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The past generation has witnessed a surge in the number
of children, adolescents, and young adults with type 2
diabetes (1-3). In most cases the illness begins with excess
weight gain, insulin resistance, and dyslipidemia and
progresses through a stage of fasting or postprandial hy-
perglycemia [impaired glucose tolerance (IGT)] before the
emergence of clinical symptoms (4). IGT, dyslipidemia,
and overt type 2 diabetes predispose to hepatic steatosis
and microvascular and macrovascular complications,
which may arise early in the course of the illness (5-9). The
threat of vascular and hepatic complications makes the
prevention of type 2 diabetes of paramount importance.

Recent studies delineate risk factors for the development
of type 2 diabetes in children and young adults. Chief among
these are poorly defined genetic factors, ethnic background,
and obesity (1-3). Rates of type 2 diabetes increase with age,
as puberty is associated with a decline in insulin sensitivity
(1-4). In the prodromal state, the risk of diabetes is highest
among obese patients with severe insulin resistance and fast-
ing or postprandial hyperglycemia. Emerging evidence sug-
gests that lifestyle intervention and pharmacotherapy may
reduce the rates of development of type 2 diabetes in subjects
at highest risk (see below). This manuscript summarizes
current views of the pathogenesis of type 2 diabetes in chil-
dren and adolescents and discusses potential roles for phar-
macological agents in the prevention of diabetes in high risk
subjects.

Factors predisposing to the development of type 2 diabetes
in children and young adults (1-4, 10-14)

The risk of development of type 2 diabetes in childhood is
determined in part by genetic and familial factors (Table 1).
For example, a family history of type 2 diabetes in a first
degree relative increases the risk for development of the
disease, and type 2 diabetes is more common among children
of Latino, Native American, Pacific Islander, or African-
American descent than among Caucasian children. In some
populations, the illness occurs more commonly in girls than
in boys (1-3).

Abbreviations: ACE, Angiotensin-converting enzyme; BMI, body
mass index; FFA, free fatty acid; HbA,, hemoglobin A,,; HDL, high
density lipoprotein; IFG, impaired fasting glucose; IGT, impaired glu-
cose tolerance; UCP-2, uncoupling protein-2; VLDL, very low density
lipoprotein.
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The development of type 2 diabetes in subjects at risk is
determined by the interplay of environmental and genetic
factors, with nutrition playing a predominant role. The cen-
tral role of obesity in the development of type 2 diabetes in
adults is well established. For example, in a prospective 16-yr
study (14) of nearly 85,000 female nurses, the most important
determinant of diabetes risk was body mass index (BMI); at
the highest levels of BMI, the relative risk of developing
diabetes was increased nearly 40-fold. In comparison, the
relative risk of type 2 diabetes was 1.3- to 1.5-fold higher
among smokers and those with the lowest levels of exercise,
whereas ingestion of saturated fats, high glycemic foods, and
little or no fiber increased the risk 2-fold.

Among adults with increased BMI, the best predictor of
diabetes and other metabolic complications is the quantity of
abdominal, or visceral, fat (15). Whether this is true in chil-
dren as well as adults is currently unclear. Caprio and her
colleagues (16, 17) reported that the amount of visceral fat
in obese adolescent girls correlated directly with basal and
glucose-stimulated insulinemia and negatively with insulin
sensitivity. Similar findings are reported in obese Hispanic
children (aged 8-13 yr) with a family history of type 2 di-
abetes (18). Other investigators found that visceral fat in pre-
pubertal African-American and Caucasian children was asso-
ciated with elevated triglyceride and insulin concentrations, but
not with insulin sensitivity (19, 20). Independent of visceral fat
accumulation, insulin resistance was more common among
African-American children than Caucasian children (19).

That obesity beginning in childhood contributes to the
development of type 2 diabetes in adolescence and adult-
hood is suggested by four lines of evidence. First, insulin
sensitivity in prepubertal and pubertal children correlates
inversely with BMI and percentage body fat (21-23). Second,
severe obesity is associated with high rates (21-25%) of glu-
cose intolerance in prepubertal children and adolescents as
well as increased rates (4%) of unsuspected type 2 diabetes
in teenagers (23). Third, the absolute level of BMI and its rate
of increase in childhood correlate with subsequent develop-
ment of the cardinal features of the metabolic syndrome
(obesity, hypertension, hyperinsulinemia, and dyslipide-
mia), which, in combination, increase exponentially the risks
of developing type 2 diabetes and cardiovascular disease (24,
25). Finally, obesity and hyperinsulinemia in Finnish (26),
African-American (23), and Pima Indian (27, 28) children
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TABLE 1. Factors that predispose to the development of IGT or
type 2 diabetes in children, adolescents, and young adults (1-4,
10-14)

. Age (adults > adolescents > prepubertal children)

. Obesity

. Family history of type 2 diabetes

. History of maternal gestational diabetes

. Ethnicity

. Low birth weight

. Gender (females > males)®

. Polycystic ovary syndrome

. Smoking®

. Dietary factors? (other than excess caloric intake):
Low fiber intake increases risk
High trans-fatty acids and saturated fat may increase risk
Polyunsaturated fat and long-chain n-3 fatty acids may be
protective
? Role of glycemic load

11. Pregnancy

OO ULk WN =

[u—y

“ In some populations.
® Examined only in studies in adults.

predict the development of type 2 diabetes in adolescence
and adulthood.

Powerful support for a link between adolescent weight
gain and fat deposition and adult-onset diabetes is provided
by two additional investigations. Among more than 23,000
pregnant women who delivered in New York state between
1994 and 1998, the risk of developing gestational diabetes
was increased 3.1-fold in those at the highest quartile for
prepregnancy BMI and 1.8-fold for those at the lowest quar-
tile for height (29). And in a long-term study in young adult
Pima Indians (30), BMI increased progressively for 10-25 yr
before the development of type 2 diabetes and peaked at or
immediately after diagnosis. In sum, excess weight gain be-
ginning in childhood or adolescence increases the risk of
glucose intolerance and type 2 diabetes.

Yet aberrations in metabolic function may result from nu-
tritional imbalance imposed during fetal as well as postnatal
life. For example, intrauterine growth retardation predis-
poses to the development of glucose intolerance and other
features of the metabolic syndrome in adulthood (29, 31-33).
Some have argued that the predisposition of low birth weight
children to diabetes reflects their exaggerated fat deposition
and linear catch-up growth during childhood (34). This the-
ory, however, does not comport with the New York preg-
nancy study (29), which found a strong inverse correlation
between birth weight and the development of gestational
diabetes even after adjustment for prepregnancy BMI.

Children born large for gestational age are also at in-
creased risk for obesity and development of gestational di-
abetes and type 2 diabetes in adulthood. As high birth weight
is often a consequence of subclinical or overt diabetes in the
pregnant mother, the predisposition of high birth weight
children to subsequent diabetes is explained in large part by
genetic factors as well as intrauterine exposure to the diabetic
environment (35, 36). Accelerated weight gain and linear
growth in childhood and adolescence, which are common in
infants of diabetic mothers, play important contributory
roles (37).
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Pathogenesis of glucose intolerance and type 2 diabetes
in obesity

How does nutrient imbalance facilitate the development of
glucose intolerance and type 2 diabetes in children at risk?
Although our understanding in this area remains incom-
plete, we know from longitudinal studies in Pima Indians
and other high risk groups that the development of type 2
diabetes in obese children begins in most cases with a pro-
longed period of insulin resistance (23, 27, 28, 38—41). How-
ever, insulin resistance alone is not sufficient for the devel-
opment of glucose intolerance; the progression to diabetes
requires B-cell dysfunction and a defective insulin secretory
response to glucose.

Emerging evidence suggests a central role for disordered
fat metabolism and storage in the development of insulin
resistance and glucose intolerance in obese subjects (re-
viewed in Refs. 42-43a) (Fig. 1). Visceral obesity is accom-
panied by increases in fasting and postprandial free fatty acid
(FFA) concentrations. Because the magnitude of release of
FFA from adipose tissue is proportional to fat mass, the free
fatty acidemia of obesity is related at least in part to exag-
gerated fat stores. Other factors contributing to increased
plasma FFA include 1) increased sensitivity of the visceral fat
depot to the lipolytic effects of catecholamines and reduced
sensitivity to the antilipolytic effects of insulin; 2) reduction
in insulin-dependent adipose tissue lipoprotein lipase, the
rate-limiting enzyme in triglyceride clearance and FFA de-
livery to the adipocyte; and 3) blunting of insulin-dependent
FFA esterification in adipose tissue.

Excess FFA released into plasma are diverted to nonadi-
pose tissues, including liver, skeletal muscle, heart, and pan-
creatic B-cells. The uptake of visceral FFA from the portal
blood leads to hepatic triglyceride accumulation (fatty liver),
exaggerated very low density lipoprotein (VLDL) produc-
tion, and secondarily, a reduction in plasma high density
lipoprotein (HDL) concentrations (42). Increases in VLDL
production and secretion increase plasma VLDL concentra-
tions, which when hydrolyzed provide a continuing source
of FFA. The accumulation of cytosolic triglyceride reduces
hepatic insulin sensitivity, which blunts the suppressive ef-
fect of the hormone on hepatic VLDL synthesis and secretion
and thereby potentiates the vicious cycle. The reduction in
hepatic insulin sensitivity also reduces hepatic glucose uti-
lization and augments hepatic glucose production, evoking
an increase in circulating glucose concentrations (44, 45).

The rise in glucose concentrations is potentiated by resis-
tance to insulin and IGF-I action in skeletal muscle (46, 47).
The uptake of fatty acids by skeletal muscle promotes the
accumulation of triglycerides within and between skeletal
myocytes (48). In obese adolescents, the amount of muscle
triglyceride deposition varies with visceral fat mass (48). The
accumulation of lipid in skeletal muscle, which may reflect
a defect in myocyte fatty acid oxidation and/or an increase
in myocellular lipogenesis, is accompanied by insulin resis-
tance and decreased myocellular glucose uptake.

The loss of insulin sensitivity in peripheral target tissues
reduces insulin extraction from the circulation and triggers
a compensatory rise in pancreatic insulin secretion. The re-
sulting increase in plasma insulin concentrations maintains
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total body glucose disposal in the early phases of the disease.
At this stage, the insulin resistance and hyperinsulinemia
appear to be reversible.

The downhill slide from insulin resistance to irreversible
glucose intolerance and type 2 diabetes accelerates with the
emergence of B-cell dysfunction, reflected initially as loss of
first phase insulin secretion. The loss of B-cell function is
induced by the combination of chronic free fatty acidemia
and hyperglycemia (42, 43). Chronic elevations of FFA and
glucose inhibit insulin production and glucose-dependent
insulin secretion from pancreatic B-cells. Possible mecha-
nisms for lipotoxicity and glucotoxicity include reductions in
B-cell glucose transporter 2 and glucokinase expression, in-
hibition of insulin biosynthesis, alterations in ATP-sensitive
potassium channels, and accelerated B-cell apoptosis. A uni-
fying link in the pathogenesis of B-cell dysfunction may be
induction of uncoupling protein-2 (UCP-2) by FFA (49-52).
Induction of UCP-2 expression reduces cytosolic ATP levels
and thereby inhibits glucose-dependent insulin secretion.
Conversely, targeted deletion of UCP-2 in mice induces hy-
perinsulinemia and hypoglycemia. These observations sug-
gest that chronic free fatty acidemia may inhibit B-cell insulin
secretion through induction of UCP-2.

In obese subjects at risk for diabetes, progressive loss of
B-cell function in a milieu of peripheral insulin resistance
raises fasting and postprandial glucose concentrations. The
consequent reductions in insulin secretion and B-cell mass
cause progressive deterioration in glucose tolerance and,
eventually, type 2 diabetes.

Roles of adipocyte cytokines, growth factors, and genes

Tissue sensitivity to insulin is modulated by cytokines and
hormones produced by adipocytes and skeletal myocytes.
IL-6 is overexpressed in adipose depots of obese and diabetic
subjects, and plasma levels correlate inversely with insulin
sensitivity (52a, 52b). Likewise, TNFa is overexpressed in
adipose tissue and muscle in patients with visceral obesity

Skeletal muscle

4+ TG
v Glu uptake

| !

IFG, IGT
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and type 2 diabetes (53). In 3T3-L1 preadipocytes, TNFa
down-regulates expression of the insulin-dependent glucose
transporter GLUT4 and several insulin-signaling proteins,
including the insulin receptor, insulin receptor substrate 1,
and protein kinase B and inhibits insulin-stimulated glucose
uptake (54). Conversely, targeted deletion of TNFa in mice
improves insulin sensitivity in adipose tissue (55). However,
immunoneutralization of circulating TNFa in adults with
long-standing type 2 diabetes had no effect on insulin sen-
sitivity or glycemic control (56). Thus, the role of TNFa in the
pathogenesis of human insulin resistance remains unclear.

TNFa may reduce insulin sensitivity indirectly through
inhibition of expression of the adipocyte hormone adiponec-
tin (57). Serum adiponectin levels (58, 58a) are inversely
related to BMI, visceral fat mass, hepatic lipid content, and
the homeostasis model assessment insulin resistance index
(HOMA-IR). In rodents, adiponectin decreases postprandial
free fatty acid levels and stimulates myocellular fatty acid
oxidation, thereby increasing hepatic and skeletal muscle
insulin sensitivity and reducing hepatic glucose output (59).
Consequently, down-regulation of adiponectin production
and secretion in obesity may contribute to systemic insulin
resistance and increase the risk of development of type 2
diabetes (60).

The discovery of resistin was postulated to provide a crit-
ical link between obesity and insulin resistance. Resistin is an
adipocyte protein that antagonizes the effects of insulin on
glucose homeostasis. Steppan et al. (61) demonstrated in-
creases in plasma resistin concentrations in obese mice and
improved insulin action after immunoneutralization of cir-
culating resistin. Subsequent investigations, however, found
reduced expression of resistin in obese mice and very low or
undetectable levels of expression of resistin in human adi-
pose tissue. Moreover, resistin expression in human fat did
not correlate with BMI or measures of insulin sensitivity
(62-64). Nevertheless, very recent studies report elevated
serum resistin concentrations in type 2 diabetic and obese
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nondiabetic patients (65, 66). Clearly more work is required
to clarify the role of resistin in the pathogenesis of human
glucose intolerance.

Obese individuals with insulin resistance have high cir-
culating levels of the adipocyte hormone leptin. In leptin-
deficient humans and mice, the administration of leptin re-
duces food intake, stimulates energy expenditure through
sympathetic activation, induces myocellular and white ad-
ipose tissue fatty acid oxidation, and increases insulin sen-
sitivity (67-70). Yet food intake is normal or increased in
human obesity, insulin sensitivity is reduced, and the oxi-
dative response of skeletal muscle to leptin is blunted (71).
These observations suggest that obesity is associated with
resistance to leptin action. Leptin resistance may aggravate
metabolic dysfunction because mutations or deletions of
the leptin receptor cause obesity, insulin resistance, hyper-
triglyceridemia, and glucose intolerance in humans and
mice (67).

Genetic variability in the response to adipocyte hormones
and growth factors may influence the risk of developing the
metabolic syndrome or type 2 diabetes. A Pro**Ala poly-
morphism in the peroxisomal proliferator-activated receptor
Y2 gene is associated in some studies with increased insulin
sensitivity in humans (72, 73), and mice with targeted dele-
tions of peroxisomal proliferator-activated receptor y2 de-
velop lipodystrophy and hepatic insulin resistance (74).
Conversely, adipose tissue overexpression of 113-hydroxy-
steroid dehydrogenase type 1, which amplifies glucocorti-
coid signaling by converting inactive cortisone to biologi-
cally active cortisol, induces adiposity, dyslipidemia, and
tissue resistance to insulin and leptin (75). Intense interest is
now focused on identification of polymorphisms in these and
other adipocyte genes in obese and diabetic subjects.

Nevertheless, familial trends in diabetes risk might be
transmitted across generations by environmental as well as
genetic cues (Fig. 2). For example, marked increases in BMI
in pubertal and young adult women predispose to glucose
intolerance and overt diabetes during pregnancy. Gesta-
tional diabetes promotes fetal overgrowth, and children born
large for gestational age in diabetic pregnancies are them-
selves at higher risk of childhood obesity and type 2 diabetes
(29-33, 35-37). Though this vicious cycle of glucose intoler-
ance has been demonstrated most convincingly in PIMA
Indians, we are likely to witness in the not too distant future
a surge in the incidence of gestational diabetes in other high
risk groups.

Rapid childhood growth and accelerated fat deposition
may contribute to diabetes risk in subjects born at low birth
weight (76) as well as those born large for gestational age.
However, obesity does not account for diabetes risk in all low
birth weight infants. Rather, fetal and perinatal malnutrition
may reduce islet vascularity and decrease B-cell mass, limit
the growth and function of skeletal muscle, and cause pre-
mature activation of the hypothalamic-pituitary-adrenal axis
(77, 78). Diabetes in this case results from loss of B-cell se-
cretory capacity and skeletal muscle resistance to insulin
action (79).

Freemark e Clinical Perspective

A vicious cycle of glucose intolerance
in high risk populations

Obesity IGT

LGA GDM

F1G. 2. Obesity predisposes to glucose intolerance in adolescents and
to gestational diabetes (GDM) in young women of child-bearing age.
Fetal overgrowth [large for gestational age (LGA)], which is common
in women with gestational diabetes, in turn predisposes to obesity in
childhood and adolescence.

Pharmacological approaches to the prevention of type 2
diabetes in high risk patients

How can we intervene to prevent the development or
progression of obesity and type 2 diabetes in populations at
risk? It is clear from numerous investigations that intensive
lifestyle intervention through diet and exercise can increase
insulin sensitivity, reduce fasting and postprandial glucose
and free fatty acid concentrations, reduce plasma low density
lipoprotein and triglyceride concentrations, increase plasma
HDL levels, and reduce the risk of developing type 2 diabetes
in adults (80-82). Thus, diet and exercise represent the foun-
dation of care for all obese individuals and are critical com-
ponents of any approach to therapy. Unfortunately, the long-
term success of lifestyle intervention alone has been
disappointing, and rates of type 2 diabetes in children and
adults continue to increase despite widespread recognition
of the dangers of dietary indiscretion and a sedentary exis-
tence. This has stimulated interest in potential pharmaco-
logical approaches to diabetes prevention.

Metformin in the treatment of insulin resistance or IGT

In deliberating an approach to pharmacological preven-
tion of glucose intolerance in obese adolescents, my col-
leagues and I hypothesized that the biguanide metformin
might prove a useful therapeutic modality. Through activa-
tion of hepatic AMP protein kinase (83), metformin reduces
hepatic glucose and VLDL production, lowers fasting glu-
cose and insulin levels in diabetic and nondiabetic adults,
and increases insulin sensitivity (84-87). Serum cholesterol
and triglyceride concentrations are reduced in some cases.
Metformin may also protect B-cells against the lipotoxic ef-
fects of fatty acids (88).

Metformin has two properties that we thought would
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prove advantageous in obese adolescents. First, initial stud-
ies in diabetic and nondiabetic adults showed that metformin
caused little or no weight gain, and recent studies suggest
that metformin may reduce food intake and body fat mass
(89-91). Second, the drug is generally well tolerated, al-
though as many as 25-50% of patients may have mild and
self-limited gastrointestinal complaints.

We hypothesized that metformin would reduce glucose,
insulin, and lipid levels and facilitate weight control in obese
adolescents predisposed to the development of type 2 dia-
betes (92). To test this hypothesis, we selected a study pop-
ulation based on factors known to increase the risk of pro-
gression from IGT to type 2 diabetes in adults. These
included an increased BMI (38.7-41.5 kg/m?), fasting hy-
perinsulinemia (28.0-31.5 pU/ml), and a family history of
type 2 diabetes in a first or second degree family member. We
excluded patients with fasting glucose exceeding 100 mg%,
postprandial hyperglycemia, or elevated hemoglobin A,
(HbA,,); thus, the patients did not have IGT or impaired
fasting glucose (IFG). We also excluded patients with poly-
cystic ovary syndrome and other disorders that might be
accompanied by glucose intolerance. Subjects were ran-
domly assigned to a placebo group or a group that received
metformin (500 mg twice daily) for a total of 6 months. Both
patients and investigators were blinded, and no dietary re-
strictions were provided or enforced.

Metformin caused a progressive decline in fasting blood
glucose, from 84.9 mg/100 ml at baseline to 75.1 mg/100 ml
at the end of the 6-month trial. In contrast, glucose levels in
the placebo group rose from 77.5 to 82.5 (Fig. 3). The reduc-
tion in plasma glucose in the metformin group was accom-
panied by a reduction in fasting insulin concentrations, from
31.5 to 19.3 uU/ml. In contrast, fasting insulin levels in the
placebo group did not change (Fig. 2). Insulin sensitivity, as
assessed by fasting insulin to glucose ratios and by the
QUICKI and HOMA-IR methods, was increased in the met-
formin group, although no changes were observed when
insulin sensitivity was estimated using the Minimal Model.
We found no effect of metformin on HbA,, serum lipids, or
serum lactate, and the medication was generally well toler-
ated by the majority of subjects. There were no episodes of
vomiting or lactic acidosis.
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As predicted, metformin caused a decline of 0.12 sp in BMI
during the study, amounting to a mean decrease of 0.5 kg/m?*
or —1.3% from baseline. In contrast, BMI rose 0.23 sp, or 2.3%
from baseline, in the placebo group (P < 0.02). Metformin
also reduced serum leptin concentrations in girls, suggesting
a reduction in fat mass.

The results of this study must be interpreted cautiously,
because the study group contained only 29 patients (18 girls
and 11 boys), and the subjects treated with metformin had a
mean BMI (41.5 * 0.9 kg/ m?) greater than that of placebo-
treated subjects (38.7 = 1.3 kg/m? P < 0.05). Nevertheless,
the benefits of metformin in subjects at risk for type 2 diabetes
have been confirmed in two subsequent investigations.

The first was a double-blind, placebo-controlled study in
24 obese (BMI, 40.8-41.2), hyperinsulinemic (fasting insu-
linm 37-43 pU/ml), nondiabetic adolescents (93). The family
histories of the study patients were not reported. In combi-
nation with a low calorie diet (1500-1800 calorie/d for girls
and boys, respectively), metformin reduced weight by 6.5%;
diet alone caused a 3.8% weight loss. Patients treated with
metformin had greater decline in body fat (—6% vs. —2.7%
in the placebo group), a decrease in plasma leptin levels, a
50% decrease in plasma insulin concentrations, and in-
creased insulin sensitivity as determined by fasting and 2 h
glucose and insulin levels. Plasma cholesterol and triglyc-
eride levels also declined by 22% and 39%, respectively.
These findings suggested that metformin and diet may act
synergistically to limit weight gain and increase glucose
tolerance.

The second was the recently completed Diabetes Preven-
tion Program (82), which showed directly that metformin
may delay or prevent the onset of type 2 diabetes in adults
(age, =25 yr) with IGT. This randomized multicenter trial
enrolled 3234 subjects with fasting glucose concentrations
ranging from 95-125 mg/100 ml and 2 h glucose levels from
140-199 mg/100 ml. BMI was at least 24 in all participants
except Asians, in whom it was at least 22. Participants were
randomly assigned to one of three interventions. These in-
cluded a placebo group who received standard lifestyle rec-
ommendations; a group treated with metformin 850 mg once
or twice/d and given standard lifestyle recommendations;

—&- Placebo
- & Metformin
95+
483 40-
S _ = £ T
EfC P
FiG. 3. Effects of metformin on fasting oh ©" 85+ = B *
glucose and insulin levels in obese ad- o 0 205 204
olescents with fasting hyperinsulin- ] é 80 E 2
emia and a family history of type 2 di- z & 10
abetes mellitus. Adapted from the — 75 B ]
report by Freemark and Bursey (89). =
70 T T T T T T T 1 0
1 0 1 2 3 4 5 6 7 Initial  Final Initial  Final
months Placebo Metformin

*p < 0.05 vs placebo controls

* p < 0.01 Metformin final vs initial

**p < 0.02 vs placebo controls
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and a group treated with an intensive program of lifestyle
modification.

Patients in the intensive lifestyle group were encouraged
to follow a low calorie/low fat diet, to reduce weight by at
least 7% from baseline, and to engage in moderately stren-
uous physical activity for at least 150 min/wk. In the lifestyle
arm, subjects met with a case manager 16 times during the
first 6 months and monthly thereafter. Month-long group
courses on exercise and weight loss were offered every 3
months, and two supervised exercise sessions were offered
each week. Incentives were provided to those in the intensive
lifestyle program, including free exercise tapes and equip-
ment, free enrollment in exercise facilities, free low calorie
foods, and home visits.

The study lasted 1.8—4.6 yr. Daily energy and fat intake
decreased only in the group randomized to intensive lifestyle
modification. Nevertheless, patients in the metformin group
also lost weight, although not as much as those in the in-
tensive lifestyle group. In both groups, weight loss was most
significant in the first 6-12 months of the study.

The changes in body weight were accompanied by reduc-
tions in the rates of progression from IGT to type 2 diabetes
(Fig. 4). The 3-yr cumulative incidence of diabetes in the
group overall was 28.9% in the placebo group, 21.7% in the
metformin-treated group, and 14.4% in the intensive lifestyle
group. Overall, therefore, intensive lifestyle intervention was
more effective than metformin.

However, certain subgroups responded preferentially to
the various interventions. Metformin was as effective as life-
style change in subjects with BMI exceeding 34.9 and in those
with highest fasting glucose concentrations (Fig. 4); these
subgroups are at greatest risk for progression to type 2 di-
abetes. Metformin was also as effective as lifestyle interven-
tion in younger adults aged 25-44 yr. On the other hand,
treatment effects did not vary according to gender, race, or
ethnic group.

In addition to reducing the risk of development of type 2
diabetes, intensive lifestyle intervention and metformin had
favorable, albeit small, effects on blood pressure and serum
lipids. Systolic and diastolic blood pressures were reduced
by 1.1 and 3.3 mm Hg, respectively, in the metformin and
intensive lifestyle groups, whereas total cholesterol, low den-
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Fic. 4. Effects of metformin and intensive lifestyle intervention on
the rate of development of type 2 diabetes in adults with IGT. *,
Significantly different from placebo; **, significantly different from
metformin or placebo. Adapted from the Diabetes Prevention
Program (79).
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sity lipoproteins, and triglyceride concentrations declined by
5and 8, 4.0 and 4.3, and 6 and 23 mg/100 ml, respectively,
and HDL levels increased slightly (0.5 and 0.8 mg/100 ml,
respectively).

The major effects of lifestyle intervention and metformin
were exerted within the first 12-18 months of the study. After
the first year, fasting blood glucose concentrations, HbA
concentrations, and rates of diabetes increased in both the
intensive lifestyle and metformin groups, and the slopes of
the intervention and treatment curves after the first year
appeared to parallel the slope of the placebo group. This
finding suggests that the interventions may delay, rather
than truly prevent, the development of type 2 diabetes.

The study raises additional important issues. For example,
the rates of type 2 diabetes in adults remained high even in
the intensive lifestyle and metformin groups and increased
in parallel with time. Would the combination of metformin
and intensive lifestyle intervention provide even greater ben-
efit than either intervention alone? Can we define subgroups
that respond preferentially to one or more forms of therapy?
Would the responses of adolescents to lifestyle intervention
or metformin be comparable to those of adults? Given the
time requirements, expense, and difficulty of lifestyle inter-
vention, what are its true costs? Would less intensive inter-
vention prove effective? Finally, what are the long-term
safety, efficacy, and costs of metformin? These issues require
clarification and additional study.

Other medications that may reduce the risk of
type 2 diabetes

There is reason to believe that other medications, in com-
bination with diet and exercise, may reduce the risk of type
2 diabetes. For example, the thiazolidinediones increase in-
sulin sensitivity, in part through induction of adiponectin
and suppression of TNFa expression (94, 95). Treatment of
diabetic adults with a thiazolidinedione reduces blood glu-
cose concentrations and serum lipid levels, which may de-
crease the risk of cardiovascular complications.

The potential benefits of thiazolidinediones in preventing
type 2 diabetes were demonstrated in the TRIPOD study (96),
in which obese Hispanic women (BMI, 30) with previous
gestational diabetes were randomized to receive placebo
(n = 122) or troglitazone (400 mg daily; n = 114). Insulin
sensitivity was lower, and fasting and glucose-stimulated
insulin concentrations were slightly higher at baseline in the
patients randomized to the placebo group. All subjects re-
ceived dietary advice and exercise counseling and were fol-
lowed for a mean of 30 months. The study showed a decrease
in the rate of progression to type 2 diabetes in the patients
treated with troglitazone (placebo, 12.1%/yr; troglitazone,
5.4%/yr). Those women with the greatest increase in insulin
sensitivity and the greatest decline in glucose-stimulated
insulin output during the first 3 months of treatment had the
lowest risk of subsequently developing type 2 diabetes. Di-
abetes risk in the two groups did not appear to vary accord-
ing to changes in BMI.

Posttrial testing was conducted among women who re-
mained diabetes-free throughout the blinded trial. Eight
months after discontinuing the study medication, 15% of the
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placebo group had developed type 2 diabetes, compared
with only 2.3% of the troglitazone-treated group. Moreover,
insulin sensitivity and the acute insulin secretory response
to glucose were 30-35% lower in placebo-treated than in
troglitazone-treated patients. This observation suggested
that troglitazone may have preserved B-cell function in study
subjects.

There are potential concerns about the use of thiazo-
lidinediones in the prevention of type 2 diabetes in obese
children. First, the drugs commonly cause weight gain, al-
though this appears to result from the accumulation of sc,
rather than visceral, fat (97). Second, there is little or no
information regarding the toxicity of the thiazolidinediones
in pediatric patients. Troglitazone was removed recently
from the commercial market after the development of severe
hepatotoxicity in a subset of adult patients. Although hep-
atotoxicity with the newer thiazolidinediones appears to be
quite rare in adults, the potential for hepatotoxicity in obese
adolescents, who commonly have nonalcoholic steatohepa-
titis, is unknown. Finally in adults, thiazolidinediones may
cause edema and anemia.

The a-glucosidase inhibitor acarbose may reduce the pro-
gression to type 2 diabetes by limiting gastrointestinal ab-
sorption of carbohydrate. Evidence for this was provided by
the recently completed STOP-NIDDM trial (98), which found
a 25-36% reduction in type 2 diabetes in obese adults (age,
40-70 yr; BMI, 25-40) with IGT. Postprandial glucose and
insulin concentrations were reduced, and weight declined
slightly in patients treated with acarbose (100 mg, three times
daily). Unfortunately, the gastrointestinal side-effects of the
drug, which include flatulence and diarrhea, limit its poten-
tial appeal for adolescents and young adults.

Finally, a post hoc analysis of the HOPE study showed a
40% reduction in newly diagnosed diabetes in patients
treated with the angiotensin-converting enzyme (ACE) in-
hibitor Ramipril (Aventis Pharmaceuticals, Kansas City,
MO). In addition, a post hoc analysis of the West of Scotland
Coronary Prevention Study (100) revealed 25% reduction in
the incidence of newly developed diabetes in patients treated
with Pravastatin (Bristol-Myers Squibb, Princeton, NJ).
These findings are interesting, given the possibility that a
single drug could reduce both cardiovascular and diabetic
risks. Nevertheless, the benefits of Ramipril or Pravastatin
must be confirmed in a study in which diabetes is a primary
outcome measure.

Synopsis: balancing lifestyle intervention and pharmacology
in the prevention of type 2 diabetes in high risk
pediatric patients

The collective evidence suggests that the recent surge in
type 2 diabetes in adolescents is related at least in part to
increases in the prevalence of obesity among populations at
risk for the disease. Therefore, preventive measures among
pediatric patients should focus first on obese subjects with a
family history of type 2 diabetes.

There are unfortunately no firm guidelines that permit us
to distinguish safe or low risk obesity from dangerous or high
risk obesity in pediatric patients. The recent report by Sinha
et al. (23) documents high rates of glucose intolerance and
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unsuspected type 2 diabetes among obese subjects with BMI
above the 95th percentile for age and gender. Consequently,
subjects with BMI exceeding the 95th percentile for age and
gender must be considered at risk (7-9, 21-23). Nevertheless,
some (particularly prepubertal) obese patients may have no
apparent defects in insulin production or action and display
no evidence of fasting hyperglycemia or glucose intolerance
(101).

Glucose tolerance in obese patients is assessed best using
a standard oral glucose tolerance test (102), which is repro-
ducible and reliable in obese adolescents (23). Those with IGT
(2 h glucose, 140-199 mg/100 ml) or IFG (fasting glucose,
111-125 mg/100 ml) are at greatest risk of developing type
2 diabetes (23). Such patients require immediate intervention
to prevent further deterioration in blood glucose control.

In adults with IGT, intensive lifestyle intervention (80-82)
has been shown in long-term studies to significantly reduce
(by 31-58%) the rate of development of type 2 diabetes. In
theory, intensive lifestyle intervention should also benefit
pediatric patients who are at high risk for developing type
2 diabetes. However, lifestyle intervention is difficult, time-
consuming, and, in many cases of childhood obesity, inef-
fective. Treatment failure may exacerbate insulin resistance,
dyslipidemia, and glucose intolerance, leading to irreversible
B-cell dysfunction and overt type 2 diabetes. Insulin resis-
tance, dyslipidemia, and glucose intolerance in adolescents
may also predispose to steatohepatitis and the development
of arterial fatty plaques (4-9).

The physician is thus faced with a difficult dilemma: fail-
ure to correct defects in insulin sensitivity and glucose tol-
erance in an obese patient at risk for diabetes may have
irreversible adverse consequences. Yet the efficacy of tradi-
tional lifestyle approaches has not yet been demonstrated in
children.

Recent investigations suggest that pharmacological agents
may complement the effects of lifestyle intervention and
reduce the risk of type 2 diabetes in selected patients. Met-
formin, troglitazone, and acarbose reduce the risk of devel-
opment of type 2 diabetes in adults with IGT (82, 96, 98), and
metformin limits weight gain and reduces fasting glucose,
insulin, and lipid levels in obese, insulin-resistant adoles-
cents (92, 93), at least in the short term. Preliminary studies
suggest that metformin may also be useful in the manage-
ment of hepatic steatosis associated with insulin resistance
(103). Metformin is well tolerated in the majority of children
and adolescents with type 2 diabetes (104-108), insulin re-
sistance (92, 93), and the polycystic ovary syndrome (109,
110), and life-threatening complications are extraordinarily
rare in patients with normal cardiac, renal, gastrointestinal,
and hepatic function (85, 86). Yet the long-term safety and
efficacy of pharmacological agents in children at risk for type
2 diabetes and the metabolic syndrome are unknown.

In the opinion of the author, consideration should be given
to the use of metformin in adolescents at highest risk for the
development of type 2 diabetes; these include obese patients
with IGT or IFG. Before initiation of drug therapy, such
children should undergo a trial of intensive lifestyle inter-
vention. If 6-12 months of lifestyle intervention proves un-
successful despite a good-faith effort on the part of the pa-
tient, a trial of metformin is justifiable. A good faith effort
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means that the patient has attempted to follow a low fat/low
calorie diet recommended by a dietary counselor and has
increased his or her energy expenditure through regular
exercise. Unsuccessful means that the elevations of fasting or
postprandial glucose persist or worsen despite lifestyle
intervention.

After institution of metformin therapy, lifestyle interven-
tion should be maintained, and the patient should be mon-
itored closely for the development of adverse drug effects.
Gastrointestinal complications can generally be prevented by
taking the medication with food; persistent complaints can
be reversed in many cases by reducing the dose of the med-
ication. The drug should be discontinued if liver function
tests exceed twice the upper limits of normal range. Mild
hepatic dysfunction can often be reversed with intensifica-
tion of diet and exercise; the drug can then be restarted,
beginning at a lower dose and increasing gradually as
needed. A multivitamin should be administered daily to
prevent the unusual development of B12 deficiency.

Metformin should not be administered to patients with
renal, cardiac, hepatic, or gastrointestinal disease and should
be discontinued before radiological studies using contrast
reagents. Concurrent use of alcohol is contraindicated.

In contrast to children with IGT or IFG, obese children with
normal fasting and 2 h (or postprandial) glucose concentra-
tions should be managed with lifestyle intervention alone.
The use of metformin or other pharmacological agents in
such children must at this time be considered experimental.

Once initiated, how long should pharmacotherapy be
maintained? It currently is not possible to provide firm or
uniform guidelines on this matter, and therapy must be
individualized. A trial off metformin may be warranted if
glucose tolerance is normalized, particularly if there has been
a decline in BMI z-score. If IGT persists despite compliance
with the medical/pharmacological regimen, it may be nec-
essary to intensify lifestyle intervention and/or to increase
the dose of medication. If glucose tolerance declines or the
patient develops overt diabetes, he/she may require the ad-
dition of another pharmacological agent.

As noted previously, other pharmacological agents, such
as thiazolidinediones, acarbose, ACE inhibitors, and statins,
may prove useful in the prevention of type 2 diabetes, at least
in adults. However, no studies have demonstrated their
safety or efficacy in children with IFG or IGT, so their use in
pediatric patients for diabetes prevention must await further
investigation. Studies of the rates of development of diabetes
in hypertensive or dyslipidemic adolescents treated with
ACE inhibitors or statins may be of particular interest.

Implications and thoughts for the future

I would like to conclude with some thoughts about type
2 diabetes and the future of pediatric endocrinology.

It is clear now from our collective experience, from innu-
merable investigations, and from the results of the Bogalusa
Heart Study (5, 22), the Minneapolis Children’s Blood Pres-
sure Study (24), and the Pathobiological Determinants of
Atherosclerosis in Youth Study (7, 8) that type 2 diabetes and
cardiovascular disease commence in childhood and may be
entrained during intrauterine life. The progression of disease
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from childhood to adulthood is often silent; by the time of
diagnosis, many adults with type 2 diabetes already have
microvascular and macrovascular complications (111-114).
Intergenerational cycles and social/cultural factors perpet-
uate familial and ethnic patterns of chronic illness. These
facts underscore the central importance of reproductive and
pediatric medicine in the prevention of adult disease.

The prevalence of type 2 diabetes in the U.S. may increase
as much as 65% during the next 50 yr (115), and if societal
trends in obesity are not controlled, we can expect further
increases in the prevalence of childhood disease and gesta-
tional diabetes. Such changes will place enormous burdens
on the medical, financial, and social communities.

As pediatric endocrinologists caring for individual pa-
tients, we must aggressively manage hyperglycemia, dys-
lipidemia, and hypertension to prevent long-term compli-
cations. However, we must also define more precisely the
metabolic, genetic, and lifestyle factors that increase the risk
of chronic metabolic and cardiovascular disease and identify,
atan early age, those families and children at highest risk. We
will then, in collaboration with representatives of the lay
community, be able to implement individual and societal
measures that will prevent chronic illness.
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