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Globalization of Diabetes
The role of diet, lifestyle, and genes

FRANK B. HU, MD, PHD

Type 2 diabetes is a global public health crisis that threatens the economies of all nations,
particularly developing countries. Fueled by rapid urbanization, nutrition transition, and in-
creasingly sedentary lifestyles, the epidemic has grown in parallel with the worldwide rise in
obesity. Asia’s large population and rapid economic development havemade it an epicenter of the
epidemic. Asian populations tend to develop diabetes at younger ages and lower BMI levels than
Caucasians. Several factors contribute to accelerated diabetes epidemic in Asians, including the
“normal-weight metabolically obese” phenotype; high prevalence of smoking and heavy alcohol
use; high intake of refined carbohydrates (e.g., white rice); and dramatically decreased physical
activity levels. Poor nutrition in utero and in early life combined with overnutrition in later life
may also play a role in Asia’s diabetes epidemic. Recent advances in genome-wide association
studies have contributed substantially to our understanding of diabetes pathophysiology, but
currently identified genetic loci are insufficient to explain ethnic differences in diabetes risk.
Nonetheless, interactions between Westernized diet and lifestyle and genetic background may
accelerate the growth of diabetes in the context of rapid nutrition transition. Epidemiologic
studies and randomized clinical trials show that type 2 diabetes is largely preventable through diet
and lifestyle modifications. Translating these findings into practice, however, requires fundamental
changes in public policies, the food and built environments, and health systems. To curb the esca-
lating diabetes epidemic, primary prevention through promotion of a healthy diet and lifestyle should
be a global public policy priority.

Diabetes Care 34:1249–1257, 2011

THE GLOBAL BURDEN OF
TYPE 2 DIABETES—The dynamics
of the diabetes epidemic are changing
rapidly. Once a disease of theWest, type 2
diabetes has now spread to every country
in the world. Once “a disease of afflu-
ence,” it is now increasingly common
among the poor. Once an adult-onset dis-
ease almost unheard of in children, rising
rates of childhood obesity have rendered it
more common in the pediatric population,
especially in certain ethnic groups. Accord-
ing to the International Diabetes Federation
(1), diabetes affects at least 285million peo-
pleworldwide, and that number is expected
to reach 438 million by the year 2030, with
two-thirds of all diabetes cases occurring
in low- to middle-income countries. The
number of adults with impaired glucose
tolerance will rise from 344 million in
2010 to an estimated 472 million by 2030.

Globally, it was estimated that diabetes
accounted for 12% of health expenditures

in 2010, or at least $376 billion—a figure
expected to hit $490 billion in 2030 (2). Its
increasing prevalence and associated health
complications threaten to reverse economic
gains in developing countries. With limited
infrastructures for diabetes care, many
countries are ill-equipped to manage this
epidemic.

EPICENTERS OF DIABETES—Asia
accounts for 60% of the world’s diabetic
population. In recent decades, Asia has
undergone rapid economic development,
urbanization, and transitions in nutri-
tional status (3). These have led to an ex-
plosive increase in diabetes prevalence
within a relatively short time. In 1980,
less than 1% of Chinese adults had the
disease. By 2008, the prevalence had
reached nearly 10% (Fig. 1) (4). It was
estimated that more than 92 million Chi-
nese adults had diabetes, and another 148
million were prediabetic. These numbers

suggest that China has overtaken India as
the global epicenter of the diabetes epi-
demic. However, in urban areas of south
India, the prevalence of diabetes has
reached nearly 20% (5).

Compared with Western popula-
tions, Asians develop diabetes at younger
ages, at lower degrees of obesity, and at
much higher rates given the same amount
of weight gain (3). Asian women are also
at greater risk of gestational diabetes,
thereby putting their children at risk for
type 2 diabetes later in life.

CONTRIBUTING FACTORS

Obesity and fat distribution
Overweight and obesity are driving the
global diabetes epidemic. They affect the
majority of adults in most developed
countries and are increasing rapidly in
developing countries. If current world-
wide trends continue, the number of
overweight people (BMI $25 kg/m2) is
projected to increase from 1.3 billion in
2005 to nearly 2.0 billion by 2030 (6).

Compared with Western popula-
tions, the prevalence of overweight and
obesity in Asia is relatively low, but it is
increasing precipitously in parallel with
economic development and rapid urbani-
zation. In the past several decades, China’s
gross domestic product per capita has
grown at an average annual rate of nearly
10% (7). Meanwhile, the prevalence of
overweight and obesity in Chinese adults
increased from 20% in 1992 to 29.9% in
2002 (8).

In Asia, obesity rates do not directly
correspond with diabetes rates. India, for
example, has a very low prevalence of
obesity, but notably high rates of type 2
diabetes (9). A number of Asian countries
also have substantially lower rates of over-
weight and obesity than the U.S., but sim-
ilar or higher rates of diabetes. In Asian
populations, increased risk of diabetes
starts at a lower BMI than in Europeans
(9). In addition, even a modest amount of
weight gain during adulthood substan-
tially increases the risk of diabetes in
Asians.

A tendency toward greater abdominal
obesity and less muscle mass among
Asians results in an increased propensity
for insulin resistance compared with

c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c

From the Departments of Nutrition and Epidemiology, Harvard School of Public Health, Boston, Massachusetts,
and theDepartment ofMedicine, ChanningLaboratory, Brigham andWomen’sHospital andHarvardMedical
School, Boston, Massachusetts.

Corresponding author: Frank B. Hu, frank.hu@channing.harvard.edu.
DOI: 10.2337/dc11-0442
© 2011 by the American Diabetes Association. Readers may use this article as long as the work is properly

cited, the use is educational and not for profit, and thework is not altered. See http://creativecommons.org/
licenses/by-nc-nd/3.0/ for details.

care.diabetesjournals.org DIABETES CARE, VOLUME 34, JUNE 2011 1249

K e l l y W e s t A w a r d L e c t u r e
K E L L Y W E S T A W A R D L E C T U R E 2 0 1 0



Western populations. This “metabolically
obese” phenotype among normal-weight
individuals may explain the increased
predisposition for diabetes despite a
relatively low prevalence of obesity.
Computer-based tomography has shown
that Asians have more visceral fat than
Caucasians with the same waist circum-
ference (10).

Diet
Excessive caloric intake is a major driving
force behind escalating obesity and type 2
diabetes epidemics worldwide, but diet
quality also has independent effects. In
the Nurses’ Health Study (NHS), we
found that the quality of fats and carbo-
hydrates play an important role in the de-
velopment of diabetes, independent of
BMI and other risk factors (11). In partic-
ular, higher dietary glycemic load (GL)
and trans fat are associated with increased
diabetes risk, whereas greater consump-
tion of cereal fiber and polyunsaturated
fat is associated with decreased risk
(Fig. 2). In a meta-analysis, we found that
a 2 serving/day increment in whole-grain
intakewas associatedwith a 21% lower risk
of diabetes (12).

Evidence also indicates that higher
consumption of sugar-sweetened bever-
ages (SSBs) increases the risk of type 2
diabetes even after taking into account the
effects of body weight. Our recent meta-
analysis (13) found that individuals in the
highest quantile of SSB intake (most often
1–2 servings/day) had a 26% greater risk
of developing the disease than those in the
lowest (relative risk [RR] 1.26 [95% CI
1.12–1.41]). In addition to weight gain,

several other mechanisms such as in-
creased insulin demand, dyslipidemia,
and chronic inflammation may explain
the adverse effects of SSBs on cardiome-
tabolic risk. Large quantities of rapidly
absorbable carbohydrates (e.g., sucrose)
in SSBs result in a high dietary GL that
leads to quick increases in blood glucose
and insulin levels. A high GL diet, which
increases insulin demand and may lead to
pancreatic b-cell exhaustion in the long
run, has been implicated in increased
risk of type 2 diabetes and cardiovascular
disease (14). Fructose from high fructose
corn syrup or any sugar may also play a
role. It is preferentially metabolized to
lipid in the liver, leading to increased he-
patic de novo lipogenesis, dyslipidemia,
and insulin resistance (15). It may also
promote visceral adiposity. A recent study
that compared the effects of consuming
25% of energy from glucose- or fructose-
sweetened beverages showed similar
weight gain, but only the fructose group
had a significant increase in visceral adipos-
ity (16).

Many developing nations experience
rapid economic and social development
with concomitant shifts in lifestyle habits
and dietary structure. These changes pro-
mote overnutrition and positive energy
balance. In Asia, traditional dietary pat-
terns are being lost as the population
adapts to more industrialized and urban
food environments. At the same time,
built living environments have become
increasingly sedentary. These changes
have a significant impact on type 2 di-
abetes risk by increasing body weight and
central adiposity, and decreasing physical

activity. With the rapid pace of nutrition
transition, many countries are facing co-
existing problems of over- and undernu-
trition, which lead to the double burden
of infectious and chronic diseases (17).

Data from the 1992–2002 Chinese
National Nutrition Survey show that the
proportion of energy from animal foods
increased from 9.3 to 13.7%, while the
proportion from fat rose from 22 to
29.8% (8). In India, the percentage of en-
ergy from animal products increased sub-
stantially between 1975 and 1995, mostly
among urban residents who consumed
32% of energy from fat compared with
17% of those in rural areas (18).

Both vegetable and animal ghee,
which are used for cooking in India and
other South Asian countries, have an ex-
tremely high trans fatty acid content.
Dalda, which is a type of vegetable ghee
and major source of edible oil in India,
has a trans fat level of about 50% (19).
Trans fat intake is associated with adverse
cardiometabolic risk profiles and in-
creased risk of heart disease, and it may
also play a role in the development of in-
sulin resistance and chronic inflammation
(20,21).

Global trade liberalization has made
food products, such as edible oil and
sugar, more accessible and relatively
cheaper than in the past (19). Major
changes that have occurred in Asia in
the last several decades include 1) a large
shift from consumption of coarse grains
to polished rice and refined wheat, espe-
cially in India and China; 2) reduced in-
take of cereals particularly among urban
populations and higher-income groups;
3) higher energy intake among the poor,
lower energy intake among the rich, and
greater consumption of fat in all income
groups; and 4) increased intake of meat,
edible oil, and fruits and vegetables in
China and increased consumption of
dairy products, especially highly satu-
rated ghee (clarified butter), and added
sugar in India (7).

Globalization and economic develop-
ment have spurred nutrition transitions in
many developing nations. This nutri-
tional shift typically involves increased
consumption of animal fat and energy-
dense foods, decreased fiber, and more
frequent intake of fast foods. At the same
time, the traditional diets of many Asian
countries, which are largely based on
polished white rice and refined wheat,
have high glycemic index (GI) and GL
values. Findings from the Shanghai
Women’s Health Study (SWHS) indicate

Figure 1—Time trends of diabetes prevalence in Chinese adults. Data are based on population-
based cross-sectional surveys conducted in China (Chan et al. [3] and Yang et al. [4]).
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that high intake of foods with a high GI or
GL, especially white rice, is associated
with increased risk of diabetes (RR com-
paring highest to lowest quintile of white
rice intake: 1.78 [95% CI 1.48–2.15])
(22). Despite relatively low consumption
of rice in the U.S. population, in the NHS,
we found that higher consumption of
white rice is associated with increased
risk of diabetes, whereas consumption
of brown rice, a whole grain, protects
against the disease (23).

The adverse effects of high dietary GI
and GL are more evident in overweight or
obese individuals who are prone to in-
sulin resistance (24). Data from the
SWHS showed a stronger association of
rice intake, GI, and GL with diabetes risk
in women with higher waist-to-hip ratio
and BMI (22). Prior to rapid urbanization
throughout Asia, the metabolic effects
of high GI/GL diets were offset by high
levels of physical activity. As lower-
income Asian countries shift away from

agricultural labor toward employment in
manufacturing services, energy expendi-
ture has declined dramatically (25). The
combination of excessive energy intake
and reduced energy output leads to in-
creased obesity and insulin resistance.
Underlying insulin resistance can exacer-
bate adverse metabolic effects of high
carbohydrate diets. The biological inter-
action between insulin resistance and car-
bohydrates may explain why a high
intake of polished white rice does not
appear to cause deleterious metabolic
effects in lean and physically active indi-
viduals, such as Chinese peasants, but
has become an important risk factor for
diabetes in urbanized Asian populations.

Physical activity
Numerous epidemiologic studies show
that increased physical activity reduces
risk of diabetes, whereas sedentary be-
haviors increase risk. In the NHS (26),
each 2-h/day increment of time spent

watching television (TV) was associated
with a 14% increase in diabetes risk. Each
2-h/day increment of standing or walking
around at home was associated with a 12%
reduction in risk. Each 1-h/day increment
of brisk walking was associated with a 34%
reduction in risk (Fig. 3). These results
indicate a continuum in the relationship
between physical activity levels and diabe-
tes risk. Among sedentary behaviors (TV
watching, sitting at work, and other sit-
ting), prolonged TV watching was associ-
ated with the highest risk.

At least two potential mechanisms
account for the positive association be-
tween watching TV and obesity and di-
abetes risk (26). First, watching TV
typically takes the place of physical activ-
ity, thereby reducing energy expended.
However, the effects of TV watching
are independent of physical activity be-
cause adjustment for recreational activities
does not appreciably attenuate the in-
creased risk for obesity or diabetes.

Figure 2—Multivariate RRs (with 95% CIs) of type 2 diabetes according to ascending quintiles of intake of cereal fiber (A); the ratio of poly-
unsaturated fat intake to saturated fat intake (B); intake of trans fat (C); and glycemic load (D). Each of the RRs was adjusted for the other 3 dietary
variables and for age (in 5-year categories); time (8 periods); the presence or absence of a family history of diabetes; menopausal status and the use
or nonuse of postmenopausal hormone therapy; smoking status (never smoked; former smoker; current smoker, 1–14 cigarettes per day or current
smoker, $15 cigarettes per day); BMI (,23.0, 23.0–24.9, 25.0–29.9, 30.0–34.9, or $35.0); weekly frequency of moderate-to-vigorous exercise
(,0.5 h, 0.5–1.9 h, 2.0–3.9 h, 4.0–6.9 h, or $7.0 h); and daily alcohol consumption (0 g, 0.1–5.0 g, 5.1–10.0 g, or $10.0 g) (11).
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Second, watching TV is associated with
greater food and total energy intake,
most likely because of increased exposure
to food and beverage advertisements. In
addition, those who spend more time
watching TV tend to have unhealthy eat-
ing patterns characterized by increased
consumption of snacks, sugary beverages,
and fast foods.

Increased mechanization and driving
have displaced physical activity over the
last century in industrialized nations. This
trend is increasing in developing coun-
tries as well. In China, increased use of
automobiles instead of public transporta-
tion is associated with reduced physical
activity. In a prospective study conducted
in eight provinces in China (27), 14% of
households acquired a car between 1989
and 1997. Compared with those whose
vehicle ownership did not change, men
who acquired a vehicle experienced a
1.8-kg greater weight gain (P , 0.05),
and the likelihood of their becoming
obese during that time period doubled.
In addition, rapid shifts toward a service
sector economy and growing use of new
technologies have led to a marked decline
in physical activity levels. According to

Chinese National Health and Nutrition
Surveys, average weekly physical activity
levels among Chinese adults declined
by 32% between 1991 and 2006 (28).
This was mainly because of decreases
in occupational activities as a result of
urbanization.

Smoking
Cigarette smoking is an independent risk
factor for type 2 diabetes. A meta-analysis
found that current smokers had a 45%
increased risk of developing diabetes
compared with nonsmokers (29). More-
over, there was a dose-response relation-
ship between the number of cigarettes
smoked and diabetes risk.

Several possible biological mecha-
nisms may explain the association be-
tween cigarette smoking and diabetes.
First, although smokers tend to be leaner
than nonsmokers, smoking has been as-
sociated with increased risk of central
obesity or abdominal fat (30,31), an es-
tablished risk factor for insulin resistance
and diabetes. The accumulation of visceral
adipose tissue among smokers may be be-
cause of increased plasma cortisol levels
induced by stimulation of sympathetic

nervous system activity (32). Second,
smoking has anti-estrogenic effects in
women and decreases plasma testosterone
in men (33). These factors may promote
abdominal fat accumulation and insulin
resistance, especially in men. In addition,
animal models have shown that nicotine
exposure, particularly in the prenatal or
neonatal phase, can cause b-cell dysfunc-
tion and increase b-cell apoptosis (34).

An estimated 50–60% of adult males
in developing countries are regular smok-
ers (18). Rates in Asia will continue to rise
with aggressive marketing by multina-
tional tobacco companies. Currently,
China is the greatest producer and user
of cigarettes in the world. One of every
three cigarettes manufactured is con-
sumed in China (35). India is the second
largest producer and consumer of tobacco
products worldwide (36). In India, many
use smokeless tobacco products, such as
betel quid, and 40% smoke bidis, which
are small, typically flavored cigarettes.
These are nontaxable, and their produc-
tion provides employment for large num-
bers of urban poor (36). Reducing high
smoking rates in most developing coun-
tries should be a key public health objec-
tive to prevent and control the global
epidemic of diabetes and its complica-
tions.

Alcohol use
Light-to-moderate alcohol consumption
is associated with reduced risk of diabetes.
A meta-analysis of 370,000 individuals
with 12 years of follow-up showed a
U-shaped relationship, with a 30–40% re-
duced risk of the disease among those con-
suming 1–2 drinks/day compared with
heavy drinkers or abstainers (37). The
risk of diabetes among those who con-
sumed three or more drinks/day was sim-
ilar to that of abstainers (RR 1.04 [95% CI
0.84–1.29]). Possible mediators of benefi-
cial effects of moderate alcohol consump-
tion include improved insulin sensitivity,
increased HDL cholesterol and adiponec-
tin, and the anti-inflammatory effect of al-
cohol. On the other hand, heavy alcohol
intake has multiple deleterious metabolic
effects, including excess caloric intake and
obesity, increased triglyceride levels, pan-
creatitis, disturbance of carbohydrate and
glucose metabolism, and impairment of
liver function (37).

In Asia, alcohol use is rising with
rapid globalization and socioeconomic
development. It is also worth noting that
within-country consumption patterns are
changing. Traditionally, heavy drinking

Figure 3—Percentage changes in risk of developing type 2 diabetes among nondiabetic women
associated with TV watching, other sedentary behaviors, and walking. Adjusted for age, smoking,
alcohol consumption, family history of diabetes, and dietary covariates. All sedentary behavior
variables are included simultaneously in the model. Other sitting includes reading, eating meals,
and time spent sitting at a desk. Error bars indicate 95% CIs. d, day. Adapted from Hu et al. (26).
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was more prevalent in poor rural regions.
However, high rates of heavy drinking are
also starting to appear in the urban middle
and upper classes as the alcohol industry
increases social marketing to encourage
more people to adopt Westernized life-
styles, which are symbolized by drinking
and affluence. To date, many countries in
Asia, including China and India, do not
have public health policies regarding
alcohol consumption. Concurrent alco-
hol and tobacco use, which could have
a synergistic effect on diabetes risk, is
highly common in Asian populations
(38). These trends underscore the need
for policy changes and effective educa-
tion programs for tobacco and alcohol
use in developing countries.

Linking Western dietary pattern,
inflammation, and type 2 diabetes
Increasing evidence indicates that low-
grade systemic inflammation is an un-
derlying factor in the pathogenesis of type
2 diabetes (39). Epidemiologic studies
have demonstrated a significant positive
association between elevated plasma con-
centrations of inflammatory cytokines, such
as tumor necrosis factor-a, interleukin-6,
and C-reactive protein, and increased
risk of diabetes. In the NHS, we used a
reduced rank regression approach to
identify a food consumption pattern that
explains the largest amount of variance
for markers of inflammation, including
C-reactive protein, interleukin-6, intra-
cellular adhesion molecule-1, vascular
cell adhesion molecule-1, and E-selectin
(39). This analysis was conducted in a
nested case-control study of 656 cases
of type 2 diabetes and 694 control sub-
jects. The identified dietary pattern,
which was strongly related to inflamma-
tory markers, was characterized by high
intakes of SSBs, refined grains, and red
and processed meat, but low consump-
tion of wine, coffee, cruciferous vegeta-
bles, and yellow vegetables. As expected,
this proinflammatory pattern was strongly
associated with an increased risk of diabe-
tes (multivariate-adjusted odds ratio [OR]
comparing extremequintiles: 3.09 [95%CI
1.99–4.79]) in the nested case-control sam-
ple. We then calculated a proinflammatory
dietary score for each individual in the
main NHS cohort and examined the as-
sociation between the dietary score and
incident diabetes during 14 years of
follow-up. These analyses were subse-
quently replicated in the NHS II. After
adjustment for BMI and other potential
lifestyle confounders, the RRs comparing

extreme quintiles of the “proinflamma-
tory dietary pattern” were 2.56 (95% CI
2.10–3.12, P for trend ,0.001) in the
NHS and 2.93 (95% CI 2.18–3.92, P for
trend ,0.001) in the NHS II. These data
provide strong epidemiologic evidence
linking overall dietary patterns, inflamma-
tion, and diabetes risk, suggesting that
chronic inflammation may mediate the as-
sociation between a Western dietary pat-
tern and risk of type 2 diabetes.

GENETIC SUSCEPTIBILITY
AND GENE-ENVIRONMENT
INTERACTIONS—The recent ad-
vent of genome-wide association studies
(GWAS) has led to major advances in
the identification of common genetic
variants contributing to diabetes suscep-
tibility (40). To date, at least 40 genetic
loci have been convincingly associated
with type 2 diabetes, but these loci con-
fer only a modest effect size and do not
add to the clinical prediction of diabetes
beyond traditional risk factors, such as obe-
sity, physical inactivity, unhealthy diet, and
family history of diabetes. Many diabetes
genes recently discovered through GWAS
in Caucasian populations have been
replicated in Asians; however, there
were significant interethnic differences
in the location and frequency of these
risk alleles. For example, common vari-
ants of the TCF7L2 gene that are signifi-
cantly associated with diabetes risk are
present in 20–30% of Caucasian popu-
lations but only 3–5% of Asians (41,42).
Conversely, a variant in the KCNQ1 gene
associated with a 20–30% increased risk
of diabetes in several Asian populations
(43,44) is common in East Asians, but rare
in Caucasians. It is intriguing that most di-
abetes susceptibility loci that have been
identified are related to impaired b-cell
function, whereas only a few (e.g., peroxi-
some proliferator–activated receptor-g,
insulin receptor substrate 1, IGF-1, and
GCKR) are associatedwith insulin resistance
or fasting insulin, which points toward
b-cell dysfunction as a primary defect for
diabetes pathogenesis. It should be
noted that most of the single nucleotide
polymorphisms uncovered may not be
the actual causal variants, which need
to be pinpointed through fine-mapping,
sequencing, and functional studies.

Despite heterogeneity across popula-
tions in risk allele frequency or effect size in
type 2 diabetes genes, the combined effects
of multiple genetic variants using genetic
scores based on the number of risk alleles

appear to be similar across different ethnic
groups. Typically, each risk allele increment
is associated with a 10–20% increased risk
of type 2 diabetes (41,42). These data sug-
gest that the overall contribution of the
identified genetic loci to type 2 diabetes is
similar between Caucasians and other eth-
nic groups, and that these loci donot appear
to explain ethnic differences in diabetes
risk. In predicting future risk of diabetes,
the clinical utility of these cumulative ge-
netic risk scores appears to be limited in
either high- or low-risk populations.

Like other multifactorial diseases,
type 2 diabetes is a product of the in-
terplay between genetic and environmen-
tal factors. It is likely that the genetic factors
that underlie individual susceptibility are
amplified in the presence of certain envi-
ronmental triggers. On the other hand,
given the same dietary and lifestyle factors,
some individuals may be more prone to
type 2 diabetes than others because of dif-
ferent genetic backgrounds. In the Health
Professionals’ Follow-up Study, we found a
significant interaction between a Western
dietary pattern derived fromprinciple com-
ponent analysis of 40 food groups and a
genetic risk score (GRS) of type 2 diabetes
susceptibility based on 10 established sin-
gle nucleotide polymorphisms (P 5 0.02)
(Fig. 4) (45). The multivariable ORs of di-
abetes across increasing quartiles of the
Western dietary pattern were 1.00, 1.23
(95% CI 0.88–1.73), 1.49 (1.06, 2.09),
and 2.06 (1.48, 2.88) among men with a
higher GRS ($12 risk alleles, P for trend5
0.01). Among those with a lower GRS, the
Western dietary pattern was not associated
with diabetes risk. In addition, intake of
processed meat, red meat, and heme iron,
which characterize theWestern dietary pat-
tern, showed significant interactions with
GRS in relation to diabetes risk (P for in-
teraction 5 0.029, 0.02, and 0.0004, re-
spectively). These results suggest that
the detrimental effects of a Westernized
diet may be enhanced by greater genetic
susceptibility.

THE THRIFTY GENOTYPE
VERSUS THE THRIFTY
PHENOTYPE—The thrifty genotype
hypothesis postulates that obesity and
type 2 diabetes are caused by positive
selection of genotypes for efficiency of
metabolism and energy and fat storage,
thereby conferring advantage in times of
nutrient scarcity (46,47). This hypothesis
has been widely used to explain the ex-
traordinarily high rates of diabetes seen
among Pima Indians and other indigenous
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populations. It has been suggested that
these populations may have an enhanced
genetic predisposition to obesity and dia-
betes because of overrepresentation of the
thrifty genotypes, resulting from evolution-
ary selection by repeated feast and famine
cycles. In contrast, Europeans are less likely
to possess thrifty genotypes as they evolved
in environments that were least affected by
the feast and famine cycles.

Although this hypothesis has concep-
tual appeal, the identification of the
thrifty genes has so far remained elusive.
Based on an analysis of 17 type 2 diabetes
loci and 13 obesity loci, Southam et al.
(48) found no clear evidence for overrep-
resentation of derived alleles (vs. ancestral
alleles) for the obesity or diabetes loci or
greater concentration of these loci in a
particular ethnic group. These analyses,
albeit preliminary, provide little support
for the thrifty gene hypothesis. Speakman
(49) proposed the drifty genotype hy-
pothesis as an alternative to the thrifty
genotype hypothesis. He argued that
the presence or absence of obesity or
diabetes gene variants is simply because
of random genetic drift over millions
of years as there is little evidence that
humans (including some indigenous
populations such as Pacific Islanders)
were under strong selective pressure by
famine during the evolutionary history.
Whether the identified obesity or diabetes

loci represent thrifty or drifty genotypes
is still under debate. Nonetheless, ongo-
ing fine-mapping efforts and whole-
genome sequencing analyses will shed
more light on the genetic architecture
of type 2 diabetes in different ethnic
groups.

While the thrifty genotype hypothesis
points to a mismatch between the ances-
tral genes and modern environment, the
thrifty phenotype hypothesis postulates a
mismatch between intrauterine and adult
life environments. This hypothesis has
been widely used to explain the role of
nutrition transition in the development of
chronic diseases. It postulates that adap-
tations in response to fetal undernutrition
lead to metabolic and structural changes
(e.g., decreased b-cell mass and function
and increased insulin resistance) that are
beneficial for early survival, but may in-
crease the risk of chronic diseases, such as
type 2 diabetes, in adulthood (50,51).
The risks of adverse long-term conse-
quences are likely to be exacerbated in a
nutritionally rich environment in later
life. Indirect support for this hypothesis
comes from studies showing consistent
associations between low birth weight
(LBW) and increased risk of type 2 diabe-
tes. LBW promotes a thrifty phenotype
during intrauterine and early life that in-
duces an insulin resistant state and low
b-cell function. This might explain early

life origins of insulin resistance and type 2
diabetes in India and other Asian coun-
tries, where rapid nutrition transition has
led to the coexistence of undernutrition
and overnutrition. Both fetal undernutri-
tion (LBW) and overnutrition (the baby
of a diabetic mother) are associated with
increased future risk of diabetes (52).
These effectsmay bemeditated by the reg-
ulation of gene expression through chro-
matin modification or DNA methylation
(epigenetics) because of intrauterine or
early childhood exposures rather than
changes in genotypes (53).

Results from the Dutch Famine Study
show that adults exposed to famine con-
ditions during World War II had in-
creased insulin resistance than those
who had not been exposed (54). How-
ever, this association was not observed
in another famine cohort study, the
Leningrad Siege Study (55). The Great
Chinese Famine, which lasted from the
late 1950s to the early 1960s and caused
millions of deaths, provided a unique
opportunity to examine long-term meta-
bolic effects of famine exposure. The fam-
ine period with the highest mortality rate
was between 1959 and 1961 (56). Re-
cently, we examined the association be-
tween famine exposure in fetal life and
adult hyperglycemia in the Chinese Na-
tional Nutrition and Health Survey (57).
We found that the prevalence of hypergly-
cemiawas highest (18.9%) in fetal-exposed
subjects who consumed an affluent/
Western diet during adulthood. Compared
with the relatively nonexposed cohort, the
ORs of hyperglycemia in the fetal-exposed
cohort were 7.63 (95% CI 2.41–24.1, P5
0.0005) for those who had an affluent/
Western dietary pattern, and 2.34 (95%
CI 0.82–6.70, P 5 0.112) for those with
a traditional dietary pattern. These findings
indicate that exposure to severe famine
in fetal life increases the risk of hyperglyce-
mia in adulthood, and that this associa-
tion is exacerbated by a nutritionally
“rich” environment in later life. Because
many Asian adults who experienced un-
dernutrition in early life are now adapt-
ing Westernized diets and lifestyles,
their risk of developing diabetes and
other metabolic diseases is substantially
elevated.

PREVENTABILITY OF TYPE 2
DIABETES—Many epidemiologic stud-
ies have implicated individual dietary and
lifestyle factors in the development of type
2 diabetes in diverse populations, yet few
studies have investigated multiple risk

Figure 4—ORs of diabetes risk according to joint classification of Western dietary pattern scores
(in quartiles, Q) and genetic risk scores (,10, 10–11, and $12). ORs and 95% CIs were cal-
culated by using an unconditional logistic regression model. The analyses were adjusted for age,
BMI, smoking, alcohol consumption, physical activity, family history of diabetes, and total energy
intakes (P for interaction 5 0.02). From Qi et al. (45).
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factors simultaneously. In the NHS, we
defined a low-risk group according to five
variables: 1) BMI ,25; 2) a diet high in
cereal fiber and polyunsaturated fat and
low in trans fat and GL; 3) moderate-to-
vigorous physical activity for at least half
an hour/day; 4) no current smoking; and
5) an average intake of at least a half-serving
of an alcoholic beverage/day. Compared
with the rest of the cohort, women in the
low-risk group (3.4%) had an RR of
diabetes of 0.09 (95% CI 0.05–0.17). A
total of 91% of the cases of diabetes (95%
CI 83–95%) could be attributed to the
five factors listed above. These data provide
strong epidemiologic evidence that the
majority of cases of type 2 diabetes could
be prevented by a healthier lifestyle.

Several randomized clinical trials
have demonstrated that diabetes is pre-
ventable. One of the first diabetes pre-
vention trials was conducted in Daqing,
China (58). After 6 years of active inter-
vention, risk was reduced by 31, 46, and
42% in the diet-only, exercise-only, and
diet-plus-exercise groups, respectively,
compared with the control group. In a
subsequent 14-year follow-up study, the
intervention groups were combined and
compared with control subjects to assess
how long the benefits of lifestyle change
can extend beyond the period of active
intervention (59). Comparedwith control
subjects, individuals in the combined life-
style intervention group had a 51% lower
risk of diabetes during the active interven-
tion period, and a 43% lower risk over a
20-year follow-up.

Randomized controlled trials from
other populations have demonstrated
similar results. In both the Finnish Di-
abetes Prevention Study (60) and the U.S.
Diabetes Prevention Program (DPP) (61),
lifestyle intervention significantly reduced
diabetes incidence by 58%. A follow-up
of the Finnish Diabetes Prevention Study
showed a 43% reduction in diabetes risk
over a median of 7 years after discontin-
uation of active counseling (62). In the
Indian Diabetes Prevention Program
(IDPP) (63), after 3 years of follow-up,
the RR reduction was 28.5% with life-
style management, 26.4% with metfor-
min, and 28.2% with the combined
interventions compared with the control
group.

Together, these clinical trials demon-
strate that diet and lifestyle modification
is highly effective in preventing type 2
diabetes in different ethnic and racial
groups. There is an urgent need to trans-
late the findings from these trials into

clinical and public health practice. Em-
phasis should be placed on early adoption
of healthy habits in pediatric populations
because these practices track through to
adulthood.

CONCLUSIONS—Type 2 diabetes is
a global crisis that threatens the health
and economy of all nations, particularly
developing countries. This epidemic is
primarily driven by rapid urbanization,
nutrition transition, and increasingly sed-
entary lifestyles. The diabetes epidemic
in Asia is characterized by onset at lower
BMI levels and younger ages compared
with Caucasian populations. Although
the average BMI is still relatively low in
Asian populations, abdominal or central
obesity is highly prevalent, creating the
widespread “metabolically obese” pheno-
type. Poor nutrition in utero and in early
life plus overnutrition in later life may
also contribute to the current diabetes epi-
demic in Asian populations.

Recent advances in GWAS have sub-
stantially improved our understanding
of the pathophysiology of diabetes, but
the currently identified genetic suscep-
tibility loci are insufficient to explain
differences in diabetes risk across differ-
ent ethnic groups or the rapid rise in
diabetes prevalence over the past several
decades. Clinical utility of these loci in
predicting future risk of diabetes is also
limited.

Accumulating evidence strongly
demonstrates that the majority of type 2
diabetes cases can be prevented through
diet and lifestyle modification. However,
the adoption of a healthy diet and lifestyle
requires not only individual behavioral
changes, but also changes in our food,
built, and social environments. Public
health strategies that target the obeso-
genic environment are critical. Translat-
ing clinical and epidemiologic findings
into practice requires fundamental shifts
in public policies and health systems. To
curb the diabetes epidemic, primary pre-
vention through the promotion of a
healthy diet and lifestyle should be a
global public policy priority.
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