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Abstract

Objective: Low birth weight (LBW) is common in Indian population and may represent an important
predisposing factor for type 2 diabetes (T2D) and the metabolic syndrome. Intensive metabolic
examinations in ethnic LBW Asian Indians have been almost exclusively performed in immigrants
outside India. That is why we aimed to study the metabolic impact of being born with LBW in a rural
non-migrant Indian population.
Subjects and methods: One hundred and seventeen non-migrant, young healthy men were recruited
from a birth cohort in a rural part of south India. Subjects underwent a hyperinsulinaemic
euglycaemic clamp, intravenous and oral glucose tolerance tests and a dual-energy X-ray
absorptiometry scan. The parents’ anthropometric status and metabolic parameters were assessed.
Results: Men with LBW were shorter (167G6.4 vs 172G6.0 cm, P!0.0001), lighter (51.9G9 vs
55.4G7 kg, PZ0.02) and had a reduced lean body mass (42.1G5.4 vs 45.0G4.5 kg, PZ0.002)
compared with controls. After adjustment for height and weight, the LBW subjects had increased
diastolic blood pressure (77G6 vs 75G6 mmHg, PZ0.01). Five LBW subjects had impaired glucose
tolerance. In vivo insulin secretion and peripheral insulin action were similar in both the groups.
Mothers of the LBW subjects were 3 cm shorter than the control mothers.
Conclusion: Only subtle features of the metabolic syndrome and changes in body composition among
LBW rural Indians were found. Whether other factors such as urbanisation and ageing may unmask
more severe metabolic abnormalities requires a long-term follow-up.
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Introduction

The prevalence of pre-diabetes and diabetes is increas-
ing worldwide with India being among the top three
most affected countries. The epidemic in diabetes has
mainly been brought about through a complex inter-
play between demographic, nutritional and economic
transitions (1).

Previous studies have demonstrated that south
Asians are more prone to develop insulin resistance,
hypertension and coronary artery disease when
compared with the western population (2). Further-
more, the Indian patient with type 2 diabetes (T2D)
tends to be diagnosed a decade earlier, is characterised
by a lower body mass index (BMI) and is more centrally
obese when compared with patients of Caucasian
ndocrinology
origin (3). Additionally, non-diabetic south Asians are
more insulin resistant (4, 5) and have an adverse fat
distribution with more abdominal, hepatic and intra-
myocellular fat (6, 7), when compared with those from
other ethnic groups with a similar BMI.

Studies over the last two decades have now confirmed
an association between low birth weight (LBW) and the
risk of developing T2D later in life (8). The prevalence of
LBW is significantly higher in India when compared
with many other countries with approximately as much
as 30% of infants being born underweight (birth weight
!2500 g), predominantly owing to under-nutrition of
the mother before and during pregnancy (9). LBW
among Indians compared with Caucasians has been
proposed to constitute a ‘thin–fat phenotype’ predispos-
ing Indians to T2D and the metabolic syndrome.
DOI: 10.1530/EJE-11-0870
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A study has shown that Indian babies born with LBW
preserve body fat and reduce muscle mass during their
intrauterine development compared with normal birth
weight (NBW) babies (10). Insulin resistance represents
a hallmark in the pathophysiology of T2D, and LBW as
well as an increased fat mass are associated with an
increased risk of developing insulin resistance. The
hyperinsulinaemic euglycaemic clamp is the gold
standard for measuring insulin resistance. However,
except for a single pilot study (11), the hyperinsuli-
naemic euglycaemic clamp assessment has been applied
to only migrant Asian Indians living outside India, who
were older and had a significantly higher BMI. More-
over, previous studies on insulin actions among Indian
LBW subjects have used indirect methods to assess
insulin sensitivity.

The aims of this study were to investigate the
anthropometric and metabolic characteristics, including
body composition, insulin secretion and insulin action,
among young healthy rural Indians to identify the
native Indian LBW phenotype unaffected by urban-
isation and westernisation. The parents were traced and
studied to address the potential role of the intergenera-
tional transmission of the adult LBW-associated traits.

Q

Study design and population

Ethics statement

The protocol was approved by the local ethics
committee: the Institutional Review Board of Christian
Medical College, Vellore, India (Research Committee
Minute Number: 5879, 2006 and Administrative
Committee Minute Number: 50-y: 6-2006). All patients
gave an informed consent and written consent form in
the local language.

One hundred and seventeen healthy males partici-
pated in the study. They were selected according to their
birth weight from the birth registry at the Christian
Medical College, Vellore, India. The Community Health
and Development (CHAD) programme run by the
Department of Community Health, Christian Medical
College, Vellore provides primary and secondary health
care services to all the 82 villages in Kaniyambadi, a
rural development block in the Vellore district located in
Southern India. The CHAD programme has in place an
ongoing surveillance system where information on
pregnancies, deliveries, births, deaths, morbidity and
immunisation status among mothers are recorded and
updated in the Health Information System. All men
were born between 1986 and 1990 in a rural area in
the south Indian state of Tamil Nadu, in north Arcot
district, near the town of Vellore in the Kaniyambadi
block and belonged to Dravidian ethnicity. The
Dravidians are found particularly in Southern India
and comprise about 20% of the Indian population (12).
Thus, the results from this study can be applied to
www.eje-online.org
a significant non-Caucasian proportion of the Indian
people and form a particularly useful reference database
in relation to other south Indian studies. Moreover, this
was a homogenous rural population that did not have
the cosmopolitan ethnicity and urban influence, which
previous studies have had. According to the definition of
the term ‘rural’, in this study the population was
adhered strictly to the parts of a region that did not have
a clustered population in excess of 50 000 living in a
market town and a designated population of !999 per
square mile.

The birth cohort for the years 1986–1992 comprised
13 172 individuals with 922.4 females per 1000 males.
The 10th, 70th and 90th percentiles for birth weights
in this cohort were 2.45, 3.10 and 3.50 kg respectively.
All the males who were born with LBW (!10th
percentile) and NBW (70–90th percentiles) were
identified from 23 randomly selected villages and their
families were met. The families of 265 eligible subjects
were interviewed, and the subjects were subsequently
traced of whom 117 participated in the study. The main
reasons for non-participation were migration, holding a
job elsewhere and unwillingness to participate.

Sixty-one men had LBW (birth weight %10th
percentile w birth weight !2450 g) and 56 were
born with NBW (R70th percentile and !90th
percentile w birth weight R3100 and !3500 g
respectively). Subjects with a BMI O30 kg/m2, heavy
alcohol or tobacco misuse, medication known to
interfere with glucose metabolism and acute and/or
chronic diseases were excluded from the study.

The purpose of the study and the potential risks
involved were explained to each of the subjects by a local
social worker and reinforced by the doctor and the study
nurse, and a written informed consent was signed
before study participation. Parents were invited for a
medical examination that included a screening assess-
ment for diabetes. Information regarding the socio-
economic status of the families was obtained from the
CHAD SES scoring scale as described previously (13)
based on caste, type of house, land owned in acres,
educational level of the head of household and
occupation of the head of household. Figure 1 shows
a flow chart with the pattern of recruitment and clinical
examination of the subjects. The birth weight of the
invited subjects who were not willing to participate was
similar to the birth weight of the participating subjects:
LBW: 2140G260 g vs 2115G246, PZ0.74, and
NBW: 3230G115 g vs 3215G122, PZ0.29.
Procedures

All subjects underwent a 2-day clinical examination.
After an overnight fast, the subjects were escorted from
their homes by a social worker to the hospital. They
underwent a thorough physical examination that
included measurements of weight, height, waist
circumference, skinfold thickness and blood pressure.



Proof Only

Q4

2

Invited to the study

Participated in the study

61 LBW (48%)
56 NBW (35%)

97 Mothers (84%)
76 Fathers (70%)

Clinical examination

Day 1:

Anthropometry
IVGTT, Clamp
Indirect calorimetry
DEXA scan

OGTT
1H MRS

OGTT
Blood sample
Anthropometry

Day 2: Parent:

127 LBW
158 NBW

116 Mothers
108 Fathers

Figure 1 Flow chart of the recruitment process, participation rate
and clinical examinations. Data from 1H-MRS are not shown in
this study.
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Hyperinsulinaemic euglycaemic clamp, indirect
caloriemetry and intravenous glucose tolerance
tests On day 1, a 2 h hyperinsulinaemic euglycaemic
clamp was performed to determine peripheral insulin
sensitivity (14). A polyethylene catheter was placed in
the ante-cubital vein for blood sampling. A second
catheter was placed in the ante-cubital vein of the
contralateral arm for test infusions. Blood samples for
measurements of plasma insulin, C-peptide and glucose
were drawn at baseline and at the beginning and end of
the steady-state periods. Steady state was defined as the
last 30 min of the basal and the insulin clamp period. To
determine b-cell function, a 30 min intravenous glucose
tolerance test (IVGTT) was initiated after the basal
period. A glucose bolus of 0.3 g/kg body weight was
infused over 1 min. After the IVGTT, a primed-
continuous insulin infusion was initiated and fixed at
40 mU/m2 per min during the 160 min clamp. During
the clamp, a 25% glucose solution was infused at a
variable rate, adjusted every 5 min in order to maintain
a predetermined plasma glucose concentration of
5 mmol/l. Oxygen consumption (VO2), carbon dioxide
production (VCO2) and respiratory quotient were
measured during both basal and insulin-stimulated
steady state using indirect calorimetry.

Glucose was measured by GOD/POD method using
reagents supplied by Roche, on Roche Modular P 800
system (% CV 3.6). Insulin and C-peptide were
measured by chemiluminescence Immunoassay, using
kits supplied by Siemens, on the Immulite 2000 system.
Chemistry and Immunoassay controls supplied by Bio-
Rad were used as internal precision controls (% CV 10.2
for insulin and 3.7 for C-peptide).

Oral glucose tolerance test On day 2, a standardised
75 g oral glucose tolerance test (OGTT) was performed

Q

after an overnight fast at the hospital in order to
determine the glucose tolerance status of the par-
ticipants. Classification of glucose tolerance status
was performed according to the American Diabetic
Association (ADA) criteria with diabetes as a fasting
plasma glucose R7.0 mmol/l or 2 h plasma glucose
R11.1 mmol/l and impaired glucose tolerance (IGT)
between R7.8 and !11.1 mmol/l.

Dual-energy X-ray absorptiometry scanning On
day 1, body composition was assessed by dual-energy
X-ray absorptiometry (DEXA; QDR 4500; Hologic, Inc.,
Waltham, MA, USA) giving estimates of total adipose
tissue, lean tissue and bone mineral density and the
distribution of these components in different body
compartments. The DEXA scan was always performed
in the fed state after a meal.

Demographic and diet-related data Collection of the
demographic data included the age, educational
qualifications, family size, type of family and monthly
family income. A food and nutrient intake schedule
was formulated to obtain the nutrient intake of the
subjects, including usual meal pattern, 24 h recall
using standardised vessels and the food frequency
questionnaire as well as interviews about the type
of food according to the meal patterns (for instance the
breakfast, lunch, tea and dinner during the previous
24 h). The nutrient intake was calculated using
food composition tables developed by the National
Institute of Nutrition, Indian Council of Medical
Research (15).

Examinations of the parents All the parents of the
subjects were invited to a clinical examination including
an OGTT, anthropometric measurements and fasting
blood samples to determine the lipid profile.

Calculations The total insulin-stimulated glucose
disposal (M value) was calculated as the mean glucose
infusion during the steady-state period. First-phase
insulin secretion (FPIR) during the IVGTT was calcu-
lated as the incremental AUC for insulin during the first
10 min of the IVGTT using the trapezoidal rule.
AUCinsulin/AUCglucose was calculated as a measurement
of insulin secretion in relation to the glucose level
(PHI-1). The disposition index (Di), i.e. the product of
FPIR and peripheral sensitivity, can be calculated
because of an approximately hyperbolic relationship
between the two measures so that the product is
constant for individuals with the same degree of glucose
tolerance (16). Di was calculated as PHI-1!M value.
Oxygen consumption and glucose and fat oxidation
rates were calculated as described previously in (17) as:
glucose oxidation: 4.55 VCO2 (l/min)K3.21 VO2K2.87
n (g/min) and fat oxidation: 1.67 VO2 (l/min)K1.67
VCO2K1.02 n (g/min), where n is grams of urinary
nitrogen per minute calculated from urinary carbamide.
www.eje-online.org
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From the OGTT, the homeostasis model assessment
(HOMA) of insulin resistance and the secretion of
insulin were calculated (18).
Statistical analyses

The primary endpoint of this study was the difference in
insulin action (M value) between the LBW and the NBW
subjects. Sample size calculation was based on the
primary endpoint. Based on the average M value of 9.7
units from a similar group of subjects, S.D. of 2.6 units
and with 80% power to detect a difference of 20% or
more between the birth weight groups, the study
required 45 subjects in each group. As the study was
planned to include measurements from a second visit
after an exercise period, we aimed for 60 subjects per
group after adjusting for the possible dropout rate.
A two-sided unpaired t-test was used to compare means
of continuous variables between LBW and NBW
subjects. Non-parametric tests were used to compare
non-normally distributed variables. The results are
reported as meanGS.D. P values %0.05 were considered
statistically significant. When comparing the number of
IGT individuals between LBW and NBW subjects, a
Fisher’s exact test was used. When adjusting for possible
confounders, multiple regression analyses were per-
formed. SAS version 9.1 (SAS Institute, Cary, NC, USA)
was used for all the statistical analyses.
Results

The clinical characteristics of the study participants are
presented in Table 1. The LBW subjects were w1.1 kg
Table 1 Clinical characteristics of the study participants. Unpaired
t-test was used to examine the differences between LBW and NBW
groups. All tests are non-parametric.

NBW
subjects
(nZ56),

meanGS.D.

LBW
subjects
(nZ61),

meanGS.D. P value

Birth weight (g) 3215G122 2115G246 !0.0001
Gestational age (week) 39.5G2.1 38.3G2.8 0.02
Born preterm (n) 3 13 –
Age (years) 19.5G1.1 20G1.0 0.002
Weight (kg) 55.4G7 51.9G9 0.02
Height (cm) 172G6.0 167G6.4 !0.0001
BMI (kg/m2) 19.54G2.1 19.03G2.9 0.18
Waist circumference (cm) 71.2G7.2 69.3G7.6 0.17
W/H ratio 0.83G0.05 0.83G0.04 0.52
Triglyceride (mmol/l) 0.90G0.4 0.94G0.5 0.73
Cholesterol (mmol/l) 3.38G0.7 3.45G0.9 0.48
HDL (mmol/l) 0.81G0.1 0.82G0.2 0.93
LDL (mmol/l) 2.1G0.6 2.1G0.7 0.59
Systolic BP (mmHg) 117G8.5 118G8.6 0.52
Diastolic BP (mmHg) 75G6.1 77G5.6 0.10*,†

HbA1c (%) 5.4G0.3 5.3G0.4 0.44

*PZ0.01 when adjusted for height and weight.

www.eje-online.org
lighter at birth compared with the NBW group. The
LBW men were slightly older, lighter and significantly
shorter than the NBW men. After adjustment for the
differences in height and weight between LBW and
NBW subjects, the diastolic blood pressure (DBP) was
significantly higher in the LBW subjects (PZ0.01).
There was no difference in the BMI or skinfold thickness
between the two groups, and in general, all participants
were healthy with a total cholesterol, LDL-cholesterol
and blood pressure measurements within the normal
range, except for a mean low HDL level, which was
present in both groups and is a common phenomenon
in the Indian population (19). In our study, the subjects
were not recruited according to gestational age, a factor
that has previously been demonstrated to represent a
reason for risk (i.e. independent of birth weight) for
developing insulin resistance (20). We were sub-
sequently able to obtain the gestational age for 101
individuals, and as seen in Table 1, the LBW group was
on an average born 1 week earlier and had more
preterm births than the NBW group. When subjects
born at term alone (excluding preterm subjects) were
included in the analyses, similar results were obtained
(data not shown). Furthermore, when the analyses were
adjusted for gestational age, the results remained
similar to that of the unadjusted analysis.

There was no difference in socioeconomic status
between the LBW and the NBW group (PZ0.79). The
LBW subjects had lower protein ingestion and received a
lower proportion of their total energy requirement from
protein when compared with the NBW subjects
(Table 2). This was a feature that was unrelated to
their socioeconomic status.
Body composition

The LBW young men had a significantly reduced total
lean body mass (LBM; PZ0.002) and a tendency
towards decreased total bone mineral content (BMC;
PZ0.1). The total fat mass and percentages were
similar in the two groups as were the quantity and
percentage of truncal fat. However, the ratio of leg fat
mass/total fat mass was significantly lower in LBW men
(PZ0.03), indicating a trend towards an unfavourable
fat distribution. When dividing the body into compart-
ments (arm and leg), LBM was reduced in both the arms
and the legs (PZ0.002 and PZ0.006 respectively),
whereas BMC was significantly lower in the arms of the
LBW men alone (PZ0.005; Table 3). Total bone
mineral density was similar in both the groups. When
adjusted for height and weight in a regression analysis,
no significant impact of the birth weight on BMC was
observed, supporting the fact that reduced BMC in LBW
subjects was associated with a lower height and weight.
However, there was no significant difference in LBM
between the birth weight groups after adjusting for
height and weight (PZ0.12).
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Table 2 Dietary intake among LBW and NBW subjects (average
daily intake).

NBW (nZ50) LBW (nZ54) P value

Energy intake 2147.3G362.4 2027.4G402.8 0.11
Protein intake 55.4G12.0 49.7G13.7 0.03
Percentage of energy

from protein
10.3G1.39 9.7G1.37 0.03

Fat intake 31.3G9.7 32.4G15.0 0.85*
Percentage of energy

intake from fat
13.1G3.4 14.3G15.0 0.16

Carbohydrate 411.2G70.5 384.4G73.5 0.07*
Percentage of energy

intake from
carbohydrate

76.6G3.4 76.1G5.29 0.78*

*P values from non-parametric test.
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Glucose tolerance

Based on the OGTT, none of the participants were
classified as having T2D, though five young men had
IGT. Indeed, all subjects with IGT were born with LBW
indicating a higher proportion of IGT among LBW
subjects when compared with NBW subjects (PZ0.06).
No significant differences were observed in the mean
fasting plasma glucose levels (NBW: 5.02G0.4 vs LBW:
5.09G0.5, PZ0.39) or in the mean 2 h plasma glucose
levels (NBW: 5.62G1.0 vs LBW: 5.67G1.5, PZ0.82).
There were no significant differences in total AUC120 min

for glucose (PZ0.31), insulin (PZ0.32) or C-peptide
(PZ0.32) during the OGTT (Fig. 2).
6

Table 3 Results from DEXA scan of body composition.

NBW
subjects
(nZ52),

meanGS.D.

LBW
subjects
(nZ55),

meanGS.D. P value

Fat mass total (kg) 8.3G3.6 7.7G5.1 0.49*
Lean mass total (kg) 45.0G4.5 42.1G5.4 0.002
Insulin resistance and insulin secretion

No significant difference was observed between LBW
and NBW with regard to the peripheral insulin action
(M value; Table 4). The HOMA insulin resistance index
had a trend towards elevation, though not significant,
reflecting potential hepatic insulin resistance among the
LBW compared with the NBW subjects (2.22G5.3 vs
1.19G1.35, PZ0.28). Insulin secretion was similar in
LBW and NBW men, when expressed as FPIR or related
to the glucose level (PHI1). In addition, we did not find
any differences when calculating the product of in vivo
insulin action and secretion defining the Di between the
two groups (Table 4). Q
Lean mass arm (kg) 2.7G0.3 2.5G0.3 0.002
Lean mass leg (kg) 7.6G0.9 7.1G1.1 0.006
Bone mineral content

total (g)
2211G247 2123G308 0.10

BMC arm 164G22 152G22 0.005
BMC leg 413G53 397G75 0.21
BMD total 1.10G0.08 1.11G0.09 0.45
Fat % total 14.5G4.7 14.0G6.0 0.16*
Fat % trunk 12.6G5.0 12.3G6.5 0.25*
Trunk FM/total FM (g) 0.39G0.05 0.39G0.05 0.70
Leg FM/total FM (g) 0.20G0.02 0.19G0.03 0.03
Trunk FM/leg FM (%) 0.76G0.14 0.81G0.19 0.14
Total lean/total mass (g) 81.5G4.5 81.9G5.7 0.18*

*P value from non-parametric test. BMC, bone mineral content; BMD, bone
mineral density; FM, fat mass.
Data on the parents of the subjects

Ninety-seven mothers and 76 fathers were willing to
participate in the examination. The clinical charac-
teristics of the parents are shown in Table 5. Mothers of
LBW subjects weighed less (PZ0.01) and were shorter
(PZ0.02) than mothers of NBW subjects. However,
there was no significant difference in the BMI between
mothers of LBW and NBW subjects.

Fathers of LBW subjects tended to be shorter
when compared with fathers of NBW subjects
(Table 5). There was no significant difference in the
parents’ glucose tolerance status between the LBW
and the NBW groups (data not shown). As the parents
of LBW subjects tended to be smaller, we performed a
sub-analysis with LBM and final height as response
variables with adjustments for parental height. After
adjusting for parental height, there was a trend
showing that paternal height (PZ0.06) and birth
weight (PZ0.06) were associated with the LBM of the
offspring. Both maternal (PZ0.003) and paternal
(PZ0.02) height had a significant impact on the height
of the offspring indicating a potential intergenerational
impact, whereas the influence of birth weight was no
longer statistically significant after adjustment for
parental height.
Discussion

To our knowledge, this is the first study in ethnic rural
adult Indians in which body composition in LBW and
NBW subjects was assessed using DEXA scans, and
in vivo metabolism studied using state-of-the-art hyper-
insulinaemic euglycaemic clamps combined with IVGTT
and indirect calorimetry. The LBW young men were
characterised by i) shorter adult height, ii) lower adult
weight, iii) lower LBM, iv) lower ratio of leg fat
mass/total fat mass, v) an elevated risk for developing
IGT, vi) increased DBP, and vii) no significant defects of
whole body in vivo insulin action or secretion compared
with young men with NBW.

The LBW subjects had a lower final height when
compared with NBW subjects, as has been previously
described among Caucasian subjects (21, 22). The
reduced final height in adults is associated with an
increase in 2 h post-OGTT plasma glucose levels (23)
and middle-aged men with IGT are 3–4 cm shorter than
a control group with normal glucose tolerance matched
www.eje-online.org
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glucose tolerance test (OGTT). Data are presented as meanGS.E.M.
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for sex, age and BMI (24). Thus, the lower final height in
our LBW Indian subjects may represent a predisposing
factor for developing glucose intolerance and perhaps
T2D later in life. Our finding of a reduced LBM in LBW
subjects had previously been reported by other groups
(25, 26). A low LBM has been associated with increased
mortality (27), and among elderly Oriental Asians, LBM
was a better predictor of mortality than BMI (28).
Furthermore, as muscle is a very important site for
insulin-stimulated glucose uptake, the reduced LBM
detected in the LBW subjects may potentially lead to
insulin resistance later in life. When adjusting for
current weight and height, the impact of birth weight
was weakened, suggesting that a reduced height is one
of the main outcomes of an adverse intrauterine
www.eje-online.org
environment, along with a reduced LBM as a potential
secondary effect.

HOMA insulin resistance, which is mainly supposed
to represent hepatic insulin action, tended to be higher
in LBW subjects, supporting similar studies on western
LBW subjects (29). No differences in peripheral insulin
resistance or insulin secretion were observed between
the LBW and the NBW subjects. This may be explained
by the fact that these young men were still living in
their indigenous environment, which appears to be
metabolically conducive and in continuum with the
environment the subjects had experienced in utero.
Thus, according to the thrifty phenotype hypothesis
(30), the metabolic effects of foetal programming may
only become detrimental after birth in postnatal or
adult life, when the subject’s current environment and
living conditions differ and are apparently more affluent
than those of their mothers during foetal life, with
reference to energy intake and metabolism. Indeed, the
young Indian men included in this study still live in a
typically rural habitat and have rather low BMIs and
waist circumferences. Thus, the impact of a ‘western’
transition in lifestyle may not have appeared as yet, or
alternatively, the metabolic abnormalities may be
unmasked later with the progression of their age.

The finding of a lack of difference in whole body
insulin sensitivity and insulin secretion as measured by
the hyperinsulinaemic euglycaemic clamp technique
seems to suggest that whole body insulin resistance
and/or defective insulin secretion may not be the
primary determinants of the association between LBW
and later development of T2D, at least in this group of
male subjects in early adulthood. In Danish Caucasian
cohorts, who have been recruited with methods similar
to this study, we have observed increased levels of fasting
blood glucose and insulin, hepatic insulin resistance
and lower insulin-stimulated rate of glycolytic flux,
relatively reduced insulin secretion when insulin
sensitivity was accounted for an increased rate of
whole body lipolysis in LBW subjects (21, 22, 29).
While in vivo lipolysis and glycolytic flux were not
measured in this study, the apparently more conserved
metabolic phenotype among Indian LBW subjects with
normal fasting plasma glucose levels may be explained
by a lower BMI (19 kg/m2) compared with that of the
previously studied Danish LBW subjects (average BMI
23 kg/m2).

At the molecular level, we have shown that young
men who were born with LBW exhibit multiple
abnormalities in the insulin-signalling pathways in
skeletal muscle and adipose tissue (31, 32). Owing to
local ethical considerations, we did not perform muscle
and fat biopsies in this study to examine the molecular
metabolic alterations in the Indian cohort.

Obesity, and particularly abdominal obesity, i.e.
visceral fat, is associated with insulin resistance
among both Caucasians and Asian Indians (33, 34).
Caucasian LBW subjects have more abdominal fat and
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Table 4 Results from hyperinsulinaemic euglycaemic clamp,
indirect calorimetry and IVGTT.

NBW

subjects

(nZ56),

meanGS.D.

LBW

subjects

(nZ59),

meanGS.D. P value

Basal p-glucose (mmol/l) 4.71G0.36 4.74G0.44 0.73

Basal p-insulin (pmol/l) 24.7G17.7 32.0G37 0.18*

M value (mg/kg FFM per min) 10.46G3.8 10.34G3.8 0.86

M value (mg/total mass per min) 8.64G3.28 8.59G3.41 0.95

RQ basal 0.80G0.08 0.81G0.07 0.48

RQ insulin stimulated 0.90G0.07 0.90G0.06 0.82

GOX basal (mg/kg FFM per min) 1.96G1.7 2.25G1.48 0.49

GOX insulin stimulated

(mg/kg FFM per min)

4.65G1.3 4.78G1.5 0.68

FOX basal (mg/kg FFM per min) 1.78G0.86 1.70G0.75 0.70

FOX insulin stimulated

(mg/kg FFM per min)

0.94G0.63 0.94G0.62 0.99

NOGM (mg/kg FFM per min) 5.92G3.3 6.17G3.6 0.74

AUC insulin0–10 3460G1841 3276G2224 0.65

AUC glucose0–10 113.9G15.8 113.0G18 0.77

PHI-1 30.4G16.2 28.9G18.3 0.66

First-phase insulin secretion

(FPIR) (pmol/l)

3210G1765 2985G2094 0.56

Disposition index (Di) 292G197 262G152 0.40

*P values from non-parametric test. M value, insulin stimulated glucose
uptake; GOX, glucose oxidation (4.55 VCO2 (l/min)K3.21 VO2 (l/min)K2.87
n (g/min), n, calculated from urinary carbamide); FOX, fat oxidation 1.67 VO2

(l/min)K1.67 VCO2 (l/min)K1.92 n (g/min); GOX basal nZ53, GOX ins
nZ75, FOX basal nZ53 Fox ins nZ75; NOGM, nonoxidative glucose
metabolism (M-GOX); PHI-1, AUCinsulin/AUCglucose; FPIR, incremental AUC
insulin0–10 from IVGTT.
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less leg fat than NBW subjects (21). Similarly, we found
a lower ratio of leg fat mass/total fat mass. As lower
body fat is perceived to be protective of insulin resistance
(35), this altered fat distribution may theoretically be
unfavourable for metabolic control over time. Interest-
ingly, the association between birth weight and
adiposity only seems to exist for relative adiposity, and
not for fat percentages or absolute amount per se (25).
Small Indian babies have previously been named ‘thin–
fat’ babies, due to the low muscle mass and preservation
of body fat during their intrauterine development (10).
We have confirmed the presence of a lower muscle mass
at the age of 20 years, though without an increase in
the fat mass or total fat percentages in the LBW subjects.
Table 5 Clinical characteristics of the parents.

Mother (nZ49) Mother (nZ48)
Gave birth to LBW NBW P

Age (years) 43.5G5.0 43.3G5.2
Weight (kg) 51.8G12.1 57.7G11.1
Height (m) 1.51G0.06 1.54G0.05
BMI (kg/m2) 22.8G5.4 24.4G4.8
W/H ratio 0.89G0.07 0.90G0.08
TG (mmol/l) 1.46G0.85 1.30G0.80
Cholesterol

(mmol/l)
4.71G0.98 4.66G0.88

HDL (mmol/l) 1.01G0.22 1.01G0.19
LDL (mmol/l) 2.87G0.78 2.85G0.75

*P values from non-parametric test.
This may be due to the fact that they had a rather low
BMI at the time of evaluation. Therefore, it remains to
be seen whether the changes would become manifest
later in life.

The presence of a lower BMC in our LBW subjects is in
accordance with a previous finding in a Finnish cohort
(36). However, no significant differences in the bone
mineral density between LBW and NBW were observed,
suggesting that the lower BMC may be due to the lower
height of LBW subjects. Our findings of an inverse
association between birth weight and blood pressure are
consistent with the results from a recent review (37).
Elevated blood pressure represents a hallmark of the
metabolic syndrome and is a significant independent
risk factor of CVD mortality (38).

We had detected five subjects with IGT in this study
sample, which corresponded with a prevalence of w5%
and resembled the findings of previous studies (39, 40).
Interestingly, all the five subjects were born with LBW,
supporting the idea that LBW subjects are at a higher
risk of developing T2D.

Parental glucose tolerance is known to be associated
with the metabolic outcome in the offspring (41).
However, in this study, the glucose tolerance status was
similar among parents with LBW and NBW offspring,
thus the metabolic differences between LBW and NBW
subjects found in this study cannot be explained by the
glucose tolerance status of the parents alone but may be
explained by birth weight per se.

As mothers of the LBW subjects were shorter than
those of the NBW subjects, we adjusted our analyses for
parental height and found that the associations between
birth weight on one side and a reduced LBM and height
on the other side were weakened. This suggests that an
intergenerational effect is probably being transmitted
and potentially (though not proven) genetic features
may influence the association between LBW and risk of
T2D. The extent to which LBW due to genetic as
opposed to non-genetic causes is associated with the risk
of T2D and associated states of disease later in life are
much discussed issues. Nevertheless, the underlying
idea of the Barker hypothesis is that an adverse foetal
environment, and thus a non-genetic LBW phenotype,
Father (nZ36) Father (nZ40)
value LBW NBW P value

0.86 51.0G7.5 53.2G6.3 0.10*
0.01 57.6G10.3 60.3G10.1 0.25
0.02* 1.64G0.07 1.66G0.05 0.12
0.12 21.5G3.4 22.0G3.7 0.54
0.53 0.96G0.06 0.97G0.06 0.36*
0.28* 1.87G1.42 1.63G1.15 0.70*
0.85 4.74G0.98 4.56G0.91 0.36

0.85* 0.98G0.18 0.94G0.18 0.42
0.86 2.82G0.82 2.69G0.73 0.52
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is the main risk factor of T2D later in life. Accordingly,
we cannot totally exclude the possibility that LBW
among Indians if genetic in origin may not necessarily
represent the same significant risk factor of T2D as
among non-Indians with LBW due to non-genetic
causes. In our study, LBW seemed to occur with an
equal frequency amongst the lower and higher socio-
economic classes of the population. This indicates that
antenatal nutrition may not have been largely different
between the two socioeconomic classes. However, the
study was not adequately powered to provide a sufficient
answer to this question.

The major strength of this study is that comprehen-
sive physiological methods have been applied in an
ethnically homogeneous group in a rural part of India
consisting of a large cohort of young men born with
LBW and age-matched NBW controls. However, we are
aware of the limitations including the lack of childhood
growth due to associated malnutrition and we may
therefore be unable to disentangle the effect of
intrauterine growth from that of early childhood
growth. The study was designed to compare two groups
that had significantly different birth weights. Hence, the
‘normal’ birth weight group may have had a signi-
ficantly higher birth weight when compared with the
median birth weight of the south Indian population.

In summary, LBW among rural Indians is associated
with only subtle risk factors of T2D and cardiovascular
disease including a lowered adult height and LBM,
altered body fat distribution, increased risk of IGT and a
minor elevation of the DBP. We did not find any
significant difference in whole-body insulin resistance or
in insulin secretion between the two groups. A long-
term follow-up of these subjects will be required to
determine whether more severe dysmetabolic traits will
occur among the rural Indian LBW subjects with time
or age, or in some of the LBW subjects when potentially
exposed later to a more affluent western environment.
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