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T

he clustering of several metabolic factors in the
metabolic syndrome increases the risk of both
cardiovascular disease (CVD) and glucose intolerance. Persons with more components of
the syndrome are likely to have progressively severe
insulin resistance and are more likely to exhibit glucose intolerance. This article reviews the association
between the metabolic syndrome and the development of insulin resistance and glucose intolerance and
discusses an approach to screening persons at risk for
impaired glucose tolerance.
CASE PRESENTATION
A 46-year-old African-American man presents for a
check up as a new patient. The patient leads a sedentary
lifestyle. His father developed diabetes at age 50 years and
died of a heart attack at age 67 years. The patient’s history is otherwise unremarkable, but he has gained 40 lb in
the past 5 to 10 years. On examination, he is 5 ft 8 in tall
and weighs 220 lb, with a waist circumference of 41 in.
His blood pressure is 142/88 mm Hg. Aside from obesity,
his examination is unremarkable. His electrocardiogram
shows left axis deviation with large complexes in leads V2
through V5. A blood sample obtained at the time of the
visit reveals a serum alanine aminotransferase level of
42 U/L (normal, 10–40 U/L) and a glucose level of
146 mg/dL; however, the patient finished lunch 1 hour
before the appointment. A fasting blood sample reveals
the following: glucose, 112 mg/dL; total cholesterol,
210 mg/dL; triglyceride, 150 mg/dL; high-density
lipoprotein (HDL) cholesterol, 45 mg/dL; and lowdensity lipoprotein (LDL) cholesterol, 135 mg/dL.
Given the patient’s increased waist circumference,
blood pressure, and fasting glucose level, the physician
makes a diagnosis of metabolic syndrome.
• Is this patient likely to have insulin resistance?
This patient meets the Adult Treatment Panel III
criteria for metabolic syndrome (ie, at least 3 of 5 criteria: obesity determined by waist circumference, hyper-
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TAKE HOME POINTS
• The metabolic syndrome is associated with an increased risk for glucose intolerance.
• In patients with insulin resistance, glucose intolerance (impaired glucose tolerance [IGT] and type
2 diabetes) develops if insulin secretion from pancreatic beta cells is insufficient to overcome insulin
resistance.
• Individuals older than 45 years and with a body
mass index over 25 kg/m2 or those younger than
45 years who have additional risk factors should undergo an oral glucose tolerance test to screen for
IGT and unrecognized diabetes.
• Treatment of the metabolic syndrome should be
aimed at decreasing insulin resistance, preserving
beta-cell function, and minimizing cardiovascular
risk.
• Lifestyle change via proper diet and increased
physical activity should be the primary therapeutic
strategy along with correcting hypertension and
dyslipidemia to low-risk targets. Aspirin should be
used to optimize risk reduction.

tension, fasting glucose level ≥ 110 mg/dL, increased
triglycerides, and low HDL cholesterol). Insulin resis
tance has been considered as a possible unifying factor
that may lead to the development of the components
of the metabolic syndrome. Several epidemiologic
studies have shown that markers of insulin resistance
(eg, plasma insulin, glucose parameters, measures of
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obesity, and lipid abnormalities) are intercorrelated,
suggesting that insulin resistance may be a common
underlying mediator.1 Although insulin resistance and
hyperinsulinemia have been associated with hypertension,2 blood pressure in many of these studies is less
intercorrelated,1 suggesting that blood pressure may
involve different etiologic pathways.
Obese persons as well as lean persons with normal
glucose tolerance and a family history of diabetes often
have insulin resistance, which may be mediated by several factors. The adverse effects of obesity reflect the
metabolic and hormonal activity of the adipose organ,
particularly visceral adipose tissue. Visceral fat has greater
metabolic effects than fat in other sites,3 and waist circumference is a stronger predictor of diabetes risk than
body mass index (BMI) or waist/hip ratio.4 Obesity is
associated with detrimental changes in adipocyte secretion of adipocytokines, with increased levels of free fatty
acids, tumor necrosis factor (TNF)-α, interleukin (IL)-6,
plasminogen-activator inhibitor-1 (PAI-1), leptin, and
resistin as well as decreased adiponectin levels. In the
liver, the excess delivery of fatty acids leads to increased
triglyceride content (fatty liver), increased hepatic gluconeogenesis and glycogenolysis, and increased synthesis
and secretion of very low-density lipoprotein (VLDL)
cholesterol, leading to abnormalities in glucose metabolism and increased triglyceride levels. Intramyocellular
triglyceride accumulation in muscle tissue has been associated with insulin resistance,5 but the mechanism is not
known. It is highly likely that this obese patient with the
metabolic syndrome and elevated alanine aminotransferase level has insulin resistance and a fatty liver.
• Should insulin sensitivity be measured in this pa
tient?
Accurate, practical measures of insulin resistance are
not available to most clinicians. However, having such
a tool would not alter management decisions in most
patients with the metabolic syndrome for 2 reasons. First,
insulin resistance alone is not a sufficient predictor of the
development of type 2 diabetes. Although insulin resistance is an important component in the pathogenesis of
type 2 diabetes, it must be accompanied by beta-cell dysfunction for the disease to occur. Second, most patients
with the metabolic syndrome already exhibit clinical
manifestations of insulin resistance that by themselves
would warrant management to prevent the development
of CVD and diabetes—the major adverse outcomes related to the metabolic syndrome—without quantitation
of the degree of insulin resistance. Patients with the metabolic syndrome usually have increased BMI and waist
circumference, and the presence of these markers is an
www.turner-white.com

Table 1. Glucose Tolerance (American Diabetes Association
Criteria)
Fasting

OGTT*

Normal

< 100 mg/dL

< 140 mg/dL

Impaired

100–125 mg/dL

140–199 mg/dL

Diabetes

≥ 126 mg/dL

≥ 200 mg/dL

IGT = impaired glucose tolerance; OGTT = oral glucose tolerance test.
*2-Hr glucose, 75 g.

indication that hypertension, dyslipidemia, and other ab
normalities should be treated aggressively.
• What is the likelihood that the patient has glucose
intolerance or diabetes?
GLUCOSE INTOLERANCE AND BETA-CELL DYSFUNCTION
The increasing prevalence of diabetes in the United
States can be attributed to changes in demographics: we
have become older, heavier, and more sedentary—more
likely to be insulin resistant—and the population is
enriched with racial/ethnic groups with a genetic predisposition to diabetes. Because of these trends, the lifetime risk of developing diabetes for individuals born in
2000 is estimated at 33% for men and 38% for women.6
Although the case patient has a normal level of triglycerides, he has increased waist size and impaired fasting glucose (IFG) by either World Health Organization
(WHO) or American Diabetes Association (ADA) criteria (Table 1), evidence of early glucose intolerance. The
Baltimore Longitudinal Study of Aging characterized the
appearance of glucose intolerance during the natural
history of beta-cell dysfunction.7 In individuals with normal glucose tolerance at baseline, 14% had progressed to
abnormal fasting plasma glucose (110 mg/dL) after
10 years, but 48% had developed abnormal post
challenge glucose (140 mg/dL) by this time, showing
that impaired glucose tolerance (IGT) precedes IFG
in the natural history of the development of beta-cell
failure. Studies in other populations also indicate that
postchallenge glucose (and presumably postprandial
glucose) tends to rise earlier than fasting glucose as glucose intolerance develops.
When glucose levels rise, the normal beta cell re
sponds with both first- and second-phase secretion of
insulin. First-phase insulin secretion (rapid) reflects
release of insulin previously synthesized and stored in
secretory granules, for which the glucose signal triggers
exocytosis, while second-phase insulin secretion (slow)
requires synthesis of new insulin molecules. As shown in
Hospital Physician July 2006
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Figure 1, individuals with IGT have extensive loss of firstphase insulin secretion and a reduced second phase,
and individuals with type 2 diabetes have little first-phase
insulin release at all.8 Impaired first-phase insulin release
due to early beta-cell dysfunction results in inadequate
suppression of hepatic glucose output, which is a major
cause of postchallenge/postprandial hyperglycemia.
Postprandial hyperglycemia, resulting from the
combination of insulin resistance and early beta-cell
dysfunction, is associated with increased oxidative
stress. Administration of streptozocin to induce diabetes in monkeys leads to the accumulation of the reactive nitrogen species ortho-tyrosine and meta-tyrosine in
vascular tissue, and the tissue concentrations of these
products are strongly correlated with circulating levels
of glycosylated hemoglobin (HbA1c) in the animals.
Patients with diabetes also have elevated circulating levels of nitrotyrosine compared to nondiabetic subjects.9
Following a meal, patients with type 2 diabetes exhibit
a rise in circulating levels of both malondialdehyde
and nitrotyrosine.9 Although nondiabetic persons have
less of a response to such meal challenges, induction
of acute but sustained hyperglycemia with a glucose
clamp leads to a progressive rise in nitrotyrosine even
in healthy persons.10 In combination, these findings
indicate that acute hyperglycemia produces oxidative
stress, and that the oxidative stress responses are increased in individuals with diabetes, who have exaggerated postprandial hyperglycemia.
Mechanisms Of The Development Of Beta-cell
Dysfunction With The Metabolic Syndrome
Systemic Oxidative Stress
Obesity results in increased local oxidative stress in adipocytes. In an elegant report from Furukawa et al,11 the
development of preadipocytes into adipocytes was shown
to be associated with increased production of reactive
oxygen species (ROS), such as H2O2 and superoxide.
ROS production in white adipose tissue of obese mice
reflects underlying increases in NADPH oxidase and de
creases in antioxidant enzymes. There is also increased
expression of the transcription factor PU.1, which stimu-
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Figure 1. Reduced first- and second-phase
insulin secretion in individuals with impaired
glucose tolerance (IGT) and diabetes. (Adapted
with permission from Stumvoll M, Fritsche A,
Stefan N, Haring H. A 60 minute hyperglycemic
clamp is sufficient to assess both phases of in
sulin secretion. Horm Metab Res 2000;32:231.)

lates NADPH oxidase gene transcription, and increased
expression of NADPH oxidase 4 (NOX4), which is involved in generation of H2O2. Accumulation of fatty acids
increases production of ROS by steps requiring NADPH
oxidase, and accumulation of ROS further stimulates expression of PU.1 and NOX4—a vicious cycle.
Systemic “messages” from the adipose organ (ie, free
fatty acids, adipocytokines, and systemic oxidative stress)
can challenge beta-cell function both indirectly (via increased insulin resistance in fat, muscle, and liver) and
directly (via local effects). As outlined above, increased
adiposity leads to insulin resistance, which reflects both
the accumulation of triglycerides in muscle and liver,
and the effects of increased levels of adipocytokines
and free fatty acids. Obese humans have increased
circulating oxidative stress, which is associated with increases in free fatty acids, TNF-α, IL-6, and leptin as well
as decreases in adiponectin; these adipocytokines are
significantly correlated with increases in BMI and waist
circumference. Measures of oxidative stress are also
inversely correlated with adiponectin levels, and similar
abnormalities are present in animal models of obesity.11
In obese KKAy mice, the decrease in circulating adiponectin reflects underlying decreases in expression in
adipose tissue. Such alterations in adiponectin appear
to be secondary to increased local oxidative stress, as its
secretion from adipocytes is decreased by administration of H2O2 and enhanced by administration of the
antioxidant N-acetylcysteine (NAC). Moreover, administration of apocynin, an NADPH oxidase inhibitor that
decreases adipose tissue lipid peroxidation and production of H2O2, increased expression of adiponectin and
decreased expression of TNF-α. In this animal model,
apocynin also reduced hepatic and circulating triglycerides and lowered glucose levels, supporting the hypothesis that such features of the metabolic syndrome and
associated development of glucose intolerance reflect
pivotal contributions from oxidative stress in adipose
tissue.
Animal models of diabetes also exhibit increased triglyceride content and oxidative stress as measured by 8OHdG and hydroxynonenal (HNE)-modified proteins,
www.turner-white.com

Phillips & Rhee : Glucose Intolerance : pp. 26–38, 71

and direct exposure of islets and/or beta cells to fatty
acids or ROS decreases beta-cell function. Glucosesensitive insulin secretion (GSIS) is decreased by exposure of islets or cultured beta cells to high levels of fatty
acids12 and to HNE or lipid peroxidation products.13
Such observations provide evidence that adipose organ
“messages,” such as fatty acids and ROS, can have direct
adverse effects on beta-cell function.

Table 2. Beta-Cell Oxidative Stress Leads to Glucose
Intolerance: Underlying Mechanisms

Local Production of ROS
Individuals with glucose intolerance characteristically exhibit decreased islet and beta-cell mass, decreased
islet insulin content, and decreased GSIS. Current evidence indicates that beta-cell oxidative stress, especially
high levels of superoxide, plays an important role in
causing important functional abnormalities: increased
apoptosis mediated in part by a fall in levels of the antiapoptotic Bcl-2 protein, decreased insulin synthesis
mediated in part by a fall in the transcription factor
PDX-1 (a regulator of insulin gene transcription),
and decreased GSIS mediated by a rise in uncoupling
protein-2 (UCP-2) (Table 2).
Increased apoptosis. Individuals with type 2 diabetes
have a decrease in islet and beta-cell mass, reflecting an
imbalance between apoptosis and generation of new
beta cells. Animal models of diabetes exhibit increased
islet apoptosis, as seen in both diabetic and prediabetic Zucker diabetic fatty (ZDF) rats. Oxidative stress
appears to mediate the increase in apoptosis and fall
in beta-cell mass because treatment of spontaneously
diabetic db/db mice with the antioxidant NAC reduces
islet apoptosis without affecting beta-cell proliferation.14 It seems likely that the increase in apoptosis is
due in part to a superoxide-induced fall in the antiapoptotic protein Bcl-2 (which prevents caspase activation). In T cells, there is a strong inverse correlation
between superoxide levels and Bcl-2 levels, and antioxidant treatment increases Bcl-2 expression.15
Decreased insulin synthesis. In the ZDF rat, a wellaccepted model of type 2 diabetes, the development
of hyperglycemia is associated with a progressive fall
in levels of insulin messenger RNA (mRNA) in their
pancreatic islets, attributed to an underlying decrease in
expression of PDX-1, which regulates insulin gene transcription. Treatment of the animals with troglitazone,
an insulin-sensitizing agent, reduces hyperglycemia and
partially restores levels of PDX-1 and insulin mRNA.
Treatment with NAC partially restores levels of PDX-1
and insulin mRNA, evidence for mediation by increased
oxidative stress. The promotion of insulin synthesis requires movement of PDX-1 from the cytoplasm to the
nucleus, but exposure of cultured beta cells to H2O2 in

UCP-2 = uncoupling protein-2.
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Superoxide
Process

Impact

↓ Bcl-2

↑ Apoptosis, ↓ beta-cell mass

↓ PDX-1

↓ Insulin synthesis

↑ UCP-2

↓ Glucose-sensitive secretion

vitro causes PDX-1 to translocate from the nucleus to the
cytoplasm.16 Thus, oxidative stress appears to decrease
synthesis of insulin both by decreasing PDX-1 expression
and by retaining PDX-1 in the cytoplasm, where it is transcriptionally inactive.
Decreased GSIS. The normal beta cell is metabolically constituted to respond promptly to a rise in circulating
glucose levels (Figure 2). The high-Km glucose transporter GLUT2 moves glucose into the cell, and the high-Km
hexokinase isoform glucokinase facilitates glycolytic processing. Reducing equivalents are generated via the tricarboxylic acid (TCA) cycle, which increases the ATP/
ADP ratio via oxidative phosphorylation. This closes an
ATP-sensitive potassium channel, depolarizing the cell,
and results in activation of a voltage-gated calcium channel. The rise in intracellular calcium triggers exocytosis
of insulin secretory granules, releasing insulin.
The production of ATP involves flux through the
mitochondrial electron-transport chain (Figure 3), in
which electrons are donated from reducing equivalents
(NADH and FADH2) to complexes in the inner mitochondrial membrane, generating a proton gradient that
provides energy to drive synthesis of ATP. However, when
the proton gradient becomes too high (from exposure
to high glucose levels), electron transport is partially inhibited, electrons back up to a free radical intermediate
of coenzyme Q, and superoxide is generated.17 When
islet cells are exposed to high glucose concentrations, superoxide levels rise18,19 as was demonstrated in ZDF rats
both in the diabetic and prediabetic (normoglycemic)
stage of development.19 Activation of UCP-2 by superoxide permits the energy in the proton gradient to be dissipated as heat rather than generation of ATP.20
Increasing evidence indicates that the effect of oxi
dative stress to decrease GSIS is mediated by UCP-2.
UCP-2 is a membrane protein that increases proton
leak across the inner mitochondrial membrane, “uncoupling” the link between the electron transport chain
and oxidative phosphorylation as well as reducing
the electrochemical gradient that drives synthesis of
ATP.21,22 It appears that superoxide activates UCP-2
Hospital Physician July 2006

31

Phillips & Rhee : Glucose Intolerance : pp. 26–38, 71

Figure 2. Normal insulin release by beta cells in
response to glucose. ADP = adenosine diphosphate;
ATP = adenosine triphosphate; TCA = tricarboxylic
acid. (Adapted with permission from Brownlee M. A
radical explanation for glucose-induced beta cell dysfunction. J Clin Invest 2003;112:1789.)
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H+

ATP
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Figure 3. ATP production by the mitochondrial electron transport chain. ADP = adenosine diphosphate;
ATP = adenosine triphosphate; Cyt c = cytochrome
c; FAD = flavin adenine dinucleotide; NAD = nicotin
amide adenine dinucleotide; UCP-2 = uncoupling
protein-2. (Adapted with permission from Brownlee
M. A radical explanation for glucose-induced beta cell
dysfunction. J Clin Invest 2003;112:1789.)
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Beta-Cell Defense Against Oxidative Stress
Beta cells express NADPH oxidase and can gener-
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from the matrix side of the mitochondrial membrane,
but it may not activate UCP-2 directly. Instead, superoxide generates a cascade of lipid peroxidation reactions,
and it is the lipid peroxidation products (eg, HNE) that
activate UCP-2. Adenoviral overexpression of UCP-2 in
cultured human islets leads to reductions in the proton
gradient and ATP content,23 with subsequent inhibition of GSIS.21 Conversely, UCP-2 knockout mice have
higher islet ATP levels and improved GSIS, along with
increased insulin and lower glucose levels in the circulation.24 Exogenous superoxide increases proton leak in
isolated wild-type mitochondria.25 However, in UCP-2
knockout mice, superoxide has no effect on either mitochondrial proton leak or islet ATP levels and GSIS,18
thus confirming that the presence of UCP-2 is necessary for the detrimental effect of superoxide on these
processes. Such tissue evidence for the physiologic significance of UCP-2 is reinforced by the observation that
type 2 diabetes patients who carry a UCP-2 polymorphism that increases promoter activity are likely to need
insulin, presumably reflecting early beta-cell failure.
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ate ROS but have low levels of the antioxidant enzymes
required to ameliorate oxidative stress. Compared to
liver, both islets and beta-cell lines have reduced levels
of superoxide dismutase, which is needed to inactivate
superoxide, and low levels of catalase and glutathione
peroxidase, which are needed to inactivate H2O2.26 Accordingly, beta cells are more likely than other tissues
to exhibit functional abnormalities as a result of exposure to either systemic ROS or local ROS. Individuals
with the metabolic syndrome tend to develop glucose
intolerance partly due to the inability of the beta cell
to defend against oxidative stress. Analogous to the
“canary in the coal mine” (whose distress was regarded
as a sign of the presence of toxic gases), hyperglycemia
can be viewed as a signal of systemic oxidative stress
that confers risk to other body tissues and organs such
as the cardiovascular system.
• Is it important to screen for glucose intolerance in
this patient?
SCREENING FOR GLUCOSE INTOLERANCE
Screening for glucose intolerance has largely been
based on glycemic indicators. Because individuals with
www.turner-white.com
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IGT often have normal HbA1c levels, it is not surprising
that HbA1c is not sensitive in detecting IGT in several
different populations. Accordingly, screening should in
volve measurement of glucose levels with an oral glucose
tolerance test (OGTT). There is a nonlinear quadratic
rise in post-challenge glucose as fasting glucose increases,
and fasting glucose measurements often fail to recognize
both IGT and “isolated post-challenge hyperglycemia”
(IPH-diabetes, or patients with normal fasting glucose
levels who have diabetes as shown by OGTT).27 Because
of the intrinsic limitations of fasting glucose screening,
poor sensitivity is obtained even with lower cutoff levels.28
In addition, inability to recognize IPH-diabetes is a particular problem because the prevalence of IPH-diabetes
increases with age. Finally, IGT is more likely than IFG
to be associated with insulin resistance and the development of CVD. In the Insulin Resistance Atherosclerosis
Study,29 which used an intravenous glucose tolerance test
to assess acute insulin response to glucose, IGT patients
had higher insulin resistance than IFG patients, along
with higher levels of triglycerides and C-reactive protein.
These patterns were similar among non-Hispanic whites,
African Americans, and Hispanics.30 Consistent with these
findings, IGT and higher postchallenge glucose also
conferred higher cardiovascular mortality than IFG and
elevated fasting glucose in the DECODE Study.30 Given
the increased risk conferred by IGT, it is particularly
important when screening for glucose intolerance to
use OGTT rather than fasting glucose measurements in
order to recognize both IGT and early diabetes.
At present, many patients at risk are not being
screened. However, the Centers for Disease Control
and Prevention (CDC) and the Diabetes Prevention
Program (DPP) research group recently projected
(1) that incremental increases in costs associated with
screening and earlier treatment would be in a range
generally acceptable to US health care systems and that
there would be particular value in screening younger
individuals and minority populations at high risk; and
(2) that treatment should be especially cost-effective in
younger individuals recognized early in their natural
histories.31,32
In addition to glucose, measurement of risk factors
such as those found in the metabolic syndrome, as well
as age, sex, ethnicity, and family history of diabetes, can
help identify individuals who are at risk for diabetes and
CVD. For example, 7.5-year incident diabetes in the
San Antonio Heart Study (SAHS) could be predicted
by a model including age, sex, ethnicity, fasting glucose,
systolic blood pressure, HDL cholesterol, BMI, and
first-degree family history of diabetes.33 Although some
have argued that the utility of such non-OGTT risk facwww.turner-white.com

tors might make use of the OGTT unnecessary, recent
SAHS studies showed IGT to be more powerful than
the metabolic syndrome as a predictor of diabetes risk.34
Moreover, the major issue is not predicting diabetes
years later, but identification of IGT (and previously
unrecognized diabetes) now, for which an OGTT is essential as pointed out by the CDC group.35,36 In addition,
risk factors such as BMI and waist/hip ratio have varying
pathophysiologic significance in different racial/ethnic
groups, and risk-factor-based models may have limited applicability in multicultural populations37,38 For
example, 64% of African Americans have BMI of at least
25 and 40% have hypertension, which are indications
for screening. Yet only 13% of patients demonstrated
IGT in NHANES III,39 whereas many individuals with
IGT and hyperglycemia may actually have few risk factors.40–42 Such considerations argue in favor of OGTTbased screening of a wide population as currently recommended by the ADA and the National Institutes of
Health,43 including most individuals over 45 years of
age and younger individuals who are overweight, such
as the case patient.
Case Presentation Continued
Testing in the case patient show a fasting glucose
level of 98 mg/dL and a 2-hour postchallenge glucose
level of 161 mg/dL, indicating the presence of IGT.
• What risk does IGT confer?
Risks associated with igt
IGT carries a high risk for development of diabetes.
In the SAHS, the risk of developing diabetes was signaled by the presence of IGT alone with a considerably
higher positive predictive value as compared with the
presence of the metabolic syndrome alone.34 The rate
of progression from IGT to diabetes in the control arm
was 11% per year in the DPP,44 and ranged from 2.5%
to 9% per year in different populations. Saad et al45
found in a Pima Indian population that even a single
transient finding of IGT tripled the risk of developing diabetes. In 1245 Italian subjects, IGT had much
greater sensitivity for determining progression to diabetes than IFG (33% versus 9%), with little difference
in specificity (93% versus 97%).46
IGT also confers risk for the development of CVD.
Diabetes is a coronary heart disease risk equivalent,47
and a strong correlation between hyperglycemia and
CVD has been shown in numerous studies. IGT conferred a 2.2-fold increase in risk of cardiovascular death
in the Funagata Diabetes Study, 48 but the contribution
of IFG was not significant; similar results were obtained
Hospital Physician July 2006
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in NHANES II.49 In the Nurses Health Study, the authors concluded that the finding of a 2.6-fold increase
in risk of myocardial infarction prior to diagnosis of
diabetes may be due to a greater proportion of participants with IGT.50 Thus, while individuals with IGT may
not yet have developed microvascular complications,
their cardiovascular risk is substantial.
Although individuals with diabetes or IGT often
have the metabolic syndrome,51 hyperglycemia in the
range of IGT impairs endothelial function and increases cardiovascular risk independently of other risk
factors.49,51,52 The impact of postchallenge glucose on
coronary artery disease and/or cardiovascular mortality
persisted after adjustment for risk factors such as age,
BMI, hypertension, lipids, and smoking in several studies.52–55 In mechanistic studies, increased carotid intimamedia thickness (IMT) was more strongly associated
with increased 2-hour plasma glucose levels than with
increased HbA1c levels, and IMT was greater in patients
with IGT compared to individuals with normal glucose
tolerance.56 Moreover, IGT was a strong predictor of
5-year change in carotid IMT and was associated with
increased coronary artery calcification.57 Thus, since
approximately 25% of patients with newly diagnosed
type 2 diabetes already have evidence of CVD58 and the
beta-cell defects that underlie diabetes may begin approximately 12 years before the diagnosis is made,59 it
will be important to identify patients earlier, when they
have IGT.
• How should the patient be managed?
TREATMENT
The goal of therapy in patients with the metabolic
syndrome is to minimize the risk for the development
of CVD and diabetes. To address CVD risk factors, optimal blood pressure control should be achieved as recommended in the JNC-VII report.60 Additional benefit
should be obtained by lowering LDL cholesterol levels,61–63 lowering triglyceride levels,64,65 and raising HDL
cholesterol levels64,66 as recommended by the National
Cholesterol Education Program. Since the benefit of
aspirin therapy in CVD prevention is well-established,67
aspirin should be used as well.
Approaches to prevent the development of CVD
and type 2 diabetes should be considered in patients
with the metabolic syndrome, particularly in those
with IFG or IGT. Diets high in fruits, vegetables, and
fiber are associated with lower risk of CVD,68 improved
glucose and lipid levels in patients with diabetes,69 and
improved endothelial dysfunction in patients with
the metabolic syndrome.70 In overweight individuals,
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weight loss improves the risk factors for CVD71 and
diabetes and reduces insulin resistance.72 In the DPP,44
an intensive diet and exercise program led to a 58%
reduction in the incidence of diabetes in patients with
IGT. Thus, combining high fiber, low saturated fat
diets with regular exercise and weight loss should reduce the risk of CVD and diabetes in patients with the
metabolic syndrome.
Diabetes-Related Medications
Metformin, a biguanide, acts by decreasing hepatic
glucose production, increasing peripheral glucose utilization, and reducing intestinal glucose absorption. These
actions are mediated largely by stimulation of AMPactivated protein kinase,73 which inhibits lipolysis, lipogenesis, and cholesterol and triglyceride synthesis as well
as stimulates fatty acid oxidation and glucose uptake. The
resulting decrease in insulin resistance, gluconeogenesis,
and VLDL production lowers glucose, fatty acid, and
triglyceride levels73 and should decrease the risk of CVD
and diabetes in individuals with the metabolic syndrome.
Metformin treatment reduced incidence of myocardial
infarction in a subgroup of patients with diabetes in the
UKPDS74 and reduced the development of diabetes by
31% in IGT patients in the DPP.44
Thiazolidinediones (TZDs; rosiglitazone, pioglitazone) bind to PPARγ, a nuclear transcription factor,
increase insulin sensitivity in adipose tissue, muscle, and
liver, and improve lipid abnormalities by decreasing free
fatty acid levels, enhancing lipogenesis, and increasing
adipocyte differentiation. TZDs also help to preserve
beta-cell function. TZD treatment reduced progression
to diabetes by 55% in women with prior gestational
diabetes75 and reduced in-stent restenosis in diabetic patients with CAD.76 Such evidence suggests that TZD treatment may decrease the incidence of diabetes and CVD
in high-risk individuals with the metabolic syndrome.
Postprandial hyperglycemia is associated with in
creased oxidative stress, and agents that reduce postprandial hyperglycemia might improve CVD risk.
α-Glucosidase inhibitors (acarbose, miglitol) inhibit the
breakdown of disaccharides to absorbable monosaccharides, and in subjects with IGT, acarbose treatment
reduced the development of diabetes by 36%77 and
cardiovascular events by 49%.78 Rapid-acting, nonsulfonylurea insulin secretagogues (repaglinide and
nateglinide) inhibit the ATP-dependent potassium
channel on pancreatic beta cells, with subsequent stimulation of insulin release. These medications have a
more rapid onset and shorter duration of action than
sulfonylureas, are more effective in lowering postprandial hyperglycemia, and carry less risk of hypoglycemia.
www.turner-white.com
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In patients with type 2 diabetes, repaglinide reduced ca
rotid IMT and C-reactive protein levels79 and improved
brachial reactivity and levels of oxidative stress.80 The
potential preventive utility of nateglinide in patients
with IGT is currently under investigation. Along with
the potential benefits of these agents in reducing risk
of CVD and diabetes, it is important to consider the potential risks of therapy. The sulfonylureas, and to a lesser extent, repaglinide, carry a risk of hypoglycemia and
weight gain, and sulfonylureas may also accelerate betacell apoptosis.81 Treatment with α-glucosidase inhibitors
has been associated with gastrointestinal distress.
Targeting the Renin-Angiotensin System
Mounting evidence suggests that the renin-angiotensin
system (RAS) may also be an important component
underlying the development of CVD and diabetes. The
RAS contributes to endothelial dysfunction, inflammation, and oxidative stress, and the importance of the
RAS for CVD has been shown in patients with diabetes
by a reduction of CVD events and mortality; these benefits are independent of effects on glucose and blood
pressure by angiotensin–converting enzyme (ACE) inhibitors82 and angiotensin-receptor blockers (ARBs).83
Moreover, ACE inhibition improves both insulin resistance84 and beta-cell function,85 and ACE inhibitors86
and ARBs87 reduced the incidence of diabetes in prospective studies. These studies sugg est that RAS blockade in individuals with the metabolic syndrome may
reduce the risk of both CVD and diabetes.
An Integrative View
As patients experience life changes that predispose
to insulin resistance (eg, aging, weight gain, and de
crease in physical activity), many will develop the metabolic syndrome. It seems likely that lack of full congruence between the metabolic syndrome and insulin
resistance88,89 reflects both variable contributions from
the different components of the syndrome and genetic
predisposition. At the same time, not all individuals
who exhibit insulin resistance and/or the metabolic
syndrome will develop glucose intolerance, also reflecting varying genetic predisposition. However, the beta
cell has intrinsic metabolic vulnerability to the oxidative stress that results from insulin resistance. Although
the metabolic syndrome is not a perfect indicator of
insulin resistance, individuals with more components
of the syndrome and more severe abnormalities are
likely to have progressively severe insulin resistance
and are correspondingly more likely to exhibit glucose
intolerance.
When patients with the metabolic syndrome develwww.turner-white.com

op hyperglycemia, the relative insulin secretory defect
that underlies the hyperglycemia is likely to make the
glucose intolerance worse. Relative insulin deficiency
will accelerate lipolysis and raise free fatty acid levels,
increasing triglyceride deposition in liver and muscle
(increasing insulin resistance). The associated increase
in oxidative stress will further compromise beta-cell
function, increasing apoptosis and decreasing insulin
synthesis and glucose-dependent insulin secretion. If
left untreated, this “vicious cycle” will lead to progressive beta-cell failure and rising glucose levels.
Ideally, treatment of the metabolic syndrome should
be aimed at decreasing insulin resistance, preserving
beta-cell function, and minimizing cardiovascular risk.
Lifestyle change via proper diet and increased physical activity should be the primary therapeutic strategy
since this has been shown to be both efficacious and
cost-effective in patients with IGT. Hypertension and
dyslipidemia should also be corrected to reach low-risk
targets, together with use of aspirin to optimize risk re
duction. Further studies will be required to determine
whether additional benefit can be obtained via use of
antioxidants, ACE inhibitors, or ARBs.
It should be emphasized that it is easier to prevent
the development of diabetes than to treat diabetes and
that it is easier to treat diabetes early in its natural history than to treat it late; both lifestyle change and medical therapy can decrease the progression from IGT to
diabetes. Accordingly, it is important to use OGTTs to
screen for glucose intolerance in individuals with the
metabolic syndrome to detect both IGT and previously
unrecognized diabetes.
SUMMARY
The metabolic syndrome is associated with an in
creased risk for CVD and glucose intolerance. Almost
one fourth of the US population has the metabolic syndrome, due predominantly to increasing prevalence
of obesity with associated insulin resistance. In obesity,
the adipose organ (particularly visceral fat) produces elevated levels of free fatty acids, tumor necrosis
factor-α, interleukin-6, and plasminogen activator
inhibitor-1, decreases adiponectin levels, and increases
oxidative stress, all of which lead to insulin resistance,
dyslipidemia, and a prothrombotic/proinflammatory
state.
Insulin resistance leads to glucose intolerance, both
prediabetes (largely IGT) and type 2 diabetes, if in
sulin secretion from pancreatic beta cells is insufficient
to overcome the insulin resistance. Oxidative stress
is a major contributor to the development of glucose
intolerance. Underlying mechanisms include increased
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35

Phillips & Rhee : Glucose Intolerance : pp. 26–38, 71

apoptosis due to decreases in the antiapoptotic protein
Bcl-2, decreased insulin secretion due to decreases in
the transcription factor PDX-1, and decreased glucosestimulated insulin secretion due to increases in uncoupling protein-2.
Because the metabolic syndrome increases the risk of
glucose intolerance with associated CVD, individuals at
risk (age > 45 years and BMI > 25 kg/m2, age ≤ 45 years
if additional risk factors are present) should be screened
with an oral glucose tolerance test for optimal sensitivity. Management of patients with the metabolic syndrome should include the control of CVD risk factors
(blood pressure, lipids), use of aspirin, a high-fiber, lowsaturated fat diet, and regular exercise. Treatment with
antihyperglycemic medications and agents that block
the renin-angiotensin system offers promise for reducing the development of CVD and glucose intolerance in
patients with the metabolic syndrome, but use of such
agents also carries risk of side effects and requires further investigation to establish net benefit.
HP
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