palmitoyl-CoA through the process of beta-oxidation. We feel it is 

unlikely that these FFAs regulate ceramide biosynthesis by contributing to the acylation 

reaction that is catalyzed by ceramide synthase, since the TLC system described should 

resolve ceramide species with markedly different chain lengths in that position (Figures

2.5 and 2.8).

Fatty acyl-CoA’s can also induce DAG synthesis by condensing with glycerol 3- 

phosphate to form phosphatidic acid, which can subsequently be dephosphorylated to 

form DAG. All of the FFAs, with the exception of laurate, induced DAG synthesis 

(Figure 2.8C). Surprisingly, myristate did not inhibit Akt/PKB or GSK3|3, though it did 

stimulate DAG accumulation to levels comparable to those achieved with an inhibitory
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lipid, stearate. This observation led us to surmise that DAG derived from saturated fats 

was not sufficient for the inhibition of insulin action. To confirm this, we compared the 

effect of myristate and stearate on the regulation of insulin-stimulated glycogen synthesis. 

As predicted by the signaling studies, stearate inhibited insulin-stimulation of glucose 

incorporation into glycogen in C2C12 myotubes, while myristate had no effect (Figure 

2.9). These data confirm that DAG derived from myristate did not inhibit insulin action. 

In general, DAG derived from saturated fats has been shown to be a poor activator of 

protein kinase C (164), and thus may contribute little to the inhibitory effects of saturated 

fatty acids on insulin signaling and anabolic metabolism.
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Figure 2.8: Evaluating the effect o f saturated fatty acids on ceramide and DAG accumulation in C2C12 
myotubes. C2C12 myotubes were treated with or without 0.75 mM laurate (12:0), myristate (14:0), palmitate (16:0), 
stearate (18:0), arachidate (20:0), and lignocerate (24:0) for 16 hours prior to lipid extraction. Ceramide and DAG levels 
were quantified using the DAG-kinase assay as described in the Materials and Methods section. Figure A depicts a 
representative autoradiograph. Figures B and C are quantifications o f mean ceramide and DAG levels, respectively, +/- 
S.E.M. Asterisks denote that the values were significantly different than basal levels at p<0.05. Ceramide and DAG 
levels measured in untreated C2C12 myotubes were typically in the range of 400 pmol/mg protein and 1 pmol/mg 
protein, respectively.
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Figure 2.9: Com paring the effect o f palm itate and myristate on glycogen synthesis in 
C2C12 myotubes. C2C12 myotubes were treated with stearate or myristate as in Figure 6 
prior to stimulation with insulin (100 nM, 10 min.). Rates o f  glucose incorporation into 
glycogen were determined as described in the Materials and Methods section. Findings are 
reported as the mean fold-stimulation over basal rates +/- S.E.M. Asterisks denote that 
samples were statistically different than basal levels at p<0.05.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.5 Conclusions

Greater than 80% of type 2 diabetics are obese, but the link between increased 

adiposity and the development of the disease is unknown. Particularly enigmatic is the 

observation that the majority of glucose disposal occurs in skeletal muscle, not adipose 

tissue, thus necessitating a link between increased adiposity and the desensitization of 

skeletal muscle. An idea gaining credibility is that insulin resistance results not from 

increased fat stores in adipose tissue, but rather results from the ectopic deposition of 

lipid in tissues not suited for fat storage, such as skeletal muscle and liver [reviewed in 

(93)]. Proponents of this hypothesis point to the usefulness of a class of antidiabetic 

drugs, a family of PPARy agonists termed thiazolidinediones. These drugs have been 

shown to decrease plasma concentrations of triglyceride, very low-density lipoproteins, 

and FFAs, while simultaneously promoting the differentiation of preadipocytes into 

mature adipocytes capable of storing triglyceride. Thus, an emerging hypothesis is that 

the insulin sensitizing properties of these compounds derive from their capacity to 

promote storage of excess lipids in newly formed adipocytes (93).

The studies described herein support the hypothesis that aberrant fat deposition in 

skeletal muscle could contribute to the development of insulin resistance. Specifically, 

although the saturated FFA palmitate had no deleterious effects on insulin signaling or 

action in cultured 3T3-L1 adipocytes, it was a potent inhibitor of these events in C2C12 

myotubes. Several long-chain saturated FFAs proved capable of mimicking these 

palmitate effects. The effects of these antagonistic FFAs could be explained by their 

capacity to induce the accumulation of inhibitory biometabolites, particularly ceramide,
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in skeletal muscle, but not fat. Collectively these findings suggest that therapeutic 

strategies aimed at preventing the conversion of FFAs to these or other inhibitory 

metabolites may improve insulin sensitivity in skeletal muscle.
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CHAPTER 3

A Role for Ceramide, but not Diacylglycerol, in the Antagonism of 
Insulin Signal Transduction by Saturated Fatty Acids

This chapter describes work published in the Journal of Biological Chemistry (Chavez 

et.al., 2003). All experiments presented herein were carried out by Chavez JA.

Chavez JA, Knotts TA, Wang LP, Li G, Dobrowsky RT, Florant GL, Summers SA. J  
Biol Chem. 2003 Mar 21 ;278(12): 10297-303
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3.1 Summary

Multiple studies suggest that lipid oversupply to skeletal muscle contributes to the 

development of insulin resistance, perhaps by promoting the accumulation of lipid 

metabolites capable of inhibiting signal transduction. Herein we demonstrate that 

exposing muscle cells to particular saturated free fatty acids (FFAs), but not mono­

unsaturated FFAs, inhibits insulin stimulation of Akt/Protein Kinase B (PKB), a 

serine/threonine kinase that is a central mediator of insulin-stimulated anabolic 

metabolism. These saturated FFAs concomitantly induced the accumulation of ceramide 

and diacylglycerol (DAG), two products of fatty acyl-CoA that have been shown to 

accumulate in insulin resistant tissues and to inhibit early steps in insulin signaling. 

Preventing de novo ceramide synthesis negated the antagonistic effect of saturated FFAs 

towards Akt/PKB. Moreover, inducing ceramide buildup recapitulated and augmented 

the inhibitory effect of saturated FFAs. By contrast, DAG proved dispensable for these 

FFA effects. Collectively these results identify ceramide as a necessary and sufficient 

intermediate linking saturated fats to the inhibition of insulin signaling.
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3.2 Introduction

The peptide hormone insulin stimulates the uptake and storage of glucose in 

skeletal muscle and adipose tissue while simultaneously inhibiting its efflux from the 

liver. In certain pathological conditions, including Type 2 Diabetes Mellitus (136) and 

Metabolic Syndrome X (6 8 ), these tissues become resistant to insulin such that a maximal 

dose of the hormone is unable to elicit these anabolic responses. Numerous studies 

suggest that the oversupply of lipid to peripheral tissues might contribute to the 

development of this insulin resistance. First, insulin resistant subjects frequently display 

signs of abnormal lipid metabolism including obesity (75), increased circulating free fatty 

acid (FFA) concentrations (160, 165), and elevated intramyocellular lipid (IMCL) levels 

(93). In fact, the size of the IMCL depots correlates more tightly with the severity of 

insulin resistance than most known risk factors (93). Second, experimentally exposing 

peripheral tissues to lipids decreases their sensitivity to insulin. For example, (a) 

incubating isolated muscle strips or cultured muscle cells with FFAs (78, 103, 106, 166, 

167), (b) infusing lipid emulsions into rodents or humans (94, 168-170), or (c) expressing 

lipoprotein lipase in skeletal muscle of transgenic mice (105, 171) promotes IMCL 

accumulation and compromises insulin-stimulated glucose uptake. These observations 

have prompted investigators to hypothesize that increased availability of lipids to 

peripheral tissues causes insulin resistance, perhaps by promoting the accumulation of 

one or more fat-derived metabolites capable of inhibiting insulin action (93, 111).

The insulin receptor is a heterotetrameric tyrosine kinase receptor that mediates 

all of insulin’s anabolic effects (139). The activated receptor phosphorylates intracellular
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docking molecules (termed insulin receptor substrates, or IRS proteins) that recruit and 

stimulate multiple different effector enzymes (172). Phosphatidylinositol 3-kinase 

(PI3K) is a target of IRS proteins that is an obligate intermediate in the metabolic, anti- 

apoptotic, and mitogenic effects of insulin (173). PI3K phosphorylates specific 

phosphoinositides to generate phosphatidylinositol-3,4-bisphosphate (PI-3,4-Pi) and 

phosphatidylinositol-3,4,5-trisphosphate (PI-3 ,4 ,5 -P3), which subsequently recruit 

cytosolic serine/threonine kinases phosphoinositide dependent kinase-1 (PDK1) and 

Akt/Protein Kinase B (PKB) to the plasma membrane. The association between these 

phosphoinositides and the Akt/PKB pleckstrin homology domain (PH domain) promotes 

Akt/PKB activation by facilitating its phosphorylation on two regulatory residues (i.e. 

S473 and T308) (34). Studies in cultured cells involving the overexpression of 

constitutively active (42) or dominant negative (45, 174) forms of Akt/PKB, coupled 

with experiments involving the microinjection of inhibitory anti-Akt/PKB antibodies 

(47), indicate the enzyme’s involvement in the regulation of anabolic metabolism. 

Moreover, knockout mice lacking the Akt2/PKB(3 isoform develop a diabetes-like 

syndrome characterized by insulin resistance in both skeletal muscle and liver (49).

The molecular mechanisms linking FFAs to the inhibition of insulin action remain 

unclear. In 1963, Randle and coworkers proposed the existence of a glucose-fatty acid by 

which glucose and lipids could serve as competitive substrates for oxidation in muscle 

(87). More recent studies in either cultured cells (78, 103, 106) or rodent models of 

obesity and/or insulin resistance (95, 175), however, indicate that fatty acids also disrupt 

one or more early steps in insulin signal transduction. As shown herein, the saturated fats
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palmitate and stearate, but not their mono-unsaturated counterparts oleate and 

palmitoleate, blocked insulin activation of Akt/PKB while concomitantly promoting the 

accumulation of ceramide and diacylglycerol in C2C12 myotubes. These lipid 

metabolites have both been shown to accumulate in tissues from insulin resistant rodents 

(116) and to inhibit insulin signal transduction in cultured cells (128, 129, 176-179). 

Specifically, studies with short-chain ceramide analogs reveal that ceramide prevents 

insulin-activation of Akt/PKB (128, 129, 176), while investigations with phorbol esters, 

which mimic the effects of DAG, indicate that DAG blocks upstream signaling events by 

promoting the serine phosphorylation of IRS-1 (122, 151-154, 180). Using various 

methods for manipulating either the synthesis or breakdown of ceramide we found that 

endogenously produced ceramide was both sufficient and necessary for the inhibition of 

insulin signaling by palmitate. Moreover, we determined that DAG was dispensable for 

the inhibitory palmitate effects. These findings implicate ceramide as a potentially 

important intermediate linking saturated fats to the development of insulin resistance.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3 Experimental Procedures

3.3a Reagents:

C2-ceramide and D-L-threo l-phenyl-2-decanoylamino-3-morpholino-l -propanol 

(PDMP) were obtained from Calbiochem (La Jolla, CA), okadaic acid was from Gibco- 

BRL (Gaithersburg, MD), fetal bovine serum was from Atlas Biologicals (Fort Collins, 

CO), and silica gel 60 thin layer chromatography (TLC) plates were from Merck 

(Darmstadt, Germany). The following additional reagents were obtained from Sigma 

Chemicals (St. Louis, MO): palmitate, stearate, oleate, palmitoleate, Dulbecco’s 

Modified Eagles’s Medium (DMEM), fatty acid free bovine serum albumin (BSA), C- 6  

ceramide, C-16 ceramide, C-18 ceramide, fumonisin B l, myriocin, cycloserine, and N- 

oleoylethanolamine (NOE). Antibodies utilized included the following: rabbit polyclonal 

anti-phospho-Akt (Ser-473) and anti-phospho-GSK3P (serine-9) antibodies from Cell 

Signaling; a mouse anti-glycogen synthase kinase 3p (GSK3P) antibody from 

Transduction Labs (Lexington, KY); a rabbit anti-phospho MAPK antibody from 

Promega (Madison, WI); and rabbit polyclonal anti-Akt and horseradish peroxidase 

conjugated anti-rabbit and anti-mouse antibodies from Santa Cruz Biotechnology (Santa 

Cruz, CA).

3.3b Cell culture:

C2C12 myoblasts were maintained at 37°C in Dulbecco’s modified Eagle’s 

Medium (DMEM) containing 10% Fetal Bovine Serum (FBS). For differentiation into 

myotubes, the myoblasts were grown to confluency and the media replaced with DMEM
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containing 10% horse serum. Myotubes were used for experiments 4 days following 

differentiation.

3.3c FFA Treatment:

Free fatty acids were administered to cells by conjugating them with FFA-free 

bovine serum albumin (BSA). Briefly, FFAs were dissolved in ethanol and diluted 1:100 

in 1% FBS-DMEM containing 2% (w/v) BSA. Two hours prior to performing the 

experiments, myotubes were placed in serum free-DMEM containing 2% BSA in either 

the presence or absence of FFAs.

3.3d Immunoblot Analysis:

Cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose and 

immunoblotted using methods described previously (155). Detection was done using the 

Enhanced Chemiluminescence Plus kit from Amersham Biosciences (Piscataway, NJ) 

according to manufacturers instructions.

3.3e Phosphatidylinositol 3-Kinase Activity.

PI3-kinase activity was assessed using the methodology of Summers et al (54).

3.3f Ceramide Assay:

Myotubes were lysed in ice-cold 1M NaCl (0.25-ml) and transferred to glass 

tubes. Ice cold CHC^CFEOH (1:2, v/v, 0.75 ml) was added and the suspension was 

vortexed vigorously. After the subsequent addition of 0.25 ml of 1 M NaCl and 0.25 ml
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of CHCI3 , phases were separated by centrifugation at 3000 RPM (2000xG) for 5 min. 

Ceramide content in the extract was determined using a radiometric diacylglycerol assay 

kit (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions.

3.3g Adenovirus Amplification, Titering, and Infection'.

Small-t cDNA served as a template for PCR amplification. The upstream primer 

(5 ’ - AGATCTATGGATAAAGTTTTAAACAG-3 ’) incorporated a Bgl II site and an 

ATG start codon and the downstream primer (5’-CTCGAGTTAGAGCTTTAAA 

TCTCT-3’) was engineered with a Xho I site. The amplified products were cloned 

directly into TOP02.1 (Invitrogen) and sequenced in both directions to confirm that no 

errors were introduced by PCR. The small-t T0P02.1 cDNA was digested with Bgl II 

and Xho I and the approximate 0.5 kb small-t fragment was gel purified and subcloned 

into the pAdTrack-CMV shuttle vector (181). Recombinant adenoviruses were generated 

by homologous recombination after electroporation of small-t- with pAdEASY-1 into 

RecA+ bacteria (BJ5183). Bacterial clones containing recombinant adenoviral DNA 

were verified by restriction digestion with Pac I, and recombinant viruses were generated 

by transfection of HEK 293 cells. Virus was amplified by four rounds of infection and 

purified from 20 x 15 cm plates of HEK 293 cells using two rounds of centrifugation 

through CsCl gradients. The residual CsCl was removed by dialysis against 10% glycerin 

in PBS in a Slide-a-Lyzer cassette. Virus was tittered using the methods of Minamide et 

al. (181), and myotubes were infected at a multiplicity of infection of 100. Experiments 

were performed 48 hours after infection.
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3.4 Results

To identify specific FFAs capable of antagonizing insulin signal transduction, we 

evaluated the effect of specific saturated and monounsaturated FFAs on insulin- 

stimulated Akt/PKB phosphorylation and activation in C2C12 myotubes. Palmitate 

(C l6:0) and stearate (Cl 8:0), which comprise greater than 90% of the saturated FFAs in 

human serum (182), each markedly inhibited insulin-stimulation of Akt/PKB 

phosphorylation (Figure 3.1A). By contrast, neither oleate (C18:l), which makes up 80% 

of the circulating monounsaturated pool (182), nor palmitoleate (C16:l), had any effect 

(Figure 3.1 A). Palmitate and stearate also inhibited insulin-stimulated phosphorylation of 

glycogen synthase kinase 3(3 (GSK3(3) (Figure 3.1 A), a substrate of Akt/PKB with 

numerous functions including the regulation of glycogen synthase activity (54). 

Palmitate inhibited Akt/PKB phosphorylation within 2-4 hours (Figure 3.IB) at a FFA 

concentration as low as 0.25 mM (Figure 3.1C). This concentration is comparable to that 

found physiologically, and is similar to that used in prior studies evaluating FFA effects 

in both immortalized muscle cells and isolated skeletal muscle strips. Neither palmitate 

nor stearate inhibited insulin-activation of PI3-kinase (Figure 3.2).

We next determined whether the inhibitory FFAs also induced the accumulation 

of DAG and/or ceramide. Briefly, DAG kinase can phosphorylate both DAG and 

ceramide to produce phosphatidic acid and ceramide 1 -phosphate, respectively, which 

can be resolved by thin layer chromatography (TLC). When the reaction is allowed to 

proceed in the presence of [32P]ATP, the phosphorylated products can be detected using a 

Storm phosphorimager (159). As shown in figure 3.3, palmitate and stearate induced
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Figure 3.1: Palmitate and stearate inhibit Akt/PKB phosphorylation and activation. A. C2C12 
myotubes were incubated in the presence or absence o f the indicated FFAs (16 hours, 0.75 mM) prior to 
stimulation with insulin (100 nM, 10 minutes). Cell lysates were resolved by SDS-PAGE, transferred to 
nitrocellulose, and immunoblotted with the indicated antibodies. Detection was by enhanced 
chemiluminescence. Data are representative o f three independent experiments. B. C2C12 myotubes were 
incubated with palmitate (16 hours) at the concentration indicated prior to analysis as in (A) above. Data 
are representative o f three independent experiments. C. C2C12 myotubes were incubated with palmitate 
(0.75 mM) for the time indicated prior to analysis as in (A) above. Data are representative o f three 
independent experiments.
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Figure 3.2: Palmitate and stearate do not inhibit insulin-stimulated PI3-kinase activity. C2C12 
myotubes were incubated in the presence or absence o f the indicated fatty acids (16 hours, 0.75 mM) prior 
to stimulation with insulin (100 nM, 10 minutes). IRS-1 was immunoprecipitated from cell lysates and 
incubated with [32P]ATP and phosphoinositide. Lipids were extracted and resolved by thin layer 
chromatography. Phosphoinositide 3-phosphate [PI(3)P] produced by the phosphorylation of 
phosphoinositide by PI3-kinase was visualized using a Storm phosphorimager. Data are representative of 
three independent experiments.

ceramide accumulation 3-fold over basal levels (Figure 3.3A), whereas they induced 

DAG accumulation ~6 -fold and 3.5-fold, respectively (Figure 3.3B). By contrast, neither 

oleate nor palmitate has any effect on either ceramide or DAG accumulation. 

Interestingly, another saturated FFA, myristate (14:0), induced DAG synthesis while 

having no effect on ceramide accumulation or Akt/PKB or GSK3P phosphorylation 

(Chapter 2).
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Figure 3.3: Palmitate and stearate stimulate both ceramide and diacylglycerol accumulation. Lipid 
extracts from C2C12 myotubes were incubated with DAG-kinase and [32P]ATP as described in the Methods 
section. Lipids were then re-extracted, resolved by thin layer chromatography, and detected using a Storm 
phosphor-Imager. A and B demonstrate the levels of ceramide and DAG, respectively, in cells treated with 
or without the indicated fatty acids (16h,0.75 mM). Ceramide and DAG levels are presented as the mean 
fold increase (over basal) +/- the S.E.M. Asterisks denote that the values obtained were significantly 
different than basal levels (p < 0.05).

As described earlier, ceramide blocks insulin signaling by preventing the 

activation of Akt/PKB (103, 128), whereas DAG inhibits ‘upstream’ signaling events [i.e. 

insulin-stimulation of IRS-1 associated PI3-kinase (122, 151-154, 180)]. Since palmitate 

also inhibited Akt/PKB but not PI3-kinase (Figure 3.2), we hypothesized that ceramide, 

and not DAG, was the principal effector linking saturated FFAs to the inhibition of 

Akt/PKB. To test this hypothesis, we determined whether inhibitors of de novo ceramide 

synthesis could prevent palmitate’s inhibition of insulin signaling. Briefly, ceramide 

biosynthesis requires the coordinate action of two enzymes, i.e. serine palmitoyl 

transferase and ceramide synthase [for review, see Ref (162)] (Figure 3.4). Serine 

palmitoyl transferase catalyzes the initial step, which involves the condensation of serine
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with palmitoyl-CoA to produce 3-ketosphinganine, an sphingolipid that is subsequently 

reduced to form the sphingoid base sphinganine. Ceramide synthase catalyzes 

sphinganine acylation, producing dihydroceramide, which is then converted to ceramide 

by the induction of a trans-4,5 double bond in the sphinganine moiety.

PalmitoIy-CoA coo
-3COA + hV CH.OH

Serine

Serine Palmitoyltransferase 

3*Ketosphinganine

j  3-Ketosphinganine Reductase

I

Sphinganine

(Dihydro)ceramide Synthase

Dihdroceramide

Dihydroceramide Saturase

o
Ceramidase

i

Sphingosine

Ceramide Glucosylceramide
Synthase

M

Glucosylceramide

Figure 3.4: Inhibitors o f ceram ide synthesis or metabolism: Schem atic diagram depicting the 
primary steps in ceramide biosynthesis.
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As shown in figure 3.5A, pretreating C2C12 myotubes with myriocin, a fungal toxin that 

inhibits serine palmitoyltransferase, completely prevented the palmitate-induced increase 

in ceramide levels, but had no effect on DAG accumulation (Figure 3.5B). As predicted, 

myriocin completely negated the inhibitory effect of palmitate on both Akt/PKB and 

GSK3P phosphorylation (Figure 3.6A). Similarly, cycloserine, another specific inhibitor 

of serine palmitoyltransferase, also reversed the palmitate effect on Akt/PKB 

phosphorylation (Figure 3.6B). Fumonisin B l, a fungal toxin that inhibits a second 

enzyme in the biosynthetic pathway (i.e. ceramide synthase, Figure 3.4), also prevented 

the palmitate effect on ceramide (Figure 3.5A), but not DAG (Figure 3.5B), 

accumulation. Like myriocin and cycloserine, fumonisin Bl protected both Akt/PKB and 

GSK3P from the inhibitory effects of palmitate (Figure 3.6C). Myriocin, cycloserine, or 

fumonisin Bl did not affect the expression or the basal or insulin-stimulated 

phosphorylation of either Akt/PKB or GSK3p (data not shown). To confirm that 

myriocin and fumonisin Bl were acting upstream of ceramide, we evaluated whether a 

short-chain ceramide analog (C2-ceramide) would inhibit Akt/PKB in the presence of 

these toxins. According to our hypothesis, the addition of C2-ceramide should bypass the 

site of myriocin or fumonisin Bl action. As shown in figure 3.7, the inhibition of 

Akt/PKB by C2-ceramide was insensitive to both myriocin and fumonisin Bl.
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Figure 3.5: Myriocin and fumonisin B l prevent palmitate’s stimulation of ceramide synthesis.
C2C12 myotubes were incubated in the presence or absence o f palmitate (0.75 mM), myriocin (Myr, 10 
pM), or fumonisin Bi (FBI, 50 pM) for 16 hours prior to lipid extraction. A. Ceramide and B. DAG levels 
were quantified as in figure 3. Ceramide and DAG levels are presented as the mean fold increase (over 
basal) +/- the S.E.M. Asterisks denote that the value was significantly different than basal levels (p < 0.05).
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Figure 3.6: Myriocin, cycloserine, and fumonisin B l prevent the inhibition of insulin signaling by 
palmitate. C2C12 myotubes were incubated in the presence or absence o f palmitate (8 hours, 0.75 mM) 
prior to stimulation with insulin (100 nM, 10 minutes). Selected samples were treated with or without the 
serine palmitoyltransferase inhibitors myriocin (10 pM) or cycloserine (ImM) or the ceramide synthase 
inhibitor fumonisin B! (50 pM) just prior to adding palmitate. Cell lysates were resolved by SDS-PAGE, 
transferred to nitrocellulose, and immunoblotted with the indicated antibodies. Detection was by enhanced 
chemiluminescence. Data are representative o f at least four independent experiments.
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Figure 3.7: Fumonisin B l and myriocin do not prevent the inhibition o f  insulin signaling by 
C2-ceram ide. C2C12 myotubes were treated with palmitate (Pal), fumonisin Bi (FBI), or 
myriocin (Myr) as in figure six, above. Some samples were also treated with C2-ceramide (Cer, 
100 pM) thirty minutes prior to lysis. Cell lysates were resolved by SDS-PAGE, transferred to 
nitrocellulose, and immunoblotted with the indicated antibodies. Detection was by enhanced 
chemiluminescence. Data are representative of three independent experiments.

Most of the work revealing that ceramide inhibits Akt/PKB relies on the use of 

short-chain ceramide analogs, which are questionable in terms of their ability to mimic 

endogenous ceramide (183). Moreover, both C2-ceramide and endogenously produced 

ceramide can be rapidly deacylated and glucosylated to give rise to a broad array of 

sphingolipid-derived molecules [reviewed in (162)]. Thus, two questions remained: first, 

could endogenous ceramide mimic the effects of both C2-ceramide and palmitate; 

second, is ceramide itself, or alternatively another ceramide metabolite, the principal 

mediator of the inhibitory effects of palmitate. To address this issue, we treated cells 

with inhibitors of ceramide glucosylation [i.e. the glucosylceramide synthase inhibitor D- 

L-threo l-phenyl-2-decanoylamino-3-morpholino-l-propanol (PDMP)] or deacylation 

[i.e. the ceramidase inhibitor N-oleoylethanolamine (NOE)]. These compounds were
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shown previously to increase endogenous ceramide levels by blocking its normal route(s) 

of metabolism (184). Treating C2C12 myotubes with either compound increased cellular 

ceramide to levels comparable to those achieved with palmitate alone (Figure 3.8A), and 

both drugs markedly inhibited insulin-stimulated Akt/PKB phosphorylation (Figure 

3.8B). Neither drug affected the expression of Akt or GSK3P (data not shown). Thus, 

increasing endogenous ceramide levels by an alternative mechanism recapitulated the 

inhibitory effects of palmitate on Akt/PKB phosphorylation. We next attempted to 

determine whether these drugs, by blocking ceramide glucosylation or deacylation, could 

actually augment the palmitate effect on either the accumulation of long-chain ceramides 

or the antagonism of insulin signaling. As predicted, the inclusion of either PDMP or 

NOE along with palmitate potentiated the effects of either reagent individually on both 

ceramide accumulation (Figure 3.8A) and the inhibition of Akt/PKB phosphorylation 

(Figure 3.8C and 3.8D).
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Figure 3.8: Inhibitors of ceramide glucosylation or deacylation recapitulate and augment the
palmitate effect on insulin signaling. C2C12 myotubes were incubated in the presence or absence o f C2- 
ceramide (C2) (50 pM), the glucosylceramide synthase inhibitor D-L-threo l-phenyl-2-decanoylamino-3- 
morpholino-1-propanol (PDMP, 50 pM), and/or the ceramidase inhibitor N-oleoylethanolamine (NOE, 250 
pM) for 16 hours prior to stimulation with insulin (100 nM, 10 minutes). A. Ceramide levels were 
quantified as in figures 3 and 5. Ceramide levels are presented as the mean fold increase (over basal) +/- the 
S.E.M. B-D. Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted 
with the indicated antibodies. Data are representative o f three independent experiments.
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Ceramide has been shown to prevent Akt/PKB activation by at least two 

independent mechanisms. In certain cell types, okadaic acid, an inhibitor of protein 

phosphatase 2A (PP2A), negates the antagonistic effects of ceramide on Akt/PKB. This 

finding suggests that ceramide blocks insulin action by accelerating the rate of Akt/PKB 

dephosphorylation (132, 176, 185). In other cell types, however, okadaic acid has no 

effect, and ceramide instead blocks the insulin-stimulated translocation of Akt/PKB to the 

plasma membrane (128, 129). To test whether the effects of palmitate required PP2A in 

C2C12 myotubes, we pretreated cells with okadaic acid prior to treating with insulin. In 

the presence of okadaic acid, palmitate did not prevent insulin-stimulated Akt/PKB 

phosphorylation (Figure 3.9A). However, because okadaic acid stimulated Akt/PKB 

phosphorylation in the absence of insulin we could not distinguish between (a) OA 

reversing the effect of palmitate or (b) OA’s stimulation of Akt/PKB being insensitive to 

ceramide. To more definitively determine whether palmitate was working through PP2A, 

we used recombinant adenovirus to overexpress the SV40 small T antigen. This protein 

was shown previously to inhibit PP2A activity by displacing one of the enzyme’s 

regulatory subunits (186). SV40 small T expression completely prevented the effects of 

both palmitate and C2-ceramide on Akt/PKB phosphorylation (Figure 3.9B), confirming 

the likely involvement of PP2A in the inhibitory effects of saturated FFAs in C2C12 

myotubes.
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Figure 3.9: Palm itate inhibits insulin signaling via a PP2A-dependent mechanism. A. C2C12 
myotubes were treated without or with palmitate (Pal, 0.75 mM, 8 hours) or C2-ceramide (Cer, 100 
pM , 30 minutes). Okadaic acid w as included in the indicated w ells for 20 minutes prior to lysis, 
with in the indicated samples for the final 10 minutes. C ells were lysed, resolved by SDS-PAG E, 
transferred to nitrocellulose, and immunoblotted with anti-phoshpho-Akt antibodies. B. C2C12  
m yotubes w ere incubated with adenovirus encoding either GFP (-) or GFP in combination with the 
SV 40 sm all T antigen (+). C ells were then treated with palmitate (Pal, 0.75 mM, 8 hours) or C2- 
ceramide (Cer, 100 pM , 30 minutes) before being lysed and immunoblotted as in (A ) above.
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3.5 Discussion

The strong correlation between intramyocellular triglyceride levels and the 

severity of insulin resistance suggests that lipid oversupply to peripheral tissues could 

cause or exacerbate the condition. Many researchers have hypothesized that one or more 

derivatives of fatty acyl-CoA are likely to link inappropriate fat deposition in skeletal 

muscle to the inhibition of insulin signaling (93). Possible products of long chain acyl- 

CoAs capable of inhibiting insulin signaling include ceramide and diacylglycerol 

(DAG)[reviewed in (111)], but a definitive role for neither has been established. The 

data presented herein indicate that endogenously produced ceramide is both capable of 

inhibiting Akt/PKB and, more importantly, is necessary for the inhibitory effects of 

saturated FFAs. First, palmitate, stearate, and C2-ceramide blocked insulin signaling at 

the same step [i.e. by blocking activation of Akt/PKB, but not stimulation of PI3-kinase 

(Figures 1 and 2)] (103). Second, inhibiting de novo ceramide synthesis completely 

prevented palmitate’s induction of ceramide synthesis and its antagonism of Akt/PKB 

and GSK3P phosphorylation (Figures 3.5-3.7). Third, preventing ceramide metabolism 

and/or degradation recapitulated the effects of palmitate on both intracellular ceramide 

accumulation and the inhibition of insulin signaling (Figure 3.8). Fourth, blocking 

ceramide metabolism while concomitantly adding palmitate augmented its effect on both 

ceramide accumulation and the inhibition of Akt/PKB phosphorylation (Figure 3.8). And 

fifth, expressing the SY40 small T antigen, an inhibitor of PP2A, prevented the effects of 

both C2-ceramide and palmitate on Akt/PKB phosphorylation (Figure 3.9). Collectively 

these data implicate ceramide in the insulin resistance resulting from the oversupply of 

saturated FFAs to skeletal muscle.
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To manipulate intracellular ceramide levels in these experiments, we relied on the 

use of a large number of enzyme inhibitors to block ceramide synthesis or degradation. 

In order to minimize the possibility that our observations were the result of non-specific 

pharmacological effects, we employed inhibitors capable of blocking separate enzymes in 

the various pathways. For example, the fungal toxins myriocin and fumonisin inhibit 

separate enzymes that are required for de novo ceramide synthesis (i.e. SPT and ceramide 

synthase, respectively (162), and both protected C2C12 myotubes from the inhibitory 

effects of palmitate. Cycloserine, a serine palmitoyl transferase inhibitor that is 

structurally dissimilar to myriocin, also prevented the antagonistic effects of palmitate. 

None of these compounds affected Akt/PKB expression or activation independently (data 

not shown), and none were capable of blocking the antagonistic effects of exogenously 

added C2-ceramide, which presumably bypasses the site of action of these inhibitors 

(Figure 3.7). To induce ceramide accumulation we also used unique compounds with 

separate intracellular targets. Both PDMP and NOE, by inhibiting glucosylceramide 

synthase and ceramidase respectively, were able to induce ceramide accumulation and to 

block Akt/PKB activation (Figure 3.8). Thus, by using a broad array of inhibitors, our 

data conclusively indicate that ceramide is both a necessary and sufficient intermediate 

linking palmitate to the antagonism of insulin signaling.

Although ceramide proved to be required for the effects of palmitate, DAG 

derived from saturated FFAs was incapable of inhibiting insulin signaling to Akt/PKB. 

Specifically, in figures 3.5 and 3.6, we demonstrate conditions where insulin signaling 

was inhibited despite the fact that DAG accumulation was not. Moreover, we

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



demonstrated that attenuating the induction of DAG synthesis did not prevent the 

inhibitory effects of FFAs on insulin signaling (data not shown). The hypothesized 

involvement of DAG in insulin resistance derives from multiple prior studies both in 

cultured cells and rodents. For example, treating various cell lines with phorbol esters, 

which mimic the effects of DAG, inhibits insulin signaling to IRS-1(122, 151-153, 180) 

and Akt (154). Moreover, several PKC isoforms including PKCa (187, 188), (31 and 02 

(189), 8(151), y (187) and 0 (151) are downstream effectors of DAG that purportedly 

antagonize insulin signaling by phosphorylating IRS-1 on inhibitory serine residues. 

Observations that DAG levels are often elevated in rodent models of insulin resistance 

[reviewed in (190)] have fueled speculation that the lipid may serve as a critical 

antagonist of insulin signaling in diseased tissues. The discrepancy between these 

studies and those mentioned above may be reconciled by recent observations that the 

acyl-chain composition in DAG may participate in its ability to activate PKC isoforms. 

Specifically, DAG derived from saturated fatty acids is generally a poor activator of 

PKC, while that produced from polyunsaturated fatty acyl CoAs is a much stronger 

stimulus (164). Thus, DAG may participate in the regulation of insulin signaling by 

polyunsaturated FFAs, while ceramide is the principle metabolite linking saturated FFAs 

to insulin signaling.

The mechanism by which ceramide inhibits insulin action is unclear. Ceramide 

has been proposed to activate PP2A, the phosphatase responsible for dephosporylating 

Akt/PKB in adipocytes (191). Moreover, in PC 12 cells (132), brown adipocytes (176), 

and a human glioblastoma cell line U87MG (192), the PP2A inhibitor okadaic acid
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prevents the effects of short-chain ceramide analogs on Akt/PKB phosphorylation. While 

these studies suggest the existence of a mechanism by which ceramide increases 

intracellular PP2A activity, several other reports have shown that the effects of ceramide 

are okadaic acid insensitive. Specifically, studies in hybrid motor neurons (193), 3T3-L1 

pre-adipocytes and adipocytes (128), A7r5 vascular smooth muscle cells (194), and L6 

muscle cells (129) all demonstrate a profound inhibition of Akt/PKB by C2-ceramide that 

is insensitive to okadaic acid. In most of these cell types, ceramide was shown to block 

the insulin-stimulated recruitment of Akt/PKB to the plasma membrane. Prior studies by 

Cazzoli et al. (195) indicated that the inhibitory effects of palmitate in C2C12 myotubes 

were also dependent upon okadaic acid. However, we found that okadaic acid in fact 

stimulated Akt/PKB phosphorylation in the absence of insulin, something shown for 

other cell types (191) (Figure 3.9A). This observation limited the drug’s usefulness as a 

means for dissecting the pathways linking palmitate to the inhibition of Akt/PKB since 

one could not distinguish whether okadaic acid prevented or simply bypassed the site of 

ceramide action. Expressing the SV40 small T antigen, an inhibitor of PP2A, confirmed 

the likely involvement of PP2A in the inhibitory pathway linking both palmitate and 

ceramide to the regulation of Akt/PKB phosphorylation in C2C12 myotubes (Figure 

3.9B).

3.6 Conclusions

Numerous studies implicate saturated fats, particularly palmitate, in the 

development of insulin resistance. First, palmitate is one of the most abundant FFAs 

found in skeletal muscle, as well as being one of the most prevalent acyl-chains found in
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the diglyceride fraction of lipid extracts (156). Second, an inverse relationship exists 

between the consumption of palmitate and insulin sensitivity (196, 197). And third, 

insulin resistant muscles demonstrate accelerated rates of palmitate uptake (198). A 

similar cadre of results suggests that the overaccumulation of ceramide could participate 

in the development of insulin resistance. First, various rodent models of insulin 

resistance, including Zucker fa/fa rats (116) and mice overexpressing lipoprotein lipase 

(105), demonstrate elevated intramuscular ceramide levels. Second, exercise training 

Wistar rats improves insulin sensitivity while markedly lowering intramuscular ceramide 

levels (199). And third, short chain-ceramide analogs inhibit insulin-stimulated Akt/PKB 

activation and/or glucose uptake in 3T3-L1 adipocytes (128, 177), brown adipocytes 

(176), C2C12 and L6 myotubes (103, 129), and isolated rat skeletal muscle (137). The 

experiments described herein clearly indicate that endogenously produced ceramide is not 

only capable of antagonizing insulin action, but more importantly, is required for the 

inhibitory effects of long-chain saturated fatty acids on insulin signaling. Although 

aberrant ceramide accumulation is unlikely to account entirely for the diverse array of 

defects found in insulin resistant tissues, the findings presented herein implicate ceramide 

as a potentially important mediator of the deleterious effects of long-chain saturated fats. 

Studies attempting to block ceramide synthesis in various animal models of insulin 

resistance will be necessary to determine the extent to which this lipid metabolite 

contributes to the pathologies associated with the condition.
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CHAPTER 4

Ceramidase Overexpression Prevents the Inhibitory Effects of 

Saturated Fatty Acids on Insulin Signaling
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4.1 Summary

Obesity is a predisposing factor for the development of insulin resistance and 

Type 2 diabetes mellitus. Although the connection between increased adiposity and the 

development of insulin resistance is unknown, numerous studies suggest that fat-derived 

circulating factors, such as free fatty acids (FFAs), induce muscle insulin resistance by 

inhibiting insulin signaling. Long-chain saturated FFAs stimulate the de novo synthesis 

and accumulation of ceramide, a cellular metabolite shown previously to inhibit insulin 

action. Herein we demonstrate that inducing ceramide buildup by exposing muscle cells 

to long-chain saturated FFAs inhibits insulin stimulation of Akt/Protein Kinase B (PKB), 

a central regulator of glucose uptake and anabolic metabolism. To further evaluate the 

contribution of ceramide to FFA-dependent inhibition of insulin action, we generated 

C2C12 myotubes that constitutively overexpress Acid Ceramidase (AC), an enzyme that 

catalyzes the lysosomal degradation of ceramide. AC overexpression prevented the 

inhibitory effects of long-chain saturated FFAs on insulin signaling while blocking their 

stimulation of endogenous ceramide accumulation. These results support the existence of 

a central role for aberrant ceramide accumulation in the inhibition of muscle insulin 

sensitivity by exogenous FFAs.
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4.2 Introduction

Insulin resistance is a condition characterized by decreased sensitivity of 

peripheral tissues to the action of insulin. As a result, tissues cannot absorb and store 

glucose appropriately, leading to a compensatory increase in insulin secretion. This 

metabolic dysfunction leads to a cluster of abnormalities with serious clinical 

consequences, including Type 2 Diabetes (136) and Metabolic Syndrome X (68).

Insulin resistance is often associated with obesity, but the relationship between 

increased fat stores and the development of insulin resistance is not completely clear. 

Since skeletal muscle, and not adipose tissue, is responsible for the majority of insulin- 

mediated glucose disposal, many researchers have hypothesized that adipose tissue 

secretes a variety of circulating factors that trigger insulin resistance in other organs (200, 

201). Expressly, increased release of Free Fatty Acids (FFAs) by adipose tissue has been 

postulated to play crucial roles in obesity-induced insulin resistance (75). Numerous 

arguments that support this hypothesis have been made. For example, direct exposure of 

cultured cells to FFAs induces a state of insulin resistance (78, 79). Also, targeted 

overexpression of lipoprotein lipase (LPL) in skeletal muscle and liver of mice increases 

lipid deposition and promotes insulin resistance (105, 171). Moreover, infusion of lipids 

into humans or animal models has been shown to decrease insulin sensitivity in muscle 

and liver (81-85). Although the molecular mechanisms by which increased availability 

of FFAs to peripheral tissues confers insulin resistance are not completely understood, 

numerous researches speculate that FFAs promote the accumulation of fat-derived 

metabolites capable of attenuating insulin signaling (93, 111). For instance, increased
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FFA uptake from the circulation or diminished FFA oxidation in mitochondria promotes 

the accumulation of triacylglycerol (TAG) and other lipid metabolites within skeletal 

muscle while simultaneously blocking glucose utilization [Reviewed in (202)]. Studies 

utilizing ^  NMR to measure intramyocellular lipid concentrations support this concept, 

as these studies indicate that intramyocellular TAG levels correlate more tightly with the 

severity of insulin resistance than other known risk factors [Reviewed in (202)]. In 

addition to promoting TAG accumulation, FFAs also stimulate the accumulation of other 

less abundant metabolites, such as diacylglycerol (DAG) and ceramide. Both derivatives 

of fatty acyl Co-A have been implicated as primary mediators of the antagonistic effects 

of FFAs in skeletal muscle (95, 103, 167, 203, 204).

Ceramide is a bioactive sphingolipid shown previously to block insulin action 

(128). Moreover, numerous studies implicate the sphingolipid in the development of fat- 

induced insulin resistance. First, intracellular levels of ceramide are increased in skeletal 

muscle from obese insulin-resistance humans (126) and in peripheral tissues of human

(205) or rodent (116) models of insulin resistance induced acutely by lipid infusion. In 

addition, short-chain ceramide analogs or agents that induce ceramide accumulation have 

been shown to inhibit insulin signaling and action in various cultured cells or isolated 

tissues, recapitulating the antagonistic effects of FFAs on insulin-stimulated glucose 

metabolism (103, 206, 207).

Ceramide can be generated via de novo synthesis from serine and palmitoyl-CoA 

in the endoplasmic reticulum (ER). As we have shown previously, long-chain saturated
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FFAs stimulate de novo synthesis in C2C12 myotubes (203). Once generated, ceramide 

can accumulate or can be converted into a broad array of ceramide-derived molecules. 

For instance, ceramide can be deacylated by ceramidases to form sphingosine, 

glycosylated by glucosylceramide synthase to give rise to a host of glucosylceramide 

derivatives, or phosphorylated by ceramide kinase to generate ceramide 1-phosphate.

Acid Ceramidase (AC) catalyzes the lysosomal hydrolysis of ceramide to 

sphingosine and free fatty acid (208). Studies have revealed that lysosomal degradation 

of ceramide by AC plays a central role in the maintenance of cellular ceramide levels 

(209). However, the relevance of AC activity is best described in patients suffering from 

Farber’s disease, an inherited deficiency of AC activity that causes a fatal, massive 

accumulation of ceramide in lysosomes of various tissues (210).

To delineate a role for ceramide in FFAs-induced insulin resistance, we 

overexpressed human AC in C2C12 myotubes, a well-established cell model for the 

study of insulin signaling. Overexpression of AC prevented the stimulatory effects of 

saturated FFAs on intracellular ceramide accumulation, while simultaneously blocking 

their inhibitory effects on insulin signaling. These findings further support the role of 

ceramide in the induction of muscle insulin resistance caused by long-chain saturated 

FFAs and may suggest potential molecular targets for pharmaceutical intervention in the 

treatment of insulin resistance and Type 2 diabetes.
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4.3 Experimental Procedures

4.3a Reagents'.

Fetal bovine serum was from Atlas Biologicals (Fort Collins, CO), and silica gel 

60 thin-layer chromatography (TLC) plates were from Merck (Darmstadt, Germany). The 

following additional reagents were obtained from Sigma Chemicals (St. Louis, MO): 

palmitate, stearate, arachidate, lignocerate, Dulbecco’s Modified Eagles’s Medium 

(DMEM), fatty acid free bovine serum albumin (BSA) and N-oleoylethanolamine (NOE). 

Antibodies utilized included the following: rabbit polyclonal anti-phospho-Akt/PKB 

(Ser-473) and anti-phospho-GSK3p (serine-9) antibodies from Cell Signaling (Beverly, 

MA); a rabbit polyclonal anti-Akt/PKB and horseradish peroxidase conjugated anti-rabbit 

and anti-mouse antibodies from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse 

anti-acid ceramidase monoclonal antibody from BD Biosciences Pharmingen (San Diego, 

CA).

4.3b Cell culture'.

C2C12 myoblasts were maintained at 37°C in Dulbecco’s modified Eagle’s 

Medium (DMEM) containing 10% Fetal Bovine Serum (FBS). For differentiation into 

myotubes, the myoblasts were grown to confluence and the medium replaced with 

DMEM containing 10% horse serum. Myotubes were used for experiments 2-3 days 

following differentiation.
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4.3c FFA Treatment'.

Free fatty acids were administered to cells by conjugating them with FFA-free 

bovine serum albumin (BSA). Briefly, FFAs were dissolved in ethanol (75 mM) and 

diluted 1:25 in 1% FBS-DMEM containing 2% (w/v) BSA to obtain a FFA concentration 

of 3mM. After brief sonication and 10 min incubation at 55°C, samples were diluted to 

desired concentration in 1% FBS-DMEM-2% BSA, cooled at room temperature, filter 

sterilized, and administrated to myotubes for 14 hours. Two hours prior to performing 

the experiments, myotubes were placed in serum ffee-DMEM containing 2% BSA in 

either the presence or absence of FFAs.

4.3d Immunoblot Analysis’.

Cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose and 

immunoblotted using methods described previously (155). Detection was performed 

using the Enhanced Chemiluminescence Plus kit from Amersham Biosciences 

(Piscataway, NJ) according to manufacturers instructions. For Acid Ceramidase 

expression, 4-20% LongLife precast gel from Gradipore Ltd. (Frenchs Forest, Australia) 

were used for protein separation.

4.3e Ceramide Assay:

Total lipids from myotubes were extracted by the method of Schmitz-Peiffer et.al, 

(103) and modified as described previously (203). Ceramide content in the extracts were 

determined using a radiometric diacylglycerol assay kit (ceramide :DAG assay) 

(Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions.
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Lipid samples, then, were separated by TLC using chloroform: acetone: methanol: acetic 

acid: water (20:8:4:4:2, by volume), as the developing solvent, and the radioactive 

products were detected in a phosphorimager. The regions migrating with standard 

ceramides were analyzed using ImageQuant® 5.1 software (Molecular Dynamics Inc.).

4.3f Generation o f C2C12 Myotubes Overexpressing Human Acid Ceramidase:

A myc-tagged AC construct was generated by polymerase chain reaction (PCR) 

using human acid ceramidase cDNA (211) as template, the forward primer 5’- CTC GAG 

GCC GCC ACC ATG GAG CAG AAG CTG ATT TCC GAG GAG GAC CTG CCG 

GGC CGG AGT TGC GTC G -  3’ and the reverse primer 5'- GGA TCC TCA CCA 

ACC TAT ACA AGG GTC -  3’. The resulting product included aXhol restriction site, 

the start codon of the coding region followed by a c-myc (myc) tag, the 1218 bp of the 

coding region, and a BamHl restriction site at the C-terminal. The PCR fragment was 

ligated into pGEM-T easy vector from Promega (Madison, WI). Nucleotides 1-1218 of 

myc-AC were then isolated by digesting pGEM-T-myc-AC with Notl, and the fragment 

containing the PCR product was shuttled into the pLNCXl retroviral vector using Notl, 

thus obtaining the full length myc-tagged construct (pLNCXl-myc-AC). The constructs 

were restriction digested to confirm proper orientation of insert and subsequently 

sequenced to verify that no errors were introduced by PCR. Recombinant retrovirus 

encoding myc-AC was generated using methods described previously (48). Briefly, the 

pLNCXl-AC constructs were co-transfected with plasmids encoding the gag/pol and v.vv 

genes into 293T cells. Supernatant containing the recombinant retroviruses were 

collected and used to infect C2C12 myoblasts. Since pLNCXl contains a neomycin
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(G418) resistance gene, transfected populations were selected and maintained in medium 

supplemeted with G418 (600 jag/ml active concentration).

4.3g Preparation o f Recombinant Sphingosine Kinase:

Human sphingosine kinase (SK) cDNA was obtained from Sarah Spiegel 

(Virginia Commonwealth University, Richmond, VA) and subcloned into the mammalian 

retroviral expression vector pLNCXl (Clontech Laboratories, Palo Alto, CA) using 

Hindlll and Bglll. 3T3-L1 fibroblasts were stably transfected with the above constructs 

by retrovirus-mediated gene transfer as previously described (48). Recombinant SK 

was harvested from total cell fraction according to Olivera et.al., (212). Aliquots (20 pg) 

of cell lysates were used for each sphingosine assay

4.3h Sphingosine Assay.

Four 10-cm plates containing C2C12 myotubes were incubated in serum free- 

DMEM containing 2% BSA in either the presence or absence of 0.75 mM palmitate for 

12 hours. Cell were washed twice in ice-cold PBS and sphingosine levels were assessed 

using the methodology described previously (213).

4.3i Statistical Analysis:

Quantifiable results are presented as means +/- SEM. Differences between means 

were evaluated by analysis of variance and considered significant at p<0.05.
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4.4 Results

In prior studies, we demonstrated that ceramide was necessary and sufficient for 

the antagonism of insulin signaling resulting from the incubation of C2C12 myotubes 

with long-chain saturated FFAs (206). Interestingly, N-oleoylethanolamine (NOE), a 

potent inhibitor of acid ceramidase (AC), recapitulated and augmented the effects of 

exogenous palmitate on insulin signaling (206), suggesting that ceramide was a principle 

metabolite linking FFAs to the antagonism of insulin signaling. Reasoning that enhanced 

AC expression might promote a faster removal of intracellular ceramide generated by 

treating with exogenous FFAs, we used recombinant retrovirus to generate stable C2C12 

myotubes overexpressing human AC. Briefly, we infected C2C12 myotubes with either 

an empty pLNCXl retrovirus or one encoding AC. The pLNCXl virus carries the Neo 

resistance gene, and selecting the cells in medium containing G418 produced stable lines. 

Using a monoclonal, anti-human AC antibody we detected significant expression of AC 

in C2C12s infected with the recombinant virus compared with myotubes infected with 

the empty retroviral vector (Figure 4.1 A).

Treatment with palmitate (16 hours) inhibited insulin-stimulated Akt/PKB 

phosphorylation, at a concentration of as low as 0.1 mM, in cells expressing an empty 

vector (Figure 4.IB). Palmitate also inhibited insulin-stimulated phosphorylation of 

glycogen synthase kinase-3 beta (GSK-3(3), one of the physiological targets of Akt/PKB, 

implicated in glycogen synthesis (214). Akt/PKB and GSK3(5 levels were unchanged by 

any of the treatment conditions (data not shown). As predicted, AC overexpression
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protected myotubes from the inhibitory effects of palmitate on insulin-stimulated 

phosphorylation of Akt/PKB and GSK3p phosphorylation (Figure 4. IB).

Vector AC

Acid Ceramidase

B
Vector AC

Insulin 

palmitate mM 0

+ + + +

0 0.1 0.25 0.75

a-P-Akt/PKB

a-P-GSK3p

+ +  +

0.1 0.25 0.75

Figure 4.1: Overexpression o f Acid Ceramidase in C2C12 myotubes prevents the
inhibition o f  insulin signaling by palmitate. A. Stable C2C12 myotubes expressing an empty 
vector or acid ceramidase were lysed, resolved by SDS-PAGE, transferred to nitrocellulose, and 
immunoblotted with an anti-Acid Ceramidase antibody. B. C2C12 myotubes transfected with 
an empty vector or acid ceramidase were incubated with palmitate (16 hours) at the 
concentration indicated prior to stimulation with insulin (100 nM, 10 minutes). Cell lysates 
were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the 
indicated antibodies. Detection was by enhanced chemiluminescence. Equal levels o f  
expression were confirmed by immunoblotting with antibodies recognizing total Akt/PKB and 
GSK3P (data not shown). Data are representative o f  three independent experiments.
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To determine whether the protection observed in AC-overexpressing C2C12 was 

attributable to decreased ceramide accumulation, we quantified ceramide levels in control 

C2C12 myotubes and those overexpressing AC using a DAG/ceramide assay. Palmitate 

stimulated the accumulation of ceramide in cells transfected with an empty vector (Figure 

4.2A). By contrast, AC overexpression largely attenuated the increase in ceramide 

accumulation induced by palmitate (Figure 4.2A). As shown in figure 4.2B, AC 

overexpression did not have any affect on DAG accumulation caused by palmitate 

treatment. The effect of palmitate on ceramide synthesis correlated tightly with its effect 

on insulin-stimulated Akt/PKB phosphorylation and activation. Thus, enhancing 

turnover of newly generated ceramide in AC-overexpressing cells protected cells against 

the antagonistic effects of palmitate on insulin signaling.

Because sphingosine is the product of the AC reaction, it was of interest to 

determine whether overexpression of AC altered sphingosine levels. Briefly, sphingosine 

levels were determined in total cell fractions by measuring the in vitro incorporation of

T9radiolabelled phosphate from P-y-ATP into endogenous sphingosine to form 

sphingosine 1-phosphate (SIP) in the presence of recombinant sphingosine kinase. 

Lipids were then resolved by TLC and detected using a phosphoimager. When empty 

vector transfectants were incubated with palmitate there was a significant 2.5-fold change 

in sphingosine levels. However, treatment of AC-overexpressing cells with palmitate 

resulted in a more than seven-fold increase in sphingosine (Figure 4.3). These data 

clearly indicate that the overexpressed AC was indeed active in vivo, and effectively 

metabolized ceramide to sphingosine, and thus reduced the accumulation of long-chain
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ceramides that induces the inhibition of insulin signaling.

25
£2?
M
«nm

2 JO
£
£c A
© VF
V s

£

1.5

a s

B

a

4

n ft

3
inm 25jSt

7>©
u 1.5
© 1

as
0

□vector!

TBtfj
0,1 0.25

palm itate m M

0.75

□Vector 
■ AC

0.1 0.25
palmitate mM

0.75

Figure 4.2: Overexpression of Acid Ceramidase prevent palmitate’s stimulation of ceramide, but 
not DAG synthesis. Stable C2C12 myotubes expressing an empty vector or acid ceramidase were 
incubated in the presence or absence o f the indicated palmitate concentrations (0-0.75 mM) for 16 hours 
prior to lipid extraction. Ceramide standards (data not shown) or lipid extracts from transfected C2C12 
myotubes were incubated with DAG-kinase and [32P]-y-ATP as described in the methods section. Lipids 
were then re-extracted, resolved by thin layer chromatography, and detected using a storm 
phosphorimager. Ceramide (A) and DAG (B) levels were quantified and data presented as the mean fold 
increase (over basal) +/- the S.E.M. Asterisks denote that the value was significantly different than levels 
obtained in vector cells (p < 0.05).

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



d l (4

.E J3
(A r t
O ^  
03 m 
C 5
IE o
ft. -O

" I

10

9

8

7

6

5

4

3

2

1

0

0  Basal 
D Palmitate

V ector AC

Figure 4.3: Overexpression o f Acid Ceramidase stimulates the synthesis o f  sphingosine. 
Stable C 2C12 myotubes expressing an empty vector or acid ceramidase were incubated in the 
presence or absence o f  palmitate (0.75 mM ) for 12 hours prior to lipid extraction. Sphingosine 
levels w ere measured as described under Materials and Methods and compared to standards 
reactions (data not shown). Data are presented as the mean fold increase (over basal) + /- the
S.E.M . Asterisks denote that the value was significantly different than basal levels (p < 0.05).
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We next sought to determine whether overexpression of AC in C2C12 myotubes 

also had the capacity to protect cells from other long-chain saturated FFAs which have 

been shown previously to inhibit insulin signaling while inducing ceramide accumulation 

(203). Stearate (18:0), arachidate (20:0), and lignocerate (24:0) all inhibited insulin- 

stimulated phosphorylation of Akt/PKB and GSK3P in control cells, though at different 

intensities (Figure 4.4). Once again, AC overexpression negated the inhibitory effects of 

these FFAs (Figure 4.4). These data further identify ceramide as a critical regulator of 

the antagonistic effects of long-chain saturated FFAs on insulin signaling.

Vector AC

ullw m- 4- + + + +■ 4- + ■f

FFA CIS C20 C24 m C18 C20 C24

i t -P-Akt/PKS

Figure 4.4: Overexpression of Acid Ceramidase prevents the inhibition of Akt/PKB and 
GSK3P phosphorylation by other saturated fatty acids in C2C12 myotubes. C2C12  
m yotubes transfected with an empty vector or with vector containing the acid ceramidase gene 
w ere treated with or without 0.75 mM  palmitate (16:0), stearate (18:0), arachidate (20:0), and 
lignocerate (24:0) for 16 hours prior to stimulation with insulin (100 nM, 10 minutes). C ells were 
then lysed, resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the 
indicated antibodies. Equal loading and expression w as confirmed by im m unoblotting with  
antibodies recognizing total Akt/PKB or GSK3P (data not shown). Detection w as by enhanced  
chem ilum inescence. Data are representative o f  three independent experiments.
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To confirm the mechanism by which AC overexpression protected cells from the 

antagonistic effects of saturated FFAs, we treated myotubes with NOE, an inhibitor of 

AC activity. As shown in figure 4.5, NOE clearly inhibited the insulin-stimulated 

phosphorylation of Akt/PKB in both controls and AC overexpressing myotubes. As 

expected, the inclusion of NOE along with palmitate potentiated the effects of the FFAs 

on Akt/PKB phosphorylation in both cell lines (Figure 4.5). However, palmitate alone 

did not inhibit the insulin-stimulated Akt/PKB phosphorylation in cells transfected with 

AC owing to the high expression of AC in this cell line. Collectively, these data confirm 

that the enzymatic activity of AC mediates its protective effects on insulin signaling.

Vector AC

OMMk wmm * ■ *    a-P-Akt/PKB

Insul in - +  + + + .  + + +  +

Pal mi t at e - .  . + .  +
I______ l_________________I______ I

+NOE +NOE

Figure 4.5: C2C12 myotubes overexpressing Acid Ceramidase are sensitive to inhibitors 
of ceramide deacylation. NOE recapitulates the palmitate effect on insulin signaling 
observed in WT C2C12. C2C12 m yotubes overexpressing acid ceramidase were incubated in 
the presence or absence o f  palmitate (0.75 mM ) and/or the ceramidase inhibitor N - 
oleoylethanolam ine (NOE, 500 pM ) for 16 hours prior to stimulation with insulin (100  nM, 10 
minutes). Proteins in the cell lysates were resolved by SDS-PAG E, transferred to 
nitrocellulose, and immunoblotted with the indicated antibodies. Data are representative o f  
three independent experiments.
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4.5 Discussion

The connection between obesity and metabolic diseases, such as Type 2 diabetes 

and Metabolic Syndrome X, is well established. According to the American Diabetes 

Association, nearly 90% of all people newly diagnosed with Type 2 diabetes are 

overweight or obese. Elevated levels of circulating FFAs have been shown to contribute 

to the complications of obesity, particularly insulin resistance, by promoting an excessive 

deposition of fat in various insulin-responsive tissues, other than adipose (93). Within 

peripheral tissues, FFAs are altered in the cytoplasm to form acyl-CoAs and incorporated 

into different pools of FFA-metabolites (i.e. TAG, DAG and ceramides) with potentially 

deleterious roles on the insulin signaling pathways and glucose metabolism. The strong 

correlation between intramyocellular-lipid (IMCL) levels with the severity of insulin 

resistance is consistent with this hypothesis (202).

The identification of novel metabolites capable of inhibiting insulin actions 

remains a considerable focus of attention. Numerous findings have suggested a role for 

sphingolipid pathways in the regulation of insulin signal transduction. Sphingolipids, 

particularly ceramides, have been shown to inhibit insulin signaling in cell culture and 

animal models of insulin resistance. Furthermore, agents that interfere with sphingolipid 

pathways have been recently demonstrated to modulate insulin signaling. In C2C12 

myotubes for example, inhibitors of serine-palmitoyltransferase or ceramide synthase, 

two enzymes required for de novo ceramide synthesis, prevented the antagonistic effects 

of ceramide accumulation on insulin signaling induced by the saturated FFA palmitate

(206). In addition, inhibiting ceramide metabolism or degradation with pharmacological
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agents recapitulated and augmented the effects of palmitate on both intracellular 

ceramide accumulation and the inhibition of insulin signaling (206). These observations 

have given us a substantial body of evidence to support the hypothesis that increases in 

endogenous ceramide levels represents a potentially important mechanism underlying the 

development of insulin resistance. In this regard, ceramidases suggested an excellent 

target for the regulation of ceramide levels and its cellular responses toward insulin 

action.

Since ceramide accumulation has also been considered as a hallmark of apoptosis, 

cell cycle arrest, and growth suppression, overexpression of ceramidases has been 

utilized as an important tool for determining the role of ceramide in these biological 

events. For example, overexpression of acid ceramidase protects against apoptosis 

induced by TNF-a (215), an important finding given that a number of prostate cancer cell 

lines are know to overexpress acid ceramidase (216). Herein, we aimed to attenuate 

intracellular ceramide accumulation and counteract its inhibitory effect on insulin 

signaling by saturated FFAs.

AC overexpression blocked the antagonistic effects of palmitate on Akt/PKB 

phosphorylation, while also blocking the phosphorylation of a target of Akt/PKB, 

GSK3p. Interestingly, these effects were accompanied by a significant reduction of 

ceramide accumulation resulting from exposure to palmitate. Hence, the high AC 

expression observed in transfected myotubes indicated that the protective effect observed 

in our experiments resulted from a rapid removal of intracellular ceramide generated by
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de novo synthesis. As mentioned above, AC overexpression did not affect the induction 

of DAG. Thus, despite an increase in DAG levels, cells were still protected from the 

antagonistic effect of palmitate. This observation further support the concept that 

ceramide, but not DAG, is indispensable for the inhibition of insulin signaling caused by 

the long chain-saturated FFA palmitate.

Palmitate induces ceramide accumulation primarily by fueling the cell with 

palmitoyl CoA, a substrate in the rate-limiting reaction governing ceramide synthesis. 

Interestingly, AC overexpression also negated the inhibitory effects of longer-chain 

saturated FFAs. In contrast, AC overexpression in C2C12 myotubes failed to protect 

cells from the short chain ceramide C2-Cer (data not shown). The susceptibility of AC 

overexpressing myotubes to the C2-Cer was probably due to the fact that this short 

ceramide analog is not a precursor of endogenous ceramide (data not shown) and hence a 

poor substrate for AC. It should be noted that in C2C12 myotubes, not only palmitate, 

but also other long-chain saturated FFAs (e.g. stearate (18:0), arachidate (20:0), and 

lignocerate (24:0)) efficiently induced the accumulation of similar endogenous ceramide 

species (most likely C16-ceramide) and inhibited insulin-stimulated Akt/PKB activation 

(203). Therefore, it seems quite possible that all the long-chain saturated FFAs are 

converted into a common ceramide product, which is catabolized efficiently by AC.

Sphingosine, the immediate product of AC activity, has been shown to have 

potent bioregulatory effects on a variety of cellular processes involving signal 

transduction mechanisms (217). Specifically, sphingosine inhibition of glucose transport
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has been previously reported (218-220). These observations suggested that the 

sphingolipid could be the mediator that links FFAs to the inhibition of Akt/PKB. 

However, according to our results, endogenous sphingosine accumulation produced by 

AC overexpression (which diverts palmitate from accumulating as ceramide), appeared to 

have no effect on the inhibition of insulin signaling. These data coupled with those 

observed after the inclusion of NOE confirms the hypothesis that ceramide itself, but not 

sphingosine, is the primary metabolite responsible for the inhibitory effects of palmitate. 

NOE was capable to suppress insulin-stimulated Akt/PKB phosphorylation in both 

control and AC lines suggesting that the protection observed in the latter was merely a 

result of AC overexpression and the subsequent clearance of endogenous ceramide.

One question originating from these findings refers to the mechanism by which 

AC, an enzyme active only in acidic compartments, was capable of protecting cells from 

the inhibitory effects of ceramide produced through a de novo pathway. Although it is 

not clear which subcellular compartment of ceramide is responsible for the inhibition of 

Akt/PKB, the enzymes that govern the de novo pathways leading to ceramide production 

reside on the cytosolic side of the endoplasmic reticulum (ER) (221). One possibility is 

that the AC could be localizing to other compartments due to a profound overexpression, 

and that the enzyme could retain some enzymatic activity despite being in a suboptimal 

(i.e. non-acidic) environment. Another possible explanation would be that the 

degradation of ceramide in the lysosomal compartment that results from the AC 

overexpression accelerates rates of ceramide flux into the lysosomes.
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Because the anti AC antibody used in this study was specific for the human 

isoform, we could not determine endogenous expression of AC in C2C12 myotubes. 

However, northern blot analysis of various murine tissues showed undetectable AC 

mRNA levels in skeletal muscle compared to other tissues (222). Possibly, due to the 

lack of AC activity in skeletal muscle, this tissue may be particularly susceptible to 

aberrantly accumulate ceramide when exposed to excess FFAs. Consistent with this 

speculation is that mammals, including humans, are not suitably adapted to process 

abundant dietary energy sources and avert their causative role in developing muscle 

insulin resistance. An answer for this conjecture may be found using in vivo models of 

Farber’s Disease, an autosomal recessive disorder caused by lysosomal AC deficiency. 

Patients suffering from this rare disease accumulate ceramide in the lysosomal 

compartments of cells in nearly all tissues. However, due to their shortened life span, 

there is no evidence as to whether or not patients develop insulin resistance. Recent 

studies by Li et.al. showed that AC '/+ KO mice manifest a progressive lipid storage 

disease which correlated with elevated ceramide levels and a reduction of AC activity 

(223). Yet no reports with regard to insulin resistance have been provided from 

phenotypic studies of these mice. Measurements of insulin-stimulated glucose disposal in 

AC ‘/+ KO mice would be necessary in order to establish a central role of AC in the 

development of insulin resistance in vivo.

4.6 Conclusions

Ceramide has been implicated as a mediator of insulin resistance induced by the 

increased availability of FFAs from adipose tissues during obesity onset (126). Here, we
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further evaluated the functional significance of saturated FFA-induced ceramide 

accumulation in the development of muscle insulin resistance by constitutively 

overexpressing AC in C2C12 myotubes. Overexpression of AC protected cells from the 

inhibitory effects of long-chain saturated FFAs on insulin signaling as a result of a rapid 

lysosomal ceramide degradation. These results presented clearly confirm the critical role 

of AC in the regulation of ceramide accumulation and its deleterious effects on the 

insulin-signaling pathway. Moreover, this study suggests that preventing the aberrant 

muscle accumulation of ceramide by promoting its metabolism into sphingosine and 

sphingosine-derivatives might restore normal insulin sensitivity and glucose metabolism 

in animal models of insulin resistance. The information obtained could point to potential 

targets for pharmacological manipulation for the prevention and treatment of Type 2 

Diabetes.
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Conclusions and Future Perspectives

The increased secretion of fatty acids by adipose tissue has been proposed to link 

obesity to the development of insulin resistance. Specifically, many researchers have 

speculated that increased availability of lipids to peripheral tissues causes insulin 

resistance by promoting the accumulation of fat-derived metabolites capable of inhibiting 

insulin action. Numerous studies support the hypothesis that the aberrant deposition of 

the sphingolipid ceramide in peripheral tissues contributes to the development of insulin 

resistance. Using C2C12 myotubes, we have investigated the role of ceramide as a 

potential mediator linking FFAs to the inhibition of insulin signaling. Herein we have 

shown the following:

As described in chapter 2, we first demonstrated that long chain FFAs, but not 

shorter chain saturated FFAs or unsaturated ones, block insulin signaling in C2C12 

myotubes while simultaneously promoting ceramide accumulation. As described in 

chapters 3 and 4, we subsequently determined that ceramide was a required intermediate 

linking saturated FFAs to the inhibition of Akt/PKB.

First, we demonstrated that pharmacological agents that prevent ceramide 

biosynthesis blocked the inhibitory effects of saturated FFAs. As shown in chapter 3, the 

inhibitors of ceramide synthesis completely prevented the inhibition of insulin signaling 

by the saturated FFA palmitate in C2C12 myotubes. More interesting, these agents 

completely blocked palmitate’s induction of ceramide, but not DAG (another known 

important antagonist of insulin signaling implicated the development of insulin
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resistance), indicating that ceramide, or a ceramide derivative, mediates the inhibitory 

effects of palmitate in C2C12 myotubes. In fact, ceramide can be further metabolized by 

a number of intracellular enzymes to generate other molecular derivatives, many of 

which, have biological effects on their own. To address the question whether ceramide 

itself, or alternatively another ceramide metabolite was the principal mediator of the 

inhibitory effects of palmitate, we evaluated the effects of specific inhibitors of enzymes 

that mediate ceramide catabolism. Interestingly, the use of these drugs recapitulated the 

effects of saturated FFAs on both ceramide accumulation and the inhibition of insulin 

signaling indicating that ceramide is both a sufficient and necessary intermediate linking 

saturated fatty acids to the inhibition of insulin signaling.

A second approach to delineate a role for ceramide in saturated FFA-induced 

insulin resistance was to overexpress in skeletal muscle cells genes involved in ceramide 

degradation, such as acid ceramidase. Using this strategy, we showed in Chapter 4, that 

we can block the inhibitory effects of saturated FFAs on insulin signaling in C2C12 

myotubes by overexpressing human acid ceramidase. These results support the central 

role of ceramide accumulation in the inhibition of muscle insulin sensitivity by 

exogenous FFAs and suggest that approaches designed to control aberrant ceramide 

deposition could be utilized for the treatment of insulin resistance in vivo.

Understanding the relevance of these findings, which were obtained in cultured 

cells, to the development of insulin resistance in humans will ultimately require testing 

the role of ceramide in animal models of the condition. Based on our findings, we
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hypothesize that strategies aimed to manipulate routes of ceramide synthesis or 

degradation could have marked effects on insulin-stimulated glucose utilization. For 

example, treating animals with inhibitors of de novo ceramide synthesis should block the 

progression of insulin resistance induced by lipid oversupply. Moreover, targeted 

overexpression of acid ceramidase in skeletal muscle of transgenic mice might protect 

animals from becoming insulin resistant when placed on a high fat diet. Data obtained 

from these experiments would reveal whether modulating ceramide levels quantitatively 

improved insulin sensitivity in rodents, and would reveal whether ceramides could be a 

pharmaceutical target for the treatment of insulin resistance.
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