have been found infiltrating adipose tissue. Inhibition of inflammatory 2405
signaling pathways such as the nuclear factor-κB (NF-κB) pathway
appears to reduce insulin resistance and improve hyperglycemia in
animal models and is being tested in humans.
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Figure 417-7 Metabolic changes during the development of
type 2 diabetes mellitus (DM). Insulin secretion and insulin sensitivity are related, and as an individual becomes more insulin resistant (by
moving from point A to point B), insulin secretion increases. A failure
to compensate by increasing the insulin secretion results initially in
impaired glucose tolerance (IGT; point C) and ultimately in type 2 DM
(point D). NGT, normal glucose tolerance. (Adapted from SE Kahn: J Clin
Endocrinol Metab 86:4047, 2001; RN Bergman, M Ader: Trends Endocrinol
Metab 11:351, 2000.)
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Increased hepatic glucose and lipid production In type 2 DM, insulin resistance in the liver reflects the failure of hyperinsulinemia to
suppress gluconeogenesis, which results in fasting hyperglycemia
and decreased glycogen storage by the liver in the postprandial state.
Increased hepatic glucose production occurs early in the course of
diabetes, although likely after the onset of insulin secretory abnormalities and insulin resistance in skeletal muscle. As a result of insulin
resistance in adipose tissue, lipolysis and free fatty acid flux from
adipocytes are increased, leading to increased lipid (very-low-density
lipoprotein [VLDL] and triglyceride) synthesis in hepatocytes. This
lipid storage or steatosis in the liver may lead to nonalcoholic fatty
liver disease (Chap. 367e) and abnormal liver function tests. This is
also responsible for the dyslipidemia found in type 2 DM (elevated
triglycerides, reduced high-density lipoprotein [HDL], and increased
small dense low-density lipoprotein [LDL] particles).
Insulin Resistance Syndromes The insulin resistance condition comprises a spectrum of disorders, with hyperglycemia representing one
of the most readily diagnosed features. The metabolic syndrome, the
insulin resistance syndrome, and syndrome X are terms used to describe
a constellation of metabolic derangements that includes insulin
resistance, hypertension, dyslipidemia (decreased HDL and elevated
triglycerides), central or visceral obesity, type 2 DM or IGT/IFG, and
accelerated cardiovascular disease. This syndrome is discussed in
Chap. 422.
A number of relatively rare forms of severe insulin resistance
include features of type 2 DM or IGT (Table 417-1). Mutations in the
insulin receptor that interfere with binding or signal transduction are
a rare cause of insulin resistance. Acanthosis nigricans and signs of
hyperandrogenism (hirsutism, acne, and oligomenorrhea in women)
are also common physical features. Two distinct syndromes of severe
insulin resistance have been described in adults: (1) type A, which
affects young women and is characterized by severe hyperinsulinemia,
obesity, and features of hyperandrogenism; and (2) type B, which
affects middle-aged women and is characterized by severe hyperinsulinemia, features of hyperandrogenism, and autoimmune disorders.
Individuals with the type A insulin resistance syndrome have an
undefined defect in the insulin-signaling pathway; individuals with
the type B insulin resistance syndrome have autoantibodies directed at
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glucose usage (glycogen formation) than in oxidative glucose metabolism through glycolysis. Glucose metabolism in insulin-independent
tissues is not altered in type 2 DM.
The precise molecular mechanism leading to insulin resistance
in type 2 DM has not been elucidated. Insulin receptor levels and
tyrosine kinase activity in skeletal muscle are reduced, but these
alterations are most likely secondary to hyperinsulinemia and are not a
primary defect. Therefore, “postreceptor” defects in insulin-regulated
phosphorylation/dephosphorylation appear to play the predominant
role in insulin resistance. Abnormalities include the accumulation of
lipid within skeletal myocytes, which may impair mitochondrial oxidative phosphorylation and reduce insulin-stimulated mitochondrial
ATP production. Impaired fatty acid oxidation and lipid accumulation
within skeletal myocytes also may generate reactive oxygen species
such as lipid peroxides. Of note, not all insulin signal transduction
pathways are resistant to the effects of insulin (e.g., those controlling
cell growth and differentiation using the mitogenic-activated protein
kinase pathway). Consequently, hyperinsulinemia may increase the
insulin action through these pathways, potentially accelerating diabetesrelated conditions such as atherosclerosis.
The obesity accompanying type 2 DM, particularly in a central
or visceral location, is thought to be part of the pathogenic process
(Chap. 415e). In addition to these white fat depots, humans now are
recognized to have brown fat, which has much greater thermogenic
capacity. Efforts are under way to increase the activity or quantity of
brown fat (e.g., a myokine, irisin, may convert white to brown fat). The
increased adipocyte mass leads to increased levels of circulating free
fatty acids and other fat cell products. For example, adipocytes secrete
a number of biologic products (nonesterified free fatty acids, retinolbinding protein 4, leptin, TNF-α, resistin, IL-6, and adiponectin). In
addition to regulating body weight, appetite, and energy expenditure,
adipokines also modulate insulin sensitivity. The increased production
of free fatty acids and some adipokines may cause insulin resistance in
skeletal muscle and liver. For example, free fatty acids impair glucose
utilization in skeletal muscle, promote glucose production by the liver,
and impair beta cell function. In contrast, the production by adipocytes of adiponectin, an insulin-sensitizing peptide, is reduced in obesity, and this may contribute to hepatic insulin resistance. Adipocyte
products and adipokines also produce an inflammatory state and may
explain why markers of inflammation such as IL-6 and C-reactive protein are often elevated in type 2 DM. In addition, inflammatory cells

Impaired insulin secretion Insulin secretion and sensitivity are interrelated (Fig. 417-7). In type 2 DM, insulin secretion initially increases
in response to insulin resistance to maintain normal glucose tolerance.
Initially, the insulin secretory defect is mild and selectively involves
glucose-stimulated insulin secretion, including a greatly reduced first
secretory phase. The response to other nonglucose secretagogues, such
as arginine, is preserved, but overall beta function is reduced by as
much as 50% at the onset of type 2 DM. Abnormalities in proinsulin
processing are reflected by increased secretion of proinsulin in type 2
DM. Eventually, the insulin secretory defect is progressive.
The reason(s) for the decline in insulin secretory capacity in type
2 DM is unclear. The assumption is that a second genetic defect—
superimposed upon insulin resistance—leads to beta cell failure. Beta
cell mass is decreased by approximately 50% in individuals with longstanding type 2 DM. Islet amyloid polypeptide or amylin, co-secreted
by the beta cell, forms the amyloid fibrillar deposit found in the islets of
individuals with long-standing type 2 DM. Whether such islet amyloid
deposits are a primary or secondary event is not known. The metabolic
environment of diabetes may also negatively impact islet function.
For example, chronic hyperglycemia paradoxically impairs islet function (“glucose toxicity”) and leads to a worsening of hyperglycemia.
Improvement in glycemic control is often associated with improved
islet function. In addition, elevation of free fatty acid levels (“lipotoxicity”) and dietary fat may also worsen islet function. Reduced GLP-1
action may contribute to the reduced insulin secretion.
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