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Abstract Aims/hypotheses: We previously reported in-
dependent links between the IGF system and the develop-
ment of impaired glucose tolerance and cardiovascular
risk. This study tests the hypothesis that the lifestyle
change which accompanies population migration, with
attendant increases in cardiovascular risk, is reflected by
changes in the IGF system. Materials and methods: We
compared a specific Gujarati community in Sandwell, UK
(n=205), with people still resident in the same villages of
origin near Navsari, India (n=246). We performed anthro-
pometry and measured fasting plasma insulin, IGF-I,
insulin-like growth factor binding protein (IGFBP)-1 and
IGFBP-3. Results: Daily calorie intake, BMI and WHR
were significantly higher in UK Gujaratis than in Indian

Gujaratis. IGFBP-1 was significantly lower in UKmigrants
(mean 29.5 [95% CI 25.9–33.0] vs 56.5 [50.6–62.5]μg/l;
F=48.4, p<0.001). Conversely, fasting insulin, IGFBP-3
and IGF-I were all higher in UK Gujaratis (mean IGF-I
145.9 [138.1–153.6]ng/ml in UKGujaratis and 100.9 [94.6–
107.3] ng/ml in Navsari Gujaratis; F=76.6, p<0.001). These
differences were still apparent when adjustment was made
for BMI by location for IGF-I (F=57.4, p<0.001) and
IGFBP-3 (F=5.7, p=0.02), but were no longer apparent for
IGFBP-1 and insulin. At the population level, the decrease
in IGFBP-1 for a given increase in insulin was significantly
smaller in UK Gujaratis, suggesting greater hepatic insulin
resistance in this group. Conclusions/interpretation: En-
vironmental factors have profound effects on circulating
IGF system components and on the relationship between
IGFBP-1, IGF-I and related metabolic variables. This may
have long-term implications for the development of wors-
ening glucose tolerance and cardiovascular disease.

Keywords IGF . IGFBP-1 . IGFBP-3 . Insulin resistance .
Lifestyle . Migration

Abbreviations GTT: glucose tolerance test . HOMA-B:
homeostasis model assessment pancreatic beta-cell
function . HOMA-S: homeostasis model assessment
insulin sensitivity . IRMA: immunoradiometric assay .
IGFBP: insulin-like growth factor binding protein

Introduction

Differences in disease rates between migrant and non-
migrant populations may supply important clues to the
aetiology and hence the mechanism of disease [1]. For any
ethnic group, lifestyle has a profound effect on insulin
metabolism and on the incidence of type 2 diabetes and
cardiovascular disease [2]. In people of South Asian origin
in the UK, glucose intolerance and coronary heart disease
are more prevalent than in white Europeans [3–5], but
direct measures of factors associated with migration and
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the mechanisms resulting in increased disease rates have
rarely been studied in detail.

There is accumulating evidence that the IGF system is
closely involved in the progression to impaired glucose
tolerance [6], with the combination of low circulating IGF-
I and low IGF binding protein (IGFBP)-1 at baseline
predisposing to impaired glucose handling at the 5-year
follow-up. The IGF system has been implicated in the
pathogenesis of hypertension [7], atheromatous vascular
disease [8, 9], cardiomegaly [10], ischaemic disease [11]
and cardiac failure [12, 13]. IGF bioactivity is modulated
by a series of specific high-affinity IGFBPs [14]. Of the six
IGFBPs fully characterised, IGFBP-1 is considered to be
the principal hour-to-hour regulator of circulating IGF
activity [14], forming the link between dietary ingestion,
glucose metabolism and the IGF axis. We and others have
established close links between the IGF system and the
development of impaired glucose tolerance, obesity and
macrovascular disease [15–18]. In a white European pop-
ulation, we demonstrated that such changes predict the de-
velopment of worsening glucose tolerance at the 5-year
follow-up [6]. Recently, higher circulating IGF-I levels and
a high IGF-I : IGFBP-3 ratio have been associated with the
development of breast cancer in premenopausal women
[19] and prostate cancer in men [20]. These associations
reflect the importance of the IGF system in controlling cell
growth, metabolism and apoptosis and highlight the need
to attain a better understanding of the environmental and
genetic factors involved in IGF system regulation.

The IGF system, dietary factors and how these are
shared by or differ with ethnic group all appear to con-
tribute to the development of diabetes and macrovascular
disease. Our hypothesis was that the lifestyle changes that
occur with population migration are mirrored by specif-
ic changes in the IGF system, in particular IGF-I and
IGFBP-1.

Subjects, materials and methods

Study sample

The study design was a direct comparative population-
based community study, between Gujaratis from the same
village of origin, one group living in Sandwell UK (first
generation migrants) (n=205), and the others still resident
around the town of Navsari in Gujarat, India (n=246).
Representative random sampling from population-based
registers supplemented by the electoral rolls was conducted
at each site [21]. Mean ages (95% CI) by site and sex are
given in Table 1. Response rates were 72% in Sandwell,
UK, and 67% in Navsari, Gujarat. Of the Sandwell par-
ticipants, 22% had migrated to the UK before puberty.

The subjects of the study gave informed consent. Ethical
approval for the study was obtained both in Sandwell,
UK, and Gujarat, India, from the respective local ethics
committees.

Baseline examination

Participants attended clinic in the fasting state, having
fasted from 22.00 hours on the previous evening. The
blood samples were taken between 08.00 and 09.00 hours.
Venous blood was collected, separated and appropriately
stored. Participants without previously diagnosed diabetes
on the basis of self-report/health records and a fasting
capillary glucose <7 mmol/l were asked to complete a GTT
[22]. A 75-g equivalent glucose load was administered as a
fruit-flavoured drink (Maxijoule; SHS Supplies, UK).
Venous blood samples were collected 30 and 120 min
after the glucose challenge [20]. Blood samples were cen-
trifuged and aliquots of plasma or serum were frozen at
−70°C until analysis.

Table 1 Unadjusted lifestyle risk factors among Gujarati Indians in Sandwell (UK) compared with contemporaries living in Navsari (India)

Lifestyle factor Men Women

Gujarat (n=128) UK (n=103) Gujarat (n=118) UK (n=102)

Age (years) 50.8 (14.6) 48.4 (12.8) 49.5 (14.0) 47.5 (11.6)
Height (m) 1.64 (0.07) 1.68 (0.06) 1.52 (0.06) 1.53 (0.05)
BMI (kg/m2) 21.0 (3.9) 25.9 (3.9) 21.2 (4.1) 26.8 (5.0)
WHR 0.87 (0.07) 0.91 (0.09) 0.79 (0.07) 0.82 (0.09)
Systolic blood pressure 122 (21) 134 (20) 111 (22) 121 (21)
Diastolic blood pressure 75 (12) 84 (11) 69 (11) 75 (11)
Total energy intake (kcal/day)a 1,362 (1,139–1,503) 2,323 (1,914–2,788) 1,178 (929–1,367) 1,731 (1,421–1,985)
IGF-I (ng/l) 114.6 (57.4) 155.0 (47.5) 89.7 (37.1) 136.0 (50.9)
IGFBP-1a (μg/l) 59.3 (29.4–68.4) 26.6 (11.9–33.5) 54.2 (27.0–69.1) 32.3 (17.2–42.3)
IGFBP-3 (mg/l) 3.63 (0.83) 3.69 (0.79) 3.63 (0.97) 3.91 (0.94)
Fasting plasma glucose (mmol/l) 5.8 (2.4) 5.6 (1.9) 5.4 (1.7) 5.4 (1.8)
Fasting insulin (pmol/l)a 10.3 (5.0–12.6) 12.6 (7.7–15.3) 9.7 (6.5–7.8) 12.5 (11.8–15.1)
HOMA-S%a 106.8 (50.0–131.3) 70.0 (41.3–85.4) 91.4 (54.6–100.9) 74.9 (44.0 – 84.0)
HOMA-B%a 105.2 (61.0–126.0) 127.0 (86.4–158.3) 112.7 (84.7–135.2) 139.3 (99.2–155.5)

Values are arithmetic mean (SD) except amedian with interquartile range (25th and 75th percentiles) for skewed data
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Blood pressure was measured while subjects were
seated, using a validated semiautomatic monitor (Omron
HEM-705CP; Omron Healthcare, Bannockburn, IL, USA)
after participants had completed a questionnaire (at both
sites). Fieldworker procedures were rigorously standard-
ised, a process repeated within teams every month, with
regular cross-site visits every 4 months. Standardised

measures of anthropometry such as BMI and WHR were
taken by trained fieldworkers, after subjects had responded
to a detailed lifestyle questionnaire [1].

A 4-day food diary was supplied to each participant,
with a request to complete it and include one weekend day
in the time-span reported. Diaries were calibrated with 24-h
food recalls.

Table 2 Age-adjusted lifestyle risk factors among Gujarati Indians in Sandwell (UK) compared with contemporaries living in Navsari
(India)

Lifestyle factor Men p value for
comparison
by site

Women p value for
comparison
by site

Gujarat (n=128) UK (n=103) Gujarat (n=118) UK (n=102)

Height (m) 1.65 (0.005) 1.67 (0.005) F=12.1;
p=0.0006

1.52 (0.005) 1.53 (0.005) F=1.6;
p=0.21

BMI (kg/m2) 21.0 (0.36) 25.9 (0.38) F=98.7;
p<0.0001

21.2 (0.33) 26.9 (0.38) F=120.0;
p<0.0001

WHR 0.87 (0.007) 0.92 (0.007) F=23.6;
p<0.0001

0.79 (0.006) 0.82 (0.007) F=10.7;
p=0.00012

Systolic blood
pressure (mmHg)

121 (1.64) 135 (1.76) F=29.8;
p<0.0001

111 (1.50) 122 (1.75) F=25.9;
p<0.0001

Diastolic blood
pressure (mmHg)

75 (0.93) 84 (0.99) F=37.6;
p<0.0001

69 (0.85) 75 (0.99) F=29.9;
p<0.0001

Total energy intakea

(kcal/day)
1,366 (102.8) 2,183 (68.3) F=43.4;

p<0.0001
1,195 (92.7) 1,716 (78.4) F=18.5;

p<0.0001

Values are arithmetic means (SE)
Adjusted means are calculated from linear regression models; adjusted medians are calculated from quantile regression models
aAge-adjusted medians (SE) for skewed data

Table 3 Metabolic factors (age-adjusted) among Gujarati Indians living in Sandwell (UK) compared with contemporaries living in Navsari
(India)

Metabolic factors (fasting) Men Women

Gujarat UK p value for
comparison
by site

Gujarat UK p value for
comparison
by site

IGF-I (ng/l) 113.6 (5.2) 154.6 (5.9) F=27.1;
p<0.0001

92.0 (3.53) 132.8 (4.65) F=48.6;
p<0.0001

IGFBP-1a (μg/l) 45.9 (3.4) 18.7 (3.9) F=28.0;
p<0.0001

41.9 (3.59) 28.1 (4.44) F=5.8;
p=0.017

IGFBP-3 (mg/l) 3.63 (0.08) 3.67 (0.10) F=0.09;
p=0.77

3.64 (0.079) 3.92 (0.12) F=3.9;
p=0.049

Fasting plasma glucose (mmol/l) 5.4 (0.1) 5.2 (0.1) F=1.5;
p=0.22

5.3 (0.1) 5.2 (0.1) F=0.3;
p=0.60

Fasting insulina (pmol/l) 8.2 (0.6) 10.2 (0.6) F=4.9;
p=0.028

9.0 (0.4) 9.3 (0.4) F=0.2:
p=0.66

HOMA-Sa (%) 81.8 (5.15) 68.1 (5.24) F=3.4;
p=0.065

73.2 (3.19) 71.4 (3.44) F=0.1;
p=0.72

HOMA-Ba (%) 105.3 (6.60) 127.4 (6.80) F=5.4; p=0.021 112.6 (5.85) 123.2 (6.32) F=1.52;
p=0.21

Values are arithmetic means (SE)
Comparison is by linear regression by site for each sex
aAdjusted medians (SE) were predicted from quantile regression models, adjusted for covariates (age)
Homeostasis model; HOMA B refers to beta-cell function and HOMA S to insulin sensitivity
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Assays

IGFBP-1 levels were determined with a previously re-
ported antibody based assay [23] with a detection limit
3 μg/l and within- and between-assay CVs of <8%. IGF-I
was measured using the DPC Immulite Autoanalyser
(DPC, Los Angeles, CA, USA). IGFBP-3 was measured
using the DSL (DSL, Webster, TX, USA) immunoradio-
metric assay (IRMA).

Plasma glucose was determined in the Department of
Biochemistry, Sandwell Hospital, and the Mankodi Lab-
oratory, Navsari. Both sites used glucose oxidase auto-
analyser methods, the Vitros 950 (Vitros, Raritan, NJ,
USA) in Britain, and Technicon RA-50 (Bayer Diagnos-
tics, Gujarat, India). Tight quality control was maintained
by the use of the same control specimens at both labo-
ratories. All other assays were carried out in Manchester,
UK. Plasma and serum aliquots were transported from
India to the UK by air, using dry ice (dry shippers; BDH-
Merck UK). Fasting lipids were measured on a Cobas Mira
autoanalyser. Serum NEFA were analysed with an enzy-
matic colorimetric method (Wako chemicals, Neuss,
Germany). Serum insulin was measured with a modified
in-house assay using charcoal extraction (A. P. Yates,

Clinical Chemistry) [24] with 30% cross-reactivity for
proinsulin.

Homeostasis model assessment insulin sensitivity
(HOMA-S) and pancreatic beta cell function (HOMA-B)
were calculated from fasting insulin and glucose concen-
trations. This was done using an iterative computer pro-
gram using a non-linear model for glucose and insulin
homeostasis [25, 26].

Statistical analysis

The data (individuals with known type 2 diabetes were
excluded) were analysed using the statistical package
Intercooled Stata version 8.0 (Stata, College Station, TX,
USA). Anthropometric and metabolic data are expressed
as arithmetic means with SD when normally distributed.
Anthropometric and metabolic data are expressed as me-
dian with interquartile range (25 and 75% percentiles), or
median (SE) when non-normally distributed. Adjusted me-
dians and their SEs were predicted from quantile regression
models, adjusted for specified covariates. Comparison of
means was by t-test or ANOVA. Logarithmic transforma-
tion was performed on non-normally distributed variables.

Fig. 1 Distribution of a lnIGFBP-1, b lnIGF-I, c IGFBP-3, and d 2-h glucose by migrant status. Broken line, Sandwell group; unbroken
line, Navsari group
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For univariate correlation between continuous variables,
Spearman coefficients were used, with partial coefficients
for multivariate correlation. A p-value of <0.05 was con-
sidered significant. The standardised beta coefficients pre-
sented allow direct comparison (along a scale of 0–1) of the
strength of each association between ethnic groups as well
as for the total sample. As not all subjects had all mea-
surements owing to missing samples, numbers varied be-
tween analyses. Similarly, patients with known diabetes
were excluded from all analyses.

Kernel density estimation in Stata was used to plot the
frequency distributions for IGF-I, IGFBP-1 and IGFBP-3
by site for all subjects. Kernel density estimation is an
approximate probability function (f) of a random variable
(x) [27], so that the plots approximate a distribution of all
the data points, weighted for their frequency.

Results

General characteristics

As shown in Tables 1 and 2, men and women at the two
locations had similar age distributions. Mean ages were
similar: 50.1 (48.5–51.7) (mean, SD) years in Sandwell,
and 48.9 (47.4–50.4) years in Navsari. Unadjusted de-
scriptive and metabolic data are shown in Table 1, while
descriptive data adjusted for age are presented in Table 2.

Men in Sandwell were taller than contemporaries in
Gujarat, but female height was similar at the two sites. BMI
and WHR were substantially higher in men and women in
Sandwell than in people still resident in Gujarat, as were
systolic and diastolic blood pressures. Rates of total type 2
diabetes (known and new on the basis of oral glucose tol-
erance testing, WHO 1999 criteria) were similar between
the sites for men (Navsari 17.1% [10.8–23.4], Sandwell
19.2% [12.9–25.4]) but lower for women in Navsari
(10.3% [4.8–15.9]) than in Sandwell (17.1% [10.3–23.9]).

Data for fasting glucose by sex and by site are given in
Table 1 (unadjusted) and Table 3 (adjusted for age).

Differences in IGFBP, IGF-I, insulin and 2-h glucose
levels by location

Fasting IGFBP-1 (age-adjusted) (Fig. 1a, Table 3) was
significantly lower in Sandwell Gujarati men and women
than in Navsari Gujaratis. Conversely, IGF-I was higher in
UK Gujarati men and women (Fig. 1b), as was IGFBP-3
(Fig. 1c). Fasting insulin was higher in Sandwell Gujara-
tis (Table 3). Two-hour glucose was higher in Navsari
(Fig. 1d). Between-site differences in IGF-I (F=57.4,
p<0.0001), IGFBP-3 (F=5.7, p=0.021) and 2-h glucose
(F=38.9, p<0.0001) were still apparent after adjustment
for BMI. However, after such adjustment, differences by
site for IGFBP-1 and fasting insulin were no longer sig-
nificant. The cross-site differences persisted for IGF-I and
IGFBP-1 but not for IGFBP-3 when adjustment was made
for total calorie intake.

Fig. 2 a Plot of log IGFBP-1 vs log fasting insulin by migrant
status. Closed circles, Navsari subjects; closed triangles, Sandwell
subjects; unbroken line, fitted values Navsari; broken line, fitted
values Sandwell. The vertical line of points at just less than log
insulin=1 corresponds to the lower limit of sensitivity of the insulin
assay. b Plot of log IGFBP-1 versus log HOMA-S by migrant status.
Key (as for panel a)

Table 4 Spearman correlations (ρ) for IGFBP-1 vs established
cardiovascular risk factors for each site

Gujarat UK

ρ p value ρ p value

Insulin 0 h −0.48 0.0 −0.33 0.0
Insulin 2 h −0.28 0.0002 −0.24 0.006
Glucose 0 h −0.22 0.001 −0.09 0.26
Glucose 2 h −0.12 0.074 −0.16 0.064
HOMA-S 0.48 0.0 0.31 0.0002
HOMA-B −0.29 0.0 −0.22 0.0073
Triglycerides −0.36 0.0 −0.13 0.10
NEFA 0.003 0.96 −0.14 0.085
BMI −0.66 0.0 −0.50 0.0
WHR −0.28 0.0 −0.24 0.0028
Systolic blood pressure −0.21 0.0018 −0.09 0.26
Diastolic blood pressure −0.37 0.0 −0.19 0.020
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Relationship between IGFBP-1 and insulin

As expected, there was a highly significant inverse
association between IGFBP-1 and fasting insulin concen-
trations (Table 4, Fig. 2a). The decrease in the mainly
hepatically synthesised IGFBP-1 for each unit increase in
insulin (its principal negative regulator), was smaller in
Sandwell Gujaratis (log IGFBP-1=−0.40×log insulin+4.1)
than in Navsari Gujaratis (log IGFBP-1=−0.55×log insu-
lin+4.9, t=3.2, p=0.0083 for difference in the regression
coefficients). Similarly, there was a difference between the
sites for the relation between IGFBP-1 and HOMA-S; for
Navsari log IGFBP-1=1.44+0.53 log (HOMA-S), and for
Sandwell log IGFBP-1=1.67+0.34 log (HOMA-S) (Fig. 2b)
(t=3.4, p=0.0092 for difference in regression coefficients).
Thus the association between IGFBP-1 and HOMA-S was
less strong in Sandwell than in Navsari.

The relation between HOMA-B and IGFBP-1 was
similar between the two groups (Sandwell Gujaratis, log
IGFBP-1=4.8−0.35 log [HOMA-B]; Navsari Gujaratis log
IGFBP-1=5.6−0.39 log [HOMA-B], p NS for difference in
regression coefficients). However, for any level of HOMA-
B, IGFBP-1 was significantly higher in Navsari than in
Sandwell.

Suppression of NEFA after a glucose challenge was
poorer in the Sandwell group than in the Navsari group,
both in men (F=24.2, p<0.001) and in women (F=28.1,
p<0.0001) for comparison of 2-h NEFA by site. This was
despite a greater rise in insulin (men, F=11.8, p<0.0001;
women, F=13.1, p<0.0001, for comparison of 2-h insulin
by site), in accordance with the greater insulin resistance
observed in Sandwell Gujaratis (Fig. 3a,b). Comparison
was made by ANOVA. Two-hour NEFA and 2-h insulin
were both normally distributed.

Relationship of IGFBP-1 to established cardiovascular
risk factors

As seen in Table 4, IGFBP-1 at both sites correlated
negatively with BMI, WHR, diastolic blood pressure,
serum triglycerides, fasting insulin and 2-h insulin. For
Navsari only, IGFBP-1 correlated negatively with systolic
blood pressure.

The relation of IGFBP-1 with all these factors was
strongest in Navsari.

Fig. 3 a Circulating NEFA
levels at 0, 30 and 120 min after
75-g oral glucose load (for men
and women separately). Com-
parison is by ANOVA for 2-h
NEFA. b Circulating intact in-
sulin levels at 0, 30 and 120 min
after 75-g oral glucose load (for
men and women separately).
Comparison is by ANOVA for
2-h insulin
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Relation between IGF-I and IGFBP-3
and other measured variables

Tables 5 and 6 show these relations. As anticipated from
other studies, there was a negative relation between both
IGF-I and IGFBP-3, and increasing age. Elevated BMI was
associated with both higher IGF-I and higher IGFBP-3.
IGF-I was negatively associated with fasting and 2-h
glucose, suggesting a direct link between lower circulat-
ing IGF-I and dysregulation of post-prandial glucose, as
previously reported in a prospective cohort study [6].
Increasing IGFBP-3 was related to both higher IGF-I and
higher fasting insulin, in keeping with the in vitro finding
that IGF-I and insulin increase the abundance of IGFBP-3
mRNA in hepatocytes [28]. HOMA-S was associated
negatively with circulating IGFBP-3 and HOMA-B was
associated positively with both circulating IGF-I and
IGFBP-3.

Multiple regression analysis

The size of the standardised β coefficients allows quan-
titative comparison of the contribution of variables to the
relations within the models that follow.

Given the association between IGFBP-1 and glucose
level found previously, both cross-sectionally [15] and
prospectively [6], the relation between IGFBP-1 glucose
and other metabolic variables was examined using a
regression model. Forward stepwise linear regression
analyses in a model that also included sex, height and log
total energy intake showed that, for Navsaris, IGFBP-1
was positively associated with fasting glucose (β=0.32,
p=0.003). This was independent of BMI (β=−0.58,
p<0.001), fasting insulin (β=−0.64, p<0.001)), IGF-I (β=
−0.31, p=0.005) and age (β=0.32, p<0.001) The model
accounted for 72% of the variation in IGFBP-1. The
significance of fasting glucose in the model for Navsaris
persists if all significant variables are entered at one time.

A similar model, when applied to Sandwell, accounted
for 41% of the variation in IGFBP-1. For this group,
IGFBP-1 was independently and negatively associated
with increasing BMI (β=−0.53, p<0.001) and IGF-I (β=
−0.25, p=0.005), independently of the other parameters
cited above. There was no independent association of
IGFBP-1 with fasting glucose in this model.

Discussion

In this cross-sectional study of two Gujarati populations
from the same sites of origin, we found marked differences
in levels of circulating IGF-I, IGFBP-3 and IGFBP-1
depending on whether people had migrated to the UK
or remained in Gujarat, India. The significant cross-site
differences in individuals from the same extended families
suggest that environmental exposure and lifestyle factors
profoundly influence IGF-I bioavailability. We hypothesise

that such differences in IGF-I bioavailability may account
for some of the differences in disease prevalence between
non-migrants and individuals who moved from Gujarat to
the UK.

The higher circulating IGF-I and IGFBP-3 in Sandwell
is compatible with increased hepatic synthesis of IGF-I and
IGFBP-3 in relation to this group’s greater total energy
intake. It is well established that increased total energy
intake results in higher levels of IGF-I [29]. The lower
IGFBP-1 in Sandwell Gujaratis is in keeping with lower
insulin sensitivity (HOMA-S; Table 2), as we have de-
scribed previously in other ethnic groups [15]. HOMA-S is
low in the Sandwell Gujaratis. However, in our previous
paper [15], which described HOMA-S in South Asians of
Pakistani origin living in the UK, HOMA-S in individuals
of normal glucose tolerance status was similar to the values
reported here.

In the multiple regression analysis, we found an in-
dependent association of higher circulating IGFBP-1 with
higher fasting glucose in Navsari, suggesting that IGFBP-1
rises in response to higher levels of glucose. This relation
was lost in multiple regression analysis for the Sandwell
group, indicating that metabolic factors other than insulin
may be important once hepatic insulin resistance rises [30].
Portal blood NEFA may be one such key factor [31].

Hepatic insulin resistance is an important factor in the
metabolic dysregulation associated with impaired glucose
homeostasis. Given the established downregulation of
IGFBP-1 production by hepatic portal insulin [32], IGFBP-
1 could be a useful marker for hepatic insulin resistance.
The relation between IGFBP-1 and peripheral insulin con-
centration (which we have taken as proportional to he-
patic portal insulin) differs between the two sites (Fig. 2a).
A unit increase in insulin in Navsari Gujaratis was asso-
ciated with a greater decrease in circulating IGFBP-1 than
in Sandwell, implying greater hepatic insulin sensitivity
in Navsari, although differences in renal clearance and
hepatic extraction of insulin were not measured. The
Navsari group also had a significantly higher circulating
IGFBP-1 concentration. These findings taken together
point to IGFBP-1 being a valid marker for hepatic insulin
sensitivity, higher levels of circulating IGFBP-1 associat-
ing with greater hepatic insulin sensitivity. The fact that
the circulating concentration of IGFBP-1 in Navsari was
significantly higher than in Sandwell at any given HOMA-
B (that is, for any given level of pancreatic insulin output)
raises the question of what else regulates IGFBP-1 pro-
duction in the liver. Differences in nutritional intake be-
tween the groups may provide a clue to this.

NEFA concentrations in portal blood are known to have
a major and direct influence on the hepatic response to
insulin and thus by implication on IGFBP-1 secretion.
Also, circulating fatty acids, both observationally and ex-
perimentally, seem closely involved in the pathogenesis of
type 2 diabetes [31, 33]. Depending on chain length, fatty
acids also stimulate insulin secretion [34, 35], which may
further aggravate hepatic insulin resistance [36]. The fall in
NEFA after glucose challenge between the sites (Fig. 3a),
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was less pronounced in Sandwell than in Navsari in the
context of a greater rise in Sandwell in insulin levels after
glucose challenge (Fig. 3b). This is compatible with greater
peripheral and hepatic insulin resistance in the Sandwell
Gujaratis, as indicated by their lower IGFBP-1 levels.

Theoretically, the cross-site differences that we describe
could be related to different sample handling in Navsari
and Sandwell. However, identical protocols were adhered
to at both sites with regard to sample handling, this being
closely monitored by the principal investigators, as were
transit arrangements and the condition of the samples on
arrival. We did not measure circulating proinsulin concen-
tration in this study, and accept that some between-site
differences could be accounted for by differences in pro-
insulin secretion.

As previously reported [15, 37] we found a strong
relationship between low IGFBP-1 levels and an adverse
cardiovascular risk profile (Table 3). The relation was
weaker in the Sandwell Gujaratis than in Navsari. The
finding of a negative association between circulating IGF-I
and fasting/2-h glucose (Tables 5 and 6) is intriguing in the
light of our previous results showing that low circulating
IGF-I was predictive of higher 2-h glucose at the 5-year
follow-up [6]. Fasting blood glucose levels are mainly
determined by the rate of endogenous glucose production
[38]. Postprandial changes in glucose concentrations, how-
ever, are related to numerous factors, including glucose
uptake by skeletal muscle and peripheral insulin sensitivity,
as well as by the rate of endogenous glucose production
[38, 39]. Given the relative paucity of hepatic IGF-I re-
ceptors [40], our observation is consistent with IGF-I main-
ly influencing peripheral glucose uptake in the postprandial
state, either directly or indirectly via its effects on the ac-
tion of insulin to dispose of glucose. In this context, it is
likely that the principal determinant of increased post-
prandial IGF-I bioavailability is IGFBP-1, owing to the
rapid fall in IGFBP-1 following food intake [40, 41].

We found that both circulating IGF-I and IGFBP-3 cor-
relate positively with BMI. IGFBP-3 is strongly associat-
ed with higher fasting and 2-h insulin. We speculate that
this is a compensatory mechanism whereby circulating
IGF-I and IGFBP-3 levels rise in order to increase IGF-I
delivery to metabolically active tissues with increasing
insulin resistance.

In summary, the differences in circulating IGFBP-1,
IGFBP-3 and IGF-I between Gujarat and the UK appear to
reflect changes in cardiovascular risk, BMI and dietary
change that are related to migration. Our results provide
important evidence for the effect of environmental factors
in modulating the biological activity of the IGF system.
This may have major implications for the development of
worsening glucose tolerance and cardiovascular disease in
these at-risk populations.
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