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OBJECTIVE— To review the research findings on the determinants of diabetes
mellitus in Pima Indians.

RESEARCH DESIGN AND METHODS— Pima Indians in Arizona have partici-
pated in a longitudinal diabetes study that has provided data on and hypotheses about
the development of NIDDM. Findings from this study are reviewed and updated.

RESULTS — Frequency distributions of plasma glucose and HbAi are bimodal in
Pima adults, and substantial risk of the specific vascular complications of diabetes is
confined to those in the higher components of these distributions. These findings
contributed to the adoption of internationally recognized criteria for classification of
glucose tolerance. Diabetes in the Pimas is strongly familial, and probably of genetic
origin, although the precise nature of the gene or genes involved remains unknown.
Obesity, which is at least in part environmentally determined, is a major factor
interacting with the presumed genetic susceptibility to result in diabetes. The inci-
dence of diabetes in the Pimas has increased during the last several decades,
providing further evidence for environmental-genetic interaction. Longitudinal stud-
ies suggest that the progression from normal to diabetes can be considered to involve
two stages. The first, primarily attributable to insulin resistance, leads to impaired
glucose tolerance, and the second, which depends on insulin secretory failure, leads
to worsening hyperglycemia and overt diabetes.

CONCLUSIONS — The Pimas and many other American Indian populations suffer
from a high incidence of diabetes and its characteristic disabling or fatal complica-
tions, and would benefit from continued research on the pathogenesis and prevention
of the disease.

N IDDM is a very common and seri-
ous disease in many American In-
dian tribes (1). In this study, the

epidemiology of diabetes is described in
the Pima Indians of Arizona, an Ameri-
can Indian tribe with the highest re-

corded prevalence and incidence of
NIDDM of any geographically defined
population (2).

The Pima Indians and the closely
related Tohono O'odham (Papago) Indi-
ans who live in a part of the Gila River
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Indian Community in the desert of cen-
tral Arizona have participated in a com-
prehensive longitudinal study of the epi-
demiology of diabetes mellitus, for which
they have been examined at intervals of
~2 yr since 1965 (3). This study pro-
vides much of the information on the
prevalence, incidence, risk factors, and
pathogenesis of diabetes in the Pima In-
dian population, discussed in this and
previous reviews (4,5).

BACKGROUND OF STUDY— A n -
cestors of the present-day Pima Indians
are believed to have lived in the valleys of
the Gila and Salt Rivers, in what is now
Arizona, for >2000 yr. According to
Haury (6), the Pimas descended from the
Hohokam, who represented one of the
groups of Paleoindians, who originated
from the first of three migrations across
the Bering land bridge from Asia to
North America. Evidence for the Pimas'
descent from Paleoindians rather than
from people of later migrations from Asia
comes from comparisons of culture and
language (7), blood groups (7), dental
morphology (8), serum immunoglobulin
allotypes (9), and variations in mito-
chondrial DNA (10).

The Hohokam and Pima Indians
adapted successfully to the desert envi-
ronment by growing irrigated crops,
hunting, and gathering food. Their suc-
cessful agriculture continued until the
end of the 19th century, at which time
settlement of the area by people of Eu-
ropean derivation and diversion of the
water supply disrupted the Pimas1 agri-
culture (11), which has gradually been
reestablished with water from the reser-
voir of the Coolidge Dam completed in
1929 on the Gila River (12). Although
agriculture is now the major tribal indus-
try, crops are sold or fed to livestock;
thus, the Pimas purchase rather than
produce most of their food.

The Pimas now suffer from high
prevalence rates of NIDDM and obesity.
The high prevalence of diabetes appears
to be a recent phenomenon, although
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temporal changes in the prevalence of
diabetes are difficult to estimate because
of changing diagnostic methods. In the
early part of this century, Hrdlicka (13)
reported only one case of diabetes in the
population, and Russell (11) listed 28
diseases affecting the Pimas without
mentioning diabetes. In 1940, Joslin
(14), based on a review of medical rec-
ords, reported that the prevalence of di-
abetes in American Indians was similar
to that of the general population. Diabe-
tes has been reported as being exces-
sively common in the Pimas since the
1950s (15,16). In the mid-1960s, it had
become a major health problem (3), and
its prevalence has increased since that
time (17), affecting, by 1981, - 5 0 % of
the adults who are >35 yr of age (18).

Pima Indians with diabetes of re-
cent onset do not have subnormal insulin
or C-pep tide concentrations. Except in the
presence of a complicating illness, diabetic
Pimas do not require exogenous insulin to
prevent ketosis, even when the disease de-
velops at young ages (19,20). High titers of
islet cell antibodies are not found (21). The
Pimas therefore have NIDDM.

RESEARCH DESIGN AND
METHODS— Since 1965, a longitudi-
nal study of diabetes and its complications
has been conducted among the residents
(mostly Pima Indians) of a part of the Gila
River Indian Community. Approximately
every 2 yr, each resident >5 yr of age is
invited for a biennial examination that in-
cludes measurements of height and
weight, a medical history, and a glucose
tolerance test in which glucose concentra-
tion is measured in venous plasma ob-
tained fasting and 2 h after ingestion of 75
g glucose-equivalent carbohydrate. Serum
insulin concentrations also have been mea-
sured since 1975. Because examinations
are conducted periodically, the incidence,
or rate of development of new cases of
diabetes, can be determined, facilitating
study of factors that predict diabetes. The
same methods are used for subjects of all
ages, and data on family relationships are
recorded. Thus, the family data presented

are based on the results of examinations
rather than on family history.

DIAGNOSTIC CRITERIA— Because
diabetes is defined by hyperglycemia, the
frequency distributions of fasting and
2-h postload plasma glucose concentra-
tions and of HbA1; an integrated measure
of glycemia during the preceding weeks
were examined and are shown in Fig. 1
for subjects >35 yr of age (5). These
distributions are bimodal and conform to
a model of two overlapping normal dis-
tributions. These results suggest that di-
abetes, as defined by glucose or HbAx

concentrations in the upper component
of these distributions, is a distinct entity
rather than simply representing the tail
of a skewed distribution. At young ages
nearly all subjects are in the lower com-
ponent of each distribution, and the pro-
portion of people belonging to the upper
component increases with age.

Prevalence rates of other manifes-
tations of diabetes, such as diabetic reti-
nopathy and proteinuria, are much
greater in the higher component of each
distribution (5,24-28). Thus, people in
the upper component of each distribu-
tion have a distinct syndrome character-
ized by hyperglycemia and a high risk of
microvascular complications.

Such findings from the Pima Indi-
ans and from other studies (29,30) led to
the adoption of new standardized criteria
for the diagnosis of diabetes by the NDDG
(31) and the WHO (32,33). These levels
approximate the separation of the two
components of the distributions of glucose
concentrations shown in Fig. 1.

The WHO and the NDDG also
define impaired glucose tolerance by
postload glucose concentrations above
normal but below those diagnostic of di-
abetes, although their criteria for this
condition differ (34). Impaired glucose
tolerance is not generally accompanied
by symptoms or microvascular compli-
cations characteristic of diabetes, but
is associated with increased risk of devel-
oping diabetes. In the Pima Indian lon-
gitudinal study, diabetes and impaired

3.9 5.5 7.8 11.1 15.B 22.6
Fasting Glucose ImM)

3.9 5 5 7 8 11.1 16.8 22.5 32.0
2-hour Plasma Glucose (mM)

4.2 7.6 10.0 13.3
Glycohemoglobin (%)

Figure 1—Frequency distributions of fasting
plasma glucose concentrations (A), 2-h plasma glu-
cose concentrations (B), and HbA1 (C). Subjects
2:35 yr old (n = 901) are included regardless of
previously diagnosed diabetes or hypoglycemic
treatment. HbA1 was measured by electrophoresis
(22). The bars show frequencies on a logarithmic
scale. Each curve represents a mathematical model
of two overlapping normal distributions with a
common variance fit by maximum likelihood (23).
Adapted from Knowler et al. (5).

glucose tolerance have been classified ac-
cording to WHO criteria (2; Table 1).

PREVALENCE AND INCIDENCE
OF DIABETES

Prevalence
Table 2 shows the prevalence of diabetes
during three time periods from 1965 to
1990. Prevalence increases with age and
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Table 1—WHO criteria for the oral glucose tolerance test

NORMAL GLUCOSE

TOLERANCE!

IMPAIRED GLUCOSE TOLERANCE

DIABETES

FASTING

<7.8

<7.8
>7.8

VENOUS PLASMA GLUCOSE (MM)*

AND

AND

OR

2-H

<7.8

7.8-11.0

"Cut points for serum glucose or capillary whole blood are slightly different and can be found in ref. 33
(7.8 mM [140 mg/dl], 11.1 mM [200 mg/dl]).
tAlthough the term normal is not used by WHO (33), we use it here to mean the absence of impaired
glucose tolerance and diabetes.

tends to reach a plateau in older ages. In
most age and sex groups, the prevalence
of diabetes is higher in the more recent
periods than in 1965-1974. Thus, the
historical evidence previously cited that
the prevalence of diabetes has increased
during this century is extended by direct
observations during the last 25 yr. The
prevalence may show an increase be-
cause of an increase in incidence (the
rate at which new cases develop) or be-
cause of greater improvement in survival
of diabetic than of nondiabetic people in
the latter time periods, although diabetes

has little impact on the overall mortality
rates <55 yr of age (35).

Incidence
Incidence is the rate (per time) at which
new cases of disease develop among peo-
ple initially without the disease. From
the beginning of the study in 1965 until
1990, there were 736 new cases of dia-
betes among > 41,000 person-yr of fol-
low-up of people nondiabetic at first ex-
amination. As shown in Fig. 2, these
rates have increased in most age groups
during the 25 yr of the study (36). The

Table 2—Prevalence (%) of diabetes in Pima Indians by age, sex, and time period

MALES

FEMALES

AGE (YR)

5-14
15-24
25-34
35-44
45-54
55-64

>65
5-14

15-24
25-34
35-44
45-54
55-64

>65

1965-1974

0
2

22
37
45
42
39

0
1

22
39
53
71
58

PERIOD OF STUDY

1974-1982

0
5

24
53
50
55
59

1
4

22
50
67
72
71

1982-1990

0
5

20
49
67
69
65

1
5

21
46
62
86
74

60

40

20

Males

5-14 15-24 25-34 35-54
Age (years)

60

II
20

>55

Females

5-14 15-24 25-34

Age

35-54

(years)

>55

For each period data from each subject obtained at the biennial examination closest to the midpoint of the
period are used.

Figure 2—Age- and sex-specific incidence

rates of diabetes in Pima Indians during three

time periods of this study. Subjects were of at

least half Pima or Tohono O'odham heritage and

residents of the study area. Incidence rates are

expressed as new cases of diabetes/1000 per-

son-yr observation of nondiabetic subjects. Age-

and sex-specific incidence rates were computed

for the first three 8- or 9-yr time periods of the

study, February 1965-January 1974, February

1974-January 1982, and February 1982-

January 1990. In total, 736 cases of diabetes

developed during 41,844 person-yr offollow-up.

Adapted from Knowler et al. (36).

rates appear to be rising still in men >35
yr of age but to have stabilized in the
women. In all time periods in both sexes
the incidence rates are lower in people
>55 yr of age than in younger adults (2).

The increasing incidence rates of
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diabetes preceding and during this study
provide evidence for environmental risk
factors for diabetes, because gene fre-
quencies cannot change fast enough to
account for these changes in incidence.
The disease has also apparently increased
in frequency in other populations (37-
42), including many American Indian
tribes (43) that have experienced major
socioeconomic changes or migration, of-
ten accompanied by increasing obesity
and decreasing physical activity.

RISK FACTORS FOR DIABETES —
Several risk factors predicting the devel-
opment of diabetes have been examined
in Pima Indians. These include parental
diabetes, genetic markers, obesity, and
diet.

Parental diabetes
The age-specific prevalence of diabetes in
offspring is shown in Fig. 3 according to
parental diabetes among subjects whose
parents have been examined (36). Off-
spring are classified into three groups
according to diabetes in their parents: 1)
in the early group (n = 1397), at least
one parent developed diabetes <45 yr of
age; 2) in the late group (n = 528), at
least one parent developed diabetes >45
yr of age, but neither had diabetes before
this age; and 3) in the nondiabetic group
(n = 199), both parents were nondia-
betic until >45 yr of age. Parental data
for offspring >45 yr old are too sparse
for inclusion in this analysis.

Prevalence rates are highest in
offspring whose parents developed dia-
betes at an early age. Below 25 yr of age,
diabetes occurs only in people with at
least one diabetic parent and is much
more frequent if that parent had diabetes
of early onset. This observation and ex-
amination of pedigrees (44,45) suggest
an autosomal dominant mode of inheri-
tance. The prevalence of diabetes in
older people, however, is high, even
among the offspring of two nondiabetic
parents, and thus is not consistent with
transmission by a dominant gene with
high penetrance.

60-

O
c

40-

<D 20

Parental Diabetes

- * - Early

••-• Late

—*— Nondiabetic

5-14 15-24 25-34

Age (years)

35-44

Figure 3—Prevalence of diabetes according to

presence and age of onset of diabetes in parents.

People for whom both parents had been exam-

ined were grouped into three parental diabetes

groups: early, late, or nondiabetic according to

whether the parents had diabetes and whether

the parental diabetes was diagnosed <45 or

>45 yr of age, as defined in the text. Adapted

from Knowler et al. (36).

The interpretation of transmis-
sion of susceptibility to diabetes from
parent to offspring is complicated by a
higher risk of obesity and diabetes in
offspring exposed to diabetes in utero
(46-49). This finding is discussed in de-
tail elsewhere (this issue, Pettitt et al., p.
310-14).

Admixture and genetic markers
Clues to the location of disease-suscepti-
bility genes have often been sought by ex-
amining associations between a disease and
a genetic marker (i.e., a polymorphic char-
acteristic determined by a known gene).
The implications of such associations have
been illustrated in the Pima Indian study
with the haplotype Gm3;5>13-14 from the Gm
system of IgG (50). The presence of this
haplotype is inversely associated with di-
abetes in each age-group >15 yr, as
shown in Fig. 4. In each age-group, the
prevalence of diabetes in subjects with
Gm3;5,13.14 i

BO-

40H

o

- 20

0 -

Gm3i5'13'14

O Absent

o Present

15-24 25-34 35-44
Age (Years)

Figure 4—Prevalence of diabetes by age and

presence of the haplotype Gm3;5 i J3J - J among

4095 residents of the Gila River Indian Commu-

nity. From Knowler et al. (50). Reprinted with

permission from the American Journal of Human

Genetics.

without this haplotype, suggesting that
this haplotype (or a gene in linkage dis-
equilibrium) confers protection from di-
abetes.

A different explanation for the as-
sociation is provided, however, by con-
sidering the degree of Indian heritage of
each subject. The vast majority are of full
Indian heritage, but some have different
degrees of non-Indian (predominantly
Caucasian) admixture. Age-adjusted
prevalence rates of diabetes are shown in
Fig. 5 according to amount of Indian
heritage and presence of the Gm3;5ll3>14

haplotype. Diabetes prevalence is di-
rectly related to Indian heritage, but
within heritage classes, is unrelated to
Gm type. Thus, the primary association
is between diabetes and Indian heritage,
and the association of diabetes with Gm
type is attributable to the relationship of
each of these factors to Indian heritage,
as shown in Fig. 6. Compared with full-
heritage Indians, people with Caucasian
admixture are more likely to have the
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4 0 -

30-

4>

• 20-

10-

0 J

Gm3;5,I3,I4

• Absent
• I Present

0 4 8
Indian Heritage (Eighths)

Figure 5—Age-adjusted prevalence of diabe-
tes by presence of the haplotype Gm3;5I3J4,
according to Indian heritage, among residents of
the Gila River Indian Community. Prevalence
rates were age-adjusted in people >15 yr (32,
217, and 3656 were ofO, 4, or 8 eighths Indian
heritage). From Knowler et al. (50). Reprinted
with permission from the American Journal of
Human Genetics.

Gm3;5'13'14 haplotype but less likely to
have diabetes. Therefore, despite an as-
sociation between diabetes and this ge-
netic marker, it appears that the marker
plays no direct role in disease suscepti-
bility. The strong relationship of diabetes
to Indian heritage (Figs. 5 and 6), how-
ever, is evidence for a genetic basis to the
disease, but does not indicate the num-
ber or location of such genes.

Diabetes in Pima Indians is also
associated with the HLA-A2 phenotype
(51). Unlike the association with Gm
type, the association of diabetes with
HLA-A2 is found among people report-
ing full Pima Indian heritage. Thus, it
cannot be explained by non-Indian ad-
mixture, but might result from linkage
disequilibrium with a disease-suscepti-
bility locus. Diabetes is not associated

40 -i
0)

|30H

B20H
4)

u
.2?
o
0)

10-

0 J

40 4 8
Indian Heritage (Eighths)

B
80 -

? 60

I
<D

2 20H
o
0) 0 J

0 4 8
Indian Heritage (Eighths)

Figure 6—Age-adjusted prevalence (±1 SE)
of diabetes (A) and of Gm3-5-13-14 (B), according
to Indian heritage, among 3905 residents of the
Gila River Indian Community. From Knowler et
al. (50). Reprinted with permission from the
American Journal of Human Genetics.

with polymorphic alleles at the insulin
(52) and insulin receptor (53) genes in
Pima Indians. Systematic studies of Pima
Indian families for linkage of diabetes
with other genetic markers are being per-
formed (54). Linkage studies will also be
performed for measures of in vivo insulin
action, a risk factor for diabetes, for

6 0 -

;40-

il
— co'

CO
m
O

V

<20 20-25 25-30 30-35 35-40 >40

Body Mass Index

Figure 7—Age- and sex-adjusted incidence of
diabetes by BMl, with 95% confidence intervals.
The BMl was determined at each biennial exam-
ination and assessed as a predictor of develop-
ment of diabetes by the next examination, which
must have occurred within 5yr. There were 542
new cases of diabetes during 29,710 person-yr of
follow-up. Incidence rates are adjusted by age
and sex, using the 1980 U.S. white population as
a standard, to give average incidence rates ac-
cording to BMl. Adapted from Knowler et al.
(18).

which a trimodal frequency distribution
suggests a major gene effect at a single
locus (55).

Obesity
The association of NIDDM with obesity
is well known. The age- and sex-ad-
justed incidence rates of diabetes in the
Pimas are shown in Fig. 7 as a function
of the BMl (kg/m2) measured in nondia-
betic subjects (18). Although there is a
marked effect of obesity, even in Pima
Indians with BMIs between 20 and 25
kg/m2, which are below the average for
the U.S. population in most age-groups,
the age- and sex-adjusted incidence rate
of diabetes is about eight times that of
the predominantly Caucasian population
of Rochester, MN (18). Thus, obesity
magnifies the risk of diabetes, which is
high even in the nonobese Indians. Al-
though there has been some increase in
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25-30 30-35
Body Mass Index

35

Figure 8—Age- and sex-adjusted incidence of

diabetes by BMl and parental diabetes in people

aged 15-34 yr. Adjusted incidence rates are

shown for subjects in three groups according to

parental diabetes, as defined in Fig. 3. Diabetes

developed among 197 of these subjects during

11,288 person-yr of follow-up. Adapted from

Knowler et al. (18) and (36).

obesity during the period of this study
(5), it is not sufficient to account for the
increasing incidence rates of diabetes
(36).

Obesity interacts with parental
diabetes, another strong diabetes risk
factor. Age-adjusted diabetes incidence
rates are shown in Fig. 8 by BMI and
parental diabetes (18,36). Obesity and
parental diabetes increase diabetes inci-
dence rates synergistically, with the high-
est rates seen in obese subjects with at
least one parent with diabetes of early
onset. The incidence of diabetes is much
lower in thin Pima Indians, even among
those with diabetic parents.

Diet
Although the Pima Indian diet has un-
dergone tremendous change during the
last century as a result of disruption of
the traditional agricultural life-style by
European-derived settlers, as reviewed
elsewhere (5,56), it is difficult to deter-
mine the effect this has had on the emer-
gence of diabetes. According to a dietary

study of Pima Indian women in 1969,
the average Pima diet was similar to the
average U.S. diet, as estimated from food
purchase data. Pima Indian women
25-44 yr of age consumed an average
3163 kcal/day, of which 44% were from
carbohydrate, 12% from protein, and
44% from fat. There was no significant
difference found in the calorie intake of
those with and without diabetes, al-
though the diabetic women reported
lower sugar consumption (56).

Among 187 of the women who
were nondiabetic at this survey and were
followed during the next decade, 87 de-
veloped diabetes. The incidence of dia-
betes was positively related to total calo-
rie and carbohydrate intake at the time of
the survey, but not to sucrose intake.
Although carbohydrate intake was the
single strongest predictor of the develop-
ment of diabetes, total carbohydrate was
strongly related to total calorie intake
and fat consumption (57).

PATHOGENESIS OF DIABETES

Worsening glucose tolerance
If tested early in life, presumably all peo-
ple would fall into the normal compo-
nents of the bimodal frequency distribu-
tions of plasma glucose and HbA: (Fig.
1). Thus, the existence of a second com-
ponent later in life implies that many
people make an abrupt transition to the
upper component and that the antimodal
parts of the distributions (representing
impaired glucose tolerance and the lower
ranges of diabetic glucose concentra-
tions) are relatively unstable. The stabil-
ity has been examined in terms of the
incidence of diabetes by 2-h postload
plasma glucose concentrations. Age- and
sex-adjusted incidence rates of diabetes
are shown in Fig. 9 according to the 2-h
postload plasma glucose at the preceding
biennial examination (5,58). There is lit-
tle relationship with 2-h glucose concen-
trations in the range considered normal
by WHO criteria (<7.8 mM), but people
with higher 2-h glucose concentrations
(impaired glucose tolerance) have mark-

200

3.9 4.6 5.5 6.5 7.8 9.3 11.1
Two-Hour Plasma Glucose (mM)

Figure 9—Age- and sex-adjusted incidence of

diabetes by 2-h postload plasma glucose concen-

tration, in subjects >15 yr. Incidence in new

cases/1000 person-yr at risk is shown with 95%

confidence intervals. The 2-h postload plasma

glucose concentration was determined at each

biennial examination and assessed as a predictor

of development of diabetes by the next examina-

tion, which must have occurred within 5yr. The

vertical line at plasma glucose concentration

equals 7.8 mM and represents the lower limit of

impaired glucose tolerance. The rates are based

on 542 new cases in 29,710 person-yr of follow-

up. Adapted from Knowler et al. (5) and Bennett

et al. (58).

edly higher incidence rates of diabetes
(58-60) similar to findings in other pop-
ulations (61-66).

Relationship of glucose and insulin
concentrations
People with impaired glucose tolerance
have not only higher postload glucose
concentrations, but also higher fasting
and postload serum insulin concentra-
tions, on average, than those with nor-
mal glucose tolerance (58,60). The
higher serum insulin concentrations
compensate for the insulin resistance
characteristic of this condition (67,68).
The 2-h postload plasma glucose con-
centration is not the only predictor of
diabetes among nondiabetic Pima Indi-
ans. Fasting and 2-h plasma glucose and
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30

20

10

1 2 3 4 5
Quintile of Two-Hour Plasma Glucose

1 2 3 4
Quintile of Two-Hour Serum Insulin

30

20

10

1 2 3 4
Quintile of Fasting Plasma Glucose

1 2 3 4
Quintile of Fasting Serum Insulin

Figure 10—The 5-yr cumulative incidence of diabetes by quintiles of fasting and 2-h postload
plasma glucose and serum insulin (69) concentrations. The cumulative incidence was estimated by the
Kaplan-Meier method (70) in 1491 nondiabetic people ^15 yr, with at least one follow-up
examination after measurement of the variables. The quintiles were computed within decades of age,
so the comparison between quintiles is not confounded by age. Adjusted for age with a proportional
hazards analysis (71,72), the effect of each of these variables on the incidence of diabetes is highly
significant (P < 0.001 for each variable). From Knowler et al. (5). Reprinted with permission from
Diabetes Metabolism Reviews.

serum insulin concentrations each influ-
ence the incidence of diabetes, as shown
in Fig. 10. The incidence shows a modest
relationship with each of the glucose var-
iables throughout the lower four quin-
tiles, with a markedly increased rate
among people in the highest quintile,
whereas the relationships with insulin
concentrations are more linear. Because
the fasting and 2-h glucose and insulin
concentrations among nondiabetic sub-
jects are highly correlated with each
other, they are examined in combination
in Fig. 11. This figure shows that, among
individuals with normal glucose toler-
ance, fasting serum insulin concentration
is positively related to subsequent devel-
opment of diabetes. Among those with
impaired glucose tolerance, a higher fast-
ing insulin concentration but a lower in-
sulin response predict worsening to dia-
betes (60).

Cross-sectional studies of Pima
Indians (52,58,73,74) and other groups
(75-80) show that fasting and glucose-
stimulated insulin concentrations form
an inverted U-shaped curve when plot-
ted against plasma glucose concentra-
tions. Pima Indians follow the same pat-
tern longitudinally as they develop
diabetes, as shown in Fig. 12 (81). Fast-
ing and 2-h insulin concentrations in-
crease during the transition from normal
to impaired glucose tolerance, probably
reflecting the high and increasing insulin
resistance that appears to be primarily
responsible for early deterioration of glu-
cose tolerance (68). The increase in in-
sulin resistance may be attributable to
weight gain (82-84), aging (85,86), and
decreased physical activity (87). Deteri-
oration of impaired glucose tolerance to
diabetes is accompanied by a further in-
crease in fasting insulin, but little change

in glucose-stimulated insulin concentra-
tions. The transition to diabetes is prob-
ably caused not only by further increases
in insulin resistance, as reflected by the
increasing fasting insulin concentration,
but also by failure to increase insulin
secretion sufficiently in response to hy-
perglycemia. This finding is consistent
with the observation that subjects with
impaired glucose tolerance who have
lower insulin responses to oral glucose
are more likely to progress to diabetes
(Fig. 11). After the onset of diabetes,
both fasting and 2-h insulin concentra-
tions diminish, despite further increases
in plasma glucose concentrations. Thus,
the development of NIDDM can be
thought of as occurring in two stages: the
first leading to impaired glucose toler-
ance with hyperinsulinemia (represent-
ing partially compensated insulin resis-
tance) and the second leading to overt
diabetes with worsening hyperglycemia
as a result of failure to maintain sufficient
compensatory hyperinsulinemia (per-
haps as a result of (3-cell defects or ex-
haustion) (88).

Origins of metabolic abnormalities
that lead to diabetes
The familial transmission of diabetes in
the Pimas suggests that susceptibility to
diabetes with an early age of onset is
inherited by the offspring. Evidence for
genetic factors includes familial aggrega-
tion, not only of diabetes (18,36), but
also of insulin-mediated glucose disposal
rates (89) and severity of hyperglycemia
(36). Genetic marker studies provide ev-
idence for the importance of genetic fac-
tors but have not led to localization of a
major gene. Insulin resistance is an early
metabolic defect that may be a manifes-
tation of a genetic defect causing suscep-
tibility to diabetes (55,90).

Environmental factors also con-
tribute to the development of diabetes.
Obesity has a strong effect on the inci-
dence of diabetes, although obesity itself
may have genetic as well as environmen-
tal causes. The interaction between obe-
sity and parental diabetes, and the in-
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Figure 11—The 5-yr cumulative incidence of diabetes by quintiles of fasting insulin and insulin

response to oral glucose in subjects with normal or impaired glucose tolerance, by WHO criteria (33).
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creasing incidence of diabetes over time,
provide evidence for an interaction of
genetic and environmental effects in the
development of the disease.

OTHER AMERICAN INDIANS —
Although Pima Indians have been the
most extensively studied American In-
dian population and have the highest
recorded incidence of diabetes, many
other unrelated Indian groups (such as
the San Carlos Apache, Seminole, Choc-
taw, Cherokee, and Seneca Indians) also
have unusually high frequencies of the
disease (1). Diabetes appears to be more
common in all Native American groups
studied than in the Caucasian population
of the U.S.—except for Alaskan Eskimos
(91). Diabetes is also unusually frequent
among the Mexican-American popula-
tion, whose gene pool represents a mix-
ture of Caucasian and American Indian
genes (92). The predisposition of Amer-
ican Indians to diabetes may have arisen
because diabetes-susceptibility genes
were, by chance, very common among
the original American Indians and their
descendants, or because selective pres-
sures favored survival of those who car-

ried the diabetes-susceptibility genotype.
Only in the past century, however, has
diabetes emerged as a major health prob-
lem. The increasing prevalence in the
Pimas, together with circumstantial evi-
dence of increasing frequencies in other
tribes, suggest strongly that environmen-
tal factors have a major effect on the
expression of the diabetes-susceptibility
genotype.

CONCLUSIONS AND
IMPLICATIONS FOR
PREVENTION— Genetic and envi-
ronmental factors contribute to the high
incidence of diabetes in the Pima Indi-
ans. Many of the same risk factors appear
to play a role in other racial groups.
Environmental factors (such as diet,
physical activity, and perhaps other fac-
tors contributing to obesity) appear to
have the most immediate relevance to
prevention. The causes and mechanisms
of the major physiological abnormalities
leading to NIDDM, i.e., insulin resistance
and inadequate insulin secretion, are not
fully understood, but probably include
both genetic and nongenetic factors.
They may be subject to intervention,
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Figure 12—Changes in median fasting (A)

and 2-h (B) serum insulin concentrations by

corresponding plasma glucose concentrations in

four groups of subjects. Subjects changed from

normal to impaired glucose tolerance (group 1,

n = 81), from impaired tolerance to diabetes

(group 2, n = 44), and from the first to a sub-

sequent examination with diabetes (group 3,

n = 27). Subjects in group 4 (n = 11) were

examined at each of these four stages. The

shaded area shows the 95% confidence interval of

the median serum insulin concentrations grouped

by plasma glucose concentrations in 2817 Pima

Indians aged ^15 yr who were not taking hy-

pogfycemic medicines. The vertical dotted lines

represent the diagnostic threshold for diabetes

based on fasting plasma glucose in the left panel,

and the limits defining impaired glucose toler-

ance in the right panel. From Saad et al. (81).

Reprinted with permission from The Lancet.
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however, and studies of the effects of
controlling obesity by diet and exercise,
and of enhancing insulin secretion or
action by drug treatment are needed, es-
pecially in view of the evidence that these
treatments may prevent the deterioration
of impaired glucose tolerance to diabetes
(64).

Even if prevention is not possi-
ble, delaying the onset of diabetes would
be extremely beneficial. The incidence of
the chronic vascular complications re-
sponsible for most of the increased mor-
bidity and mortality of diabetic persons
is strongly related to the duration of di-
abetes (this issue, Nelson et al., p. 334-
41). Thus, any delay in the onset of di-
abetes should reduce the impact of
complications and increase longevity.
Progress in research on the genetics of
NIDDM should lead to means of identi-
fying those people most likely to benefit
from such intervention and perhaps also
lead to better understanding of the na-
ture of the underlying biochemical defect
and the development of treatment spe-
cifically directed toward its correction.
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