Metabolic Abnormalities in Impaired Glucose Tolerance
John E. Gerich

Impaired glucose tolerance {IGT) is a state in which there is postprandial hyperglycemia (>7.8 mmol/L, or 140 mg/dL) with
minimal elevations of fasting plasma glucose (>5.5 <7.8 mmol/L, >100 <140 mg/dL). This condition generally precedes the
development of diabetes mellitus (DM) by several years. However, in IGT many of the metabolic abnormalities of DM are
already present and provide insight into the pathogenesis of DMV. Impaired early insulin release is the most consistent defect
almost universally observed. Insulin resistance, attributable mainly to obesity, decreased physical fitness, or glucose toxicity,
is also often present. The main reason that postprandial hyperglycemia occurs in IGT is impaired suppression of endogenous
{hepatic and renal) glucose release; this can be largely explained by impaired early insulin release and impaired suppression of
glucagon release. Postprandial glucose disposal is normal or increased, the result of hyperglycemia and delayed hyperinsulin-
emia. Postabsorptive (fasting) rates of glucose release and disposal and circulating levels of free fatty acids, glycerol, ketone

bodies, lactate, and alanine are generally normal.
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CCORDING TO THE World Health Organization,! im-
paired glucose tolerance (IGT) is defined as a condition
in which individuals have a fasting plasma glucose level less
than 7.8 mmol/L (140 mg/dL) and a value 2 hours after a
standard oral glucose challenge that exceeds 7.8 mmol/L (140
mg/dL) but is less than 11.1 mmol/L (200 mg/dL). This
condition is generally considered a transition state through
which pass most, if not all, who are destined to develop diabetes
mellitus (DM).

PREVALENCE AND CLINICAL RELEVANCE

The prevalence of IGT varies widely among populations and
increases as a function of age. In the United States, for example,
the prevalence increases from approximately 8% in those aged
20 to 44 years to greater than 40% in those over 65 years of
age.? Rates of annual conversion from IGT to DM range from
1.5% to 15% per year.* Assuming an average annual conver-
sion rate of 7% per year,? someone with IGT would have a 75%
chance to develop DM over 20 years. This high probability of
developing DM obviously places many individuals at risk to
develop the microvascular complications of DM if adequate
glycemic control is not maintained.** Moreover, and perhaps
more importantly considering their age, people with IGT are
more prone to develop macrovascular disease.

RISK FACTORS

Many of the risk factors that predispose people to develop
overt diabetes and premature atherosclerosis’ are already pre-
sent in people with IGT. These include (1) a family history of
diabetes; (2) obesity, especially central obesity and increased
intraabdominal fat, (3) decreased physical activity, (4) lipid
abnormalities such as high triglycerides and low high-density
lipoprotein cholesterol, and (5) a history of gestational diabetes
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in women. Moreover, many of the metabolic abnormalities
characteristic of DM (impaired insulin secretion and insulin
resistance) are also already present in IGT.3?

METABOLIC ABNORMALITIES

This review will mainly focus on parameters of carbohydrate
metabolism. The 2-hour plasma glucose after an oral glucose
challenge is a major predictor for the subsequent development
of DM.7 Therefore, we shall concentrate on the metabolic
abnormalities responsible for postprandial hyperglycemia. We
shall deal first with the dynamics of glucose release and removal
from the circulation and then with alterations in insulin
secretion and tissue responses to insulin that might explain
these abnormalities.

Postprandial Glucose Dynamics

Theoretically, plasma glucose could increase abnormally
after glucose ingestion in individuals with IGT, due to (1)
excessively rapid gastrointestinal absorption, (2) decreased
splanchnic glucose sequestration (mainly hepatic glycogen
repletion), (3) decreased suppression of endogenous glucose
release, or (4) reduced nonhepatic glucose uptake by tissues
(brain, muscle, and kidney).

Surprisingly, only two studies'®!! have directly addressed the
issues, but both arrived at similar conclusions: (1) Gastrointesti-
nal absorption of ingested glucose is normal in IGT (Fig 1); (2)
nevertheless, overall glucose appearance in the systemic circu-
lation is increased, and (3) this is due to impaired suppression of
endogenous (hepatic plus renal)!? glucose release. Absolute
overall rates of glucose utilization are normal or increased, as is
forearm (muscle) glucose uptake (Fig 2). One can thus conclude
that the major abnormality responsible for postprandial hyper-
glycemia in IGT is the failure to appropriately suppress
endogenous glucose release. Similar conclusions have been
reached regarding people with DM.!3

Tt should be pointed out that although the absolute rate of
glucose disposal by nonhepatic tissues is not reduced in IGT,
these “normal” rates are achieved during higher plasma glucose
and insulin levels, and consequently, glucose disposal is less
than normaily efficient. Thus, abnormalities in glucose release
and glucose disposal are both present in people with IGT.
However, because the defect in glucose release is absolute and
the latter defect is just relative, primacy in causing postprandial
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Fig 1. Systemic appearance of oral glucose, endogenous glucose
appearance, and total glucose appearance in normal and IGT sub-
jects.

hyperglycemia must be given to the defect in glucose release. A
point of controversy at the present time concerns to what extent
these abnormalities are due to impaired insulin secretion or
insulin resistance and to what extent these abnormalities, if
present, are genetic or environmental.

Postprandial Insulin and Glucagon Dynamics

Insulin and glucagon secretion are generally regarded to be
responsible for the moment-to-moment regulation of glucose
homeostasis. In IGI, early release of insulin is decreased and
suppression of glucagon secretion is diminished after glucose
ingestion, whereas late plasma insulin levels are increased (Fig
3). Since insulin and glucagon have reciprocal effects on hepatic
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Fig2. Total glucose disappearance and forearm glucose uptake in
normal and IGT subjects.
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Fig 3. Plasma glucose, insulin, and glucagon in normal and IGT
subjects.

glucose release, the impaired early insulin release and impaired
early suppression of glucagon release should lead to delayed
suppression of endogenous glucose release. Indeed, plasma
insulin to glucagon molar ratios are negatively correlated with
postprandial glucose appearance, and this, in turn, is positively
correlated with postprandial hyperglycemia (Fig 4).

That early insulin release is a major determinant for glucose
tolerance has been demonstrated in experiments in which the
early insulin response during an oral glucose tolerance test was
delayed by infusion of somatostatin.™ This resulted in not only
glucose intolerance but also late hyperinsulinemia. Thus, late
hyperinsulinemia, often invoked as an indicator of insulin
resistance,'> may actually merely be a consequence of impaired
early insulin release that leads to greater hyperglycemia and
thus a greater stimulus for insulin secretion. Nevertheless, it is
likely that this late hyperinsulinemia compensates, in part, for
the delayed early insulin release, so overall rates of glucose
disposal by peripheral tissues are generally normal in IGT.
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Fig 4. Peak postprandial plasma glucose and plasma insulin to
glucagon molar ratio in normal and IGT subjects.
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Insulin Resistance in IGT

The first report of delayed eatly insulin release in IGT can be
attributed to the classi¢ studies of Yalow and Berson!s more
than 35 years ago. This has.been the most consistent defect
found in people with IGT'71 and is predictive of the subsequent
development of DM.3%19.20 However, insulin resistance is often
also present.821:22 The Jatter most likely is the result of obesity
and toxic effects of hyperglycemia®® rather than a genetic
defect, since studies in which subjects have been carefully
matched for acquired factors such as obesity have not found
1nsu11n resistance in. IGT 17,2427

Other Metabolic Defects in IGT

Since fasting plasma glucose levels are only minimally
elevated in people with IGT, one would not expect to observe
abnormalities in glucose metabolism in the postabsorptive state,
and this has been ‘ge'nerally found in terms of rates of glucose
production and utilization.!%11222831 On the other hand, if one
includes subjects with values approaching diabetic levels (7.8
mmol/L, or 140 mg/dL), it would not be surprising to find
increased glucose production in such individuals, as some
investigators have.3233

In general, postabsorptive circulating levels of free fatty
acids, ketone bodies, and other metabolic intermediate$ such as
glycerol, lactate, and alanine are normal in IGT.?330323435
Studies using the hyperinsulinemic glucose clamp have found
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variable results: some have shown no resistance of the ability to
suppress glucose productlon and stlmulate glucose dis-
posal, 172427 whereas others have shown reduced glucose dis-
posal.1521:29-31.3435 When measured, impaired nonoxidative glu-
cose disposal was found to account for the overall reduction in
glucose disposal.303435 Rates of lipid oxidation have been
reported to be normal**% or less suppressed.?

SUMMARY AND CONCLUSIONS

At the present time, it appears established that the major
cause of postprandial hyperglycemia in IGT is impaired suppres-
sion of endogenous glucose release. This can be largely
explained by impaired early insulin release and impaired
suppression of glucagon release, but in some individuals,
especially those who are obese, it may also involve insulin
resistance. However, at this point in time, insulin resistance
other than that due to obesity, physical inactivity, and glucose
toxicity probably plays a minor role. This is not to say that
insulin resistance is unimportant in the pathogenesis of IGT, but
that it is an acquired rather than a génetic defect, unlike the
impairment in insulin secretion.

ACKNOWLEDGMENT

Thank you goes to Sandy Webster for technical support in preparing
the manuscript.

REFERENCES

1. World Health Organization Expert Committee: Second report on
diabetes mellitus. World Health Organ Tech Rep Ser 641-646, 1980

2. Harris M: Impaired glucose tolerance—Prevalence and conver-
sion to NIDDM. Diabet Med 13:89-511, 1996 (suppl 2) )

3. Heine R, Nijpels G, Mooy' J: New data on the role of progression
of impaired glucose tolerance to NIDDM and predicting factors. Diabet
Med 13:512-514, 1996 (suppl 2)

4. Diabetes Control and Comphcatlons Trial Research Group: The
effect of intensive treatment ‘6f diabetes on the development and
progression of long-term comphcatlons in insulin dependent diabetes
mellitus. N Engl J Med 329:977- 986 1993

5. Ohkubo Y, Kishikawa H, Araki E, et al: Intensive insulin therapy
prevents the 'progres'sion of diabetic microvascular complications in
Japanese patients with non—insulin-dependent diabetes mellitus: A
randomized prospective 6-year study. Diabetes Res Clin Pract 28:103-
17,1995

6. Jarrett R: The cardiovascular risk associated with impaired
glucose tolerance. Diabet Med 13:515-519, 1996 (suppl)

7. Perry I, Wannamethee S, Walker M, et al: Prospective study of risk
factors for development of non-~insulin dependent diabetes in middle-
aged British men. Br Med J 310:560-563, 1995

8. Haffner S, Miettinen H, Gaskill S, et al: Decreased insulin action
and insulin secretion predict the development of impaired glucose
tolerance. Diabetologia 39:1201-1207, 1996

9. Lillioja S, Mott D, Spraul M, et al: Insulin resistance and insulin
secretory dysfunction as precursors of non-insulin-dependent, diabetes
mellitus: Prospective studies of Pima Indians. N Engl J Med 329:1988-
1992, 1993

10. Butler P, Rizza R: Contribution to postprandial hyperglycemia
and effect on initial splanchnic glucose clearance of hepatic glucose
cycling in glucose-intolerant or NIDDM patients. Diabetes 40:73-81,
1991 '

11. Mitrakou A, Kelley D, Veneman T, et al: Role of reduced

suppression of hepatic glucose output and diminished early insulin
release in impaired glucose tolerance. N Engl ] Med 326:22-29, 1992

12. Stumvoll M, Chintalapudi U, Perriello G, et al: Uptake and
release of glucose by the human kidney: Postabsorptive rates and
responses to epinephrine. J Clin Invest 96:2528-2533, 1995

13. Mitrakou A, Kelley D, Veneman T, et al: Contribution of
abnormal muscle and liver glucose metabolism in postprandial hypergly-
cemia in noninsulin-dependent diabetes mellitus. Diabetes 39:1381-
1390, 1990 )

14. Calles-Escandon J, Robbins D: Loss of early phase of insulin
release in humans impairs glucose tolerance and blunts thermic effect of
glucose. Diabetes 36:1167-1172, 1987

15. Lillioja S, Mott D, Howard B, et al: Impaired glucose tolerance
as a disorder of insulin action: Longitudinal and cross-sectional studies
in Pima Indians. N Engl J Med 318:1217-1225, 1988 »

16. Yalow R, Berson R: Plasma insulin concentrations in nondigpetic
and early diabetic subjects: Determinations by a new sensitive immuno-
assay technique. Diabetes 9:254-260, 1960

17. Pimenta W, Mitrakou A, . Yki-Jarvinen H, et al: Insulin secretion
and insulin sensitivity in people with impaired glucose tolerance. Dlabet
Med 13:533-536, 1996

18. Davies M, Rayman G, Grenfell A, et al: Loss of the first phase
insulin . response to intravenous glucose in subjects with persment
impaired glucose tolerance. Diabet Med 11:432-436, 1994

19. Kosaka K, Hogura R, Kuzuya T: Insulin responses in equivocal
and definite diabetes with special reference to subjects who had mild
glucose intolerance but later developed definite diabetes. Diabetes
26:944-952, 1977

20. Eriksson K, Lindgarde F: Poor physical fitness, and impaired
early insulin response but late hyperinsulinemia, as predictors of
NIDDM in middle-aged Swedish men. Diabetologia 39:573-579, 1996

21. Eriksson J, Franssila-Kallunki A, Ekstand A, et al: Early



PATHOGENESIS OF IMPAIRED GLUCOSE TOLERANCE

metabolic defects in persons at increased risk for noninsulin-dependent
diabetes mellitus. N Engl ] Med 321:337-343, 1989

22. Vaag A, Henriksen J, Madsbad S, et al: Insulin secretion, insulin
action, and hepatic glucose production in identical twins discordant for
non-insulin-dependent diabetes mellitus. J Clin Invest 95:690-698,
1995

23. Yki-Jarvinen H: Glucose toxicity. Endocr Rev 13:415-431, 1992

24. O’Rahilly SP, Rudenski AS, Burnett MA, et al: Beta cell
dysfunction rather than insulin insensitivity is the primary defect in
familial type II diabetes. Lancet 2:360-364, 1986

25. Byrne M, Sturis J, Sobel R, et al: Elevated plasma glucose Zh
postchallenge predicts defects in B-cell function. Am J Physiol 270:E572-
E579, 1996

26. Larsson H, Ahren B: Islet dysfunction in obese women with
impaired glucose tolerance. Metabolism 45:502-509, 1996

27. Taniguchi A, Nakai Y, Dor K, et al: Insulin sensitivity, insulin
secretion, and glucose effectiveness in obese subjects: A minimal model
analysis. Metabolism 44:1397-1400, 1995

28. Sacca L, Orofino G, Petrone A, et al: Differential roles of
splanchnic and peripheral tissues in the pathogenesis of impaired
glucose tolerance. J Clin Invest 73:1683-1687, 1984

29. Kolterman OG, Gray RS, Griffin J, et al: Receptor and postrecep-
tor defects contribute to the insulin resistance in non—insulin-dependent
diabetes mellitus. J Clin Invest 68:957-969, 1981

43

30. Berrish T, Hetherington C, Alberti K, et al: Peripheral and
hepatic insulin sensitivity in subjects with impaired glucose tolerance.
Diabetologia 38:699-704, 1995

31. Broughton D, Webster J, Taylor R: Insulin sensitivity and
secretion in healthy elderly human subjects with ‘abnormal’ glucose
tolerance. Eur J Clin Invest 22:582-590, 1992

32. Robertson D, Singh B, Nattrass M: Impaired glucose tolerance in
obesity is associated with insensitivity to insulin in multiple aspects of
metabolism as assessed by a low dose incremental insulin infusion
technique. Diabet Med 8:718-725, 1991

33, Gerich JE: Is muscle the major site of insulin resistance in type 2
(non—insulin-dependent) diabetes mellitus? Diabetologia 34:607-610,
1991

34. Felber J, Ferrannini E, Golay A, et al: Role of lipid oxidation in
pathogenesis of insulin resistance of obesity and type II diabetes.
Diabetes 36:1341-1350, 1987

35. Vaag A, Alford F, Beck-Nielson H: Intracellular glucose and fat
metabolism in identical twins discordant for non—insulin-dependent
diabetes mellitus (NIDDM): Acquired versus genetic metabolic defects.
Diabet Med 13:806-815, 1996

36. Pimenta W, Kortytkowski M, Mitrakou A, et al: Pancreatic
beta-cell dysfunction as the primary genetic lesion in NIDDM. JAMA
273:1855-1861, 1995



