
Obesity [1±3] and weight gain [3±5] are independent
risk factors for the development of Type II (non-insu-
lin-dependent) diabetes mellitus and many obese

people are characterized by several prediabetic ab-
normalities such as impaired glucose tolerance, hy-
perinsulinaemia and insulin resistance [6±8]. Clinical-
ly, it is well-known that glucose tolerance typically
improves with weight loss and deteriorates with
weight gain and weight reduction is thus commonly
recommended to overweight people with normal
(NGT) or impaired (IGT) glucose tolerance.

Although the beneficial effects of weight loss on
glucose tolerance have been well documented in nu-
merous intervention studies [9±21], several aspects
relevant to the use of weight reduction as a therapeu-
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Abstract

Aims/hypothesis. We aimed to quantify changes in in-
sulin action and insulin secretion associated with
long-term gain, loss, regain, and maintenance of
body weight in subjects with normal (NGT) or im-
paired (IGT) glucose tolerance.
Methods. Insulin action (hyperinsulinaemic clamp)
and insulin secretion (intravenous glucose challenge)
were measured longitudinally in 209 Pima Indians
[body weight 94.4 ± 22.8 kg (means ± SD) 89 women/
120 men, 151 NGT/58 IGT], who either lost
(n = 110) or gained (n = 99) weight (±23%
to + 29%) over 2.6 ± 2.0 years. Insulin action and in-
sulin secretion were reassessed on a third occasion in
33 subjects who lost at least 5% body weight over
1.5 ± 0.8 years and then either regained or main-
tained weight over the subsequent 1.8 ± 1.1 years.
Results. There was a linear negative relation between
changes in body weight and changes in insulin-stimu-
lated glucose disposal in subjects with normal glucose
tolerance (r = ±0.51, p < 0.0001) and impaired glu-
cose tolerance (r = ±0.54, p < 0.0001). In contrast,

changes in the acute insulin response were positively
related to weight changes in subjects with normal glu-
cose tolerance (r = + 0.26, p < 0.005) but negatively in
those with impaired glucose tolerance (r = ± 0.51,
p < 0.0001). Improvements in insulin action after an
average of 10% weight loss were lost with weight re-
gain but largely preserved with weight maintenance.
Conclusion/interpretation. Improvements in insulin
action are proportional to the amount of weight loss,
similar in magnitude to the impairment in insulin ac-
tion with weight gain, preserved with long-term
weight maintenance and similar between subjects
with normal and with impaired glucose tolerance.
Weight gain could, however, have more detrimental
effects in people with impaired glucose tolerance, in
whom insulin secretion decreases rather than increas-
es to compensate for the decreased insulin action.
[Diabetologia (2000) 43: 36±46]
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tic means remain to be clarified. These include ques-
tions as to the underlying changes in insulin action
and insulin secretion and their relative contributions
to the changes in glucose tolerance, the variability
among people in their metabolic response to changes
in body weight, particularly among those with NGT
compared with IGT and the long-term changes in in-
sulin action and insulin secretion associated with
weight maintenance compared with regain after ini-
tial weight loss.

Results from glucose clamp studies suggest that
much of the improvement in glucose tolerance with
weight loss is attributable to an improvement in insu-
lin action [9±17]. Glucose tolerance is, however, a
function not only of insulin action but also of insulin
secretion [22, 23] and the effect of weight change on
glucose tolerance will thus depend upon changes in
both of these measures. The effects of weight loss
and weight gain on insulin secretion have been less
well investigated [18±20], particularly in subjects
with IGT in whom defects in insulin secretion could
already be present at baseline [6].

The quantitative relation between changes in body
weight and changes in metabolic function, especially
in the long term, also requires further clarification.
In particular, it would be valuable to know whether
such relations are linear, i. e. whether greater weight
loss will result in proportionally greater metabolic
improvements. Furthermore, it is important to gain
insight into the interindividual variability in the meta-
bolic responses to weight change and to identify pos-
sible determinants underlying such variation.

Finally, there is limited information as to what ex-
tent initial improvements in glucose tolerance and in-
sulin action after weight loss can be preserved over
the long term if weight is successfully maintained
and to what extent they diminish if weight is regained
[21]. The latter aspect is of particular interest as most
people regain weight and it has been proposed that
repeated weight loss and regain (ªweight cyclingº)
has adverse effects on body fat distribution [24±26],
glucose tolerance [26] and risk of diabetes [27].

The above questions can only be addressed in de-
tailed longitudinal studies, in which glucose toler-
ance, insulin action and insulin secretion are repeat-
edly measured over several years before and after
gain, loss, regain, and maintenance of body weight.
In this study, we aimed to further examine these rela-
tions using data from a comprehensive longitudinal
study [28, 29] in the Pima Indians of Arizona, a popu-
lation with a very high prevalence of obesity and
Type 2 diabetes [2].

Subjects and methods

Subjects. All subjects were Native Americans from the Gila
River Indian Community near Phoenix, Arizona. They were
between 18 and 50 years of age, healthy according to a physical
examination and routine laboratory tests and did not smoke or
take medications at the time of the study. Subjects were select-
ed from an ongoing longitudinal study of the determinants of
Type 2 diabetes [28, 29]. In this study, subjects are admitted to
the metabolic ward of the Clinical Diabetes and Nutrition Sec-
tion of the National Institutes of Health in Phoenix for approx-
imately 8±10 days, during which they are fed a weight-main-
taining diet (50 %, 30 % and 20 % of daily calories provided
as carbohydrate, fat and protein, respectively) and abstain
from strenuous exercise. After at least 3 days on the diet, sub-
jects undergo a series of tests for the assessment of body com-
position, glucose tolerance, insulin action and insulin secretion
(see below). Subjects are then asked to return to the metabolic
ward at approximately annual intervals for repetition of the
entire series of tests at each follow-up admission. Of the 443
subjects enrolled into the study, 272 had been studied on at
least two occasions. Of these, all subjects (n = 209) were in-
cluded who were non-diabetic at baseline and at least one sub-
sequent admission according to both the 1985 World Health
Organisation (WHO) [30] and the 1997 American Diabetes
Association (ADA) [31] diagnostic criteria. Based on the re-
sults of a 75-g oral glucose tolerance test [30], 151 of the 209
subjects had normal (NGT) and the remaining 58 had im-
paired (IGT) glucose tolerance at baseline. If subjects had
been studied more than twice while non-diabetic and had lost
weight at more than one follow-up visit, then the results of
the follow-up visit with the lowest body weight were included
in the analysis (weight losers, n = 110). If subjects had a steady
increase in body weight over several admissions, then the re-
sults of the follow-up visit with the greatest body weight were
included (weight gainers, n = 99). In a first analysis, the rela-
tion between changes in fasting and 2-h glucose and insulin
concentrations, insulin action and insulin secretion (see below)
and the change in body weight were assessed in the entire
study cohort of 209 subjects. For a second analysis, all subjects
in the weight loss group with either NGT or IGT were includ-
ed, who had lost at least 5 % of body weight (on aver-
age ~ 10 %) and who had been studied on a third occasion at
which they had either maintained ( ± < 4 % change from the
reduced body weight, n = 15) or regained (50±150% of the ini-
tial weight loss, n = 18) body weight. The results of these two
groups were compared to those of a control group of people
who had been weight stable ( ± < 4 % change from the initial
body weight) throughout three consecutive visits over a similar
time period (n = 20). All subjects in this second analysis were
non-diabetic on each of the three occasions.

The study protocol was approved by the Institutional Re-
view Board of the National Institute of Diabetes and Digestive
and Kidney Diseases and by the Tribal Council of the Gila Riv-
er Indian Community and all subjects provided written in-
formed consent before participating.

Body weight and composition. Total body weight was mea-
sured using a precision scale (ACME San Leandro, Calif.,
USA) and corrected for the weight of the hospital gown.
Body composition was estimated by underwater weighing
with simultaneous determination of residual lung volume by
helium dilution [32] or by total body dual energy x-ray absorp-
tiometry (DPX-L; Lunar Radiation Corp., Madison, Wis.,
USA) [33]. Per cent body fat, fat mass and fat-free mass were
calculated as described [34]. A previously derived conversion
equation [35] was used to make measurements similar between
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the two methods. Waist and thigh circumferences were mea-
sured at the umbilicus and the gluteal fold in the supine and
standing position, respectively and the waist-to-thigh ratio
(WTR) was calculated as an index of body fat distribution.

Oral glucose tolerance test. After a 12-h overnight fast, subjects
underwent a 75-g oral glucose tolerance test [30]. Plasma sam-
ples were drawn at baseline and after 30 and 120 min for deter-
mination of plasma glucose and insulin concentrations. The in-
cremental 30-min insulin concentration, adjusted for the 30-
min glucose concentration in a multiple regression, was calcu-
lated as a measure of insulin secretion. Plasma glucose concen-
trations were determined by the glucose oxidase method
(Beckman Instruments, Fullerton, Calif., USA) and plasma in-
sulin concentrations by radioimmunoassays, using either the
Herbert modification [36] of the method of Yalow and Berson
[37] or an automated analyser (Concept 4, ICN, Costa Mesa,
Calif., USA) (12 % cross-reactivity with proinsulin).

Two-step hyperinsulinaemic euglycaemic glucose clamp. Insu-
lin action was assessed at physiologic and supraphysiologic in-
sulin concentrations during a two-step hyperinsulinaemic eu-
glycaemic glucose clamp as described [28, 29]. In brief, after
an overnight fast, a primed continuous intravenous insulin in-
fusion was given for 100 min at a constant rate of 40 mU per
square meter body surface area per min (low dose), followed
by a second 100 min infusion at a rate of 400 mU per square
meter body surface area per min (high dose). These infusions
achieved steady state plasma insulin concentrations of
147 ± 42 mU/ml and 2222 ± 597 mU/ml (means ± SD), respec-
tively. Plasma glucose concentrations were maintained at ap-
proximately 5.0 mmol/l with a variable infusion of a 20 % glu-
cose solution (mean 5.2 ± 0.01 mmol/l, coefficient of variation
2.3 ± 0.03 %). The rate of insulin-stimulated glucose disposal
(M) was calculated for the last 40 min of the low-dose (M-
low) and high dose (M-high) insulin infusion [28, 29] and nor-
malized to estimated metabolic body size (EMBS = fat-free
mass + 17.7 kg) [38].

Intravenous glucose tolerance test. On a separate day, after a
12-h overnight fast, insulin secretion was measured in response
to a 25-g intravenous glucose bolus as described [39]. The acute
insulin response (AIR) to intravenous glucose was calculated
as the average incremental plasma insulin concentration from
the third to the fifth minute after the glucose bolus [39].

Disposition index. The product of AIR and M-low was calcu-
lated as a combined measure of insulin secretion and insulin
action, in the following referred to as the disposition index as
suggested previously [22].

Statistical analyses. Statistical analyses were done using the
procedures of the SAS Institute [40]. Results are given as
means ± SD in the text and tables and as means ± SEM in Fig-
ure 3.

Analysis on the effects of weight loss and weight gain. The base-
line characteristics of subjects with NGT compared with IGT
and of the weight loss compared with the weight gain groups
were compared using general linear regression models with si-
multaneous adjustment for age and sex. Changes in anthropo-
metric and metabolic variables accompanying the change in
body weight were tested for statistical significance using paired
t tests. The relations between metabolic changes and the per-
cent changes from baseline in body weight, fat mass and fat-
free mass were assessed by linear regression analysis with cal-
culation of the Pearson correlation coefficient. The changes in

M-low and AIR predicted for a 10 % weight loss and 10 %
weight gain in the NGT and IGT groups were calculated from
the respective regression equations. These longitudinal chan-
ges were superimposed onto the cross-sectional relation of
AIR and M-low as assessed in 277 Pima Indians with NGT in
our database. Stepwise and general linear regression models
were used to assess the determinants of changes in the 2-h glu-
cose concentration (D 2-h glucose), in insulin action (D M-low)
and in insulin secretion (D AIR) and the percentage of vari-
ance in these changes that can be explained by the respective
determinants (r2).

Analysis of the effect of weight regain compared with weight
maintenance. Baseline characteristics were compared between
the weight stable, weight regain and weight maintenance
groups using general linear regression models with simulta-
neous adjustment for age and sex. The changes in anthropo-
metric and metabolic variables within each group were tested
for statistical significance using paired t tests (changes between
the three steps) and repeated measures analysis of variance
(overall time effect). Between group comparisons were made
using general linear regression models (changes between the
three steps) and repeated measures analysis of variance (over-
all time ´ group effect) with additional adjustment for age,
sex and follow-up duration.

Results

Effect of weight gain and weight loss. The physical
characteristics and the anthropometric and metabolic
changes of the weight losers and weight gainers are
summarized in Table 1. Subjects with IGT were older
( + 2.7 ± 0.9 years, p < 0.01) and heavier ( + 8.2 ± 3.6
kg, p < 0.05) at baseline than those with NGT, had
higher fasting and 2-h glucose and insulin concentra-
tions (all p < 0.0001), and lower M-low, M-high
(both p < 0.001) and AIR (p = 0.08). Age and body
weight at baseline were lower in the weight gainers
than in the weight losers in both the NGT and IGT
groups. In the NGT group, insulin action at baseline
was higher in the weight gainers than in the weight
losers (Table 1).

Weight loss in both the NGT and IGT group was
accompanied by significant reductions in per cent
body fat, fat mass, fat-free mass and in the fasting glu-
cose and insulin concentrations. Both M-low and M-
high increased with weight loss in the two groups
whereas changes in the acute insulin response (AIR)
and in the incremental 30-min insulin concentration
were not significant (Table 1). Conversely, weight
gain was accompanied by increases in per cent body
fat, fat mass, fat-free mass and the fasting glucose
and insulin concentrations. In the NGT group, M-
low and M-high decreased with weight gain, whereas
the AIR and the incremental 30-min insulin concen-
tration did not change. In contrast, in the IGT group,
there were no significant changes in M-low and M-
high with weight gain but both the AIR and the incre-
mental 30-min insulin concentration decreased (Ta-
ble 1.
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The changes in fasting and 2-h glucose (D 2-h glu-
cose) and insulin concentrations were all negatively
related to the changes in body weight (D weight), fat
mass (D fat mass), and fat-free mass (D fat-free
mass) in both the NGT and IGT groups (Table 2,
Fig.1). In multiple regression analyses, these changes
and all metabolic changes described subsequently,
were more strongly related to D weight than to D fat
mass or D fat-free mass. In the entire group of 209
subjects, 17% of the variance in D 2-h glucose was ex-
plained by D weight. Another 17%, i. e. a total of
34% of the variance in D 2-h glucose was explained
by the changes in M-low (D M-low), in AIR (D
AIR) and by the initial glucose tolerance status, all
were significant additional determinants, indepen-
dent of D weight. Thus, a significant effect of D
weight on D 2-h glucose persisted, even after adjust-
ment for D M-low and D AIR.

Changes in M-low (D M-low) and M-high (D M-
high) were both negatively related to D weight, D fat
mass and D fat-free mass in both subjects with NGT
and IGT (Fig.1, Table 2). Of the variance in D M-
low, 27% was explained by D weight. Additional de-
terminants of D M-low, independent of D weight,
were the baseline values of age, body weight, per
cent body fat and M-low, explaining another 22%,
i. e. a total of 49% of the variance in D M-low.

Changes in AIR (D AIR) and in the incremental
30-min insulin concentration (D 30 ¢-ins, OGTT)
were both positively related to D weight, D fat mass
and D fat-free mass in subjects with NGT but nega-
tively in those with IGT (Fig.1, Table 2). Thus, D
weight alone was not a significant determinant of D
AIR in the entire cohort but it became significant
when the initial glucose tolerance status (NGT/IGT)
was included into the model. The effect of D weight
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Table 1. Physical characteristics, anthropometric and metabolic changes in 209 Pima Indians with either normal (NGT, n = 151) or
impaired (IGT, n = 58) glucose tolerance at baseline who either lost or gained weight over an average of 2.6 ± 2.0 years

NGT at baseline IGT at baseline

Weight losers Weight gainers Weight losers Weight gainers

before after p value before after p value before after p value before after p value

n 69 82 41 17

men/women 49/20 48/34 20/21 4/13

NGT/IGT 69/0 61/8 82/0 56/26 0/41 25/16 0/17 3/14

age (years) 26.9 ± 5.6 29.3 ± 5.9 < 0.0001 25.6 ± 5.8a 28.9 ± 6.0 < 0.0001 29.9 ± 5.5 31.8 ± 5.7 < 0.0001 25.7 ± 3.8b 28.2 ± 4.1 < 0.0001

body weight
(kg)

96.7 ± 24.2 90.8 ± 22.8 < 0.0001 89.0 ± 21.9a 97.7 ± 23.7 < 0.0001 102.1 ± 20.6 94.8 ± 18.7 < 0.0001 93.0 ± 21.4 100.7 ± 23.6 < 0.0001

body fat (%) 33 ± 8 30 ± 8 < 0.0001 31 ± 9a 34 ± 8 < 0.0001 36 ± 9 34 ± 9 < 0.0001 38 ± 7 40 ± 8 < 0.05

fat mass (kg) 32.2 ± 13.1 28.4 ± 13.1 < 0.0001 29.2 ± 14.2a 34.2 ± 14.5 < 0.0001 38.1 ± 18.7 32.9 ± 12.3 < 0.0001 36.4 ± 12.1 41.3 ± 15.5 < 0.005

fat-free mass
(kg)

64.5 ± 114.3 62.4 ± 12.4 < 0.0001 59.8 ± 11.2 63.5 ± 12.6 < 0.0001 64.0 ± 11.1 61.9 ± 10.1 < 0.0002 56.6 ± 11.7 59.4 ± 11.9 < 0.05

waist-to-thigh
ratio

1.67 ± 0.16 1.65 ± 0.13 NS 1.62 ± 0.15 1.67 ± 0.16 < 0.01 1.73 ± 0.16 1.71 ± 0.16 NS 1.68 ± 0.17 1.76 ± 0.20 < 0.05

fasting glucose
(mmol/l)

5.0 ± 0.5 4.8 ± 0.5 < 0.0001 4.9 ± 0.4 5.1 ± 0.5 < 0.01 5.6 ± 0.7 5.2 ± 0.5 < 0.0001 5.2 ± 0.5b 5.5 ± 0.7 < 0.05

2-h glucose
(mmol/l)

6.4 ± 0.9 6.3 ± 1.1 NS 6.2 ± 1.0 6.9 ± 1.6 < 0.0001 9.0 ± 1.0 7.6 ± 1.5 < 0.0001 8.6 ± 0.9 8.9 ± 1.1 NS

fasting insulin
(mU/ml)

37 ± 17 32 ± 13 < 0.01 34 ± 19 43 ± 20 < 0.0001 51 ± 20 40 ± 17 < 0.0002 48 ± 18 50 ± 17 NS

2-h insulin
(mU/ml)

169 ± 139 151 ± 122 NS 138 ± 98 214 ± 149 < 0.0001 284 ± 164 221 ± 148 < 0.005 310 ± 200 298 ± 229 NS

M-low (mg ×
kgEMBS� 1 ×
min� 1)

2.5 ± 0.8 2.9 ± 1.0 < 0.0001 3.1 ± 1.3c 2.7 ± 1.0 < 0.0001 2.1 ± 0.5 2.4 ± 0.7 < 0.001 2.3 ± 0.8 2.2 ± 0.6 NS

M-high (mg ×
kgEMBS� 1 ×
min� 1)

8.8 ± 1.9 9.4 ± 1.9 < 0.005 9.7 ± 2.1b 8.9 ± 2.3 < 0.0001 7.6 ± 1.6 8.5 ± 1.7 < 0.001 7.7 ± 1.7 7.4 ± 2.0 NS

AIR (mU/ml)+| 277 ± 174 270 ± 175 NS 245 ± 170 248 ± 165 NS 190 ± 112 187 ± 95 NS 235 ± 138 147 ± 95 < 0.05

Incr. 30-min
insulin (mU/ml)

242 ± 167 219 ± 107 NS 216 ± 152 235 ± 143 NS 184 ± 118 205 ± 103 NS 210 ± 117 145 ± 87 < 0.0001

disposition
index+|+

655 ± 422 726 ± 436 < 0.06 710 ± 456 649 ± 419 < 0.08 400 ± 235 430 ± 202 NS 520 ± 299 344 ± 279 NS

Means ± SD. The p values refer to the changes in each group
over time (paired t test) whereas the asterisks in the weight gai-
ners columns indicate significant differences to the weight lo-
sers groups at baseline (a p < 0.05, b p < 0.01, c p < 0.001, adjust-
ed for age and sex). +| AIR was assessed in 126 of the 151 indivi-

duals with NGT and in 54 of the 58 subjects with IGT and mul-
tiplied with M-low to obtain the disposition index (+|+
mU × mg × ml� 1 × kgEMBS� 1 × min�1). EMBS (estimated meta-
bolic body size) = fat-free mass + 17.7 kg



was no longer significant, however, when D M-low
and baseline AIR were entered into the model. To-
gether, these two factors explained 29% of the vari-
ance in D AIR.

To test whether there was an additional effect of
sex, follow-up duration or the change in body fat dis-
tribution (waist-to-thigh ratio), we added these vari-
ables to the regression models but none was a signifi-
cant determinant of any of the above changes.

Changes in the disposition index were negatively
related to D weight, D fat mass, and D fat-free mass
in both groups (Fig.1, Table 2). The regression line
for the correlation between D disposition index and
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Fig.1 A±H. Relation of changes in 2-h glucose concentration,
insulin action (D M-low), insulin secretion (D AIR) and in the
disposition index to change in body weight (D weight) in 209
Pima Indians with normal (NGT, A±D) or impaired (IGT,
E±H) glucose tolerance, who either lost or gained weight over
an average of 2.6 ± 2.0 years. AIR was assessed in 126 and 54
of the 151 and 58 subjects with NGT and IGT, respectively
and multiplied with M-low to obtain the disposition index
(mU × mg × ml±1 × kgEMBS±1 × min±1). A r (Pearson's correla-
tion coefficient) = 0.28, p < 0.001, B r = ±0.51, p < 0.0001,
C, r = 0.26, p < 0.01, D r = ±0.18, p < 0.05, E r = 0.67,
p < 0.0001, F r = ±0.54, p < 0.0001, G r = ±0.51, p < 0.0001,
H r = ±0.56, p < 0.0001. EMBS (estimated metabolic body si-
ze) = fat-free mass + 17.7 kg



D weight was steeper in the IGT than in the NGT
group (Fig.1).

Change in AIR was negatively related to D M-low
in subjects with NGT (r = ±0.39, p < 0.0001) but not
related to D M-low in those with IGT (r = 0.10, NS).
The vectors of the predicted changes in M-low and
AIR for a 10% weight loss and 10% weight gain in
subjects with NGT paralleled the slope of the regres-
sion line of the cross-sectional relation between these
two measures (Fig.2). In contrast, in subjects with
IGT the vector of the predicted changes in M-low

and AIR with weight loss was directed towards the
normal range, whereas that for the changes with
weight gain was directed away from it (Fig.2).

Effect of weight regain compared with weight mainte-
nance. The physical characteristics and the anthropo-
metric and metabolic changes in the three groups
with either weight stability, weight loss/regain or
weight loss/maintenance are given in Table 3 and Fig-
ure 3. All three groups included subjects with NGT
and IGT and did not differ in the 2-h glucose concen-
tration at baseline. Age, body weight and composi-
tion as well as all metabolic measures were similar
among the three groups at baseline and there were
no group differences in follow-up duration. The
weight loss of 9.4 ± 5.1% and 8.7 ± 2.9% after 1.7
and 1.8 years in the weight loss/regain and weight
loss/maintenance groups, respectively, was accompa-
nied by significant and similar (time ´ group effect
NS) reductions in fasting and 2-h glucose and insulin
concentrations as well as by similar increases in M-
low ( + 29 and + 31%, both p < 0.01), M-high ( + 20
and + 19%) and in the disposition index ( + 29 and
+ 21 %) whereas AIR did not change in either group
(Table 3, Fig.3). With subsequent weight regain, the
initial improvements in fasting and 2-h glucose and
insulin concentrations as well as in M-low and M-
high diminished and after 3.6 years, none of these
variables differed from the initial values before
weight loss (Table 3, Fig.3). In contrast, improve-
ments in fasting and 2-h glucose and insulin concen-
trations as well as in M-low, M-high and in the dispo-
sition index after weight loss were largely preserved
over 3.3 years with weight maintenance (Table 3,
Fig.3). No changes in any of the metabolic variables
occurred in the control subjects, who remained
weight stable over a similar period and the overall
time effect for all anthropometric and metabolic vari-
ables except for AIR differed significantly among the
three groups (time ´ group effect p < 0.05).
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Table 2. Relations between metabolic changes and changes in body weight, fat mass and fat-free mass over 2.6 ± 2.0 years in
209 Pima Indians with either normal (NGT) or impaired (IGT) glucose tolerance at baseline

NGT IGT

r (D weight) r (D fat mass) r (D fat-free mass) r (D weight) r (D fat mass) r (D fat-free mass)

D fasting glucose + 0.38e + 0.25c + 0.35e + 0.66e + 0.53e + 0.49e

D 2-h glucose + 0.28d + 0.14b + 0.20e + 0.67e + 0.45e + 0.55e

D fasting insulin + 0.59e + 0.46e + 0.45e + 0.56e + 0.44d + 0.41b

D 2-h insulin + 0.47e + 0.33e + 0.44e + 0.22a + 0.18b + 0.37c

D M-low � 0.51e � 0.40e � 0.45e � 0.54e � 0.47d � 0.31b

D M-high � 0.45e � 0.27d � 0.48e � 0.50e � 0.31c � 0.49e

D AIR + 0.26c + 0.23b + 0.22b � 0.51e � 0.45c � 0.39c

D 30-min insulin + 0.21b + 0.19b + 0.12b � 0.49d � 0.37c � 0.42c

D disposition index � 0.18b � 0.10 � 0.16 � 0.56e � 0.46c � 0.36c

r = Pearson correlation coefficient; a p < 0.07, b p < 0.05,
c p < 0.01, d p < 0.001, e p < 0.0001; M-low/M-high = glucose
disposal rates as assessed under low and high dose insulin infu-

sions; AIR = acute insulin response to a 25-g i. v. glucose toler-
ance test; 30-min insulin = 30-min insulin response to an oral
glucose tolerance test

Fig.2. Changes in insulin secretion (AIR) and insulin action
(M-low) predicted for a 10 % weight loss (dotted arrows) and
10 % weight gain (solid arrows) in Pima Indians with either
normal (NGT) or impaired (IGT) glucose tolerance. Changes
in the 2 groups were plotted starting from the average values
of AIR and M-low in subjects with NGT and IGT, respectively
and superimposed onto the regression line and upper and low-
er 95 % confidence intervals of the cross-sectional relation be-
tween AIR and M-low as assessed in 277 Pima Indians with
NGT. Estimated metabolic body size (EMBS) = fat-free
mass + 17.7 kg



Discussion

Obese people have an increased risk for Type II dia-
betes [1±3]. Weight gain in adulthood is an additional
risk factor for diabetes, independent of obesity [3±5]
whereas profound weight reduction in morbidly
obese patients after bariatric surgery can substantial-
ly reduce the risk of developing diabetes [41]. Inter-
vention studies indicate that even a moderate reduc-
tion in body weight can, at least in the short term,
lead to improvements in obesity-associated metabol-
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Fig.3. Changes in body weight and composition, 2-h glucose
concentration, insulin action (M-low) and insulin secretion
(AIR) in 53 non-diabetic Pima Indians who were either weight
stable (left panels, n = 20) or lost at least 5 % of initial body
weight and then subsequently either regained (middle panel,
n = 18) or maintained (right panel, n = 15) weight over an aver-
age of 3.1, 3.6 and 3.3 years, respectively (* p < 0.05,
** p < 0.01, ***p < 0.001 compared with baseline)



ic disturbances such as impaired glucose tolerance,
hyperinsulinaemia and insulin resistance [9±21].

In the present observational study, we analysed
longitudinal data from a large number of Pima Indi-
ans, a population with a very high prevalence of obe-
sity and Type II diabetes, to examine and quantify
the relation between long-term changes in body
weight and changes in insulin action and insulin se-
cretion. Our results show several clinically relevant
findings.

In the first part of our study, we found that over a
wide range of weight changes, changes in insulin ac-
tion over 2.7 years were linearly related to the
amount of weight change. The finding of a negative
relation between changes in insulin action and chan-
ges in body weight agrees with that of two previous
intervention studies [10, 42], which showed similar
correlations over a shorter period. In a more recent
4-month dietary intervention study in 32 obese sub-
jects [9], improvements in insulin action were not
found to be related to the overall amount of weight
loss but instead specifically related to the loss in vis-
ceral adipose tissue as determined by computed to-
mography. Similar findings have been reported for
the improvements in plasma glucose and lipid con-
centrations with weight loss [43]. In our study, the
changes in waist circumference or waist-to-thigh ra-
tio, less precise measures of abdominal body fat accu-
mulation than obtained from tomograms, were not
statistically significant independent determinants of
the change in insulin action, suggesting that a loss of
body weight in itself can improve insulin action. It
could also be hypothesized that the decrease in insu-
lin action with weight gain is more closely related to
the increase in fat mass than in fat-free mass as skele-
tal muscle is the major contributor to whole body glu-
cose disposal in humans. This was not the case, how-
ever. Instead, in multiple regression analyses, the

change in insulin action was more closely related to
the change in weight than to the change in fat mass or
fat-free mass. In this respect, it is important to consid-
er that changes in total body weight can be measured
much more precisely than changes in fat mass and fat-
free mass. Moreover, body weight can increase consid-
erably in a subject with only minor changes in adiposi-
ty (percent body fat), i. e., when fat mass and fat-free
mass increase proportionately. Our statistical analysis
also showed that the deterioration in insulin action
with weight gain is similar in magnitude to the im-
provement in insulin action associated with weight
loss. Finally, we found that the negative relation be-
tween changes in insulin action and changes in body
weight was present in subjects with normal (NGT)
and impaired (IGT) glucose tolerance with no signifi-
cant difference between the two groups.

In contrast, we found that subjects with NGT and
IGT differ substantially in their insulin secretory re-
sponse to weight change in that the changes in both
the acute insulin response (AIR) to intravenous glu-
cose and the 30-min insulin response to oral glucose
were positively related to weight change in subjects
with NGT but negatively in those with IGT. To illus-
trate how the insulin secretory response to weight
change differs between people with NGT compared
with IGT relative to the simultaneous change in insu-
lin action, we plotted the changes in AIR predicted
for a 10% weight loss and 10% weight gain in each
group against the predicted changes in M-low
(Fig.2). These plots were superimposed onto the
plot of the regression line and upper and lower limits
of the 95% confidence interval of the cross-sectional
relation between AIR and M-low, as determined in
277 Pima Indians with NGT (Fig.2). The relation be-
tween insulin secretion and insulin action is known
to be hyperbolic [22, 29], i. e. cross-sectionally, insulin
secretion increases with decreasing insulin action and
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Table 3. Physical characteristics and metabolic changes in 53 non-diabetic Pima Indians who were either weight stable or lost at
least 5 % body weight and subsequently either regained or maintained body weight over an average of 3.3 ± 1.4 years

Weight stable Weight loss/regain Weight loss/maintenance

study 1 study 2 study 3 study 1 study 2 study 3 study 1 study 2 study 3

n 20 18 15

men/women 10/10 11/7 13/2

NGT/IGT 11/9 11/9 12/8 10/8 16/2 12/6 10/5 11/4 11/4

age (y) 28.2 ± 4.7 29.4 ± 4.7 31.3 ± 4.6 26.6 ± 5.2 28.3 ± 5.4 30.2 ± 5.0 28.1 ± 5.6 29.9 ± 5.9 31.4 ± 5.9

fasting glucose (mmol/l) 5.1 ± 0.4 5.1 ± 0.5 5.0 ± 0.3 5.4 ± 0.6 4.9 ± 0.4a 5.2 ± 0.5 5.3 ± 0.6 5.0 ± 0.6a 5.0 ± 0.3a

fasting insulin (mU/ml) 43 ± 18 41 ± 16 44 ± 18 44 ± 21 30 ± 12b 43 ± 21 44 ± 23 33 ± 16b 34 ± 14a

2-h insulin (mU/ml) 231 ± 144 236 ± 167 250 ± 157 183 ± 139 128 ± 90a 203 ± 113 192 ± 151 143 ± 73a 148 ± 100a

M-high
(mg × kgEMBS� 1 × min� 1) 7.9 ± 2.1 8.2 ± 2.8 8.3 ± 1.8 8.3 ± 1.9 10.0 ± 1.7b 8.6 ± 2.0 8.1 ± 2.1 9.7 ± 2.7b 9.3 ± 2.0b

disposition index 557 ± 310 515 ± 280 581 ± 383 587 ± 364 759 ± 499a 605 ± 433 594 ± 429 717 ± 508a 730 ± 534a

Means ± SD. The superscripts indicate significant differences compared to baseline (paired t test a p < 0.05, b p < 0.01) within each
group. Results of the group comparison are given in the text



vice versa. As can be inferred from Figure 2, the
changes in insulin secretion with weight changes in
subjects with NGT are physiologically meaningful in
that an increase or decrease in insulin secretion with
weight gain or weight loss, respectively compensates
for the simultaneous decrease/increase in insulin ac-
tion. That this was indeed the case was confirmed by
the positive correlation between changes in insulin
secretion and changes in insulin action in subjects
with NGT, a finding that agrees with that of a weight
loss intervention study in obese normal glucose toler-
ant Caucasians [11]. In contrast, in Pima Indians with
IGT, insulin secretion failed to increase in response to
the decrease in insulin action with weight gain and
the changes in insulin secretion and insulin action
were unrelated. Instead, insulin secretion decreased
with weight gain in subjects with IGT, in parallel to a
decrease in insulin action (Fig.2). These differential
responses to weight change in subjects with NGT
compared with IGT became most apparent in the dis-
position index, an integrated measure of insulin ac-
tion and insulin secretion originally derived from the
minimal model [22]. According to the ªhyperbolic
law of glucose toleranceº [22], this index should re-
main constant as long as changes in insulin action
are compensated for by changes in insulin secretion
to maintain glucose homeostasis. In fact, there was
only a slight decrease in the disposition index with
weight gain in subjects with NGT and, presumably as
a result, only a relatively small increase in the 2-h glu-
cose concentration. In contrast, in subjects with IGT,
the disposition index decreased considerably with
weight gain and, in turn, there was a steeper increase
in the 2-h glucose concentration. This decrease in
the disposition index and increase in the 2-h glucose
concentrations with weight gain in the IGT group
would have been even greater, if subjects with diabe-
tes at follow-up were included. We decided, however,
to exclude these subjects because overt hyperglycae-
mia is known to have detrimental effects on both in-
sulin action and insulin secretion independent of
weight changes. Our results also suggest that subjects
with IGT could especially benefit from weight loss,
which can simultaneously improve insulin action and
insulin secretion. Our observational data do not allow
us to uncover the exact physiological mechanism(s)
responsible for the differential insulin secretory re-
sponses to weight changes in subjects with NGT com-
pared with IGT. It seems reasonable, however, that
subtle defects in beta-cell secretory capacity, either
inherited or acquired, prevented an adequate in-
crease in insulin secretion to compensate for the de-
crease in insulin action in subjects with IGT [29].

The most appropriate method for the in vivo as-
sessment of insulin action and insulin secretion is a
matter of debate. It is noteworthy, therefore, that
our findings were consistent, irrespective of whether
insulin action and insulin secretion were measured

under physiological (M-low, 30-min insulin response
to oral glucose) or supra-physiological (M-high, acute
insulin response to i. v. glucose) conditions.

An important observation from our analyses is
the high interindividual variability in the insulin ac-
tion and insulin secretory responses to weight chan-
ges. The long-term metabolic effects of weight loss
and weight gain seemed to differ considerably
among subjects, particularly in the range of minor
weight changes (±5 to + 5%). In our multiple regres-
sion analyses, we were able to identify several fac-
tors that explained part of the variance in changes
in glucose tolerance, M-low and AIR, in addition to
the effect of weight change. In total, only about
50% and 30 % of the variance in D M-low and D
AIR could, however, be explained. Because not all
of the remaining variance can be attributed to the
variability of the methods (e.g. only ~ 15% for the
hyperinsulinaemic clamp, [44]), it seems that other
factors are involved that could in part be genetically
determined. The above findings could have several
important clinical implications. Firstly, our data indi-
cate that even modest amounts of weight change
over several years can affect glucose tolerance and
insulin action. It also seems, however, that this does
not necessarily have to be the case, as responses
vary substantially among subjects. Secondly, our
data indicate that improvements and deteriorations
in glucose tolerance and insulin action increase in
proportion to the amount of weight loss and gain, re-
spectively. Thus, we found no evidence of a thresh-
old above which further weight loss has no further
beneficial effect on insulin action as has recently
been suggested based on results of a short-term in-
tervention study [9].

In the second part of our study, we aimed to exam-
ine the long-term outcome of improved glucose toler-
ance and insulin action after weight loss, specifically
in response to weight regain compared with success-
ful weight maintenance. Our results indicate that the
improvements in insulin action and glucose tolerance
after an average weight loss of approximately 10%
can be largely preserved over several years if the re-
duction in body weight is successfully maintained.
This finding is important because the improvement
in insulin action found after short-term weight loss in-
terventions could in part be a temporary consequence
of a negative energy balance, rather than a sustained
effect of the weight loss itself [11]. We found no statis-
tically significant change in insulin secretion with
weight loss and subsequent weight regain or mainte-
nance. This finding is not surprising, however, given
that both groups comprised of subjects with NGT
and IGT who had inverse insulin secretory responses
to weight changes. Unfortunately, the limited number
of subjects in this second part of our study precluded
any meaningful subgroup analysis for subjects with
NGT compared with IGT.
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It is well known that successful weight mainte-
nance after weight loss is achieved by only a small
number of people and that the majority will subse-
quently regain most of the weight [45]. It has been
suggested that repeated weight loss and weight regain
has adverse effects on body fat accumulation [24, 26],
glucose tolerance [26] and risk of diabetes [27], al-
though the postulated health risk of such ªweight cy-
clingº is a matter of debate [46±49]. Our results do
not suggest that weight cycling has detrimental ef-
fects on insulin action, insulin secretion or glucose
tolerance because all these measures were similar to
baseline after a single bout of weight loss and subse-
quent weight regain. This agrees with previous epide-
miological findings in Pima Indians that weight fluc-
tuation is not associated with increased diabetes risk
in this population [5]. Fasting and 2-h insulin concen-
trations also reverted back to baseline values, a find-
ing that agrees with those of a previous intervention
study [42]. Because of the long follow-up duration, it
might be possible that the results of our weight main-
tenance/regain analysis were confounded by ageing.
To control for this possible effect, we included a
weight stable control group, in which no changes in
glucose tolerance and insulin action occurred over a
similar period. Together, the findings that glucose tol-
erance and insulin action can be improved in the long
term with sustained weight loss and are not negative-
ly affected by weight loss and regain provide further
arguments to support the recommendation of weight
loss in obese people at risk for diabetes, even if
many of them may not achieve long-term benefits.

Our study was observational, not interventional,
which has both disadvantages and advantages. On
one hand, it cannot be assumed that the weight loss
was intentional. It is unlikely that illness was a cause
of weight loss, however, because most participants in
our longitudinal study maintain close contact with
the clinical research centre and undergo a compre-
hensive medical evaluation before each admission. It
is also possible that some of the weight gainers/losers
in our study had gained/lost even more weight but
had partially reverted to their initial weight before
the follow-up admission. Besides these putative limi-
tations, the observational design of our study offers
several potential advantages over previous interven-
tion studies. These include the long follow-up dura-
tion of several years, highly relevant to the long-
term management of obesity and diabetes. Further-
more, the relatively gradual weight changes over sev-
eral years in our study probably resembles more
closely the natural course of body weight changes in
obese subjects than the drastic weight reduction often
induced in dietary intervention studies.

In conclusion, the results of our longitudinal analy-
ses show in a large number of subjects that improve-
ments in insulin action with long-term weight loss
are proportional to the amount of weight loss, similar

in magnitude to the impairment in insulin action asso-
ciated with weight gain, preserved with weight main-
tenance and similar between subjects with NGT and
IGT. Weight gain seems, however, to have more de-
trimental effects in subjects with IGT in whom insulin
secretion fails to increase to compensate for the de-
creased insulin action.
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