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INTRODUCTION

Obesity is closely associated with (peripheral as well as hepatic) insulin resistance (1) and with
a low grade state of inflammation characterized by elevation of proinflammatory cytokines in
blood and tissues (2). Both, insulin and inflammation, contribute to the development of type
2 diabetes (T2DM), hypertension, atherogenic dyslipidemias and disorders of blood
coagulation and fibrinolysis. All these disorders are independent risk factors for atherosclerotic
vascular disease (ASVD) such as heart attacks, strokes and peripheral arterial disease (3).

The reason why obesity is associated with insulin resistance is not well understood. In this
chapter, | will review evidence demonstrating that free fatty acids (FFA) cause both insulin
resistance and inflammation in the major insulin target tissues (skeletal muscle, liver and
endothelial cells) and thus are an important link between obesity, insulin resistance,
inflammation and the development of T2DM, hypertension, dyslipidemia, disorders of
coagulation and ASVD (Figure 1).

The central nervous system effects of FFA, including the demonstration that infusion of oleic
acid into the third ventricle of rats reduced food intake and hepatic glucose production, are
reviewed separately (see Chapter 4).

FFA AND INSULIN RESISTANCE

The recognition that adipose tissue not only stores and releases fatty acids but also synthesizes
and releases a large number of other active compounds (4) has provided a conceptional
framework which helps to understand how obesity can result in the development of insulin
resistance. According to this concept, an expanding fat mass releases increasing amounts of
compounds such as FFA, angiotensin 2, resistin, TNF-q, interleukin 6, interleukin 1-p and
others. Some of these compounds, when infused in large amounts, can produce insulin
resistance. However, any substance, in order to qualify as a physiological link between obesity
and insulin resistance, should meet at least the following 3 criteria: 1) the substance should be
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elevated in the blood of obese people; 2) raising it’s blood level (within physiologic limits)
should increase insulin resistance and 3) lowering it’s blood level should decrease insulin
resistance. So far, only FFA can meet these 3 criteria in human subjects. Plasma FFA levels
are elevated in most obese individuals (5); raising plasma FFA levels increases insulin
resistance (6) and lowering of FFA improves insulin resistance (7).

FFA levels are elevated in obesity

Plasma FFA levels are usually elevated in obesity because 1) the enlarged adipose tissue mass
releases more FFA and 2) FFA clearance may be reduced (8). Moreover, once plasma FFA
levels are elevated, they will inhibit insulin’s anti-lipolytic action, which will further increase
the rate of FFA release into the circulation (9).

Raising FFA increases insulin resistance

In skeletal muscle, acutely raising plasma FFA, for instance by infusing heparinized lipid
emulsions, reduces insulin stimulated glucose uptake (more than 80% of which occurs in
skeletal muscle) dose-dependently in all individuals irrespective of gender and age (6,10).
Under these conditions, the insulin resistance develops within 2—4 h after plasma FFA levels
increase and disappears within 4 h after normalization of FFA levels (11).

In the liver, FFA induced hepatic insulin resistance is more difficult to demonstrate because
the liver is more insulin sensitive than skeletal muscle (12). Nevertheless, there is convincing
evidence that physiological elevations of FFA, such as seen after a fat rich meal, inhibit insulin
suppression of hepatic glucose production (HGP) resulting in an increase in HGP (1). Acutely
(1-4 h), this rise in HGP is due to FFA mediated inhibition of insulin suppression of
glycogenolysis (13). Longer lasting elevations of FFA, however, are likely to also increase
gluconeogenesis.

In endothelial cells, IV infusion of insulin has been shown to increase nitric oxide production
resulting in increased peripheral vascular blood flow (14,15). Physiological elevations of
plasma FFA produce insulin resistance in endothelial cells by inhibiting the insulin induced
increase in nitric oxide and blood flow (16).

Lowering FFA reduces insulin resistance

Chronically elevated plasma FFA levels, as commonly seen in obese diabetic and non-diabetic
individuals, also cause insulin resistance. This could be demonstrated by normalizing elevated
plasma FFA levels for only 12 h which resulted in normalization of insulin stimulated glucose
uptake in obese non-diabetic individuals while improving insulin sensitivity from ~ % to ~ %
of normal in obese patients with T2DM (7). This suggested that high plasma FFA levels may
have been the sole cause for insulin resistance in obese non-diabetic subjects but were
responsible for only ~ 1/2 of the insulin resistance in obese patients with T2DM (7). Similar
results have been reported in non-diabetic subjects genetically predisposed to T2DM (17).

Mechanisms of FFA Mediated Insulin Resistance

FFA have been shown to produce a defect in insulin stimulated glucose transport and/or
phosphorylation which is caused by a defect in insulin signaling (10,18). Plasma FFA can
easily enter cells where they are either oxidized to generate energy in the form of ATP or re-
esterified for storage as triglycerides (TG). Not surprisingly, therefore, raising blood FFA
levels result in intracellular (intramyocellular or intrahepatocellular) accumulation of
triglycerides (19). For reasons that are not well understood, raising plasma FFA levels also
results in accumulation of several metabolites involved in FFA re-esterification including
longchain acyl-CoA and diacylglycerol (DAG) (20). DAG is a potent activator of conventional
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and novel protein kinase C isoforms (21). In addition to PKC, several other serine/threonine
kinases including IKK-p and c-Jun NH,-terminal kinase (JNK) can also be activated by acutely
raising plasma FFA levels (22,23). Exactly, how these kinases are activated by FFA is not clear
but may include FFA mediated generation of reactive oxygen species (ROS) (24), activation
of the Toll like receptor 4 (TLR4) pathway (25) or endoplasmic reticulum stress (23). Once
activated, one or several of these serine/threonine kinases can interrupt insulin signaling by
decreasing tyrosine phosphorylation of the insulin receptor substrate 1 or 2 (IRS 1/2) (26). This
will inhibit the activity of the IRS/PI3 kinase/Akt pathway which controls most of insulin’s
metabolic actions including glucose uptake, glycogen synthesis, glycogenolysis and lipolysis
(27). The IRS/PI13 kinase/Akt pathway is also important for the activation of endothelial nitric
oxide synthase (NOS) and the production of nitric oxide (NO). In addition, FFA can reduce
NO production through a second mechanism, namely, by stimulation of NAD(P)H oxidase.
This has been shown to occur in a PKC dependent manner, and will lead to increased production
of reactive oxygen species (ROS) and a decrease in NO (24) (Figure 2).

FFA may also interfere with insulin stimulation of glucose transport by modulating glucose
transporter (Glut) gene transcription and mRNA stability (28,29)

FFA AND INFLAMMATION

Obesity is associated with elevated levels of proinflammatory cytokines and chemokines in
the circulation and in tissues (2). As mentioned, the adipose tissue produces and releases a
large number of cytokines and chemokines (collectively called adipokines) (4), some of which
are proinflammatory. Recent studies have shed some light on the reasons for the increased
release of proinflammatory cytokines in obesity. In one study, mice fed a high fat diet for 3
months developed low grade hepatic inflammation which was associated with increased
production and secretion of several proinflammatory cytokines (30). This suggested that the
inflammatory state was caused either by a component of the diet or by a substance released
from the enlarged adipose tissue. FFA are good candidates for both possibilities because they
are elevated in most obese individuals both during a fat meal (31) and under basal and
postprandial conditions (5).

The recent demonstration that acute elevation of plasma FFA, in addition to producing
peripheral and hepatic insulin resistance, also activated the proinflammatory NF«kB pathway
(20) resulting in increased hepatic expression of several proinflammatory cytokines including
TNF-a, IL1-B, IL6 and an increase in circulating MCP-1 (22), supported the notion that FFA
is a primary link between obesity or high fat feeding and the development of inflammatory
changes (Figure 2). In this context, the increase in circulating MCP-1 in response to an acute
rise in plasma FFA is particularly interesting because MCP-1 is well established to regulate
macrophage recruitment to sites of inflammation (32). The rise in plasma MCP-1 levels,
therefore, may explain the recent observation of macrophage infiltration into the adipose tissue
of obese animals (33).

The early events leading from a rise in circulating FFA to activation of the NF«xB pathway are
not clear but include several possibilities. First, as discussed, an increase in plasma FFA results
in intramyocellular accumulation of DAG and activation of several PKC isoforms (20,22). Gao
et al. have recently shown that the FFA mediated activation of IKK (a kinase involved in the
activation of NF«kB) in fat cell was PKC dependent (34). Thus, DAG mediated PKC activation
may be an upstream effector of NF«kB activation. Second, some recent evidence suggests that
FFA mediated activation of IKK and NF«xB may be, at least partially, mediated by the Toll like
receptor-4 (TLR-4) (25). The TLR-4 pathway, which is essential for the development of innate
immunity to pathogens, triggers production of inflammatory cytokines (35). Thus, it appears
that sensing of excess nutrients such as FFA and sensing of infectious pathogens, may use the
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same signaling pathway and result in the same downstream effects, i.e., inflammation. Third,
obesity and FFA have been shown to induce endoplasmic reticulum stress which can result in
activation of IKK, JNK and inflammatory responses (36) and lastly, several G protein coupled
receptors, including GRP-40 and GRP-120 have been shown to bind FFA (37,38). There is as
yet, however, no evidence that these receptors are involved in any of the FFA activities
discussed here.

FFA AND THE METABOLIC SYNDROME

The increase in the metabolic syndrome (also called the insulin resistance syndrome) is mainly
driven by the worldwide increase in obesity. Not surprisingly, therefore, obesity associated
and fatty acid mediated insulin resistance is intimately connected with all major components
of this syndrome, i.e., T2DM, hypertension and atherogenic dyslipidemia as well as other
components that have not yet been formally included in the metabolic syndrome complex such
as disorders of blood coagulation and fibrinolysis.

Type 2 diabetes (T2DM)

FFA mediated insulin resistance will result in the development of T2DM unless the insulin
resistance is compensated by oversecretion of insulin. There is increasing evidence that FFA
stimulate insulin secretion, acutely and chronically, and that FFA induced insulin resistance is
compensated by FFA mediated oversecretion of insulin in obese but otherwise healthy
individuals (39). However, in pre-diabetic individuals (subjects with inherited predisposition
to develop T2DM including first degree relatives of patients with T2DM) this compensation
fails and the consequence of FFA induced insulin resistance will be T2DM (17,39). This
explains why only ~ 50% of all obese, insulin resistant individuals, namely those who are
unable to compensate, will dlevelop T2DM during their lifetime (40).

Hypertension

FFA induced insulin resistance also reduces endothelial production of nitric oxide through
PKC dependent activation of NAD(P)H oxidase, resulting in increased production of ROS (see
page 5 and ref. 24). Nitric oxide deficiency decreases vasodilatation and promotes the
development of hypertension.

Atherogenic Dyslipidemia

Obesity and insulin resistance are associated with increased production of VLDL-TG. A major
factor for this is believed to be the increased flux of FFA to the liver in combination with insulin
resistance associated hyperinsulinemia. The precise mechanism of this insulin resistance driven
hepatic VLDL overproduction remains, however, uncertain (41).

Disorders of coagulation and fibrinolysis

Hyperinsulinemia, the hallmark of insulin resistance, is now recognized to create a
procoagulant state in diabetic and non-diabetic individuals by increasing circulatory levels of
tissue factor procoagulant activity, increased generation of thrombin, elevated plasma levels
of coagulation factors VIl and VIII and activation of platelets (42,43).

Obesity, insulin resistance and T2DM are also associated with impaired fibrinolysis (44).
Plasma concentrations of plasminogen activator inhibitor 1 (PAI-1), which is the primary
inhibitor of fibrinolysis, are increased in obese insulin resistant individuals and in patients with
T2DM (45,46). PAI-1 downregulates fibrinolysis by inhibiting the production of plasmin and
thus promotes thrombosis. PAI-1 is synthesized in endothelial cells and hepatocytes and is
present in platelets and in plasma (Reviewed in ref. 47). In vitro, PAI-1 secretion is stimulated
by insulin in human adipocytes and by FFAs in hepatocytes. Hence, elevated plasma FFA
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levels, via producing insulin resistance and hyperinsulinemia (with or without hyperglycemia),
promote a state of increased tendency for thrombosis (see above) and decreased ability to lyse
blood clots. Together, this increases the risk for acute vascular events.

FFA and matrix metalloproteinases

Smoking, together with the established, insulin resistance related risk factors for ASVD such
as T2DM, hypertension, atherogenic dyslipidemia and disorders of blood coagulation and
fibrinolysis probably cannot completely explain the obesity/insulin resistance related ASVD
risk (48). This suggests that there may be other ways by which insulin resistance can increase
this risk. Indeed, one such risk factor may be increased activity of several matrix
metalloproteinases (MMPs). MMPs are enzymes with proteolytic activities against connective
tissue proteins such as collagen, proteoglycans and elastin. They control degradation and
remodeling of extracellular matrix. There is accumulating evidence that MMP-2, MMP-9 and
MT-MMP play important roles in the development and progression of heart attacks, strokes,
peripheral arterial disease and aortic aneurysms (49-52). We have recently found that acutely
increasing plasma levels of FFA, particularly when combined with hyperinsulinemia, strongly
increased the activities of MMP-2, MMP-9 and MT-MMP in rat aorta (53). As mentioned,
FFA also promote the release of proinflammatory cytokines which are known to be potent
stimulators of MMP synthesis and release (49). Thus, the combination of increased MMP
activity and inflammatory cytokines may lead to progression of atherosclerotic lesions and
contribute to the increased risk for cardiovascular disease in obese insulin resistant individuals.

FFA AS TARGET FOR THERAPY

Because insulin resistance is at the core of several serious health problems associated with
obesity, insulin resistance should be a major focus of therapy. Whereas weight loss through
diet and exercise is clearly the most desirable way to reduce insulin resistance in obese people,
neither diet and exercise programs nor presently available pharmacological approaches have
been very successful. As pointed out above, elevated plasma FFA levels are responsible for
much of the insulin resistance in obese individuals. Therefore, normalizing plasma FFA levels
can be expected to improve insulin sensitivity. In support, we have shown that normalization
of plasma FFA levels overnight with Acipimox, a nicotinic analog, normalized insulin
resistance in obese, non-diabetic subjects and improved insulin resistance in obese patients
with T2DM (7). Nicotinic acid or longacting nicotinic acid analogs effectively lower plasma
FFA levels. Unfortunately, their use is associated with a rebound of plasma FFA to very high
levels (54), which makes this class of drugs unsuitable for the longterm control of plasma FFA.
Thiazolidinediones (TZD) lower plasma FFA levels longterm and without rebound. They do
this primarily by stimulating fat oxidation through a coordinated induction of genes in adipose
tissue related to FFA uptake, binding, B-oxidation and oxidative phosphorylation (55).
However, TZD mediated lowering of plasma FFA levels is modest, ranging from < 10% to
approximately 20% in most studies (56,57). Moreover, this class of drug has several unwanted
effects which limits their use (58). Fibrates, another class of lipid lowering drugs also lower
plasma FFA levels modestly and without rebound primarily by stimulating fat oxidation in the
liver (59). As both classes of drugs work in different organs (TZDs in fat and fibrates in the
liver) and through different mechanisms (TZDs through activation of PPAR-y and fibrates
through activation of PPAR-a), their use in combination produces greater decreases in plasma
FFA levels as well as greater improvements in insulin sensitivity than the use of either drug
alone (60).

Lowering of plasma FFA, in addition to improving insulin sensitivity, may also prevent
activation of the proinflammatory and proatherogenic NF«B pathway and thus may reduce the
incidence of atherosclerotic vascular problems. Thus, the challenges for the future include the
prevention or correction of obesity and elevated plasma FFA levels through methods that

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boden

Page 6

include decreased caloric intake and increased caloric expenditure, development of easy, fast
and reliable methods to measure FFA in small blood samples (comparable to portable blood
sugar monitoring devices) and development of efficient pharmacological approaches to
normalize increased plasma FFA levels.

SYNOPSIS

Plasma FFA levels are elevated in obesity. FFA cause insulin resistance in all major insulin
target organs (skeletal muscle, liver, endothelial cells) and have emerged as a major link
between obesity, the development of the metabolic syndrome and atherosclerotic vascular
disease. Mechanisms through which FFA induce insulin resistance involve intramyocellular
and intrahepatic accumulation of diacylglycerol and triglycerides, activation of several serine/
threonine kinases, reduction of tyrosine phosphorylation of the insulin receptor substrate 1/2
(IRS 1/2) and impairment of the IRS/phosphatidylinositol 3 kinase pathway of insulin
signaling. FFA also produce low grade inflammation in skeletal muscle, liver and fat through
activation of the nuclear factor-xB and the c-Jun NH, terminal kinase (JNK) pathways,
resulting in release of proinflammatory and proatherogenic cytokines. In addition, FFA
contribute to cardiovascular events by promoting a prothrombotic state by reducing fibrinolysis
and by activating platelets and arterial matrix metalloproteinases (Figure 3).
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Figure 1. Relationship between obesity, insulin resistance, inflammation and atherosclerotic
vascular disease

Obesity causes insulin resistance and a state of low grade inflammation. Both contribute to the
development of several disorders, including T2DM, hypertension, dyslipidemia and disorders
of coagulation and fibrinolysis which are independent risk factors for the development of
atherosclerotic vascular disease. T2DM: Type 2 diabetes mellitus, ASVD: atherosclerotic
vascular disease.
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Figure 2. Potential mechanisms of FFA-induced insulin resistance and inflammation

The key event is an increase in plasma FFA concentration. This leads to the accumulation of
fatty acid CoA and DAG, and activation of PKC in skeletal muscle, liver and vascular
endothelial cells. It is assumed that activation of PKC interrupts insulin signaling by serine
phosphorylation of IRS 1/2, resulting in a decrease in tyrosine phosphorylation of IRS 1/2. In
endothelial cells, PKC has been shown to activate NAD(P)H oxidase, which produces reactive
oxygen species and destroys NO. Elevation of plasma FFA levels also leads to the production
of inflammatory and proatherogenic proteins through activation of the IKK/IxB-o/NF«B and
JNK pathways. The broken lines indicate that activation of PKC by the IKK/IxB-a/NF«B
pathway and by ROS is a possibility that has not yet been demonstrated in human muscle or
liver. Increased FFA-induced insulin resistance reduces glucose uptake in muscle and increases
glucose production in the liver. Together, this results in hyperglycemia. In endothelial cells,
FFA-mediated insulin resistance results in decreased NO and decreased vasodilatation, which
may contribute to the development of hypertension. In muscle and liver, FFA activation of the
IKK/1kB-a/NFxB and JNK pathways results in low grade inflammation, which may promote
ASVD and NAFLD. ASVD: atherosclerotic vascular disease; CoA: Coenzyme A; DAG:
diacylglycerol; FFA: free fatty acids; IRS: insulin receptor substrate; NAD(P)H: nicotinamide
adenine dinucleotide phosphate, reduced; NAFLD: non-alcoholic fatty liver disease; NFxB:
nuclear factor kB; NO: nitric oxide; PI: phosphoinositide; PKC: protein kinase C; ROS:
reactive oxygen species.
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Figure 3. Summary of relation between obesity, FFA and ASVD

Obesity, fat feeding and lipid heparin infusion all raise plasma FFA levels. Elevated plasma
FFA produce insulin resistance via DAG/PKC by decreasing insulin signaling at the IRS 1/2
level. Insulin resistance promotes ASVD via chronic hyperinsulinemia, a state of increased
tendency to blood coagulation and decreased fibrinolysis and by mechanisms not shown here
including hypertension, and atherogenic dyslipidemia. Elevated plasma FFA also cause
inflammation via activation of the NF«kB and JNK pathways. Inflammation can promote ASVD
by increasing the production of inflammatory cytokines and by activation of MMPs. ASVD:
atherosclerotic vascular; DAG: diacylglycerol; INK: c-jun NH, terminal kinase; MMP: matrix
metalloproteinases; PKC: protein kinase C; TF: tissue factor

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2009 September 1.



