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Glucose and Insulin Profiles in Obese 
and Normal Weight Persons

Polonsky KS et al. J Clin Invest. 1988;81:442-448
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β-Cell Mass Increases 
in Response to Insulin Resistance

Lingohr MK et al. Trends Mol Med. 2002;8:375-384.

10% Fat Diet            45% Fat Diet

4

β-Cell Mass is Increased in Obese People: 
Autopsy Studies

Butler AE et al. Diabetes. 2003;52:102-110; Kloppel G et al. Surv Synth Path Res. 1985;4:110-125.
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If the β-Cell Mass Can Increase,
Why Does Type 2 Diabetes Develop?
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FPG=fasting plasma glucose; IGT=impaired glucose tolerance; NGT=normal glucose tolerance.
Gastaldelli A et al. Diabetologia. 2004;47:31-39.
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Q1=FPG <144 mg/dL
Q2=FPG <175 mg/dL
Q3=FPG <220 mg/dL
Q4=FPG >220 mg/dL
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Possible Mechanisms 
for the Development of Diabetes

• Oxidative stress may be the underlying 
problem1

• Lipotoxicity may be the effector mechanism2

1. Ceriello A, Motz E. Arterioscler Thromb Vasc Biol. 2004;24:816-823; 2. Unger RH. JAMA. 2008;299:1185-1187.
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Oxidative Stress
• Premise

– Genetics “sets the stage” and environment “tells the tale”
• Excess calories and inactivity  → insulin resistance
• When β-cells fail to compensate  → hyperglycemia

• Proposed pathway for the development of insulin resistance
1. Excess calories  → ↑citric acid cycle activity
2. ↑Citric acid cycle activity → ↑Reactive Oxygen Species (ROS) 
3. Tissues protect themselves from ROS by ↓ROS formation
4. ↓ ROS formation can be accomplished by inhibiting insulin-

stimulated uptake of nutrients

Thus, insulin resistance is initially a protective mechanism

Ceriello A, Motz E. Arterioscler Thromb Vasc Biol. 2004;24:816-823

8

Mechanism of Oxidative Stress
• The problem is generation of ROS

1. ↑Glucose (via pyruvate)      →
↑FFA   (via β-oxidation)      →

2. ↑Acetyl-CoA + OAA → ↑citrate → ↑isocitrate … ↑NADH
3. Excess NADH, not dissipated by oxidative phosphorylation, 

leads to electron transfer to oxygen → ↑superoxide (ROS)

• The cell’s defense is to decrease ROS formation
1. ↑Glucose and ↑FFA → inhibition of GLUT-4 transporter
2. ↓GLUT-4 → ↓ insulin-dependent glucose transport

→ → → ↓acetyl Co-A → → → ↓NADH → ↓ROS
Insulin resistance may be a protective mechanism against ROS 
in tissues such as muscle and adipose tissue where insulin-

dependent glucose transporters operate.

↑acetyl-CoA

FFA=free fatty acid; OAA=oxaloacetate; NADH=nicotinamide adenine dinucleotide (reduced form).
Ceriello A, Motz E. Arterioscler Thromb Vasc Biol. 2004;24:816-823.
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Oxidative Stress
Problem:
• Tissues such as pancreatic β-cells and vascular

endothelial cells are not dependent on insulin-
mediated glucose transport. Thus, development of 
insulin resistance does not protect them

• Pancreatic β-cells and vascular endothelial cells are
particularly vulnerable to ROS. Over time, 
oxidative stress leads to diabetes because the rate 
of cell regeneration is less than the rate of 
apoptosis

Ceriello A, Motz E. Arterioscler Thromb Vasc Biol. 2004;24:816-823.
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Lipotoxicity

•Premise
– Genetics “sets the stage” and environment 

“tells the tale”
• Excess calories and inactivity  → insulin resistance
• When β-cells fail to compensate  → hyperglycemia

•Hypothesis
– Abnormal lipid metabolism, not glucose, is the 

primary metabolic defect in type 2 diabetes1

1McGarry JD. Science. 1992;258:766-770.
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Lipotoxicity
Mechanism of insulin resistance1

• Free fatty acid deposition in muscle →
↓GLUT-4 translocation to plasma membrane →
↓insulin-mediated glucose uptake (ie, hyperglycemia)

• Free fatty acid deposition in liver →
↓insulin-mediated suppression of glycogenolysis
↓insulin-mediated suppression of gluconeogenesis

• Lipid accumulation in β-cells → subtotal destruction2

Thus, glucose cannot be disposed of into muscle cells, 
hepatic production of glucose cannot be inhibited, 
and lipid deposition in β-cells is cytotoxic.

1. McGarry JD. Science. 1992;258:766-770; 2. Lee Y et al. Proc Natl Acad Sci U S A. 1994;91:10878-10882.

An Autopsy Study

Butler AE et al. Diabetes. 2003;52:102-110.
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Declining β-Cell Function: 
Best Correlate of Progression

EMBS=estimated metabolic body size.
Weyer C et al. J Clin Invest. 1999;104:787-794.

In
su

lin
 s

ec
re

ti
on

 (
μU

/m
L)

Insulin action (mg/kg EMBS per min)

500

400

300

200

100

0
0 1 2 3 4 5

Nonprogressors

NGT NGT
NGT

Progressors
Diabetes

IGT

NGT

95% CI

Insulin resistance

β-
Ce

ll
 f

ai
lu

re

Sladek R et al. Nature. 2007;445:881-885.

Does Our Current Understanding of 
Genetics Explain the Basis of Diabetes?
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Sometimes You Really Need to See 
the Whole Picture…

Chronologic Accounting of the Discovery 
of Type 2 Diabetes-Associated Genes

Florez JC. J Clin Endocrinol Metab. 2008;93:4633-4642.
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N=17 subjects. Hyperglycemic clamp technique was used.
Pratley RE, Weyer C. Diabetologia. 2001;44:929-945. 

Normal β-Cell Insulin Response 
to Intravenous Glucose is Biphasic
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60% decline in insulin secretion to OGTT in persons with 
a 2-hour value <120 mg/dL vs 121-140 mg/dL

“There is a progressive decline in beta-cell function that 
begins in the ‘normal’ glucose tolerant range”

Diabetologia. 2004;47:31-39.

Beta-cell dysfunction and glucose intolerance: 
results from the San Antonio metabolism (SAM) study
A. Gastaldelli1,3, E. Ferrannini1,2,3, Y. Miyazaki3, M. Matsuda3, R. A. DeFronzo3

1Metabolism Unit, C.N.R. Institute of Clinical Physiology, Pisa, Italy.
2Department of Internal Medicine, University of Pisa School of Medicine, Pisa, Italy.
3Diabetes Division, The University of Texas Health Science Center, San Antonio, TX.
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Defects in Islet Cell Function

• Loss of the first phase insulin response
• Loss of the second phase insulin response
• Loss of glucagon suppression
• Loss of the incretin effect

Brunzell JD et al. J Clin Endocrinol 
Metab. 1976;42:222-229.

Loss of the First Phase Insulin Response is 
the Early Marker of Islet Cell Dysfunction
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Loss of the Second Phase Insulin Response 
is a Late Marker of Islet Cell Dysfunction

CHO=carbohydrates.
Müller WA et al. N Engl J Med. 1970;283:109-115.
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Defective Postmeal Insulin Secretion 
and Glucagon Suppression in T2DM
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Glucagon is Responsible for ~75% of 
Hepatic Glucose Production

*Somatostatin and insulin were delivered to induce selective glucagon deficiency.
Adapted from Liljenquist JE et al. J Clin Invest. 1977;59:369-374.
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Lack of Glucagon Suppression Causes
Postprandial Hyperglycemia in T2DM
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The Incretin Effect: Oral Glucose Produces 
Greater Insulin Secretion Than IV Glucose

Adapted from McIntyre N et al. Lancet. 1964;41:20-21.
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Adapted from Vilsbøll T et al. J Clin Endocrinol Metab. 2003;88:2706-2713. 

Meals Stimulate Secretion of Incretins
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IR=insulin receptor.
Adapted with permission from Nauck M et al. Diabetologia. 1986;29:46-52.

Hyperglycemia Downregulates
Incretin Receptor Expression

Xu G et al. Diabetes. 2007;56:1551-1558.
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Genetic and lifestyle

Normal glucose
tolerance Prediabetes Type 2 diabetes

Evolution of Type 2 Diabetes

Susceptible Beta-Cells

↓1st phase 
Insulin

↓ Incretin
effect

↓ 2nd phase Insulin 
↓ Glucagon suppression

Adapted from International Diabetes Center (Minneapolis, MN).
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