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India has rapidly become a “diabetes capital” of the world, despite maintaining high 
rates of under-nutrition. Indians develop diabetes at younger age and at lower body 
weights than other populations. Here, we interpret these characteristics in terms of a 
“capacity–load” model of glucose homeostasis. Specifically, we assume that glycemic 
control depends on whether the body’s “metabolic capacity,” referring to traits, such 
as pancreatic insulin production and muscle glucose clearance, is able to resolve the 
“metabolic load” generated by high levels of body fat, high dietary glycemic load, and 
sedentary behavior. We employ data from modern cohorts to support the model and the 
interpretation that elevated diabetic risk among Indian populations results from the high 
metabolic load imposed by westernized lifestyles acting on a baseline of low metabolic 
capacity. We attribute this low metabolic capacity to the low birth weight characteristic of 
Indian populations, which is associated with short stature and low lean mass in adult life. 
Using stature as a marker of metabolic capacity, we review archeological and historical 
evidence to highlight long-term declines in Indian stature associated with adaptation 
to several ecological stresses. Underlying causes may include increasing population 
density following the emergence of agriculture, the spread of vegetarian diets, regular 
famines induced by monsoon failure, and the undermining of agricultural security during 
the colonial period. The reduced growth and thin physique that characterize Indian pop-
ulations elevate susceptibility to truncal obesity, and increase the metabolic penalties 
arising from sedentary behavior and high glycemic diets. Improving metabolic capacity 
may require multiple generations; in the meantime, efforts to reduce the metabolic load 
will help ameliorate the situation.
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iNTRODUCTiON

Although chronic diseases were initially labeled “diseases of affluence,” due to their association with 
urban living and westernized behavior, they have rapidly become an epidemic in many middle-
income countries that have yet to resolve chronic under-nutrition (1–3). India, where over 40% 
of children under 5 years are malnourished (4), has also become known as a “diabetes capital” of 
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the world, with an estimated 65+ million diabetic patients aged 
20–79 years in 2013, and substantial further increases anticipated 
(5). Other south Asian countries show a similar epidemiology (6). 
Urbanization, with its many effects on behavior, is a key driver of 
the Indian diabetes epidemic (7–9), but numerous studies further 
indicate that south Asians have elevated diabetes susceptibility 
compared to other populations (10–12). Emigrant populations of 
Indians in high-income countries have higher diabetes rates than 
other ethnic groups (13), and this difference remains if adjust-
ment is made for classic risk factors (14).

There is little consensus on the causes of the Indian diabetes 
epidemic, or on the appropriate public health policies by which 
the issue may be addressed. The simplest perspective might 
invoke genetic susceptibility. The influential “thrifty genotype” 
hypothesis proposed that population metabolic differences have 
arisen through differential ancestral exposure to cycles of “feast 
and famine” (15), generating differential susceptibility to diabetes 
in modern environments. The molecular basis of type 2 diabetes 
is polygenic: over 100 genes have already been associated with 
the condition, with the magnitude of effect of each gene typically 
very small (16). Studies are increasingly testing the hypothesis 
that population-specific risk-alleles contribute to the elevated 
prevalence of diabetes in South Asians, but current evidence 
is limited, and the findings vary according to the investigative 
approach used.

Most risk-alleles appear to exert similar directions and magni-
tudes effects in European and South Asian populations (17, 18), 
but it is important to consider whether this applies universally, 
and whether the frequency of such risk-alleles varies between 
populations. One global study reported decreasing frequencies 
of type II diabetes risk-alleles with increasing geographical 
distance from Africa toward East Asia, suggesting a diabetes-
protective consequence of migration (19). This would predict a 
lower genetic risk in South Asians relative to Europeans, which 
is contrary to the empirical scenario of their higher diabetes 
prevalence. Conversely, another study identified diabetes risk-
alleles in South Asian populations that were not associated with 
diabetes risk in European populations (20). More generally, 
genes related to energy/lipid metabolism represent one of three 
key groups of genes that show unique South Asian alleles or 
allelic stratification compared with Europeans, along with those 
associated with immune function and skin/hair pigmentation 
(21). Since such genotypes relating to both immune function and 
skin/hair phenotype can be linked to specific selective pressures 
affecting South Asian populations, i.e., diseases endemic to the 
Indian subcontinent and ultraviolet radiation, respectively (21), 
it is logical that the metabolism-related variants are similarly a 
response to long-term selective pressures.

There is also some evidence that important shared risk-alleles 
may act differently among South Asians compared with other 
populations. The FTO (fat mass- and obesity-associated) gene is 
associated with obesity and diabetes risk in Europeans, Africans, 
and Asians (22–26), but the minor (obesity-associated) FTO 
allele is both less common (30–33 vs. 42%) and explains less vari-
ation in body mass index (BMI) (0.20 vs. 0.34%) among South 
Asians compared with Europeans (27, 28). It may be that the 
relationship is weaker in the former as BMI represents a different 

quantity and distribution of body fat (25, 29). Furthermore, the 
effect of FTO appears to be environment dependent among South 
Asians, resulting in a much stronger relationship with obesity and 
diabetes among urban relative to rural populations (22, 25).

Collectively, these data indicate that the heightened diabetes 
risk of South Asians is very likely to include a genetic component, 
but it is likely to be relatively small. Going beyond the genes of 
humans themselves, there is accumulating evidence for the role of 
the gut microbiome in influencing diabetes and obesity risk (30), 
and a recent meta-analysis highlighted distinctions between the 
gut microbiota of Indians and Bangladeshis compared with North 
Americans, which may have implications for chronic disease risk 
(31). Further work may shed more light on how the genes of other 
species impact human metabolism in population-specific ways.

More generally, the primary underlying mechanism is likely 
to comprise epigenetic effects, many of which originate in early 
life (the Developmental Origins of Adult Disease hypothesis), 
though some may continue to emerge in adolescence and later 
life. Epigenetic influences are demonstrated for pre-conceptual 
and gestational nutritional and metabolic factors. For example, 
the influential “thrifty phenotype” hypothesis emphasizes a link 
between life-course plasticity and diabetes risk, proposing that 
poor growth in early life reduces glucose tolerance in adulthood 
(32). Low birth weight and weight at 1 year have been associated 
in a number of studies with subsequent diabetes risk, though the 
risk may also increase at higher birth weight (33, 34). Consistent 
with the hypothesis that early growth retardation increases 
diabetes risk, birth weight in India is among the lowest globally 
(Figure 1) (35), and variability in maternal phenotype and birth 
weight have been associated with elevated diabetes risk in Indian 
birth cohorts (36, 37).

Nonetheless, it remains unknown why low birth weight and 
elevated diabetic risk should persist among populations of South 
Asian ancestry despite improvements in living standards, and 
across multiple generations after migration to more affluent envi-
ronments. Why, for example, do South Asian populations have 
a higher ratio of fat to lean mass than most other populations, 
as described below? Understanding the origins of the Indian 
phenotype may have implications for designing effective strate-
gies to reduce chronic disease risk among people of South Asian 
ancestry worldwide. A similar scenario may apply to many other 
ethnic groups from low- and middle-income countries, which 
typically have elevated rates of diabetes relative to Europeans 
living in high-income settings (38).

The aim of this paper is to develop an evolutionary perspec-
tive on the elevated susceptibility to diabetes in South Asian 
populations. First, we describe a metabolic model of diabetes risk, 
characterized by the balance between the “metabolic capacity” to 
maintain glycemic control, and the “metabolic load” generated by 
factors such as obesity, unhealthy diet, and sedentary behavior. 
Diabetes occurs when the metabolic load exceeds the capacity to 
maintain fuel homeostasis. We show that height and physique can 
act as reliable markers of metabolic capacity, and illustrate how 
this applies to the contemporary South Asian phenotype. Then, 
using archeological and historical evidence, we argue that long- 
and short-term chronic energy stress and low dietary protein 
availability have induced major downward trends in metabolic 
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FigURe 1 | global heat map of mean birth weight, based on data from the world Health Organization (35).
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capacity, indexed by decreasing stature and lean mass. These traits, 
and their life-course emergence, are strongly associated with the 
elevated diabetes risk experienced among contemporary Indians 
exposed to the rapid lifestyle changes accompanying urbaniza-
tion. In other words, the elevated susceptibility to diabetes in 
South Asian populations can be attributed to rapid increases 
in metabolic load exposing the long-term decline in metabolic 
capacity.

A MeTABOLiC MODeL OF DiABeTeS

Type 2 diabetes is a condition in which failure to regulate blood 
glucose levels by the hormone insulin leads to tissue damage, 
elevated cardio-metabolic risk, and, in the absence of treatment, 
increased risk of premature death. By the mid-twentieth century, 
clinical research in industrialized countries had led to consensus 
that diabetes was an “adult-onset” disease, primarily attributable 
to genetic profile and adult lifestyle. The strongest risk factor was 
obesity, considered the dominant cause in around 80% of cases 
(39). Subsequent research led to the concept of diabetes as a “two-
hit” disease, involving both insulin resistance in muscle tissue, 
and failure of the pancreatic beta-cells to produce enough insulin 
to compensate for this resistance (40).

The consensus view of diabetes as an adult-onset disease 
underwent a paradigm shift in the 1990s, when the “thrifty phe-
notype” hypothesis was published (32). These authors proposed 
that fetal and infant under-nutrition reduced growth of the pan-
creas and muscle tissue to protect the growing brain, at the cost 
of reduced glucose tolerance in adulthood (32). They therefore 
highlighted the additional contribution of development to vari-
ability in diabetes risk.

Data increasingly support the thrifty phenotype hypothesis: in 
both European and Asian populations, famine exposure in utero 
(41, 42) and low birth weight (34, 36) are associated with adult 

glucose intolerance, while the adverse consequences of low birth 
weight are enhanced in the presence of high BMI or adult adi-
posity (43–45). Low birth weight and malnutrition during early 
post-natal life are associated with beta-cell dysfunction (46–49), 
which impairs glucose tolerance. This susceptibility to glucose 
intolerance is exacerbated by subsequent catch-up growth in 
early childhood, which elevates adiposity and promotes insulin 
resistance (50–52). The environmental etiology of type 2 diabetes 
appears strongly mediated by oxidative stress, which, on the one 
hand, provokes insulin resistance (53, 54), and, on the other hand, 
contributes to beta-cell damage and eventual deficiency in insulin 
secretion (55, 56).

While the thrifty phenotype hypothesis initially focused 
on the consequences of low birth weight, however, studies in 
Europeans show inverse dose–response associations of birth 
weight with later glucose tolerance across the range of birth 
weight, with similar associations evident for thinness (low 
ponderal index) and length at birth (34, 43, 57), although 
diabetes risk increases again at high birth weights in some 
populations (33).

Recognizing these broad dose–response relationships, we have 
built on the thrifty phenotype hypothesis by proposing a con-
tinuous model of disease risk, emphasizing the interaction of two 
fundamental traits: metabolic capacity, referring to phenotypic 
traits indexing the capacity for homeostasis, and metabolic load, 
referring to phenotypic traits that challenge homeostasis (58). For 
diabetes, the most relevant components of metabolic capacity are 
the function of the pancreas (responsible for producing insulin) 
and muscle mass (influencing glucose clearance rate), each of 
which is strongly contingent on fetal and infant growth (32, 59). 
The most relevant components of metabolic load are adiposity, 
dietary glycemic load, and sedentary lifestyle, all of which perturb 
normal glycemic control and promote chronic inflammation, 
deleterious to beta-cell function (60, 61).
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FigURe 4 | The capacity–load model illustrated for the prospective 
risk of developing diabetes in three US cohorts. Data taken from  
Ref. (45).

FigURe 3 | Schematic diagram illustrating the capacity–load model of 
metabolic dysfunction. Both decreasing metabolic capacity and increasing 
metabolic load independently increase the risk of glucose intolerance and 
overt diabetes. The highest risk is, therefore, found in those with high load 
and low capacity. Redrawn with permission from Ref. (58).

FigURe 2 | Schematic diagram illustrating the basic capacity–load 
model of glycemic control, in which blood sugar levels rise in 
association with traits such as a high glycemic diet, sedentary 
behavior and, high levels of body fat, and decrease in proportion to 
the homeostatic capacity of the body, indexed by traits such as 
pancreatic beta-cell mass and muscle mass.
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Figure  2 illustrates the basic model, showing how the 
 relationship between capacity and load on an immediate basis 
impacts the regulation of blood sugar levels. Variability in the 
relationship between capacity and load over the longer-term then 
shapes the risk of developing diabetes (Figure 3). Figure 4 pro-
vides supporting evidence for this model from three US cohorts. 
Consistent with the model, birth weight is inversely associated 
with diabetes risk across its entire range, while “components of 
an unhealthy adult lifestyle,” including high BMI, are positively 
associated with diabetes risk. The highest risk of diabetes is, there-
fore, found in those born small who lead a particularly unhealthy 
adult lifestyle, promoting the development of abdominal obesity. 
Importantly, these data support a key prediction of the model, 
namely that the diabetic risk elicited by low birth weight is 

relatively low in the absence of metabolic load, but greatly 
 exacerbated in the presence of a high metabolic load.

Information on metabolic capacity and load could, therefore, 
help assess diabetes risk on a routine basis. However, especially in 
low- and middle-income countries, data on birth weight are likely 
to be lacking in the vast majority of adult individuals. A solution 
to this dilemma is to obtain data on traits that are strongly cor-
related with birth weight. Numerous studies have demonstrated 
positive associations between birth weight and rankings of height 
and lean mass throughout the life course (59, 62–64), including 
in Indian populations (65). Weight and height during infancy are 
also predictive of adult stature and lean mass (59) This means 
that adult height can act as a valuable proxy for growth during 
fetal life and infancy and, hence, for metabolic capacity. Likewise, 
although accurate assessment of adult body composition is not 
feasible on a routine basis, BMI or waist circumference adjusted 
for height can act as simple markers of metabolic load, as can 
behavioral markers, such as physical inactivity.

Support for this approach is shown in Figure 5, which presents 
data from an urban population at 21 years of age from Pune, west 
central India. In this cohort, adjusting for weight, stature shows 
a dose–response negative association with plasma glucose at 
120 min following administration of an oral glucose load. This 
indicates that stature “promotes” glucose tolerance, and acts as a 
simple marker for metabolic capacity, most likely because both 
stature and beta-cell mass are sensitive to under-nutrition in fetal 
life and infancy (59, 66). Conversely, independent of stature, glu-
cose tolerance is negatively associated with body weight, a simple 
index of metabolic load. Thus, taller stature is diabetes-protective, 
while higher body weight increases risk.

Data from a number of other studies broadly support the 
link between stature and diabetic risk (Table 1), though there is 
uncertainty as to whether this elevated risk derives directly from 
early-life growth constraint, or its association with reduced muscle 
mass, resulting in poorer glucose tolerance during standard tests 
(68). The association appears especially strong among women, 
particularly during pregnancy. A recent meta-analysis of studies 
reporting relative risk of diabetes in relation to shorter stature 
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FigURe 5 | Associations between plasma glucose levels 120 min after administration of an oral glucose load, a marker of glucose intolerance, with 
height adjusted for weight, and weight adjusted for height in an urban indian population at the age of 21 years. Data taken from Ref. (67).
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that included a subset of the studies in Table 1 found a significant 
association among women but not men (69). Interestingly, the 
authors suggested that the relationship between diabetes risk 
and short stature was stronger among populations of Asian and 
Australian origin than among Africans and Europeans. Overall, 
this evidence justifies the use of stature as a simple marker of 
metabolic capacity in populations across time and geography. 
Below, we use this approach to reconstruct potential trends in 
metabolic capacity over lengthy time periods in the history of 
India.

The capacity–load model offers a specific explanation for 
why reduced metabolic capacity has only led to an epidemic of 
diabetes and associated diseases in India in recent decades. If 
metabolic load remains relatively low, through the consumption of 
traditional diets and maintenance of high physical activity levels, 
then it will not outstrip metabolic capacity, and conditions such 
as diabetes should not manifest. This scenario is consistent with 
data from various populations characterized by relatively short 
stature, indicating low birth weight, which maintained traditional 
lifestyles through the twentieth century and demonstrated neg-
ligible rates of diabetes (89–91). It is the superimposition of high 
metabolic load associated with urbanization (sedentary behavior, 
diets high in fats and refined carbohydrates) on the background 
of low metabolic capacity that is predicted to lead to metabolic 
dysfunction (92).

THe CONTeMPORARY SOUTH ASiAN 
PHeNOTYPe FROM A CAPACiTY–LOAD 
PeRSPeCTive

More detailed studies provide substantial support for the 
 capacity–load model of diabetes risk in South Asian populations. 
Numerous studies have shown that, compared to Europeans, 
Indians are not only shorter but also have reduced levels of lean 
mass (93–95). For example, Figure 6 illustrates the association 

between age and lean mass adjusted for height in South Asian and 
European children and adolescents from London, UK. There is a 
substantial reduction in lean mass relative to height in the South 
Asian sample at all ages.

Such lean mass deficits may contribute causally to increased 
diabetes risk, for example, through decreased glucose clear-
ance and possibly earlier beta-cell exhaustion (97). Indeed, 
more specific data on organ size indicates substantial reduc-
tions in South Asians relative to Europeans. Organs have a 
higher metabolic rate per unit mass than muscle tissue (98) 
and, therefore, contribute disproportionately to basal energy 
metabolism. Previous work has shown that organ mass scales 
with stature squared in humans (99). Figure  7 illustrates the 
percentage reductions in the size of various organs of Indians 
relative to Europeans, adjusting for this scaling association (100, 
101). Most organs are significantly reduced in Indians, but the 
pancreas and spleen, associated with metabolic sensitivity and 
immune system, respectively, are only slightly smaller than 
those of Europeans. These data suggest a particular version of 
the “thrifty phenotype” in south Asians, which may indicate 
adaptation to local ecological conditions as discussed in more 
detail below. Intriguingly, very similar findings emerged from 
a study that exposed rats to chronic malnutrition over 50 
generations. Compared to control rats, mass of the heart and 
muscle tissue was reduced in those undernourished, whereas 
liver and pancreas mass were not significantly lower, and mass 
of the spleen was significantly greater (102). Further studies also 
suggest that a reduced oxidative capacity and lower capacity for 
fatty acid utilization in muscle tissue underlie insulin resistance 
in South Asians, but also indicate that this is not due to dif-
ferential gene expression (103).

One consequence of this difference in physique is that for any 
given BMI value, Indians have a higher proportion of fat mass in 
their body weight relative to Europeans (93–95). We can, therefore, 
highlight several ways in which Europeans and Indians differ in 
their size, shape, and body composition, using a simple cylinder 
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FigURe 7 | Data on height-adjusted organ masses from autopsies of 
indian and French adults, expressed as % deficit of indians relative to 
French. Data taken from Ref. (100, 101).

FigURe 6 | Lean mass index (lean mass divided by height squared) 
against age in european and South Asian adolescents living in 
London, UK, showing a systematic trend for lower values in the South 
Asians. Data taken from Ref. (96).

TABLe 1 | Reported risk of type 2 diabetes in men, women, or sexes combined, or gestational diabetes in women, associated with tall stature.

Reference Country n Participant age (years) Risk 95% Ci Comparison and test

Men
Liu et al. (70) USA 3128 20–85 0.91 0.75–1.10 Per SD increase (OR)
Lorenzo et al. (71) USA 730 25–64 1.14 0.85–1.51 Per 1 SD increase (OR)
Schulze et al. (72) Germany 9711 40–65 0.71 0.53–0.95 Highest vs. lowest quintile (RR)
Han et al. (73) Netherlands 5887 20–59 0.23 0.09–0.79 Highest vs. lowest tertile (OR)
Njolstad et al. (74) Norway 6098 35–52 1.15 0.97–1.35 Per 5 cm increase (RR)
Kumari et al. (75) UK 5807 35–65 0.65 0.50–0.90 Highest vs. lowest tertile (OR)
Bozorgmanesh et al. (76) Iran 1589 >20 0.95 0.67–1.35 Per 1 SD increase (HR)
Janghorbani and Amini (77) Iran 614 30–60 0.81 0.39–1.68 Highest vs. lowest quartile (OR)

women
Liu et al. (70) USA 3060 20–85 0.99 0.82–1.21 Per 1 SD increase (OR)
Lorenzo et al. (71) USA 1000 25–64 0.88 0.70–1.11 Per 1 SD increase (OR)
Schulze et al. (72) Germany 15,402 35–65 1.10 0.78–1.55 Highest vs. lowest quintile (RR)
Han et al. (73) Netherlands 7018 20–59 0.62 0.31–1.22 Highest vs. lowest tertile (OR)
Njolstad et al. (74) Norway 5556 35–52 0.71 0.58–0.87 Per 5 cm increase (RR)
Lawlor et al. (78) UK 4286 60–79 0.91 0.80–1.03 Per 1 SD increase (OR)
Kumari et al. (75) UK 2579 35–65 0.82 0.50–1.40 Highest vs. lowest tertile (OR)
Branchtein et al. (79) Brazil 5564 27.8 ± 5.5 0.63 0.45–0.87 Highest vs. lowest quartile (OR)
Bozorgmanesh et al. (76) Iran 2132 >20 0.62 0.46–0.83 Per 1 SD increase (HR)
Janghorbani and Amini (77) Iran 1754 30–60 0.97 0.59–1.58 Highest vs. lowest quartile (OR)

Combined sexes
Eckel et al. (80) Germany 2733 35–64 0.95 0.89–1.00 Per 1 cm increase (HR)
Janghorbani and Amini (81) Iran 1092 42.8 ± 6.4 0.54 0.31–0.93 Highest vs. lowest quartile (RR)
Schooling et al. (82) China 10,304 50+ 1.04 0.99–1.10 Per 1 SD increase (OR)
Veena et al. (83) India 509 46 0.99 0.97–1.01 Per 1 cm increase (OR)
Sayeed et al. (84) Bangladesh 6847 15+ 0.57 0.37–0.86  ≥ 165 vs. 130–149 cm (OR)
Hoque et al. (85) Bangladesh 7565 35+ 0.82 0.69–0.98 Highest vs. lowest quartile (OR)

gestational diabetes mellitus
Rudra et al. (86) USA 1644 – 0.40 0.17–0.95 >170 vs. ≤160 cm (RR)
Brite et al. (68) USA 13,5861 – 0.80 0.78–0.82 Per 5 cm increase (OR)
Ogonowski and Miazgowski (87) Poland 2841 – 0.96 0.94–0.97 Per 1 cm increase (OR)
Jang et al. (88) Korea 9005 – 0.49 0.33–0.73 Highest vs. lowest quartile (OR)

OR, odds ratio; RR, relative risk; HR, hazard ratio. Values in shaded cells are significant p < 0.05.
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model where each of the three primary dimensions indexes 
one component of diabetes risk (Figure 8). The inner cylinder 
represents lean mass, and both the height and cross-sectional area 

of this cylinder (associated with skeletal dimensions) are proxies 
for metabolic capacity. The outer cylinder represents body fat 
(much of which is located in subcutaneous depots although some 
is located in deeper internal depots) which provides a proxy for 
metabolic load.
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FigURe 9 | Schematic diagram illustrating differences between 
europeans and South Asians on a plot of fat mass index (fat mass 
divided by height squared) and lean mass index (lean mass divided by 
height squared), in which the sum of these two traits is equal to body 
mass index (BMi). Above a certain threshold of fat mass index, insulin 
resistance develops. However, due to their lower lean mass index, Indians 
develop insulin resistance at lower levels of BMI compared to Europeans.

FigURe 8 | Schematic diagram illustrating diabetes risk as a function 
of three dimensions of body size. The length (A) and cross-sectional area 
(B) of an internal cylinder of lean mass is considered a marker for metabolic 
capacity, whereas the volume of the external cylinder of fat mass (C) is 
considered a marker of metabolic load.
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Much attention has been given to the relatively greater adipos-
ity of Indians, as it elevates insulin resistance and, hence, diabetic 
risk (13). Moreover, due to the higher fat–lean ratio, indicating 
a greater load–capacity ratio, increases in BMI in Indian popu-
lations elevate diabetes risk to a greater extent than they do in 
European populations, raising the susceptibility to insulin resist-
ance (Figure 9). In a longitudinal study of adults in New Delhi, 
for example, relatively modest gains over time in BMI increased 
diabetes risk in the absence of overt obesity (104). Because body 

fat typically increases with age through adult life, this also offers 
an explanation for why Indians typically develop diabetes at 
younger ages than Europeans  –  Indians are predicted to reach 
a harmful threshold of metabolic load earlier (104). Beyond this 
greater ratio of fat mass to lean mass, Indians also have greater 
metabolic sensitivity to adipose tissue than other ethnic groups. 
For example, a given mass of fat generates greater insulin resist-
ance in Indian compared to European children (105).

Relative to Europeans, therefore, contemporary Indians are 
both “fat” and “thin,” and this phenotype has been observed 
at birth and during early infancy (106–108), indicating that it 
emerges within the niche of maternal pregnancy physiology. 
Mean birth weight among Britons of Indian ancestry is ~3.1 kg 
compared with 3.4 kg among white British newborns (109), and 
birth weight in India itself averages ~2.9 kg (110). The low birth 
weight Indian baby shows relative preservation of the head and 
subcutaneous body fat at the expense of muscle tissue and vis-
cera, indicating particularly low non-brain organ masses at birth 
(106). Thus, during fetal life, Indian neonates develop a reduced 
metabolic capacity compared to Europeans and a relatively higher 
metabolic load (108, 111).

These traits are indicative of reduced maternal nutritional 
investment, and additional data support this hypothesis. In 
humans in general, short maternal stature is associated with lower 
birth weight (112), while a flatter maternal pelvis also constrains 
fetal growth (113). Specifically in Indians, shorter maternal 
stature and lower BMI are associated with lower birth weight 
(114–116), while the dimensions of the maternal pelvis in Indians 
are smaller than in European populations (117, 118). Maternal 
lean mass may be the primary physical determinant of offspring 
birth weight (119). In several ways, therefore, the small size of 
Indian mothers constrains nutritional investment in the fetus.

Fears of cephalo-pelvic disproportion, which could obstruct 
labor, promote the custom of pregnant women “eating down” 
(deliberately reducing food intake) toward the last trimester 
of pregnancy (120). There is minimal documentation of the 
net impact of this practice, yet it is commonly reported in 
anthropological and other qualitative studies in South Asia 
(120–122). Nevertheless, evidence shows that maternal nutri-
tional supplementation during pregnancy need not in fact lead 
to  cephalo-pelvic disproportion (123). The magnitude of such 
supplementation on birth weight is typically <100 g except where 
mothers are severely undernourished (124–128). On the other 
hand, a recent supplementation study in India that began pre-
pregnancy had no effect on birth weight in underweight mothers, 
but increased birth weight by ~90  g in mothers with baseline 
BMI > 18.5 kg/m2 (129). Thus, the effect of increasing maternal 
dietary energy supply appears to depend on whether it occurs 
before or during pregnancy, but a common finding is that effects 
on birth weight are modest.

Beyond maternal size, various maternal micronutrient 
deficiencies have been shown to limit fetal weight gain (130). 
Recent work in a rural cohort from Pune has highlighted low 
intake vitamin B12 and functional folate deficiency as maternal 
dietary determinants of low birth weight, mediated through 
their impact on maternal homocysteine levels (131). The longer-
term influence of these maternal micronutrient deficiencies on 
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diabetes risk is shown by an association between low maternal 
B12 during pregnancy and insulin resistance in the offspring at 
6 years, exacerbated by high folate levels (130). Vitamin B12 acts 
as a marker of non-vegetarian dietary intake; hence, these data 
provide support for a detrimental impact of maternal vegetarian 
diets on the development of metabolic capacity in the offspring.

Prenatal and early infant growth appears to be the critical 
period for determining lean mass. If energy supply increases from 
early childhood onward, there is little opportunity for it to be 
invested in organ structure and metabolic capacity, hence, it must 
be diverted to other life history functions (growth, reproduction, 
immune function) (132). These other functions are strongly 
mediated by elevated body fat, which promotes faster maturation 
and immune function, but at a cost of elevated metabolic load. 
In other words, improved energy supply from childhood onward 
cannot resolve the “thin” component, and primarily increases the 
“fat” component of the thin–fat phenotype.

Thus, the high diabetic risk of contemporary South Asians 
may be explained in terms of a reduced metabolic capacity that 
renders them particularly susceptible to the high metabolic load 
associated with the lifestyles that track urbanization, or migration 
to higher-income settings (133). The question of when and why 
this lower stature and lean mass originated among South Asians 
may be approached by examining long-term trends in stature and 
physique in South Asia by means of archeological and historical 
evidence, and by considering the environmental factors that may 
have driven evolutionary change, whether through genetic adap-
tation or trans-generational plasticity. Although soft tissue itself is 
very rarely preserved in the archeological record, the relationship 
between stature, metabolic capacity, and diabetic risk described 
above, as well as more scarce indicators of physique (muscularity 
and body mass), enable us to attempt to reconstruct long-term 
trends in metabolic capacity in South Asian populations.

ARCHeOLOgiCAL eviDeNCe FOR 
TReNDS iN STATURe AND PHYSiQUe

India’s archeological skeletal record embraces several distinct 
subsistence patterns, including Mesolithic forager, Neolithic–
Chalcolithic agro-pastoralist, Iron Age Megalithic, and early 
Indus Valley urban populations (134). From these data, broad 
long-term trends in skeletal morphology can be discerned, 
though the populations are also distributed unequally across 
the subcontinent and their precise ancestral relationships are 
unknown.

Foraging during the Mesolithic period was associated with 
robust dentition, indicating consumption of a coarse, high-
fiber diet (134). From around 8000  BP, foraging was gradually 
replaced by food production, resulting in crop cultivation (earli-
est evidence from Mehrgarh, contemporary Pakistan, 8500 BP) 
and animal domestication (earliest evidence from Bagor, south 
Rajasthan, 6600 BP). Food production had become the primary 
mode of subsistence by 4000  BP in the fertile north, but took 
longer to consolidate in the peninsular south due to less favorable 
climate and topography (134). The shift to agriculture promoted 
sedentary living, initially in small-scale villages that in some 

regions, such as the Indus valley, developed into larger urban 
settlements (135). Sedentary living decreases inter-birth interval 
and, therefore, favors population growth (136).

Over the period when agriculture emerged, developmental 
lesions in dental enamel (hypoplasias) indicate growth interrup-
tions in both foragers and farmers from the northern plains, but 
the tall stature attained by the foragers suggests that compensa-
tory growth was possible and there are negligible signs of overt 
nutritional deficiencies or heavy infectious disease loads (137, 
138). These characteristics indicate that the foragers were healthy 
and well-adapted to their ecological niche, in contrast to subse-
quent agriculturalists (139).

Early agricultural populations were characterized by more 
gracile skeletal structure, implying reduced musculature (134). 
These changes can be attributed both to push factors (decreased 
mechanical stress from a less coarse diet, decreased habitual 
mobility) and to pull factors (increased prevalence of nutritional 
deficiencies and infectious diseases) constraining growth (140, 
141). Compared to the average stature of male Mesolithic forag-
ers of 181.5 cm, the Chalcolithic males averaged only 172.5 cm 
(137), an extreme difference in body morphology between the 
two subsistence regimes.

Paleo-ethnobotanical data indicate similar contrasts between 
the nutritionally rich and varied diet of Mesolithic foragers, and 
the carbohydrate-rich but nutrient-poor diet of early farming 
communities (142). Crops providing the highest energy returns 
have low nutrient densities (143), and the downward shift in 
stature and skeletal proportions mimics a similar trend in early 
farmers worldwide (144–148), although the large magnitude of 
decline and its persistence across many millennia in the Indian 
subcontinent appear atypical (144). Historical data from Europe 
indicate a close link between infectious disease burden in early 
life and reductions in adult height (149). Early Indian farming 
populations show evidence of periodic famines, food shortages, 
and high infection rates, along with ecological stress from over-
use of the land, all well-recognized features of early agricultural 
life (134). These factors may have collectively contributed to their 
shorter stature and skeletal gracility.

The Neolithic and Chalcolithic village agriculture that flour-
ished during the period 6000–4000 BP is not dissimilar to that 
practiced by Indian rural society up to the late twentieth century. 
Gradual technological change and the emergence of occupational 
castes consolidated the settled agricultural niche and favored 
further urbanization in the north around 2600  BP (134). The 
archeological evidence indicates a life expectancy at birth of 
<20 years in early agricultural populations, due in large part to 
high levels of infant mortality. Such mortality rates are typically 
countered by high fertility rates, and this is consistent with a 
substantial increase in population size following the introduction 
of iron technology. Even until recent times, a common traditional 
blessing for an Indian bride was the hope for eight offspring.

Beyond its association with falling adult stature, the combi-
nation of population growth and increased infectious disease 
burden implies changes in fertility rates and, hence, size at birth. 
In turn, shifts in life history and reproductive strategy  –  from 
fewer, larger to more, smaller offspring  –  imply adaptations in 
insulin metabolism, as this hormone orchestrates fundamental 
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associations between growth, maturation, reproduction, and 
social behavior (132, 133, 150, 151). Thus, the emergence of 
agriculture appears to have played a key role in the long-term 
transition to smaller body size, but other ecological factors are 
also likely to have contributed.

THe eMeRgeNCe OF vegeTARiANiSM: 
DeCLiNe iN PROTeiN CONSUMPTiON

Following the transition to agriculture, the emergence of vegetari-
anism is likely to have exerted an additional dietary stress. From 
early Hindu religious texts, it is clear that animals were initially 
sacrificed and meat eaten. By 600 BCE, however, major changes 
had occurred in religious thought. It has been suggested that, by 
this time, war, drought, and famine were becoming increasingly 
common, giving the impression that the old Vedic gods were fail-
ing (152). Population growth and the need for more land to feed 
people were also stressing the agricultural economy. The Zebu 
humped cow began to be considered too valuable for economic 
and agricultural survival for it to be sacrificed or consumed. 
These ideals began to enter the texts known as the Upanishads 
from around 800 BCE.

Around 600  BCE, an even more ascetic tradition known as 
Jainism emerged. Rejecting many elements of Hinduism, Jainism 
requires total non-violence, and prohibits the consumption 
of meat, eggs, and fish (152). Some contemporary Jains also 
avoid milk products and consume vegan diets. A similar drive 
toward vegetarianism followed the emergence of Buddhism in 
the fifth century BCE. Buddha specifically condemned all killing, 
war and aggression, and banned animal sacrifices and trade in 
animal products (152). Buddhism flourished during the 37-year 
rule of the emperor Asoka, starting in 265 BCE, by which time 
the Magadhan Empire founded in the sixth century BCE had 
expanded into a territory almost the size of modern India.

Through the influence of Hinduism, Jainism, and Buddhism, 
vegetarianism became widespread in India and has been widely 
practiced for over 2000 years. On the basis of recent empirical 
studies, its low-protein regime is likely to have impacted growth 
and development. This is especially relevant to growth patterns 
in early life as, in accordance with Hindu cultural traditions 
whereby males eat before females, the de facto level of vegetarian-
ism is higher in females than males (though not through choice). 
Maternal protein intake in early pregnancy is positively associ-
ated with birth weight (153, 154), and a study of UK children born 
to vegan mothers reported reduced weight and stature, compared 
to national growth standards (155). Dietary protein intake in 
infancy (156–158) and childhood (159–161) are also positively 
associated with rates of growth in weight and stature, although 
whether either of energy or protein is a limiting factor for infant 
growth may depend on the dietary availability of the other (162).

Another constraint on growth may derive from a general 
inability to digest lactose. Milk is a particularly important driver 
of growth in humans, providing not only protein but also other 
growth-promoting factors. Tall statures in east African pastoral-
ist populations have been attributed to high milk intakes (163), 
consistent with data from western populations (160,  164). 

Significantly, however, Indian populations are relatively lactose-
intolerant, although much more so in the south, where the 
prevalence of primary lactose intolerance is ~70%, compared to 
the north, where the value is ~30% (165). Pastoralist castes, such 
as the Toda, who have adapted to drink milk, have ~10 cm taller 
stature than other castes in the same region (166), while in the 
Pune Maternal Nutrition Study, maternal milk consumption in 
pregnancy was positively associated with the offspring’s length 
at birth (167). Consumption of camel milk was associated with 
zero risk of diabetes in north-west Rajasthan (168), although milk 
consumption was not associated with diabetes risk in a heteroge-
neous national sample (169).

There is a related emerging literature on infection reducing 
absorption of protein when it is of vegetable origin. Given the 
high infection load found among Indian infants, this suggests 
that malabsorption of lower quality vegetable protein exacerbates 
their growth problems (170, 171).

Thus, the combination of low-protein vegetarian diets, micro-
nutrient-deficient diets, and an inability to digest milk is likely to 
have constrained growth and body size in the Indian population 
in recent millennia. There is a notable north-south gradient in 
diabetes prevalence in India (12, 172), and the taller stature of 
northern populations may protect against diabetes, with greater 
lactose tolerance one potential underlying mechanism.

eCOLOgiCAL DiSRUPTiONS  
TO THe FOOD SUPPLY

Beyond long-term subsistence trends, nutritional status is also 
affected by acute events and their long-term patterning. Indian 
agriculture is heavily dependent upon monsoon rainfall to water 
the crops, both as the monsoon clouds drift north in the early 
summer and as they return in the early autumn. The failure of the 
monsoon rains in El Niño years decimates crop harvests across 
wide geographical regions, and these effects may then interact 
with socio-economic phenomena, inducing substantial increases 
in the price of food. Particularly severe famines were documented 
in 1769–1770, 1876–1878, 1896–1897, and 1899–1902, resulting 
in millions of deaths on each occasion (173, 174). In 1943, the 
Bengal famine is estimated to have killed between 1.5 and 4 mil-
lion (175).

While the proximate cause of Indian famine is monsoon 
failure, rates of mortality increased sharply in the Victorian era 
through failure of the British to distribute famine relief. Prior to 
the arrival of the British, the Mogul empire was relatively efficient 
at redistributing food during periodic monsoon droughts. Famine 
appears to have become much more frequent during the British 
era, and although climatic trends might have contributed to this, 
there is strong evidence that the economic influence of the British 
exacerbated the calamitous toll in morbidity and mortality (174).

These famines are likely to have acted harshly on body size, 
potentially through different biological processes. On the one 
hand, high levels of mortality are predicted to have selected for 
genotypes conferring smaller size, which would require fewer 
resources to grow and survive. On the other hand, downward 
secular trends through trans-generational phenotypic plasticity 
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(p < 0.0001). Based on data from Ganguly (182). Reproduced with 
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are also likely to have contributed. The relative contributions of 
these two processes remain unknown; however, upward secular 
trends in stature and maturation rate in the Indian population in 
recent decades give an indication that trans-generational plastic-
ity is relevant (176, 177).

Famine might conceivably have selected in favor not only of 
smaller size but also of metabolic adaptations and an increase in 
the ratio of fat mass to lean mass, i.e., the thin–fat phenotype. 
This hypothetical scenario fits closely with empirical evidence 
reviewed above. Recent studies have shown associations between 
a variety of specific alleles and the risk of diabetes or obesity in 
Indian populations (23, 24, 178), with the pattern of association 
not always directly equivalent to that in Europeans.

HiSTORiCAL eviDeNCe ON STATURe 
TReNDS FROM iNDeNTUReD LABOReRS

While data on stature trends between the adoption of agriculture 
and the early modern period are sparse, the first historical meas-
urements of stature in the nineteenth century show clearly that 
South Asians were short compared to the average in most other 
global regions (179). In the late nineteenth and early twentieth 
centuries, male stature in India showed a north-south gradient, 
with populations in the peninsula south averaging ~161 cm and 
those in the north averaging ~167 cm (166). This gradient may 
relate both to moderate climatic adaptation, and also to different 
diets, but even the northern populations are ~15 cm shorter than 
the Mesolithic foragers discussed above, as well as more gracile 
(134, 137).

Moreover, unlike in other global regions, continuing declines 
in stature in India are evident over the last two centuries. Data on 
stature were routinely collected from those who left India under 
the indentured labor scheme in the early nineteenth century, to 
address the shortage of labor on colonial plantations following 
the abolition of slavery. For approximately a century, almost 1.2 
million Indians signed short-term contracts and were transported 
to the Caribbean, Fiji, Mauritius, and east and southern Africa. 
Records obtained at recruitment show either no upward increase 
in stature over this period, or a slight secular decline (180, 181). 
Further smaller-scale longitudinal studies of individual popula-
tions suggest an average decline in male stature between 1881 
and 1962 equivalent to −1.8 cm per century (Figure 10) (182). 
These data contrast markedly with the substantial upward trend 
in stature that characterized industrialized populations during 
the twentieth century (183).

LONg-TeRM TReNDS iN BiRTH weigHT

The low birth weight of contemporary Indian populations is, 
therefore, likely to be a product of the long-term downward trend 
in height. Both within and between populations, birth weight 
scales with maternal stature (112, 184). This scaling association 
can be used to predict birth weight in past populations from the 
skeletal evidence. Such an approach predicts that birth weight in 
India would have been ~3440 g in the early forager populations of 
8000 years BP, ~3200 g in early farming populations of 4000 years 

BP, compared to ~2800 g today. These simulations suggest a 20% 
reduction in birth weight over the last 10,000 years, at an average 
rate of 6.4 g per century.

Studies of birth weight among those born with similar or 
contrasting parental ethnicity may shed more light on the 
mechanisms that underlie this decline (185). In an analysis of 
data from the UK, average birth weight of offspring with two 
European parents was 344 g greater than that of offspring with 
two Indian parents. Compared to offspring of European mothers, 
the offspring of Indian mothers had lower birth weight, whether 
the father was European (Δ = 152 g) or Indian (Δ = 254 g). This 
clearly indicates a maternal ethnic influence, but it is difficult to 
ascribe it with confidence to a genetic or environmental basis. 
However, beyond this, it was also possible to determine paternal 
influences on birth weight.

After adjustment for various confounding factors, average 
birth weight of offspring with European father and Indian mother 
was 249 g greater than that of offspring with two Indian parents. 
Conversely, average birth weight of offspring with Indian father 
and European mother was 117 g less than that of offspring with 
two European parents. These paternal associations suggest that 
any nutritional constraint of the Indian mother is not “fixed,” 
and can be partially overcome if a higher level of nutritional 
investment is “demanded” by paternal genotype. On the other 
hand, Indian paternal genes appear to have adapted to demand 
lower fetal nutritional investment. The implication is that long-
term nutritional experience over generations may drive paternal 
co-adaptation, through either genetic or epigenetic mechanisms.

SeCULAR TReNDS iN ReCeNT DeCADeS

Upward trends in body size occurred in many high-income 
countries through the nineteenth and twentieth centuries, the 
best-known example being Holland where male height increased 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive


FigURe 12 | Schematic diagram illustrating how the elevation in 
metabolic load, generated by rapid increases in BMi and adoption of 
unhealthy lifestyle, is not matched by a recovery of metabolic 
capacity, dependent on long-term trends in birth weight.

FigURe 11 | Distribution of adult BMi in the 2005–2006 indian National 
Family Health Survey, showing that 10% of both fathers and mothers 
exceeded 23.5 kg/m2, the cut-off for overweight in the indian 
population (192).
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by ~22 cm over 135 years, or 1.63 cm per decade (186). The most 
recent data indicate the beginning of a similar trend in the Indian 
population, especially in urban populations since the 1960s 
(176), but the rate of change has been relatively modest relative 
to European populations.

Over 25 years, height increased by ~0.50 cm/decade in Indian 
men, barely one-third of the rate in Holland (187). In Indian 
women, the trend was ~0.16 cm/decade, less than an eighth of 
that imputed for Dutch women. The trend also varied across 
states, ranging from negative rates of −0.37 cm/decade in Delhi, 
−0.17 cm/decade in Bihar, and −0.22 cm/decade in Nagaland to 
positive rates of 0.66 cm/decade in Tamil Nadu and 1.16 cm/decade 
in Kerala (176). These trends are unlikely to reflect variable effects 
of aging and changes in posture, as the samples were ≤49 years of 
age in women and ≤54 years in men. Rather, negative trends in 
females might be linked with a shift toward earlier puberty (188) 
in association with slightly shorter final stature, as reported in 
Indian migrants to Sweden (189), though this issue merits further 
investigation. These individuals were born between the 1960s and 
1980s, and the secular trend may since have accelerated, but the 
long-term contrast with European populations is still striking. 
Secular increases in birth weight are also very slow, equivalent to 
a change of 1 SD score across 15.5 decades (190).

Aside from such limited changes in stature, data from recent 
family health studies indicate more substantial increases in aver-
age BMI (9, 191). Figure 11, for example, shows that over 10% 
of both fathers and mothers in the 2005–2006 Indian National 
Family Health Survey had BMI in excess of 23.5 kg/m2, the cut-off 
for overweight in the Indian population, and that almost 50% 
of fathers and mothers had BMI between 18.5 and 23.5  kg/m2 
(192). Using population-specific BMI cut-offs, the rate of obesity 
in Delhi adults was already 21.3% in males and 33.4% in females 
in 1994, and by 2011 this had risen to ~50%, a pattern repeated 
in other cities, such as Chennai (193–195).

The disparity between these trends in birth weight or stature 
and BMI mean that metabolic load is rapidly increasing relative 

to metabolic capacity (Figure 12). This provides an explanation 
for why the Indian diabetes epidemic emerged only recently: it 
is only when metabolic load is high that the susceptibility of low 
capacity is activated.

CONCLUSiON

Our review of long-term trends in stature in the Indian popula-
tion, interpreted through the lens of the capacity–load model 
described earlier, offer an explanation for the elevated risk of 
diabetes in contemporary Indians. Due to their relatively higher 
ratio of fat to lean mass for any given level of BMI, Indians 
accumulate a higher metabolic load when their BMI increases. In 
addition, they have a reduced capacity to tolerate this load, given 
their low average birth weight and their reduced ability to clear 
glucose, deriving from the lower lean mass. The younger average 
age of diabetes onset in Indians than in Europeans also indicates 
reduced metabolic resilience.

Our evolutionary perspective indicates that these ethnic meta-
bolic differences arise in large part from contrasting long-term 
nutritional histories. The drastic reduction in stature over the last 
10,000 years in India is greater than that observed in most other 
global regions (144), and indicates nutritional stress operating 
across many generations.

These characteristics now contribute to the high vulnerability 
of contemporary Indians, both in urban populations within India 
and in emigrant populations overseas, to the obesogenic factors 
now prevalent in urban populations worldwide. Increased energy 
availability in contemporary Indians is resulting in rapid secular 
increases in BMI and abdominal obesity (8, 193–195). According 
to our approach, the long-term decrease in metabolic capacity 
has been so substantial that even moderate increases in load 
induce substantial metabolic penalties. This is consistent with 
data showing that even modest BMI increases are associated 
with an increased risk of diabetes, the metabolic syndrome, and 
cardiovascular disease (104).
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The challenge is how to escape this vicious cycle. While in 
theory, increased nutritional investment by the mother during 
pregnancy may protect against diabetes in the offspring, in prac-
tice greater maternal nutritional intakes during pregnancy may 
overload maternal glycemic control, and promote gestational 
diabetes. Furthermore, short mothers are at much greater risk of 
gestational diabetes than taller mothers (196, 197). This highlights 
how reduced metabolic capacity in one generation increases 
diabetic risk in the next. In turn, maternal obesity and diabetes 
are important risk factors for macrosomic offspring (198).

The implications of our perspective are that public health pro-
grams must be realistic about what beneficial phenotypic changes 
can be achieved in the short term. Decreases in metabolic capac-
ity occurred over millennia, probably through a combination of 
changes in gene frequencies, selection of new mutations, and 
non-structural epigenetic effects and other physiological changes 
contributing to trans-generational plasticity. While increases 
in birth weight, adult stature, maternal pelvic dimensions, and 
lean mass would all enhance metabolic capacity, such changes 
are only likely occur to incrementally across multiple generations 
(132, 199, 200), and in Indian immigrants in the UK, negligible 
increases in birth weight have occurred across generations (201, 
202). Although secular increases in birth weight might occur, 
substantial changes in maternal BMI are likely to provoke ges-
tational diabetes rather than beneficial birth weight increments.

In the short term, therefore, public health policies to constrain 
the exacerbation of metabolic load from early childhood onward 
are paramount. Efforts should prioritize the prevention of excess 
weight gain and abdominal obesity, the prevention of sedentary 
behavior, and a shift toward diets with low glycemic index and 
lower fat content. A particular challenge concerns how to achieve 
such reductions in metabolic load, while also promoting increases 
in metabolic capacity in the next generation. For example, the 
persisting problem of child malnutrition in India and other South 
Asian countries is increasingly addressed through the provision 
of ready-to-use therapeutic foods (RUTF) (203), which are 
designed for rapid short-term weight gain. While these undoubt-
edly improve immediate survival, their long-term implications 
for adult chronic disease risk remain unknown.

AUTHOR CONTRiBUTiONS

JW, BP, and CY conceived the original idea, and developed it in 
collaboration with EP and SW. JW wrote the first draft of the 
article. All authors contributed to revisions.

FUNDiNg

This article had no direct funding. However Prof. CY is supported 
by the Wellcome Trust.

ReFeReNCeS

1. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global 
and regional mortality from 235 causes of death for 20 age groups in 1990 
and 2010: a systematic analysis for the Global Burden of Disease Study 2010. 
Lancet (2012) 380(9859):2095–128. doi:10.1016/S0140-6736(12)61728-0 

2. Lopez AD, Mathers CD. Measuring the global burden of disease and 
epidemiological transitions: 2002–2030. Ann Trop Med Parasitol (2006) 
100(5–6):481–99. doi:10.1179/136485906X97417 

3. World Health Organization. Global Status Report on Noncommunicable 
Diseases 2010. Geneva: World Health Organization (2011).

4. HUNGAMA. HUNGAMA Report 2011–2012. Hyderabad: Naandi 
Foundation (2011).

5. International Diabetes Federation. International Diabetes Federation Atlas. 
6th ed. Brussels: International diabetes Federation (2013).

6. Jayawardena R, Ranasinghe P, Byrne NM, Soares MJ, Katulanda P, 
Hills AP. Prevalence and trends of the diabetes epidemic in South Asia: a 
systematic review and meta-analysis. BMC Public Health (2012) 12(1):380. 
doi:10.1186/1471-2458-12-380 

7. Misra A, Khurana L. The metabolic syndrome in South Asians: epidemiology, 
determinants, and prevention. Metab SyndrRelat Disord (2009) 7(6):497–514. 
doi:10.1089/met.2009.0024 

8. Popkin BM, Horton S, Kim S, Mahal A, Shuigao J. Trends in diet, nutritional 
status, and diet-related noncommunicable diseases in China and India: the 
economic costs of the nutrition transition. Nutr Rev (2001) 59(12):379–90. 
doi:10.1111/j.1753-4887.2001.tb06967.x 

9. Shetty PS. Nutrition transition in India. Public Health Nutr (2002) 5(1A):175–
82. doi:10.1079/PHN2001291 

10. Diamond J. Medicine: diabetes in India. Nature (2011) 469(7331):478–9. 
doi:10.1038/469478a 

11. Ramachandran A. Epidemiology of diabetes in India  –  three decades of 
research. J Assoc Physicians India (2005) 53:34–8. 

12. Mohan V, Sandeep S, Deepa R, Shah B, Varghese C. Epidemiology of type 2 
diabetes: Indian scenario. Indian J Med Res (2007) 125(3):217–30. 

13. McKeigue PM, Shah B, Marmot MG. Relation of central obesity and 
insulin resistance with high diabetes prevalence and cardiovascular risk in 

South Asians. Lancet (1991) 337(8738):382–6. doi:10.1016/0140-6736(91) 
91164-P 

14. Enas EA, Mohan V, Deepa M, Farooq S, Pazhoor S, Chennikkara H. The 
 metabolic syndrome and dyslipidemia among Asian Indians: a population with 
high rates of diabetes and premature coronary artery disease. J Cardiometab 
Syndr (2007) 2(4):267–75. doi:10.1111/j.1559-4564.2007.07392.x 

15. Neel V. Diabetes mellitus: a “thrifty” genotype rendered detrimental by 
“progress”? Am J Hum Genet (1962) 14:353–62. 

16. Wheeler E, Barroso I. Genome-wide association studies and type 2 diabetes. 
Brief Funct Genomics (2011) 10(2):52–60. doi:10.1093/bfgp/elr008 

17. Rees SD, Hydrie MZI, O’Hare JP, Kumar S, Shera AS, Basit A, et al. Effects of 
16 genetic variants on fasting glucose and type 2 diabetes in South Asians: 
ADCY5 and GLIS3 variants may predispose to type 2 diabetes. PLoS One 
(2011) 6(9):e24710. doi:10.1371/journal.pone.0024710 

18. Sohani ZN, Deng WQ, Pare G, Meyre D, Gerstein HC, Anand SS. Does 
genetic heterogeneity account for the divergent risk of type 2 diabetes in South 
Asian and white European populations? Diabetologia (2014) 57(11):2270–81. 
doi:10.1007/s00125-014-3354-1 

19. Chen R, Corona E, Sikora M, Dudley JT, Morgan AA, Moreno-Estrada A, et 
al. Type 2 diabetes risk alleles demonstrate extreme directional differentiation 
among human populations, compared to other diseases. PLoS Genet (2012) 
8(4):e1002621. doi:10.1371/journal.pgen.1002621 

20. Sohani Z. Genetic Diversity and the Risk for Dysglycemia: A Study of South 
Asian and White Caucasian Populations [Unpublished PhD Thesis]. Hamilton, 
ON: McMaster University (2015). Available from: http://hdl.handle.
net/11375/18499

21. Chambers JC, Abbott J, Zhang W, Turro E, Scott WR, Tan S-T, et al. The 
South Asian genome. PLoS One (2014) 9(8):e102645. doi:10.1371/journal.
pone.0102645 

22. Taylor AE, Sandeep MN, Janipalli CS, Giambartolomei C, Evans DM, 
Kranthi Kumar MV, et al. Associations of FTO and MC4R variants with 
obesity traits in Indians and the role of rural/urban environment as a possible 
effect modifier. J Obes (2011) 2011:7. doi:10.1155/2011/307542 

23. Sanghera DK, Ortega L, Han S, Singh J, Ralhan SK, Wander GS, et al. 
Impact of nine common type 2 diabetes risk polymorphisms in Asian 
Indian Sikhs: PPARG2 (Pro12Ala), IGF2BP2, TCF7L2 and FTO variants 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.1016/S0140-6736(12)61728-0
http://dx.doi.org/10.1179/136485906X97417
http://dx.doi.org/10.1186/1471-2458-12-380
http://dx.doi.org/10.1089/met.2009.0024
http://dx.doi.org/10.1111/j.1753-4887.2001.tb06967.x
http://dx.doi.org/10.1079/PHN2001291
http://dx.doi.org/10.1038/469478a
http://dx.doi.org/10.1016/0140-6736(91)91164-P
http://dx.doi.org/10.1016/0140-6736(91)91164-P
http://dx.doi.org/10.1111/j.1559-4564.2007.07392.x
http://dx.doi.org/10.1093/bfgp/elr008
http://dx.doi.org/10.1371/journal.pone.0024710
http://dx.doi.org/10.1007/s00125-014-3354-1
http://dx.doi.org/10.1371/journal.pgen.1002621
http://hdl.handle.net/11375/18499
http://hdl.handle.net/11375/18499
http://dx.doi.org/10.1371/journal.pone.0102645
http://dx.doi.org/10.1371/journal.pone.0102645
http://dx.doi.org/10.1155/2011/307542


13

Wells et al. Evolution of Indian Diabetes Susceptibility

Frontiers in Public Health | www.frontiersin.org July 2016 | Volume 4 | Article 145

confer a significant risk. BMC Med Genet (2008) 9(1):1–9. doi:10.1186/1471- 
2350-9-59 

24. Yajnik CS, Janipalli CS, Bhaskar S, Kulkarni SR, Freathy RM, Prakash S, et al. 
FTO gene variants are strongly associated with type 2 diabetes in South Asian 
Indians. Diabetologia (2009) 52(2):247–52. doi:10.1007/s00125-008-1186-6 

25. Vasan SK, Fall T, Neville MJ, Antonisamy B, Fall CH, Geethanjali FS, et al. 
Associations of variants in FTO and near MC4R with obesity traits in South 
Asian Indians. Obesity (2012) 20(11):2268–77. doi:10.1038/oby.2012.64 

26. Marvelle AF, Lange LA, Qin L, Adair LS, Mohlke KL. Association of FTO with 
obesity-related traits in the Cebu Longitudinal Health and Nutrition Survey 
(CLHNS) Cohort. Diabetes (2008) 57(7):1987–91. doi:10.2337/db07-1700 

27. Li H, Kilpeläinen TO, Liu C, Zhu J, Liu Y, Hu C, et al. Association of genetic 
variation in FTO with risk of obesity and type 2 diabetes with data from 
96,551 East and South Asians. Diabetologia (2012) 55(4):981–95. doi:10.1007/
s00125-011-2370-7 

28. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU, 
et al. Association analyses of 249,796 individuals reveal 18 new loci associated 
with body mass index. Nat Genet (2010) 42(11):937–48. doi:10.1038/ng.686 

29. Loos RJF, Yeo GSH. The bigger picture of FTO – the first GWAS-identified 
obesity gene. Nat Rev Endocrinol (2014) 10(1):51–61. doi:10.1038/
nrendo.2013.227 

30. Tilg H, Moschen AR. Microbiota and diabetes: an evolving relationship. Gut 
(2014) 63(9):1513–21. doi:10.1136/gutjnl-2014-306928 

31. Bhute S, Pande P, Shetty SA, Shelar R, Mane S, Kumbhare S, et al. Molecular 
characterization and meta-analysis of gut microbial communities illustrate 
enrichment of Prevotella and Megasphaera in Indian Subjects. Front 
Microbiol (2016) 7:660. doi:10.3389/fmicb.2016.00660 

32. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus: 
the thrifty phenotype hypothesis. Diabetologia (1992) 35(7):595–601. 
doi:10.1007/BF00400248 

33. Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, et al. 
Birth weight and risk of type 2 diabetes: a systematic review. JAMA (2008) 
300(24):2886–97. doi:10.1001/jama.2008.886 

34. Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, et al. Fetal 
and infant growth and impaired glucose tolerance at age 64. BMJ (1991) 
303(6809):1019–22. doi:10.1136/bmj.303.6809.1019 

35. World Health Organization. Low Birth Weight: A Tabulation of Available 
Information. Geneva: WHO (1992).

36. Fall CH, Stein CE, Kumaran K, Cox V, Osmond C, Barker 
DJ, et al. Size at birth, maternal weight, and type 2 diabetes 
in South India. Diabet Med (1998) 15(3):220–7. doi:10.1002/
(SICI)1096-9136(199803)15:3<220::AID-DIA544>3.0.CO;2-O 

37. Raghupathy P, Antonisamy B, Geethanjali FS, Saperia J, Leary SD, Priya G, 
et  al. Glucose tolerance, insulin resistance and insulin secretion in young 
south Indian adults: relationships to parental size, neonatal size and 
childhood body mass index. Diabetes Res Clin Pract (2010) 87(2):283–92. 
doi:10.1016/j.diabres.2009.11.015 

38. Diamond J. The double puzzle of diabetes. Nature (2003) 423(6940):599–602. 
doi:10.1038/423599a 

39. Astrup A, Finer N. Redefining type 2 diabetes: ‘diabesity’ or ‘obe-
sity dependent diabetes mellitus?’. Obes Rev (2000) 1(2):57–9. 
doi:10.1046/j.1467-789x.2000.00013.x 

40. Bergman RN, Ader M, Huecking K, Van CG. Accurate assessment of beta-cell 
function: the hyperbolic correction. Diabetes (2002) 51(Suppl 1):S212–20. 
doi:10.2337/diabetes.51.2007.S212 

41. Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker DJ, Hales CN, 
et al. Glucose tolerance in adults after prenatal exposure to famine. Lancet 
(1998) 351(9097):173–7. doi:10.1016/S0140-6736(97)07244-9 

42. Li Y, He Y, Qi L, Jaddoe VW, Feskens EJ, Yang X, et al. Exposure to the Chinese 
famine in early life and the risk of hyperglycemia and type 2 diabetes in 
adulthood. Diabetes (2010) 59(10):2400–6. doi:10.2337/db10-0385 

43. Phillips DI, Barker DJ, Hales CN, Hirst S, Osmond C. Thinness at birth and 
insulin resistance in adult life. Diabetologia (1994) 37(2):150–4. doi:10.1007/
s001250050086 

44. Levitt NS, Lambert EV, Woods D, Seckl JR, Hales CN. Adult BMI and fat 
distribution but not height amplify the effect of low birthweight on insulin 
resistance and increased blood pressure in 20-year-old South Africans. 
Diabetologia (2005) 48(6):1118–25. doi:10.1007/s00125-005-1748-9 

45. Li Y, Ley SH, Tobias DK, Chiuve SE, VanderWeele TJ, Rich-Edwards JW, et al. 
Birth weight and later life adherence to unhealthy lifestyles in predicting type 
2 diabetes: prospective cohort study. BMJ (2015) 351:h3672. doi:10.1136/
bmj.h3672 

46. Cook JT, Levy JC, Page RC, Shaw JA, Hattersley AT, Turner RC. Association 
of low birth weight with beta cell function in the adult first degree relatives 
of non-insulin dependent diabetic subjects. BMJ (1993) 306(6873):302–6. 
doi:10.1136/bmj.306.6873.302 

47. Tam CH, Wang Y, Luan J, Lee HM, Luk AO, Tutino GE, et al. Non-linear 
relationship between birthweight and cardiometabolic risk factors in 
Chinese adolescents and adults. Diabet Med (2015) 32(2):220–5. doi:10.1111/
dme.12630 

48. Francis-Emmanuel PM, Thompson DS, Barnett AT, Osmond C, Byrne CD, 
Hanson MA, et al. Glucose metabolism in adult survivors of severe acute 
malnutrition. J Clin Endocrinol Metab (2014) 99(6):2233–40. doi:10.1210/
jc.2013-3511 

49. Green AS, Rozance PJ, Limesand SW. Consequences of a compromised intra-
uterine environment on islet function. J Endocrinol (2010) 205(3):211–24. 
doi:10.1677/JOE-09-0399 

50. Bavdekar A, Yajnik CS, Fall CHD, Bapat S, Pandit AN, Deshpande V,  
et al. Insulin resistance syndrome in 8-year-old Indian children – small at 
birth, big at 8 years, or both? Diabetes (1999) 48(12):2422–9. doi:10.2337/
diabetes.48.12.2422 

51. Mericq V, Ong KK, Bazaes R, Pena V, Avila A, Salazar T, et al. Longitudinal 
changes in insulin sensitivity and secretion from birth to age three years in 
small- and appropriate-for-gestational-age children. Diabetologia (2005) 
48(12):2609–14. doi:10.1007/s00125-005-0036-z 

52. Ibanez L, Ong K, Dunger DB, de ZF. Early development of adiposity and 
insulin resistance after catch-up weight gain in small-for-gestational-age chil-
dren. J Clin Endocrinol Metab (2006) 91(6):2153–8. doi:10.1210/jc.2005-2778 

53. Houstis N, Rosen, Lander ES. Reactive oxygen species have a causal role 
in multiple forms of insulin resistance. Nature (2006) 440(7086):944–8. 
doi:10.1038/nature04634 

54. Hoehn KL, Salmon AB, Hohnen-Behrens C, Turner N, Hoy AJ, Maghzal GJ, 
et al. Insulin resistance is a cellular antioxidant defense mechanism. Proc Natl 
Acad Sci U S A (2009) 106(42):17787–92. doi:10.1073/pnas.0902380106 

55. Maechler P, Jornot L, Wollheim CB. Hydrogen peroxide alters mitochondrial 
activation and insulin secretion in pancreatic beta cells. J Biol Chem (1999) 
274(39):27905–13. doi:10.1074/jbc.274.39.27905 

56. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative 
 stress-activated signaling pathways mediators of insulin resistance and beta-
cell dysfunction? Diabetes (2003) 52(1):1–8. doi:10.2337/diabetes.52.1.1 

57. Phipps K, Barker DJ, Hales CN, Fall CH, Osmond C, Clark PM. Fetal growth 
and impaired glucose tolerance in men and women. Diabetologia (1993) 
36(3):225–8. doi:10.1007/BF00399954 

58. Wells JC. The thrifty phenotype: an adaptation in growth or metabolism? Am 
J Hum Biol (2011) 23(1):65–75. doi:10.1002/ajhb.21100 

59. Wells JC, Chomtho S, Fewtrell MS. Programming of body composition by 
early growth and nutrition. Proc Nutr Soc (2007) 66(3):423–34. doi:10.1017/
S0029665107005691 

60. Hu FB. Globalization of diabetes: the role of diet, lifestyle, and genes. Diabetes 
Care (2011) 34(6):1249–57. doi:10.2337/dc11-0442 

61. Gupta D, Krueger CB, Lastra G. Over-nutrition, obesity and insulin resis-
tance in the development of beta-cell dysfunction. Curr Diabetes Rev (2012) 
8(2):76–83. doi:10.2174/157339912799424564 

62. Li H, Stein AD, Barnhart HX, Ramakrishnan U, Martorell R. Associations 
between prenatal and postnatal growth and adult body size and composition. 
Am J Clin Nutr (2003) 77(6):1498–505. 

63. Wells JC, Hallal PC, Wright A, Singhal A, Victora CG. Fetal, infant and child-
hood growth: relationships with body composition in Brazilian boys aged 
9 years. Int J Obes (Lond) (2005) 29(10):1192–8. doi:10.1038/sj.ijo.0803054 

64. Singhal A, Wells J, Cole TJ, Fewtrell M, Lucas A. Programming of lean body 
mass: a link between birth weight, obesity, and cardiovascular disease? Am 
J Clin Nutr (2003) 77(3):726–30. 

65. Sachdev HS, Fall CH, Osmond C, Lakshmy R, Dey Biswas SK, Leary SD, et al. 
Anthropometric indicators of body composition in young adults: relation to 
size at birth and serial measurements of body mass index in childhood in the 
New Delhi birth cohort. Am J Clin Nutr (2005) 82(2):456–66. 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.1186/1471-2350-9-59
http://dx.doi.org/10.1186/1471-2350-9-59
http://dx.doi.org/10.1007/s00125-008-1186-6
http://dx.doi.org/10.1038/oby.2012.64
http://dx.doi.org/10.2337/db07-1700
http://dx.doi.org/10.1007/s00125-011-2370-7
http://dx.doi.org/10.1007/s00125-011-2370-7
http://dx.doi.org/10.1038/ng.686
http://dx.doi.org/10.1038/nrendo.2013.227
http://dx.doi.org/10.1038/nrendo.2013.227
http://dx.doi.org/10.1136/gutjnl-2014-306928
http://dx.doi.org/10.3389/fmicb.2016.00660
http://dx.doi.org/10.1007/BF00400248
http://dx.doi.org/10.1001/jama.2008.886
http://dx.doi.org/10.1136/bmj.303.6809.1019
http://dx.doi.org/10.1002/(SICI)1096-9136(199803)15:3 < 220::AID-DIA544 > 3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1096-9136(199803)15:3 < 220::AID-DIA544 > 3.0.CO;2-O
http://dx.doi.org/10.1016/j.diabres.2009.11.015
http://dx.doi.org/10.1038/423599a
http://dx.doi.org/10.1046/j.1467-789x.2000.00013.x
http://dx.doi.org/10.2337/diabetes.51.2007.S212
http://dx.doi.org/10.1016/S0140-6736(97)07244-9
http://dx.doi.org/10.2337/db10-0385
http://dx.doi.org/10.1007/s001250050086
http://dx.doi.org/10.1007/s001250050086
http://dx.doi.org/10.1007/s00125-005-1748-9
http://dx.doi.org/10.1136/bmj.h3672
http://dx.doi.org/10.1136/bmj.h3672
http://dx.doi.org/10.1136/bmj.306.6873.302
http://dx.doi.org/10.1111/dme.12630
http://dx.doi.org/10.1111/dme.12630
http://dx.doi.org/10.1210/jc.2013-3511
http://dx.doi.org/10.1210/jc.2013-3511
http://dx.doi.org/10.1677/JOE-09-0399
http://dx.doi.org/10.2337/diabetes.48.12.2422
http://dx.doi.org/10.2337/diabetes.48.12.2422
http://dx.doi.org/10.1007/s00125-005-0036-z
http://dx.doi.org/10.1210/jc.2005-2778
http://dx.doi.org/10.1038/nature04634
http://dx.doi.org/10.1073/pnas.0902380106
http://dx.doi.org/10.1074/jbc.274.39.27905
http://dx.doi.org/10.2337/diabetes.52.1.1
http://dx.doi.org/10.1007/BF00399954
http://dx.doi.org/10.1002/ajhb.21100
http://dx.doi.org/10.1017/S0029665107005691
http://dx.doi.org/10.1017/S0029665107005691
http://dx.doi.org/10.2337/dc11-0442
http://dx.doi.org/10.2174/157339912799424564
http://dx.doi.org/10.1038/sj.ijo.0803054


14

Wells et al. Evolution of Indian Diabetes Susceptibility

Frontiers in Public Health | www.frontiersin.org July 2016 | Volume 4 | Article 145

66. Bouwens L, Rooman I. Regulation of pancreatic beta-cell mass. Physiol Rev 
(2005) 85(4):1255–70. doi:10.1152/physrev.00025.2004 

67. Yajnik CS, Katre PA, Joshi SM, Kumaran K, Bhat DS, Lubree HG, et al. Higher 
glucose, insulin and insulin resistance (HOMA-IR) in childhood predict 
adverse cardiovascular risk in early adulthood: the Pune Children’s Study. 
Diabetologia (2015) 58(7):1626–36. doi:10.1007/s00125-015-3602-z 

68. Brite J, Shiroma EJ, Bowers K, Yeung E, Laughon SK, Grewal JG, et al. Height 
and the risk of gestational diabetes: variations by race/ethnicity. Diabet Med 
(2014) 31(3):332–40. doi:10.1111/dme.12355 

69. Janghorbani M, Momeni F, Dehghani M. Hip circumference, height and risk 
of type 2 diabetes: systematic review and meta-analysis. Obes Rev (2012) 
13(12):1172–81. doi:10.1111/j.1467-789X.2012.01030.x 

70. Liu J, Tan H, Jeynes B. Is femur length the key height component in risk pre-
diction of type 2 diabetes among adults? Diabetes Care (2009) 32(4):739–40. 
doi:10.2337/dc08-1547 

71. Lorenzo C, Williams K, Stern MP, Haffner SM. Height, ethnicity, and the 
incidence of diabetes: the San Antonio Heart Study. Metabolism (2009) 
58(11):1530–5. doi:10.1016/j.metabol.2009.04.030 

72. Schulze MB, Heidemann C, Schienkiewitz A, Bergmann MM, Hoffmann K, 
Boeing H. Comparison of anthropometric characteristics in predicting the 
incidence of type 2 diabetes in the EPIC-Potsdam study. Diabetes Care (2006) 
29(8):1921–3. doi:10.2337/dc06-0895 

73. Han TS, Feskens EJ, Lean ME, Seidell JC. Associations of body composition 
with type 2 diabetes mellitus. Diabet Med (1998) 15(2):129–35. doi:10.1002/
(SICI)1096-9136(199802)15:2<129:AID-DIA535>3.0.CO;2-2 

74. Njolstad I, Arnesen E, Lund-Larsen PG. Sex differences in risk factors for 
clinical diabetes mellitus in a general population: a 12-year follow-up of 
the Finnmark Study. Am J Epidemiol (1998) 147(1):49–58. doi:10.1093/
oxfordjournals.aje.a009366 

75. Kumari M, Head J, Marmot M. Prospective study of social and other risk 
factors for incidence of type 2 diabetes in the Whitehall II study. Arch Intern 
Med (2004) 164(17):1873–80. doi:10.1001/archinte.164.17.1873 

76. Bozorgmanesh M, Hadaegh F, Zabetian A, Azizi F. Impact of hip circum-
ference and height on incident diabetes: results from 6-year follow-up in 
the Tehran Lipid and Glucose Study. Diabet Med (2011) 28(11):1330–6. 
doi:10.1111/j.1464-5491.2011.03343.x 

77. Janghorbani M, Amini M. Effects of gender and height on the oral glucose 
tolerance test: the Isfahan diabetes prevention study. Rev Diabet Stud (2008) 
5(3):163–70. doi:10.1900/RDS.2008.5.163 

78. Lawlor DA, Ebrahim S, Davey Smith G. The association between components 
of adult height and type II diabetes and insulin resistance: British Women’s 
Heart and Health Study. Diabetologia (2002) 45(8):1097–106. doi:10.1007/
s00125-002-0887-5 

79. Branchtein L, Schmidt MI, Matos MC, Yamashita T, Pousada JM, Duncan BB. 
Short stature and gestational diabetes in Brazil. Brazilian Gestational Diabetes 
Study Group. Diabetologia (2000) 43(7):848–51. doi:10.1007/s001250051460 

80. Eckel N, Muhlenbruch K, Meidtner K, Boeing H, Stefan N, Schulze MB. 
Characterization of metabolically unhealthy normal-weight individuals: 
risk factors and their associations with type 2 diabetes. Metabolism (2015) 
64(8):862–71. doi:10.1016/j.metabol.2015.03.009 

81. Janghorbani M, Amini M. Associations of hip circumference and height 
with incidence of type 2 diabetes: the Isfahan diabetes prevention study. Acta 
Diabetol (2012) 49(Suppl 1):S107–14. doi:10.1007/s00592-011-0351-4 

82. Schooling CM, Jiang C, Lam TH, Thomas GN, Heys M, Bmbs, et al. Height, its 
components, and cardiovascular risk among older Chinese: a  cross-sectional 
analysis of the Guangzhou Biobank Cohort Study. Am J Public Health (2007) 
97(10):1834–41. doi:10.2105/AJPH.2006.088096 

83. Veena SR, Wills AK, Fisher DJ, Stein CE, Kumaran K, Krishnaveni GV, et al. 
Early life factors and type 2 diabetes in south India: do the associations change 
with age? J Diab (2009) 1(3):218–26. doi:10.1111/j.1753-0407.2009.00036.x 

84. Sayeed MA, Hussain MZ, Banu A, Rumi MA, Azad Khan AK. Prevalence 
of diabetes in a suburban population of Bangladesh. Diabetes Res Clin Pract 
(1997) 34(3):149–55. doi:10.1016/S0168-8227(96)01337-X 

85. Hoque ME, Khokan MR, Bari W. Impact of stature on non-communicable dis-
eases: evidence based on Bangladesh Demographic and Health Survey, 2011 
data. BMC Public Health (2014) 14:1007. doi:10.1186/1471-2458-14-1007 

86. Rudra CB, Sorensen TK, Leisenring WM, Dashow E, Williams MA. Weight 
characteristics and height in relation to risk of gestational diabetes mellitus. 
Am J Epidemiol (2007) 165(3):302–8. doi:10.1093/aje/kwk007 

87. Ogonowski J, Miazgowski T. Are short women at risk for gestational diabetes 
mellitus? Eur J Endocrinol (2010) 162(3):491–7. doi:10.1530/EJE-09-0992 

88. Jang HC, Min HK, Lee HK, Cho NH, Metzger BE. Short stature in Korean 
women: a contribution to the multifactorial predisposition to gestational dia-
betes mellitus. Diabetologia (1998) 41(7):778–83. doi:10.1007/s001250050987 

89. Eaton SB, Konner M, Shostak M. Stone agers in the fast lane: chronic degen-
erative diseases in evolutionary perspective. Am J Med (1988) 84(4):739–49. 
doi:10.1016/0002-9343(88)90113-1 

90. Moore SE, Halsall I, Howarth D, Poskitt EME, Prentice AM. Glucose, insulin 
and lipid metabolism in rural Gambians exposed to early malnutrition. Diab 
Med (2001) 18(8):646–53. doi:10.1046/j.1464-5491.2001.00565.x 

91. Lindeberg S, Nilsson-Ehle P, Terént A, Vessby B, Scherstén B. Cardiovascular 
risk factors in a Melanesian population apparently free from stroke and 
ischaemic heart disease: the Kitava study. J Intern Med (1994) 236(3):331–40. 
doi:10.1111/j.1365-2796.1994.tb00804.x 

92. Yajnik CS, Joglekar CV, Lubree HG, Rege SS, Naik SS, Bhat DS, et al. Adiposity, 
inflammation and hyperglycaemia in rural and urban Indian men: Coronary 
Risk of Insulin Sensitivity in Indian Subjects (CRISIS) Study. Diabetologia 
(2008) 51(1):39–46. doi:10.1007/s00125-007-0847-1 

93. Deurenberg P, Deurenberg-Yap M, Guricci S. Asians are different from 
Caucasians and from each other in their body mass index/body fat per cent rela-
tionship. Obes Rev (2002) 3(3):141–6. doi:10.1046/j.1467-789X.2002.00065.x 

94. Yajnik CS, Yudkin JS. The Y-Y paradox. Lancet (2004) 363(9403):163. 
doi:10.1016/S0140-6736(03)15269-5 

95. Chandalia M, Lin P, Seenivasan T, Livingston EH, Snell PG, Grundy SM, 
et al. Insulin resistance and body fat distribution in South Asian men com-
pared to Caucasian men. PLoS One (2007) 2(8):e812. doi:10.1371/journal.
pone.0000812 

96. Haroun D, Taylor SJ, Viner RM, Hayward RS, Darch TS, Eaton S, et al. 
Validation of bioelectrical impedance analysis in adolescents across different 
ethnic groups. Obesity (Silver Spring) (2010) 18(6):1252–9. doi:10.1038/
oby.2009.344 

97. Unni US, Ramakrishnan G, Raj T, Kishore RP, Thomas T, Vaz M, et al. Muscle 
mass and functional correlates of insulin sensitivity in lean young Indian 
men. Eur J Clin Nutr (2009) 63(10):1206–12. doi:10.1038/ejcn.2009.32 

98. Elia M. Organ and tissue contribution to metabolic rate. In: Kinney JM, 
Tucker HN, editors. Energy metabolism Tissue determinants and cellular 
corollaries. New York: Raven Press (1992). p. 61–77.

99. Heymsfield SB, Gallagher D, Mayer L, Beetsch J, Pietrobelli A. Scaling of 
human body composition to stature: new insights into body mass index. Am 
J Clin Nutr (2007) 86(1):82–91. 

100. de la Grandmaison GL, Clairand I, Durigon M. Organ weight in 684 adult 
autopsies: new tables for a Caucasoid population. Forensic Sci Int (2001) 
119(2):149–54. doi:10.1016/S0379-0738(00)00401-1 

101. Kohli A, Aggarwal N. Normal organ weights in Indian adults. Medico-Legal 
Update-Int J (2006) 6(2):49–52. 

102. Hardikar AA, Satoor SN, Karandikar MS, Joglekar MV, Puranik AS, Wong W, 
et al. Multigenerational undernutrition increases susceptibility to obesity and 
diabetes that is not reversed after dietary recuperation. Cell Metab (2015) 
22(2):312–9. doi:10.1016/j.cmet.2015.06.008 

103. Hall LML, Moran CN, Milne GR, Wilson J, MacFarlane NG, Forouhi NG, 
et al. Fat oxidation, fitness and skeletal muscle expression of oxidative/lipid 
metabolism genes in South Asians: implications for insulin resistance? PLoS 
One (2010) 5(12):e14197. doi:10.1371/journal.pone.0014197 

104. Bhargava SK, Sachdev HS, Fall CHD, Osmond C, Lakshmy R, Barker DJP, 
et al. Relation of serial changes in childhood body-mass index to impaired 
glucose tolerance in young adulthood. N Engl J Med (2004) 350(9):865–75. 
doi:10.1056/NEJMoa035698 

105. Nightingale CM, Rudnicka AR, Owen CG, Wells JC, Sattar N, Cook DG, et al. 
Influence of adiposity on insulin resistance and glycemia markers among 
United Kingdom children of South Asian, Black African-Caribbean, and 
White European Origin: child heart and health study in England. Diabetes 
Care (2013) 36(6): 1712–9. doi:10.2337/dc12-1726 

106. Yajnik CS, Fall CH, Coyaji KJ, Hirve SS, Rao S, Barker DJ, et al. Neonatal 
anthropometry: the thin-fat Indian baby. The Pune maternal nutrition study. 
Int J Obes Relat Metab Disord (2003) 27(2):173–80. doi:10.1038/sj.ijo.802219 

107. Krishnaveni GV, Hill JC, Veena SR, Leary SD, Saperia J, Chachyamma KJ, 
et al. Truncal adiposity is present at birth and in early childhood in South 
Indian children. Indian Pediatr (2005) 42(6):527–38. 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.1152/physrev.00025.2004
http://dx.doi.org/10.1007/s00125-015-3602-z
http://dx.doi.org/10.1111/dme.12355
http://dx.doi.org/10.1111/j.1467-789X.2012.01030.x
http://dx.doi.org/10.2337/dc08-1547
http://dx.doi.org/10.1016/j.metabol.2009.04.030
http://dx.doi.org/10.2337/dc06-0895
http://dx.doi.org/10.1002/(SICI)1096-9136(199802)15:2 < 129:AID-DIA535 > 3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9136(199802)15:2 < 129:AID-DIA535 > 3.0.CO;2-2
http://dx.doi.org/10.1093/oxfordjournals.aje.a009366
http://dx.doi.org/10.1093/oxfordjournals.aje.a009366
http://dx.doi.org/10.1001/archinte.164.17.1873
http://dx.doi.org/10.1111/j.1464-5491.2011.03343.x
http://dx.doi.org/10.1900/RDS.2008.5.163
http://dx.doi.org/10.1007/s00125-002-0887-5
http://dx.doi.org/10.1007/s00125-002-0887-5
http://dx.doi.org/10.1007/s001250051460
http://dx.doi.org/10.1016/j.metabol.2015.03.009
http://dx.doi.org/10.1007/s00592-011-0351-4
http://dx.doi.org/10.2105/AJPH.2006.088096
http://dx.doi.org/10.1111/j.1753-0407.2009.00036.x
http://dx.doi.org/10.1016/S0168-8227(96)01337-X
http://dx.doi.org/10.1186/1471-2458-14-1007
http://dx.doi.org/10.1093/aje/kwk007
http://dx.doi.org/10.1530/EJE-09-0992
http://dx.doi.org/10.1007/s001250050987
http://dx.doi.org/10.1016/0002-9343(88)90113-1
http://dx.doi.org/10.1046/j.1464-5491.2001.00565.x
http://dx.doi.org/10.1111/j.1365-2796.1994.tb00804.x
http://dx.doi.org/10.1007/s00125-007-0847-1
http://dx.doi.org/10.1046/j.1467-789X.2002.00065.x
http://dx.doi.org/10.1016/S0140-6736(03)15269-5
http://dx.doi.org/10.1371/journal.pone.0000812
http://dx.doi.org/10.1371/journal.pone.0000812
http://dx.doi.org/10.1038/oby.2009.344
http://dx.doi.org/10.1038/oby.2009.344
http://dx.doi.org/10.1038/ejcn.2009.32
http://dx.doi.org/10.1016/S0379-0738(00)00401-1
http://dx.doi.org/10.1016/j.cmet.2015.06.008
http://dx.doi.org/10.1371/journal.pone.0014197
http://dx.doi.org/10.1056/NEJMoa035698
http://dx.doi.org/10.2337/dc12-1726
http://dx.doi.org/10.1038/sj.ijo.802219


15

Wells et al. Evolution of Indian Diabetes Susceptibility

Frontiers in Public Health | www.frontiersin.org July 2016 | Volume 4 | Article 145

108. Stanfield KM, Wells JC, Fewtrell MS, Frost C, Leon DA. Differences in 
body composition between infants of South Asian and European ancestry: 
the London mother and baby study. Int J Epidemiol (2012) 41(5):1409–18. 
doi:10.1093/ije/dys139 

109. Moser K, Stanfield K, Leon D. Birthweight and gestational age by ethnic 
group, England and Wales 2005: introducing new data on births. Health Stat 
Q (2008) 39:22–31,4–55. 

110. Subramanyam MA, Ackerson LK, Subramanian SV. Patterning in birthweight 
in India: analysis of maternal recall and health card data. PLoS One (2010) 
5(7):e11424. doi:10.1371/journal.pone.0011424 

111. Modi N, Thomas EL, Uthaya SN, Umranikar S, Bell JD, Yajnik C. Whole 
body magnetic resonance imaging of healthy newborn infants demonstrates 
increased central adiposity in Asian Indians. Pediatr Res (2009) 65(5):584–7. 
doi:10.1203/01.pdr.0000350364.10602.33 

112. Kramer MS. Determinants of low birth weight: methodological assessment 
and meta-analysis. Bull World Health Organ (1987) 65(5):663–737. 

113. Martyn CN, Barker DJP, Osmond C. Mothers’ pelvic size, fetal growth, and 
death from stroke and coronary heart disease in men in the UK. Lancet 
(1996) 348(9037):1264–8. doi:10.1016/S0140-6736(96)04257-2 

114. Bisai S. Maternal height as an independent risk factor for neonatal size 
among adolescent Bengalees in Kolkata, India. Ethiopian J Health Sci (2010) 
20(3):153–8. 

115. Moghaddam Tabrizi F, Saraswathi G. Maternal anthropometric measure-
ments and other factors: relation with birth weight of neonates. Nutr Res 
Pract (2012) 6(2):132–7. doi:10.4162/nrp.2012.6.2.132 

116. Kader M, Perera NK. Socio-economic and nutritional determinants 
of low birth weight in India. North Am J Med Sci (2014) 6(7):302–8. 
doi:10.4103/1947-2714.136902 

117. Pan N. Measurements of the pelvis in Hindu females. J Anat (1929) 63(Pt 
2):263. 

118. Wells JCK, DeSilva JM, Stock JT. The obstetric dilemma: an ancient game 
of Russian roulette, or a variable dilemma sensitive to ecology? Am J Phys 
Anthropol (2012) 149(S55):40–71. doi:10.1002/ajpa.22160 

119. Kulkarni B, Shatrugna V, Balakrishna N. Maternal lean body mass may be the 
major determinant of birth weight: a study from India. Eur J Clin Nutr (2006) 
60(11):1341–4. doi:10.1038/sj.ejcn.1602461 

120. Brems S, Berg A. Eating Down in Pregnancy: Nutrition, Obstetric and Cultural 
Considerations in the Third World. Washington, DC: World Bank (1989).

121. Choudhry UK. Traditional practices of women from India: pregnancy, child-
birth, and newborn care. J Obstet Gynecol Neonatal Nurs (1997) 26(5):533–9. 
doi:10.1111/j.1552-6909.1997.tb02156.x 

122. Christian P, Srihari SB, Thorne-Lyman A, Khatry SK, LeClerq SC, 
Shrestha SR. Eating down in pregnancy: exploring food-related beliefs and 
practices of pregnancy in rural Nepal. Ecol Food Nutr (2006) 45:253–78. 
doi:10.1080/03670240600846336 

123. Brabin L, Verhoeff F, Brabin BJ. Maternal height, birthweight and cephalo 
pelvic disproportion in urban Nigeria and rural Malawi. Acta Obstet Gynecol 
Scand (2002) 81(6):502–7. doi:10.1034/j.1600-0412.2002.810605.x 

124. Viegas OA, Scott PH, Cole TJ, Eaton P, Needham PG, Wharton BA. Dietary 
protein energy supplementation of pregnant Asian mothers at Sorrento, 
Birmingham. II: selective during third trimester only. Br Med J (Clin Res Ed) 
(1982) 285(6342):592–5. doi:10.1136/bmj.285.6342.592 

125. Viegas OA, Scott PH, Cole TJ, Mansfield HN, Wharton P, Wharton BA. 
Dietary protein energy supplementation of pregnant Asian mothers at 
Sorrento, Birmingham. I: unselective during second and third trimesters. Br 
Med J (Clin Res Ed) (1982) 285(6342):589–92. doi:10.1136/bmj.285.6342.589 

126. Lechtig A, Delgado H, Yarbrough C, Habicht JP, Martorell R, Klein 
RE. A simple assessment of the risk of low birth weight to select women 
for nutritional intervention. Am J Obstet Gynecol (1976) 125(1):25–34. 
doi:10.1016/0002-9378(76)90886-3 

127. Ceesay SM, Prentice AM, Cole TJ, Foord F, Weaver LT, Poskitt EM, et al. 
Effects on birth weight and perinatal mortality of maternal dietary sup-
plements in rural Gambia: 5 year randomised controlled trial. BMJ (1997) 
315(7111):786–90. doi:10.1136/bmj.315.7111.786 

128. Kramer MS, Kakuma R. Energy and protein intake in pregnancy. Cochrane 
Database Syst Rev (2003) (4):CD000032. doi:10.1002/14651858.CD000032

129. Potdar RD, Sahariah SA, Gandhi M, Kehoe SH, Brown N, Sane H, et al. 
Improving women’s diet quality preconceptionally and during gestation: 
effects on birth weight and prevalence of low birth weight – a randomized 

controlled efficacy trial in India (Mumbai Maternal Nutrition Project). Am 
J Clin Nutr (2014) 100(5):1257–68. doi:10.3945/ajcn.114.084921 

130. Yajnik CS, Deshpande SS, Jackson AA, Refsum H, Rao S, Fisher DJ, et al. 
Vitamin B12 and folate concentrations during pregnancy and insulin 
resistance in the offspring: the Pune Maternal Nutrition Study. Diabetologia 
(2008) 51(1):29–38. doi:10.1007/s00125-007-0793-y 

131. Yajnik CS, Deshpande SS, Panchanadikar AV, Naik SS, Deshpande JA, Coyaji 
KJ, et al. Maternal total homocysteine concentration and neonatal size in 
India. Asia Pac J Clin Nutr (2005) 14(2):179–81. 

132. Wells JC. The Metabolic Ghetto: An Evolutionary Perspective on Nutrition, 
Power Relations and Chronic Disease. Cambridge: Cambridge University 
Press (2016).

133. Wells JC. Maternal capital and the metabolic ghetto: an evolutionary per-
spective on the transgenerational basis of health inequalities. Am J Hum Biol 
(2010) 22(1):1–17. doi:10.1002/ajhb.20994 

134. Walimbe SR. Population movements in the Indian subcontinent during the 
protohistoric period: physical anthropological assessment. In: Petraglia MD, 
Allchin B, editors. The Evolution and History of Human Populations in South 
Asia. Dordrecht: Springer (2007). p. 297–319.

135. Possehl GL. Indus Age: The Beginning. New Delhi: Oxford & IBH Publishing 
Co. (1999).

136. Bentley GR, Goldberg T, Jasienska G. The fertility of agricultural and 
 non-agricultural traditional societies. Popul Stud (1993) 47(2):269–81.  
doi:10.1080/0032472031000147006 

137. Lukacs JR. Human biological diversity in ancient India: Dr Irawati Karve and 
contemporary issues in biological anthropology. In: Walimbe SR, Joglekar PP, 
Basa KK, editors. Anthropology for Archaeology: Proceedings of the Professor 
Irawati Karve Birth Centenary Seminar. Pune, India: Deccan College Post-
Graduate and Research Institute (2007). p. 193–206.

138. Lukacs JR. Mesolithic foragers of the Ganges Plain: pathology, stature, and 
subsistence. In: Robbins-Schug G, Walimbe SR, editors. A Companion to 
South Asia in the Past. Chichester: Wiley-Blackwell (2016). p. 101–24.

139. Walimbe SR. Human skeletal studies: changing trends in theoretical and 
methodological perspectives. In: Robbins-Schug G, Walimbe SR, editors. A 
Companion to South Asia in the Past. Chichester: Wiley-Blackwell (2016). 
p. 482–95.

140. Walimbe SR. Bio-cultural adaptations in cranial morphology among the 
early farming Chalcolithic populations of the Deccan plateau. In: Bhasin MK, 
Mailik SL, editors. Contemporary Studies in Human Ecology: Human Factor, 
Resource Management and Development. Delhi: Indian Society for Human 
Ecology (1998). p. 25–40.

141. Walimbe SR, Tavares A. Evolving trends in skeletal biology in the Indian 
subcontinent: a case study on the incipient agricultural populations of the 
Deccan plateau. In: Wadia S, Korisettar R, Kale VS, editors. Quaternary 
Environments and Geoarchaeology of India: Essays in Honour of Prof SN 
Rajaguru. Bangalore: Geological Society of India (1996). p. 515–29.

142. Kajale MD. Current status of Indian palaeoethnobotany: introduced and 
indigenous food plants with a discussion of the historical and evolutionary 
development of Indian agriculture and agricultural systems in general. 
In: Renfrew C, editor. New Light on Farming: Recent Developments in 
Palaeoethnobotany. Edinburgh: Edinburgh University Press (1991). p. 155–90.

143. Cohen MN. The Food Crisis in Prehistory: Overpopulation and the Origins of 
Agriculture. New Haven: Yale University Press (1977).

144. Mummert A, Esche E, Robinson J, Armelagos GJ. Stature and robusticity 
during the agricultural transition: evidence from the bioarchaeological 
record. Econ Hum Biol (2011) 9(3):284–301. doi:10.1016/j.ehb.2011.03.004 

145. Cohen MN, Armelagos GJ. Paleopathology at the Origins of Agriculture. 
editors ed. London: Academic Press (1984).

146. Bogin B, Keep R. Eight thousand years of economic and political history 
in Latin America revealed by anthropometry. Ann Hum Biol (1999) 
26(4):333–51. doi:10.1080/030144699282651 

147. Angel JL. Paleoecology, paleodemography and health. In: Polgar S, editor. 
Population, Ecology, and Social Evolution. The Hague: Moulton Publishers 
(1975). p. 167–90.

148. Maat GJR. Two millennia of male stature development and population health 
and wealth in the Low Countries. Int J Osteoarchaeol (2005) 15(4):276–90. 
doi:10.1002/oa.785 

149. Crimmins EM, Finch CE. Infection, inflammation, height, and longevity. Proc 
Natl Acad Sci U S A (2006) 103(2):498–503. doi:10.1073/pnas.0501470103 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.1093/ije/dys139
http://dx.doi.org/10.1371/journal.pone.0011424
http://dx.doi.org/10.1203/01.pdr.0000350364.10602.33
http://dx.doi.org/10.1016/S0140-6736(96)04257-2
http://dx.doi.org/10.4162/nrp.2012.6.2.132
http://dx.doi.org/10.4103/1947-2714.136902
http://dx.doi.org/10.1002/ajpa.22160
http://dx.doi.org/10.1038/sj.ejcn.1602461
http://dx.doi.org/10.1111/j.1552-6909.1997.tb02156.x
http://dx.doi.org/10.1080/03670240600846336
http://dx.doi.org/10.1034/j.1600-0412.2002.810605.x
http://dx.doi.org/10.1136/bmj.285.6342.592
http://dx.doi.org/10.1136/bmj.285.6342.589
http://dx.doi.org/10.1016/0002-9378(76)90886-3
http://dx.doi.org/10.1136/bmj.315.7111.786
http://dx.doi.org/10.1002/14651858.CD000032
http://dx.doi.org/10.3945/ajcn.114.084921
http://dx.doi.org/10.1007/s00125-007-0793-y
http://dx.doi.org/10.1002/ajhb.20994
http://dx.doi.org/10.1080/0032472031000147006
http://dx.doi.org/10.1016/j.ehb.2011.03.004
http://dx.doi.org/10.1080/030144699282651
http://dx.doi.org/10.1002/oa.785
http://dx.doi.org/10.1073/pnas.0501470103


16

Wells et al. Evolution of Indian Diabetes Susceptibility

Frontiers in Public Health | www.frontiersin.org July 2016 | Volume 4 | Article 145

150. Watve M. Doves, Diplomats and Diabetes: A Darwinian Interpretation of Type 
2 Diabetes and Related Disorders. New York: Springer (2013).

151. Watve MG, Yajnik CS. Evolutionary origins of insulin resistance: a behavioral 
switch hypothesis. BMC Evol Biol (2007) 7:61. doi:10.1186/1471-2148-7-61 

152. Spencer C. Vegetarianism. London: Grub Street (2000).
153. Cuco G, Arija V, Iranzo R, Vila J, Prieto MT, Fernandez-Ballart J. Association 

of maternal protein intake before conception and throughout pregnancy 
with birth weight. Acta Obstet Gynecol Scand (2006) 85(4):413–21. 
doi:10.1080/00016340600572228 

154. Moore VM, Davies MJ, Willson KJ, Worsley A, Robinson JS. Dietary compo-
sition of pregnant women is related to size of the baby at birth. J Nutr (2004) 
134(7):1820–6. 

155. Sanders TA. Growth and development of British vegan children. Am J Clin 
Nutr (1988) 48(3 Suppl):822–5. 

156. Hoppe C, Molgaard C, Thomsen BL, Juul A, Michaelsen KF. Protein intake 
at 9 mo of age is associated with body size but not with body fat in 10-y-old 
Danish children. Am J Clin Nutr (2004) 79(3):494–501. 

157. Obatolu VA. Growth pattern of infants fed with a mixture of extruded 
malted maize and cowpea. Nutrition (2003) 19(2):174–8. doi:10.1016/
S0899-9007(02)01102-4 

158. Stein AD, Barnhart HX, Hickey M, Ramakrishnan U, Schroeder DG, 
Martorell R. Prospective study of protein-energy supplementation early in 
life and of growth in the subsequent generation in Guatemala. Am J Clin Nutr 
(2003) 78(1):162–7. 

159. Akachi Y, Canning D. The height of women in Sub-Saharan Africa: the 
role of health, nutrition, and income in childhood. Ann Hum Biol (2007) 
34(4):397–410. doi:10.1080/03014460701452868 

160. Berkey CS, Colditz GA, Rockett HR, Frazier AL, Willett WC. Dairy consump-
tion and female height growth: prospective cohort study. Cancer Epidemiol 
Biomarkers Prev (2009) 18(6):1881–7. doi:10.1158/1055-9965.EPI-08-1163 

161. Hoppe C, Udam TR, Lauritzen L, Molgaard C, Juul A, Michaelsen KF. Animal 
protein intake, serum insulin-like growth factor I, and growth in healthy 2.5-
y-old Danish children. Am J Clin Nutr (2004) 80(2):447–52. 

162. Martorell R, Lechtig A, Yarbrough C, Delgado H, Klein RE. Protein-calorie 
supplementation and postnatal physical growth: a review of findings from 
developing countries. Arch Latinoam Nutr (1976) 26(2):115–28. 

163. Galvin CA. Nutritional ecology of pastoralists in dry tropical Africa. Am 
J Hum Biol (1992) 4:209–21. doi:10.1002/ajhb.1310040206 

164. Rogers I, Emmett P, Gunnell D, Dunger D, Holly J. Milk as a food for growth? 
The insulin-like growth factors link. Public Health Nutr (2006) 9(3):359–68. 
doi:10.1079/PHN2006853 

165. Johnson JD. The regional and ethnic distribution of lactose malabsorption. 
Adaptive and genetic hypotheses. In: Paige DM, Bayless TM, editors. Lactose 
Digestion Clinical and Nutritional Implications. Baltimore: Johns Hopkins 
University Press (1981). p. 11–22.

166. Gupta P, Dutta PC. Anthropometry in India, 1868-1961: A Reference Manual 
of Somatological Studies. Calcutta: Anthropological Survey of India, Govt. of 
India (1966). vii,373,lxxiv p.

167. Rao S, Yajnik CS, Kanade A, Fall CH, Margetts BM, Jackson AA, et al. Intake 
of micronutrient-rich foods in rural Indian mothers is associated with the 
size of their babies at birth: Pune Maternal Nutrition Study. J Nutr (2001) 
131(4):1217–24. 

168. Agrawal RP, Budania S, Sharma P, Gupta R, Kochar DK, Panwar RB, et al. 
Zero prevalence of diabetes in camel milk consuming Raica community of 
north-west Rajasthan, India. Diabetes Res Clin Pract (2007) 76(2):290–6. 
doi:10.1016/j.diabres.2006.09.036 

169. Agrawal S, Ebrahim S. Prevalence and risk factors for self-reported 
diabetes among adult men and women in India: findings from a national 
 cross-sectional survey. Public Health Nutr (2011) 15(6):1065–77. doi:10.1017/
S1368980011002813 

170. Food and Agriculture Organization of the United Nations. Research 
Approaches and Methods for Evaluating the Protein Quality of Human Foods. 
Rome: Food and Agriculture Organization of the United Nations (2014).

171. Food and Agriculture Organization of the United Nations. Dietary Protein 
Quality Evaluation in Human Nutrition. Rome: Food and Agriculture 
Organization of the United Nations (2013).

172. Anjana RM, Pradeepa R, Deepa M, Datta M, Sudha V, Unnikrishnan R, 
et al. Prevalence of diabetes and prediabetes (impaired fasting glucose and/

or impaired glucose tolerance) in urban and rural India: phase I results of 
the Indian Council of Medical Research-INdia DIABetes (ICMR-INDIAB) 
study. Diabetologia (2011) 54(12):3022–7. doi:10.1007/s00125-011-2291-5 

173. Couper-Johnston R. El Nino: The Weather Phenomenon that Changed the 
World. London: Hodder & Stoughton (2000).

174. Davis M. Late Victorian Holocausts: El Nino and the Making of the Third 
World. London: Verso (2002).

175. Dyson T, Maharatna A. Excess mortality during the Bengal fam-
ine: a re-evaluation. Ind Econ Soc Hist Rev (1991) 28:281–97. 
doi:10.1177/001946469102800303 

176. Perkins JM, Khan KT, Smith GD, Subramanian SV. Patterns and trends 
of adult height in India in 2005-2006. Econ Hum Biol (2011) 9(2):184–93. 
doi:10.1016/j.ehb.2010.10.001 

177. Khanna G, Kapoor S. Secular trend in stature and age at menarche among 
Punjabi Aroras residing in New Delhi, India. Coll Antropol (2004) 28(2):571–5. 

178. Ramya K, Radha V, Ghosh S, Majumder PP, Mohan V. Genetic variations 
in the FTO gene are associated with type 2 diabetes and obesity in south 
Indians (CURES-79). Diabetes Technol Ther (2011) 13(1):33–42. doi:10.1089/
dia.2010.0071 

179. Baten J, Blum M. An anthropometric history of the world, 1810–1980: did 
migration and globalization influence country trends. J Anthropol Sci (2012) 
90:1–4. doi:10.4436/jass.90011

180. Brennan L, McDonald J, Shlomowitz R. Towards an anthropometric history 
of Indians under British rule. Res Econ Hist (1997) 17:185–246. 

181. Brennan L, McDonald J, Shlomowitz R. A long run decline in final adult 
female height in India? Man Ind (2004) 84:9–13. 

182. Ganguly P. A Study of Sixty Population Groups. The Hague: Mouton Publishers 
(1979).

183. Baten J, Blum M. Growing tall but unequal: new findings and new background 
evidence on anthropometric welfare in 156 countries, 1810–1989. Econ Hist 
Dev Reg (2012) 27(Suppl 1):S66–85. doi:10.1080/20780389.2012.657489 

184. Wells JC. What was human birth weight in the past? Simulations based on 
stature from the palaeolithic to the present. J Life Sci (2009) 1:115–20. 

185. Wells JC, Sharp G, Steer PJ, Leon DA. Paternal and maternal influences on 
differences in birth weight between Europeans and Indians born in the UK. 
PLoS One (2013) 8(5):e61116. doi:10.1371/journal.pone.0061116 

186. Fredriks AM, van Buuren S, Burgmeijer RJ, Verloove-Vanhorik SP, Wit JM. 
Nederlandse groeidiagrammen 1997 in historisch perspectief. In: Wit JM, 
editor. De vierde Landelijke Groeistudie (1997) Presenatie niewe groeidiagram-
men. Leiden: TNO Preventie en Gezondheit (1998). p. 1–13.

187. Deaton A. Height, health, and inequality: the distribution of adult heights in 
India. Am Econ Rev (2008) 98(2):468–74. doi:10.1257/aer.98.2.468 

188. Pathak PK, Tripathi N, Subramanian SV. Secular trends in menarcheal age 
in India-evidence from the Indian human development survey. PLoS One 
(2014) 9(11):e111027. doi:10.1371/journal.pone.0111027 

189. Proos LA. Growth & development of Indian children adopted in Sweden. 
Indian J Med Res (2009) 130(5):646–50. 

190. Satpathy R, Das DB, Bhuyan BK, Pant KC, Santhanam S. Secular trend in 
birthweight in an industrial hospital in India. Ann Trop Paediatr (1990) 
10(1):21–5. 

191. Griffiths PL, Bentley ME. The nutrition transition is underway in India. 
J Nutr (2001) 131(10):2692–700. 

192. Subramanian SV, Ackerson LK, Smith GD. Parental BMI and childhood 
undernutrition in India: an assessment of intrauterine influence. Pediatrics 
(2010) 126(3):e663–71. doi:10.1542/peds.2010-0222 

193. Gopinath N, Chadha SL, Jain P, Shekhawat S, Tandon R. An epidemiological 
study of obesity in adults in the urban population of Delhi. J Assoc Physicians 
India (1994) 42(3):212–5. 

194. Bhardwaj S, Misra A, Misra R, Goel K, Bhatt SP, Rastogi K, et al. High 
prevalence of abdominal, intra-abdominal and subcutaneous adiposity and 
clustering of risk factors among urban Asian Indians in North India. PLoS 
One (2011) 6(9):e24362. doi:10.1371/journal.pone.0024362 

195. Deepa M, Farooq S, Deepa R, Manjula D, Mohan V. Prevalence and signifi-
cance of generalized and central body obesity in an urban Asian Indian pop-
ulation in Chennai, India (CURES: 47). Eur J Clin Nutr (2009) 63(2):259–67. 
doi:10.1038/sj.ejcn.1602920 

196. Krishnaveni GV, Veena SR, Hill JC, Kehoe S, Karat SC, Fall CHD. Intrauterine 
exposure to maternal diabetes is associated with higher adiposity and insulin 

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.1186/1471-2148-7-61
http://dx.doi.org/10.1080/00016340600572228
http://dx.doi.org/10.1016/S0899-9007(02)01102-4
http://dx.doi.org/10.1016/S0899-9007(02)01102-4
http://dx.doi.org/10.1080/03014460701452868
http://dx.doi.org/10.1158/1055-9965.EPI-08-1163
http://dx.doi.org/10.1002/ajhb.1310040206
http://dx.doi.org/10.1079/PHN2006853
http://dx.doi.org/10.1016/j.diabres.2006.09.036
http://dx.doi.org/10.1017/S1368980011002813
http://dx.doi.org/10.1017/S1368980011002813
http://dx.doi.org/10.1007/s00125-011-2291-5
http://dx.doi.org/10.1177/001946469102800303
http://dx.doi.org/10.1016/j.ehb.2010.10.001
http://dx.doi.org/10.1089/dia.2010.0071
http://dx.doi.org/10.1089/dia.2010.0071
http://dx.doi.org/10.4436/jass.90011
http://dx.doi.org/10.1080/20780389.2012.657489
http://dx.doi.org/10.1371/journal.pone.0061116
http://dx.doi.org/10.1257/aer.98.2.468
http://dx.doi.org/10.1371/journal.pone.0111027
http://dx.doi.org/10.1542/peds.2010-0222
http://dx.doi.org/10.1371/journal.pone.0024362
http://dx.doi.org/10.1038/sj.ejcn.1602920


17

Wells et al. Evolution of Indian Diabetes Susceptibility

Frontiers in Public Health | www.frontiersin.org July 2016 | Volume 4 | Article 145

resistance and clustering of cardiovascular risk markers in Indian children. 
Diabetes Care (2010) 33(2):402–4. doi:10.2337/dc09-1393 

197. Portha B, Chavey A, Movassat J. Early-life origins of type 2 diabetes: fetal 
programming of the beta-cell mass. Exp Diabetes Res (2011) 2011:16. 
doi:10.1155/2011/105076 

198. Koyanagi A, Zhang J, Dagvadorj A, Hirayama F, Shibuya K, Souza JP, et 
al. Macrosomia in 23 developing countries: an analysis of a multicountry, 
facility-based, cross-sectional survey. Lancet (2013) 381(9865):476–83. 
doi:10.1016/S0140-6736(12)61605-5 

199. Wells JC, Stock JT. Re-examining heritability: genetics, life history and 
plasticity. Trends Endocrinol Metab (2011) 22(10):421–8. doi:10.1016/j.
tem.2011.05.006 

200. Veena SR, Kumaran K, Swarnagowri MN, Jayakumar MN, Leary SD, Stein CE, 
et al. Intergenerational effects on size at birth in South India. Paediatr Perinat 
Epidemiol (2004) 18(5):361–70. doi:10.1111/j.1365-3016.2004.00579.x 

201. Margetts BM, Mohd YS, Al DZ, Jackson AA. Persistence of lower birth 
weight in second generation South Asian babies born in the United Kingdom. 
J Epidemiol Commun Health (2002) 56(9):684–7. doi:10.1136/jech.56.9.684 

202. Harding S, Rosato MG, Cruickshank JK. Lack of change in birthweights 
of infants by generational status among Indian, Pakistani, Bangladeshi, 
Black Caribbean, and Black African mothers in a British cohort study. 
IntJ Epidemiol (2004) 33(6):1279–85. doi:10.1093/ije/dyh186 

203. Gera T. Efficacy and safety of therapeutic nutrition products for home based 
therapeutic nutrition for severe acute malnutrition a systematic review. 
Indian Pediatr (2010) 47(8):709–18. doi:10.1007/s13312-010-0095-1 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Wells, Pomeroy, Walimbe, Popkin and Yajnik. This is an open-ac-
cess article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Public_Health
http://www.frontiersin.org
http://www.frontiersin.org/Public_Health/archive
http://dx.doi.org/10.2337/dc09-1393
http://dx.doi.org/10.1155/2011/105076
http://dx.doi.org/10.1016/S0140-6736(12)61605-5
http://dx.doi.org/10.1016/j.tem.2011.05.006
http://dx.doi.org/10.1016/j.tem.2011.05.006
http://dx.doi.org/10.1111/j.1365-3016.2004.00579.x
http://dx.doi.org/10.1136/jech.56.9.684
http://dx.doi.org/10.1093/ije/dyh186
http://dx.doi.org/10.1007/s13312-010-0095-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Elevated Susceptibility to Diabetes in India: An Evolutionary Perspective
	Introduction
	A Metabolic Model of Diabetes
	The Contemporary South Asian Phenotype from a Capacity–Load Perspective
	Archeological Evidence for Trends in Stature and Physique
	The Emergence of Vegetarianism: Decline in Protein Consumption
	Ecological Disruptions to the Food Supply
	Historical Evidence on Stature Trends from Indentured Laborers
	Long-Term Trends in Birth Weight
	Secular Trends in Recent Decades
	Conclusion
	Author Contributions
	Funding
	References


