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How Effective Are Lifestyle Changes in the Prevention of
Type 2 Diabetes Mellitus?
F. Xavier Pi-Sunyer, MD, MPH
Obesity and impaired glucose tolerance are associated with a greater risk for a number of conditions,
including insulin resistance, diabetes mellitus, hypertension, dyslipidemia, coagulation abnormalities, inflammatory markers, and coronary heart disease.
Lifestyle changes can delay or prevent the development of type 2 diabetes in patients with obesity and
impaired glucose tolerance. The risks improve with
weight loss and increased physical activity. A decrease of 7% to 10% or more from baseline weight
can have a significant effect. This has now been
documented in a number of randomized, controlled
studies.
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INTRODUCTION
Impaired glucose tolerance (IGT) is a pathophysiological state that exists between normal glucose homeostasis
and frank diabetes mellitus. It has been defined by the level
of plasma glucose 2 hours after an oral glucose load. About
one-third of people with IGT will develop diabetes within 2
years.1 Most will eventually go on to diabetes, but some
will revert back to normal glucose tolerance2-3 or remain
with IGT. The conversion rate to diabetes has varied in
differing population groups, but is about 5% to 6% per
year.4 IGT has been shown to be a risk factor for macrovascular disease3,5 and also increases cardiovascular mortality. Because diabetes is increasing rapidly around the
globe6 and is predicted to continue to do so,7 it has become
important to try to prevent it, and persons with IGT are
obvious targets. It is not possible at the moment to clearly
differentiate between people with IGT who will develop
frank diabetes and those who will not. The most important
predictors, however, are a higher 2-hour blood glucose and
Dr. Pi-Sunyer is with Columbia University, St.
Luke’s-Roosevelt Hospital Center, 1111 Amsterdam
Avenue, New York, NY 10025; Phone: 212-523-4161;
Fax: 212-523-4830; E-mail: fxp1@columbia.edu.
Nutrition Reviews姞, Vol. 65, No. 3

a greater weight. Another predictor is a low level of physical activity.8
INCREASE IN PREVALENCE OF OBESITY
The National Health and Nutrition Examination Survey (NHANES) III, which was conducted from 1988 to
1994, showed that 59.4% of men and 50.7% of women in
the United States are overweight or obese. In the period
from the second NHANES survey and the third, the
prevalence of obesity rose from 14.5% to 22.5%.9,10
Obesity is also increasing rapidly in other parts of the
world.11 Global obesity increased from an estimated 200
million adults in 1995 to over 300 million in 2000.12
Childhood obesity has also increased. During the past 30
years, childhood obesity in the United States has more
than doubled.13 As obesity increases, it leads to an
increased disease burden,14-15 leading to an increased
mortality16 and shortened life span.17 Obesity brings
with it not only an increased incidence of type 2 diabetes,
but also of dyslipidemia, hypertension, and cardiovascular disease.
ABNORMAL GLUCOSE METABOLISM AND
TYPE 2 DIABETES
Excess weight is the most important modifiable risk
factor for the development of type 2 diabetes. The
incidence of diabetes rises as obesity prevalence increases.18 From 1990 to 1998, the prevalence of type
2 diabetes increased by 33%. There have been prospective studies describing this in Israel,19 Norway,20
and Sweden.21 In fact, over 85% of type 2 diabetic
patients are overweight or obese.22
Type 2 diabetes accounts for 90% to 95% of the 16
million cases of diabetes mellitus in the United States
today.23 The prevalence of reported diabetes is 2.9 times
higher in overweight than in non-overweight persons in
the NHANES data.24 There is a strong cross-sectional
correlation between the relative weight and the prevalence of diabetes in population groups. Obesity is associated with type 2 diabetes mellitus in both women25 and
men.26 Excess weight is the most important modifiable
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risk factor for the development of type 2 diabetes. The
US National Commission on Diabetes reported that the
risk of developing type 2 diabetes was about 2-fold in
mildly obese, 5-fold in moderately obese, and 10-fold in
severely obese people.27 The British Regional Heart
Study, which included 7735 middle-aged men followed
for 12.8 years, found that the body mass index (BMI)
was the most important risk factor for the development
of type 2 diabetes.28 Men in the upper fifth of the BMI
range (⬎27.9) had more than seven times the risk of type
2 diabetes compared with those in the lowest fifth. There
is an increased risk of developing diabetes with increasing weight gain, and also an enhanced risk the higher the
baseline BMI in an individual adult.25-26 Also, the longer
a person remains obese, the higher the risk of his or her
developing diabetes. Persons sustaining a BMI of over
30 for 10 years have twice the risk than persons who
have sustained that weight for 5 years.29-30
In both cross-sectional31-33 and longitudinal34-36
studies, fat distribution has also been found to be important in diabetes risk. Central or upper body fat deposition
is independently associated with insulin resistance.37 The
greater the amount of central or upper body or abdominal
obesity, the greater the risk for diabetes and cardiovascular disease.38,21 Intra-abdominal or visceral obesity is
strongly associated with insulin resistance, as well as
with dyslipidemia, hypertension, and glucose intolerance.39-42 In Japanese-American men, intra-abdominal
fat deposition was found to be closely correlated with
type 2 diabetes, while subcutaneous fat deposits in the
abdomen, thorax, or thigh were not statistically significant predictors.43
Lack of physical activity is another important risk
factor for the development of type 2 diabetes. The British
Regional Heart Study found that men who habitually
engaged in moderate levels of physical activity had a
substantially reduced risk of diabetes compared with
physically inactive men, even after adjustment for age,
BMI, and other risk factors.28 It is known that physical
training can reduce insulin resistance44 and that high
physical activity can lower insulin levels.45-48 Adopting
a regular exercise style will also improve lipids. This is
related both to an independent effect of the exercise and
to a loss of fat, particularly visceral fat.49

levels and showed lower insulin sensitivity than the
non-obese twin. These differences were particularly evident among those with high abdominal fat distribution.
Insulin resistance occurs in adipose tissue, liver, and
muscle.56 There is decreased insulin-stimulated glucose
uptake and less suppression of lipolysis. Both glucose
transport57 and glucose oxidation53,58 are affected. Insulin signaling is defective. Insulin-stimulated protein kinase activity of the insulin receptor, which mediates
tyrosine autophosphorylation, is reduced in obese subjects relative to non-obese ones, and is further reduced in
patients with type 2 diabetes. There is impairment of the
activation of tyrosine kinase after insulin locks to its
receptor in insulin-sensitive cells.59 There is also impairment of other subsequent messengers, leading to diminished glucose transport and abnormalities in some critical enzymatic steps involved in glucose use. The net
effect is a requirement for an increased insulin secretion
by the beta cells of the pancreas and higher prevailing
insulin levels.60-61 In those obese persons with the appropriate genetic make-up, the beta cell secretion eventually exhausts and carbohydrate tolerance becomes impaired. Eventually, frank diabetes supervenes.
The earliest detectable abnormality in subjects at
risk for type 2 diabetes is insulin resistance in skeletal
muscle.62 The ability of insulin to activate signal transduction events, alter gene expression of selected genes,
and stimulate muscle glycogen synthesis is impaired.63-64 This reduced insulin-stimulated glucose disposal predicts the development of diabetes.65
A “portal hypothesis” postulates that free fatty acids
are actively released primarily from the visceral fat depot
because the insulin does not shut off lipolysis appropriately.66 These fatty acids enter the portal vein, go to the
liver, and there initiate a number of events. There is an
increased production of VLDL, higher triglycerides, a
drop in HDL-cholesterol, and an increase in small dense
LDL particles. The increased free fatty acid flux leads
to an inhibition of glucose utilization by skeletal
muscle.67 This seems to be primarily due to a decrease
of glucose transporters68 and a decrease in glycogen
synthase activity.69

PATHOGENESIS OF INSULIN RESISTANCE

The relationship of appropriate glucose disposal in
obese individuals may also be related to a widespread
problem of ectopic fat in tissues important in insulin
action. This ectopic fat may be related to the increased
free fatty acid flux in these individuals. Intramyocellular
lipid (IMCL) is increased in individuals with obesity and
type 2 diabetes.70-72 There is now good evidence that fat
in skeletal muscle can have a negative impact on glucose
uptake.73 There is some evidence that an increase in

How obesity leads to insulin resistance is the subject
of much controversy. Increasing weight has been associated with increasing insulin resistance.50-54 The impact
of obesity is independent of genetic factors, as illustrated
by a study of 23 sets of identical twins who were
discordant for weight.55 Within twin pairs (both male
and female), the obese twin had higher fasting insulin
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IMCL content in muscle induces insulin resistance by
activation of inflammatory pathways and serine phosphorylation of the insulin receptor substrate-1.74 Boden
et al.75 showed that infusion of lipid leading to an
increase of muscle lipid led to activation of protein
kinase.76 He et al.71 reported that in diabetes and obesity,
skeletal muscle has both increased IMCL and diminished
oxidative enzyme activity regardless of fiber type, suggesting that a proportionality between IMCL content and
oxidative capacity is important in the production of
insulin resistance.
There is also growing evidence that fat in the liver
can lead to increased insulin resistance and type 2 diabetes.77 Obese individuals with and without type 2 diabetes have increased fat in the liver. The prevalence may
be as high as 75% of obese subjects.78 The amount of
liver lipid correlates with insulin resistance of the liver
leading to an impaired insulin suppression of hepatic
glucose production.79 A fatty liver correlates with hepatic insulin resistance in those without type 2 diabetes.80 Further, Bugianesi et al.81 have shown that nonalcoholic fatty liver disease in non-diabetics is associated
with whole-body insulin resistance, as measured by euglycemic insulin clamp.
The enlarged adipocytes in obesity play an important role in insulin resistance, with their increased production of fatty acids, leptin, and resistin and their
decreased secretion of adiponectin. The large adipocytes
are resistant to insulin-mediated suppression of lipolysis.82 This leads to elevated levels of free fatty acids,
which enhance insulin resistance.83 Also, larger fat cells
show an increased production of TNF␣ and interleukin6.84 TNF␣ produces whole-body insulin resistance in
rodents.85 It increases lipolysis and activates the potentially inflammatory MAP kinase isoforms JNK and p38
kinase.86 TNF␣ interferes with insulin signaling, interfering with IRS-1 activity by enhancing serine phosphorylation.87-88 IL-6 also enhances inflammatory response.
Finally, there is also evidence for increased fat deposits
in the beta cell, which may cause interference with
insulin production and lead to beta cell apoptosis.89
WEIGHT LOSS AND DIABETES
Weight loss can prevent or delay the progression to
diabetes in obese patients. In the Nurses’ Health Study,
women who lost more than 5 kg over a 10-year period
reduced their risk of diabetes by 50% or more—a remarkable benefit for a relatively modest loss.90 In the
Swedish Obese Subjects (SOS) study, there was a weight
loss averaging 28 ⫾ 15 kg at 2 years, and this was
associated with an improvement of cardiovascular risk
factors including glucose and insulin levels.91-92
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WEIGHT LOSS IN PERSONS WITH IMPAIRED
GLUCOSE TOLERANCE AND THE
PREVENTION OF DIABETES
Weight loss improves insulin sensitivity, leading to
lower risk factors for diabetes and cardiovascular disease.93-95 There have been a number of trials that have
tested the effect of lifestyle changes on the development
of diabetes in persons with IGT. These have included
generally both diet and exercise to effect weight loss and
improve fitness. These trials are summarized below.
Diabetes Prevention Trials in Persons with
Impaired Glucose Tolerance
There have been four longitudinal diabetes prevention trials that were long enough, large enough, and well
conducted enough to be reviewed here as evidence for
the proposition that weight loss helps to prevent the onset
of type 2 diabetes.
The Malmö Study
In an early study in Sweden that was not randomized, 41 subjects with type 2 diabetes and 181 subjects
with impaired glucose tolerance were followed.96 The
intervention was a hypocaloric diet and increased physical activity. After 5 years, the intervention group
showed a mean weight loss of 2.3 kg, whereas 79 control
subjects with IGT showed a mean weight gain of 0.5 kg.
In the intervention group, 75.8% showed improved glucose tolerance and 10.6% progressed to type 2 diabetes;
in fact, more than 50% of patients with IGT returned to
normal glucose tolerance. In contrast, 67.1% of the
control group showed deterioration in glucose tolerance
and 28.6% progressed to type 2 diabetes.
The Da Qing Trial
The Da Qing trial97 was conducted in 33 centers in
one industrial city in China. It was unusual in that the
cohort of 577 persons with impaired glucose tolerance
was randomized by center, with some centers assigning
their patients to dietary change, some to exercise change,
some to both, and one (the control) to none. Control
subjects received brochures on diet and increased leisure
activity. In the intervention group, subjects attended
counseling sessions weekly for 1 month, monthly for 3
months, and then once every 3 months. At 6 years, the
cumulative incidence of diabetes was significantly lower
in the diet group (43.8%), the exercise group (41.1%),
and the diet-plus-exercise group (46%) than in the control
group (67%). These results are presented in Table 1.97
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The progression results are shown in Figure 1.98 The
changes in lifestyle not only improved glucose tolerance
but also reduced the magnitude of several other cardiovascular risk factors.99
The Diabetes Prevention Program

The Finnish Diabetes Prevention Study98 was carried out on 522 people with IGT in five centers in
Finland. Their average age was 55 years, their BMI was
31, and all had impaired glucose tolerance by oral glucose tolerance test. Subjects were randomized into two
arms: usual care and lifestyle intervention. The randomization was stratified according to clinic, sex, and baseline plasma glucose concentration at 2 hours post oral
glucose challenge. The goals of the lifestyle intervention
are listed in Table 2.98 The intervention group attended
seven nutritionist sessions during the first year and one
session every 3 months thereafter and received individualized instruction on weight loss. The mean follow-up
was 3.2 years. At the end of 1 year, patients in the
intervention group had lost 4.2 ⫾ 5.1 kg, while patients
in the control group had lost 0.8 ⫾ 4.4 kg (P ⬍ 0.001).
At the end of 2 years, weight loss was 3.5 ⫾ 5.5 kg in the
intervention group and 0.8 ⫾ 4.4 kg in the control group
(P ⬍ 0.001). Relative to baseline, decreases in waist
circumference and systolic and diastolic blood pressure
were statistically greater in the intervention group than in
the control group. During this time interval, 86 subjects
developed diabetes, 59 in the conventional treatment
group and 27 in the intervention group. Thus, the cumulative incidence of diabetes was 11% in the intervention
group and 23% in the control group. This was a 58%
reduction in conversion to diabetes in the intervention
group, a very significant difference (P ⬍ 0.001). It is also
interesting that the risk of progression was directly proportional to the magnitude of the changes in lifestyle.

Cumulative probability

The Finnish Diabetes Prevention Study

The Diabetes Prevention Program100 was carried out
to determine whether lifestyle intervention or treatment
with metformin can prevent or delay the progression
from IGT to diabetes, and if their effectiveness differs
according to age, sex, race, or ethnic group. This randomized trial engaged 27 centers in the United States and
included 3234 individuals.101 Subjects were selected
who had impaired fasting glucose of 95 to 125 and/or
postprandial glucose of 140 to 200. The mean BMI of
this group was 34. These persons were therefore at high
risk of developing diabetes. Individuals were randomized
to an intensive lifestyle arm, a metformin arm (850 mg
BID), a troglitazone arm, and a placebo usual care arm.
The troglitazone arm was stopped after about a year
because of hepatic toxicity.
The lifestyle intervention goals were very similar to
those in the Finnish study: the weight loss goal was 7%
from baseline and the physical activity at least 150
min/week. The study was terminated early by the Data
Safety Monitoring Board because of the effectiveness of
the lifestyle intervention. Patients had been followed for
up to 4 years and the average length of follow-up was 2.8
years. The weight loss effects are shown in Figure 2 and
the physical activity results in Figure 3. The goal of 7%
weight loss from baseline was reached at 6 months.
Thereafter, there was a gradual return to baseline weight.
With this amount of weight loss in the lifestyle arm, there
was a 58% reduction in the development of diabetes in
the lifestyle intervention group compared with the usual
care group. The metformin group had a 31% reduction of
diabetes. The progression to diabetes in the three arms is
shown in Figure 4. The incidence of diabetes was 11.0
cases per 100 person-years in the placebo group, 7.8 in
1.0
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Figure 1. Results from the Finnish Impired Glucose Tolerance
Study showing the cumulative probability of remaining free of
diabetes. (Data from Tuomilehto et al., 2001.98)
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Figure 2. Changes in body weight according to study group in
the Diabetes Prevention Program. Each data point represents
the mean value for all participants examined at that time. The
number of participants decreased over time because of the
variable length of time that persons were in the study. For
example, data on weight were available for 3085 persons at 0.5
year, 3064 at 1 year, 2887 at 2 years, and 1510 at 3 years.
Changes in weight and leisure physical activity over time
differed significantly among the treatment groups (P ⬍ 0.001
for each comparison). (Data from Diabetes Prevention Program
Research Group, 2002.100)

the metformin group, and 4.8 in the lifestyle group. The
results were highly significant for both metformin and
lifestyle (P ⬍ 0.001). These results did not differ by sex,
race, or ethnic group. The lifestyle intervention was
highly effective in all subgroups. Nearly half of the
participants were from minority groups, who have an
increased risk for developing type 2 diabetes. Also, it is
interesting that preliminary data from the Diabetes Prevention Program suggest that weight loss rather than
physical activity was most responsible for the reduction
of the incidence of type 2 diabetes with the intensive
lifestyle intervention.102
These four studies show that it is possible to significantly reduce the development of diabetes in persons
with IGT with a program of a hypocaloric diet and
exercise that will decrease weight by about 7% and be at
least partially sustained for the next 4 years. To prevent
one case of diabetes in the Finnish study, 5 persons need

Figure 3. Changes in leisure physical activity according to
study group in the Diabetes Prevention Program. Each data
point represents the mean value for all participants examined at
that time. The number of participants decreased over time
because of the variable length of time that persons were in the
study. For example, data on weight were available for 3085
persons at 0.5 year, 3064 at 1 year, 2887 at 2 years, and 1510
at 3 years. Changes in weight and leisure physical activity over
time differed significantly among the treatment groups (P ⬍
0.001 for each comparison). (Data from Diabetes Prevention
Program Research Group, 2002.100)
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Figure 4. Cumulative incidence of diabetes according to study
group in the Diabetes Prevention Program. (Data from Diabetes
Prevention Program Research Group, 2002.100)

to be treated for 5 years; in the Diabetes Prevention
Program, 7 persons need to be treated for 3 years.
Metformin would prevent one case if 14 persons were
treated for 3 years. This has caused the American Diabetes Association and the National Institute of Diabetes
and Digestive and Kidney Disease to put forth lifestyle
intervention as the first line of treatment in attempting to
prevent diabetes.103
It is not clear whether such an intervention of diet
and exercise merely delays or can actually prevent the
onset of diabetes. For this, continued follow-up is necessary, which is what is being done with the Diabetes
Prevention Program cohort.
WEIGHT LOSS STUDIES FOR THE
PREVENTION OF DIABETES IN PERSONS
WITHOUT IMPAIRED GLUCOSE TOLERANCE
More recently, a study was conducted in Europe
evaluating weight loss effects on the progression to
diabetes in obese patients, both with and without IGT.
The weight loss was induced with Orlistat in combination with lifestyle changes and compared with lifestyle
changes alone over a period of 4 years. Orlistat is a lipase
inhibitor that causes a dose-dependent reduction in dietary fat absorption in the gut, with a maximum 30%
inhibition of fat absorption when utilizing a dosage of
120 mg TID.104-105 This action tends to counteract the
excess fat intake that is characteristic of many obese
individuals.106 The drug has been shown to be effective
in large, long-term (1- and 2-year), randomized clinical
trials in inducing and maintaining weight loss in both
obese patients without107-108 and with109 diabetes. Orlistat significantly reduced the incidence of type 2 diabetes. The hazard ratio showed a 37.5% decrease with
Orlistat compared with placebo over 4 years. Approxi105

mately 50% more Orlistat than placebo patients achieved
weight loss of 5% and 10% from baseline. Waist circumference, LDL-cholesterol, and blood pressure decreased
significantly more in the drug group. The adverse event
profile in this study was not serious, and was equivalent to that previously reported in other long-term
trials.107-109
Will et al.110 examined retrospectively the 13-year
incidence of diabetes in a large cohort of subjects from
the first Cancer Prevention Study. The authors also found
that intentional weight loss was associated with a significant reduction in the rate of developing diabetes. Colditz
et al.90 found in the Nurses Health Study that women
who lost more than 5 kg reduced their risk for diabetes by
more than 50%.
METABOLIC SYNDROME AND LIFESTYLE
CHANGES
The metabolic syndrome has been defined by the
National Cholesterol Education Program as shown in
Table 3.111 It has been reported that the metabolic syndrome increases the risk of cardiovascular disease and
the risk of cardiovascular disease mortality. In the Diabetes Prevention Program, 53% of the subjects had the

metabolic syndrome.112 Of the components, an elevated
waist circumference was the most common (73%) and
high fasting glucose was the least common (33%). The
prevalence of the metabolic syndrome between baseline
and follow-up increased from 55% to 61% in the placebo
group, remained unchanged in the metformin group
(54% to 55%), and was reduced in the lifestyle group
from 51% to 43%. The study showed that an intensive
lifestyle intervention with weight loss and increased
physical activity is more effective in reducing the onset
of diabetes, but is also more effective in reducing the
other components of the metabolic syndrome. This may
mean that, in the long run, it is more effective in reducing
the incidence of cardiovascular disease.
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Rybo E, Sjöström L. Distribution of adipose tissue
and risk of cardiovascular disease and death: a 12
year follow up of participants in the population
study of women in Gothenburg, Sweden. Br
Med J. 1984;289:1257–1261
Després JP. The insulin resistance-dyslipidemic
syndrome of visceral obesity effect on patients’
risk. Obes Res. 1998;6(suppl 1):8S–17S.
Carey DG, Jenkins AB, Campbell LV, Freund J,
Chisholm DJ. Abdominal fat and insulin resistance
in normal and overweight women: Direct measurements reveal a strong relationship in subjects at
both low and high risk of NIDDM. Diabetes. 1996;
45:633– 638.
Colberg SR, Simoneau JA, Thaete FL, Kelley DE.
Skeletal muscle utilization of free fatty acids in
women with visceral obesity. J Clin Invest. 1995;
95:1846 –1853.
Jensen MD, Haymond MW, Rizza RA, Cryer PE,
Miles JM. Influence of body fat distribution of free
fatty acid metabolism in obesity. J Clin Invest.
1989;83:1168 –1173.
Boyko EJ, Leonetti DL, Bergstrom RW, NewellMorris L, Fujimoto WY. Visceral adiposity, fasting
107

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

108

plasma insulin, and lipid and lipoprotein levels in
Japanese Americans. Int J Obes Relat Metab Disord. 1996;20(9):801– 808.
Segal KR, Edano A, Abalos A, et al. Effect of
exercise training on insulin sensitivity and glucose
metabolism in lean, obese, and diabetic men.
J Appl Physiol. 1991;71:2402–2411.
Regensteiner JG, Mayer EJ, Shetterley SM, et al.
Relationship between habitual physical activity
and insulin levels among nondiabetic men and
women. Diabetes Care. 1991;14:1066 –1074.
Wing RR, Mathews KA, Kuller LH, et al. Environmental and familial contributions to insulin levels
and change in insulin levels in middle-aged
women. JAMA. 1992;268:1890 –1895.
Manolio TA, Savage PJ, Burke GL, et al. Correlates
of fasting insulin in young adults: the CARDIA
study. J Clin Epidemiol. 1991;44:571–578.
Lamarche B, Després JP, Pouliot MC. Is body fat
loss a determinant factor in the improvement of
carbohydrate and lipid metabolism following aerobic exercise training in obese women? Metabolism. 1992;41:1249 –1256.
Lemieux S, Després JP. Metabolic complications
of visceral obesity: contribution to the aetiology of
Type 2 diabetes and implications for prevention
and treatment. Diabetes Metab. 1994;20:375–393.
Yki-Jarvinen H, Koivisto VA. Effects of body composition on insulin sensitivity. Diabetes. 1983;32:
965–969.
Mott DM, Lillioja S, Bogardus C. Overnutrition induced decrease in insulin action for glucose storage:
in vivo and in vitro in man. Metabolism. 1986;35:
160 –165.
Bogardus C, Lillioja S, Mott D, Reaven GR, Kashiwagi A, Foley JE. Relationship between obesity
and maximal insulin-stimulated glucose uptake in
vivo and in vitro in Pima Indians. J Clin Invest.
1984;73(3):800 – 805.
Bogardus C, Lillioja S, Stone K, Mott D. Correlation
between muscle glycogen synthase activity and in
vivo insulin action in man. J Clin Invest. 1984;73(4):
1185–1190.
Campbell PJ, Carlson MG. Impact of obesity on
insulin action in NIDDM. Diabetes. 1993;42:405–
410.
Ronnemaa T, Koskenvuo M, Marniemi J, et al.
Glucose metabolism in identical twins discordant
for obesity. The critical role of visceral fat. J Clin
Endocrinol Metab. 1997;82:383–387.
DeFronzo RA. Lilly lecture 1987. The triumvirate:
beta-cell, muscle, liver. A collusion responsible for
NIDDM. Diabetes. 1988;37:644 – 667.
Hissin PJ, Foley JE, Wardzala LJ, et al. Mechanism
of insulin-resistant glucose transport activity in the
enlarged adipose cell of the aged, obese rat. J Clin
Invest. 1982;70:780 –790.
Segal KR, Edano A, Abalos A, et al. Effect of
exercise training on insulin sensitivity and glucose
metabolism in lean, obese, and diabetic men.
J Appl Physiol. 1991;71:2402–2411.
Caro JF, Dohm LG, Pories WJ, Sinha MK. Cellular
alterations in liver, skeletal muscle, and adipose
tissue responsible for insulin resistance in obesity

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

and type II diabetes. Diabetes/Metabolism Reviews. 1989;5:665– 689.
Kreisberg RA, Boshell BR, DiPlacido J, Roddam
RF. Insulin secretion in obesity. N Engl J Med.
1967;276(6):314 –319.
Polonsky KS, Given BD, HirschLJ, et al. Abnormal
patterns of insulin secretion in non-insulin-dependent diabetes mellitus. N Engl J Med. 1988;318(19):
1231–1239.
Ericksson J, Linstrom J, Valle T, et al. Prevention of
type II diabetes in subjects with impaired glucose
tolerance: the Diabetes Prevention Study (DPS) in
Finland: study design and 1-year interim report on
the feasibility of the lifestyle intervention programme. Diabetologia. 1999;42:793– 801.
Cusi K, Maezono K, Osman A, et al. Insulin resistance differentially affects the PI-kinase- and MAP
kinase-mediated signaling in human muscle. J Clin
Invest. 2000;105:311–320.
Ducluzeau PH, Pereti N, Laville M, et al. Regulation
by insulin of gene expression in human skeletal
muscle and adipose tissue. Evidence for specific
defects in type 2 diabetes. Diabetes. 2000;50:
1134 –1142.
Martin BC, Warram JH, Krolewski AS, et al. Role of
glucose and insulin resistance in development of
type II diabetes mellitus: results of a 25-year follow-up study. Lancet. 1992;340:925–929.
Bjorntorp P. “Portal” adipose tissue as a generator
of risk factors for cardiovascular disease and diabetes. Arteriosclerosis. 1990;10:493– 496.
Boden G. Role of fatty acids in the pathogenesis of
insulin resistance and NIDDM. Diabetes. 1997;46(1):
3–10.
Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest. 2000;106(2):171–176.
Roden M, Price TB, Perseghin G, Petersen KF,
Rothman DL, Cline GW, Shulman GI. Mechanism
of free fatty acid-induced insulin resistance in humans. J Clin Invest. 1996;97(12):2859 –2865.
Goodpaster BH, Theriault R, Watkins SC, Kelley
DE. Intramuscular lipid content is increased in obesity and decreased by weight loss. Metabolism.
2000;49:467– 472.
He J, Watkins S, Kelley DE. Skeletal muscle lipid
content and oxidative enzyme activity in relation to
muscle fiber type in type 2 diabetes and obesity.
Diabetes. 2001;50:817– 823.
Malenfant P, Joanisse D, Theriault R, et al. Fat
content in individual muscle fibers of lean and
obese subjects. Int J Obes. 2001;25:1316 –1321.
Kelley DE, Goodpaster B, Wing RR, Simoneau JA.
Skeletal muscle fatty acid metabolism in association with insulin resistance, obesity, and weight
loss. Am J Physiol. 1999;277(6 part 1):E1130 –
E1141.
Shulman GI. Unravelling the cellular mechanism of
insulin resistance in humans: new insights from
magnetic resonance spectroscopy. Physiology.
2004;19:183–190.
Boden G, Lebed B, Schatz M, et al. Effects of
acute changes of plasma free fatty acids on intramyocellular fat content and insulin resistance in
healthy subjects. Diabetes. 2001;50:1612–1617.
Itani S, Ruderman N, Schmieder F, Boden G. LipidNutrition Reviews姞, Vol. 65, No. 3

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

induced insulin resistance in human muscle is associated with changes in diacylglycerol, protein
kinase C, and I kappa B-alpha. Diabetes. 2002;51:
2005–2011.
Yki-Jarvinen H. Ectopic fat accumulation: an important cause of insulin resistance in humans. J R
Soc Med. 2002;95(suppl 42):39-45.
Chitturi S, Farrell GC. Etiopathogenesis of nonalcoholic steatohepatits. Semin Liver Dis. 2001;21:
27– 41.
Ryysy L, Hakkinen AM, Goto T, et al. Hepatic fat
content and insulin action on free fatty acids and
glucose metabolism rather than insulin absorption
are associated with insulin requirements during
insulin therapy in type 2 diabetic patients. Diabetes. 2000;49:749 –758.
Seppala-Lindroos A, Vehkavaara S, et al. Fat accumulation in the liver is associated with defects in
insulin suppression of glucose production and serum fatty acids independent of obesity in normal
men. J Clin Endocrinol Metab. 2002;87:3023–3028.
Bugianesi E, Gastaldelli A, Vanni E, et al. Insulin
resistance in non-diabetic patients with non-alcoholic fatty liver disease: sites and mechanisms.
Diabetologia. 2005;48:634 – 642.
Arner P. Differences in lipolysis between subcutaneous and omental adipose tissue. Ann Med. 1995;
27:435– 438.
Kelley DE, Williams KV, Price JC, McKolanis TM,
Goodpaster BH, Thaete FL. Plasma fatty acids,
adiposity and variance of skeletal muscle insulin
resistance in type 2 diabetes mellitus. J Clin Endocrinol Metab. 2001;86:5412–5419.
Hotamisligil GS, Arner P, Caro JF, Atkinson RL,
Spiegelman BM. Increased adipose tissue expression of tumor necrosis factor alpha in human obesity and insulin resistance. J Clin Invest. 1995;95:
2409 –2415.
Lang CH, Dobrescu C, Bagby GJ. Tumor necrosis
factor impairs insulin action on peripheral glucose
disposal and hepatic glucose output. Endocrinology. 1992;130:43–52.
Ryden M, Dicker A, van Harmelen V, et al. Mapping
of early signaling events in tumor necrosis factoralpha-mediated lipolysis in human fat cells. J Biol
Chem. 2002;277:1085–1091.
Feinstein R, Kanety H, Papa MZ, Lunenfeld B,
Karasik A. Tumor necrosis factor-alpha suppresses insulin-induced tyrosine phosphorylation
of insulin receptor and its substrates. J Biol Chem.
1993;268:26055–26058.
Hotamisligil GS, Peraldi P, Budavari A, Ellis R,
White MF, Spiegelman BM. IRS-1 mediated inhibition of insulin receptor tyrosine kinase activity in
TNF-alpha and obesity-induced insulin resistance.
Science. 1996;271:665– 668.
Unger RH, Zhou YT. Lipotoxicity of beta-cells in
obesity and in other causes of fatty acid spillover.
Diabetes. 2001;50(suppl 1):S118 –121.
Colditz GA, Willett WC, Rotnitzky A, Manson JE.
Weight gain as a risk factor for clinical diabetes
mellitus in women. Ann Intern Med. 1995;122(7):
481– 486.
Sjöström CD, Lissner L, Sjöström L. Relationships
between changes in body composition and

Nutrition Reviews姞, Vol. 65, No. 3

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

changes in cardiovascular risk factors: the SOS
Intervention Study. Swedish Obese Subjects.
Obes Res. 1997;5(6):519 –530.
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