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Preface

The rapid transition in the developing and emerging societies has mani-
fested as the double burden of disease: the coexistence of as yet uncon-
quered malnutrition and the emerging epidemic of obesity and its related
morbidities. A peculiar manifestation of such a double burden in a family is an
undernourished child of obese parents, representing two phases of the dual
nutritional insult which has led to the current epidemic of chronic non-com-
municable disease. The interrelationship between these two clinical entities,
in spite of a large scientific data, remains to be defined. It perhaps originates
in the poor care of pregnant mothers who give rise to a low birthweight baby.
Attempts by the parents and the caregivers to feed this baby to ‘normalize’ its
growth may lead to a rapid childhood growth and emergence of obesity and
associated morbidities at a relatively young age which leads to higher inci-
dence of type 2 diabetes, hypertension, dyslipidemias and coronary heart
 disease, the so-called metabolic syndrome. The relationship between
intrauterine growth retardation and subsequent obesity, type 2 diabetes and
coronary artery disease, described by Barker and colleagues, has now been
confirmed in a number of different populations, especially from the develop-
ing countries in Asia, Africa and South America. It was in this context that the
63rd Nestlé Workshop was held in New Delhi, India, in order to highlight the
coexistence of malnutrition and obesity in different emerging societies, to
examine the origin of malnutrition and its links to obesity, to review the pos-
sible mechanisms of metabolic injury, and to evaluate the strategies for pre-
venting the projected epidemic of non-communicable disease. Experts in
their respective fields from across the world deliberated for 3 days, resulting
in the enclosed summary of the state-of-the-art knowledge and the possible
areas for future research. We are grateful to all the speakers and participants
for a healthy, informative and scientifically exciting dialogue of the various
issues. We also appreciate the support of Nestlé Nutrition Institute, in partic-
ular Prof. Ferdinand Haschke, Dr. Petra Klassen Wigger, and Elisabeth
Chappuis for their support, and from Nestlé India Ltd., Natalie Wagemans and
Jeji James for organizing an outstanding workshop. We hope you will find the
proceedings both informative and stimulating.

Satish C. Kalhan

Andrew M. Prentice

Chittranjan S. Yajnik



Foreword

Three Nestlé Nutrition Institute Workshops have addressed the topics of
obesity and malnutrition; namely the 49th NNW in 2001 on ‘Obesity in
Childhood and Adolescence’, and ‘The Malnourished Child’ and ‘Linear
Growth Retardation in Less Developing Countries’ in the 1980s. Since then,
the problems of malnutrition and obesity and their associated health issues
have worsened. The WHO estimates that 22 million children under 5 years of
age are overweight at present. In the USA the number of overweight children
has doubled since 1980. Despite an overall decrease in the prevalence of
stunting in developing countries since 1980, childhood malnutrition remains
at a disturbingly high level and as such a major public health problem. The
coexistence of these two major public health concerns lead us to organize the
63rd Nestlé Nutrition Institute Workshop entitled ‘Emerging Societies –
Coexistence of Childhood Malnutrition and Obesity’.

The coexistence of undernutrition (low birthweight, poor growth) along-
side overnutrition (mainly obesity) is a phenomenon afflicting many countries
as their economies develop and food availability increases. This phenomenon,
otherwise known as the ‘nutrition transition’, is becoming increasingly preva-
lent in many emerging nations. To date, community-based interventions are
the most widely used approaches to counteract malnutrition. However, evi-
dence is growing that interventions targeting the improvement in maternal
nutrition and health may deliver the most promising results for improving
child nutrition. The nutrition transition now poses the challenge of how to bal-
ance short-term benefits versus long-term risks of increased metabolic dis-
eases. India was cited as an example to demonstrate the magnitude of
potential long-term consequences, with a 300% increase in the prevalence of
diabetes amounting to an estimated 80 million cases by 2025. The contribution
not only of nutritional factors, but also genetic background and epigenetic fac-
tors, to these outcomes were addressed. In this context, hypotheses such as
the thrifty gene hypothesis were discussed as potential mechanisms to explain
the increased susceptibility to obesity in emerging nations.

Considerable research still lies ahead in order to address the question of
which population segments and at what stage(s) of their lifecycle should be
targeted in order to have the most impactful results.

We are deeply indebted to the three chairpersons of this workshop: Prof.
Satish Kalhan from the Case Western Reserve University in Cleveland; Prof.

VIII
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Andrew Prentice from the London School of Hygiene, and Prof. Chitta -

ranjan Yajnik from the King Edward Memorial Hospital in Pune, experts
recognized worldwide in their respective fields in nutrition research. Our
warm thanks go also to Dr. Natalia Wagemans and her team for their excel-
lent logistic support of the workshop and for enabling the participants to
enjoy the wonderful Indian culture.

Prof. Ferdinand Haschke, MD, PhD Dr. Petra Klassen, PhD

Chairman Scientific Advisor
Nestlé Nutrition Institute Nestlé Nutrition Institute
Vevey, Switzerland Vevey, Switzerland

Foreword
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Epidemiology of the Nutrition Transition

Kalhan SC, Prentice AM, Yajnik CS (eds): Emerging Societies – Coexistence of Childhood Malnutrition 
and Obesity.
Nestlé Nutr Inst Workshop Ser Pediatr Program, vol 63, pp 1–14,
Nestec Ltd., Vevey/S. Karger AG, Basel, © 2009.

Global Changes in Diet and 

Activity Patterns as Drivers of the 

Nutrition Transition

Barry M. Popkin

Uni versity of North Carolina, Chapel Hill, NC, USA

Abstract 

The nutrition transition relates to broad patterns of diet, activity and body compo-
sition that have defined our nutritional status in various stages of history. The world 
is rapidly shifting from a dietary period in which the higher income countries were 
dominated by patterns of nutrition-related non-communicable diseases (NR-NCDs; 
while the lower and middle world were dominated by receding famine) to one in which 
the world is increasingly being dominated by NR-NCDs. Dietary changes appear to be 
shifting universally toward a diet dominated by higher intakes of caloric sweeteners, 
animal source foods, and edible oils. Activity patterns at work, leisure, travel, and 
in the home are equally shifting rapidly toward reduced energy expenditure. Large-
scale declines in food prices (e.g., beef prices), increased access to supermarkets, and 
urbanization of urban and rural areas are key underlying factors.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  The Nutrition Transition

The nutrition transition is defined as the shifts in the way we eat and move 
and subsequent effects on our body composition over the history of man. 
These broad shifts have occurred and continue to occur around the world 
in dietary and physical activity patterns. As noted elsewhere, much of the 
world’s attention is focused on the three most recent patterns of the nutrition 
transition [1, 2]. Until the late 1980s, much of Asia and Africa followed a pat-
tern of diet and activity linked with the ‘pattern of receding famine’. Similarly, 
pockets of the population in Central America and much of South America 
and the Caribbean were living in a situation where undernutrition and com-
municable and parasitic diseases dominated. Today, there is a shift in the 
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way we move, eat and drink to a situation where even the poorest countries 
and in most middle income transitional and all higher income countries, the 
populations are dominated by the emergence of nutrition-related non-com-
municable diseases (NR-NCDs). A major health goal today is the move away 
from this stage of the nutrition transition defined by ‘excessive NR-NCDs’ 
toward the ‘pattern of behavioral change’ where program and policy shifts 
lead us back toward a healthier lifestyle and reduced adiposity and NR-NCDs. 
In many ways we want to shift our dietary patterns closer to that of the early 
hunter-gatherers which focused on plant foods and lean animal source foods.

Around the world, dietary shifts have occurred at various times and rates 
of change. There are a number of major shifts that are occurring across the 
lower and middle income world. Within each shift, however, the foods and 
beverages driving the changes and even the eating behaviors are quite het-
erogeneous over space.

The Dietary Drivers: More Fats, More Added Caloric Sweeteners, 

More Animal Source Foods

The Edible Oil Revolution

While a large shift toward increased consumption of edible vegetable oils 
occurred in the higher income countries in the 1950–1980 period, edible oil has 
been a major source of dietary change in the lower and middle income coun-
tries in the last several decades. The recent shift in the pattern of the nutri-
tion transition in developing countries typically begins with major increases 
in the domestic production and imports of oilseeds and vegetable oils, rather 
than meat and milk. Elsewhere, I have written in more depth about the tech-
nology behind this shift and the broader nature of these changes in both oil 
seed extraction technology as well as breeding of new oil seed varieties con-
taining more oil [3]. Principal vegetable oils include soybean, sunflower, rape-
seed, palm, and groundnut oil. With the exception of groundnut oil, the global 
availability of each approximately tripled between 1961 and 1990, and has 
continued to increase since then though at a slightly reduced global pace.

This dramatic change arose principally from a major increase in the con-
sumption of vegetable fats. The intake of edible oil has increased consistently 
over the past 15 years. In fact, in some developing countries we have docu-
mented an upwards shift in the income elasticity for all groups and a higher 
one for the poor[4]. In table 1 we present data on the large increase in edible oil 
intake in China where the major oils are soybean oil and rapeseed oil. The intake 
for young adults more than doubled to close to 280 kcal of edible oil per day.

Caloric Sweeteners

Sugar is the world’s predominant sweetener though its history as the domi-
nant sweetener is only a few centuries old and there are now rapid increases 
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in many other caloric sweeteners. For this article we use the term ‘caloric 
sweetener’ instead of added sugar, as there is such a range of non-sugar prod-
ucts used today.

Globally, our research has shown that in 2000, 306 kcals were available for 
food consumption on a per person per day basis, about a third more than in 
1962; caloric sweeteners also accounted for a larger share of both total energy 
and total carbohydrates consumed [5]. These global figures seem to greatly 
underestimate the consumption found when one uses detailed food com-
position data that measure the added sugar in each food item and measure 
nationally representative dietary intake data for any country. There are only 
a few countries that have the data to measure added sugar at the individual 
level and are presented in the examples below.

Figure 1 shows the relationship between the proportion of energy from 
different food sources and the gross national product for two different levels 
of urbanization [for a description of the analysis see, 3]. In figure 1a (the less 
urbanized case) the share of sweeteners increases sharply with income from 
about 5 to about 15%. In the more urbanized case (fig. 1b), the share is much 
higher at a lower income (>15%), and hardly increases with income.

We have measured added sugars much more carefully in the US diet. In a 
recent study we examined added sugars in all foods and beverages and the 
changes that occurred between 1965 and 2002. In the US there has been a 
very large increase in both the availability and consumption of high fructose 
corn syrup and added sugar since 1965 until a slight decline between 2000 
and 2004. In the US today the average American consumes 377 kcal/day from 
added sugar. This represents 16.8% of all calories. Even more important, 

Table 1. Dietary  and physical activity trends of Chinese adults aged 20–45 years

1989 2006

Food consumption
 Plant oils, g/day 014.8 030.9
 All calories per capita from edible oil, % 004.9 012.4
 Beef and pork, g/day 052.1 070.6
 Poultry, g/day 004.4 009.3
 Fish and other aquatic products, g/day 014.4 018.3
 Eggs, g/day 009.4 025.1
 Dairy, g/day 001.6 011.6
 Total animal source foods 102.4 140.5
Physical activity
 Adults in light level occupations, % 024.7 040.0
 Households with color TV, % 020.5 095.7
 Households with washing machine, % 036.8 072.8
 Households with refrigerator, % 013.3 052.7

Source: China Health and Nutrition Survey.
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among the top 20% of individuals, 896 kcal/person and day of added sugar 
was consumed [6].

What is most important is the shift in the US in the source of these kilo-
calories of added caloric sweeteners from foods to beverages. Coke and Pepsi 
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Fig. 1. Relatio  nship between the proportion of energy from each food source 
and gross national product per capita and urbanization. (a) The proportion of the 
population residing in urban areas is placed at 25% (1990). (b) The proportion of the 
population residing in urban areas is placed at 75% (1990). Sources: Drewnowski and 
Popkin [3]; food balance data from the FAOUN; gross national product data from the 
World Bank; regression work by UNC-CH.
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are global symbols of this shift in how we drink. We have seen a shift in the 
US since 1965 with a third of our caloric sweeteners coming from beverages 
to over two thirds. Essentially, in the US over the 1965–2002 period an added 
228 cal/day came from caloric beverages and over two thirds of this shift are 
from sugared drinks [7].

Other countries that have studied aspects of added caloric sweeteners in 
our diets are Mexico and South Africa [8]. In Mexico, we have completed sev-
eral analyses of caloric beverage patterns and trends. Mexican adolescents and 
adults consumed 20.1 and 22.3%, respectively, of their calories from caloric 
beverages. Whole milk, carbonated and noncarbonated sugared beverages, 
fruit juice with various sugar and water combinations added, and alcohol repre-
sented the four major categories of beverage intake. Unlike the US where soft 
drinks and other calorically sweetened drinks are dominant, in Mexico sugar 
added to an array of juice drinks is another major element [9]. A key aspect of 
Mexico is the more than doubling of intake of caloric beverages between 1999 
and 2006 and the potential for far greater increases into the future. Figure 2 
shows the trends in caloric beverage intake in Mexico. Another country where 
juice dominates as the source of caloric beverages is Australia [10].

The shift to beverages as the source of calories is particularly important 
because they do not sate us and there is an emerging consensus that calories 
from beverages are a potential source of energy imbalance globally [11]. This 
is true whether the calories come from high-fat, high-protein or high-carbo-
hydrate beverages.
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representative samples of the National Nutrition survey 1999 and 2006.
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Animal Source Foods

The revolution in animal source foods refers to the increase in demand and 
production of meat, poultry, fish, and milk in low income developing countries. 
Delgado [12] has studied this issue extensively in a number of seminal reports 
and papers. Most of the world’s growth in production and consumption of 
these foods comes from developing countries. Thus, developing countries will 
produce 63% of meat and 50% of milk in 2020. By 2020, developing countries 
will consume 107 million metric tons (mmt) more meat and 177 mmt more 
milk than they did in 1996–1998, dwarfing developed country increases of 19 
mmt for meat and 32 mmt for milk. It is a global food activity, transforming 
the grain markets for animal feed. It also leads to resource degradation, rapid 
increases in feed grain imports, rapid concentration of production and con-
sumption and social change.

Delgado [12] has shown that the share of the world’s meat consumed in devel-
oping countries rose from 37 to 48%, and their share of the world’s milk rose 
from 34 to 44%. Pork and poultry accounted for 76% of the large net consump-
tion increase of meat in developing countries from 1982–1984 to 1996–1998.

There are different developing countries that dominate consumption for 
different animal products. China and Brazil play this role in meat consump-
tion, while India is the key milk consumer. In the mid-1990s, Indian milk con-
sumption amounted to 13% of the world’s total and 31% of milk consumption 
in all developing countries [12]. Table 1 provides data for trends in major com-
ponents of animal source food intake in China. In China the increase in daily 
intake per day is over 38 g of animal source foods. Egg and diary intake have 
been particularly dramatic.

Underlying Eating Behaviors

While there has been extensive research on the economic, sociological, and 
demographic factors underlying these trends, the shifts in how we eat and 
how we prepare our food are equally profound, but poorly studied. The critical 
issues vary in their importance across the globe; however, it is clear that the 
changes seen in the US, Japan, and Europe are found globally at increasingly 
earlier stages of each country’s economic development. The key issues are:

• We eat more times in a day with snacking events shifting from episodi-
cally to 1–3 times/day

• The energy density of snacks has shifted upwards much faster than 
that for meals. Processed, fried salty snacks, and caloric beverages are 
the two dominant changes

• Processed foods are replacing unprocessed ones with a large shift 
toward refined carbohydrates

• Frying and grilling are replacing healthier elements such as boiling and 
steaming
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• Away-from-home consumption and preparation are dominating as the 
major growth elements and the art of cooking from natural ingredients 
is losing ground

These trends have been studied extensively in higher income countries; 
however, few careful studies on these behaviors have occurred in the lower 
and middle income world [13, 14]. This is in large measure because the collec-
tion of nationally representative or large studies of individual dietary intake 
are infrequent in most low and middle income countries. For instance, India 
with a population of over a billion does not have a national nutrition moni-
toring system or any national dietary intake survey system. India does have 
nationally representative income and expenditure surveys and a rural survey 
in 9 states that collects limited dietary data. It also has had two nationally 
representative surveys that collected weight and height data for preschoolers 
and women of child-bearing age. This is true for many of the world’s larg-
est countries. For instance, Brazil and Nigeria, two countries with over 178 
and 124 million, respectively, do not have national dietary surveys. China and 
Mexico, in contrast, do have such nationally representative nutrition surveys 
that collect dietary data for all individuals.

Physical Activity Dynamics: Changes in the Technology of Work 

and Movement and Leisure

If individual dietary data are not collected in most low and middle income 
countries, there is a much greater scarcity of overall measures of physical 
activity and inactivity. The China Health and Nutrition Survey is one of the 
very few large scale surveys globally that collects detailed activity data from 
all age-gender groups. In higher income countries the focus is mainly on the 
collection of leisure activity and TV viewing, which represent a limited com-
ponent of overall physical activity. As I show below, there is important vari-
ability in activity in all dimensions of life and each has important effects on 
energy imbalance.

Work at Home

While most of our focus has been on market work and the way this has 
changed, there are equally large shifts in home production. Time in food 
preparation has declined over the past half century from about 2 h/day to 
less than a half hour in the US and variable amounts elsewhere. A vast array 
of home production technologies from gas and electric stoves to microwaves, 
cuisinarts, rice cookers, and pressure cookers have reduced the time and 
effort required in food preparation. The vacuum cleaner, washing machine, 
and refrigerator have cut time in cleaning and shopping. As Chinese house-
holds have obtained these assets, we have found a significant weight gain 
associated with them [15].
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Market Work

Economic work or market work represents one of the areas with the largest 
shifts in energy expenditures at the population level. The proportion of indi-
viduals working in energy expenditure-intensive jobs such as farming, mining, 
and forestry is way down while manufacturing has increased slightly, but the 
major shift is toward lower activity service sector jobs. Both lower income and 
higher income countries have experienced this shift [16]. Equally important 
has been a major shift in the activity of all occupations. New technology – be 
it small gas tractors or spraying systems for insecticides for farmers, or com-
puters, faxes for service sector jobs – have led to major declines in activity 
at the same jobs. For instance, over the 1989–2006 period the proportion of 
urban Chinese in occupations with light levels of activity has increased from 
24.7 to 40% of adults in the 20–45 year age group (table 1) [17].

Transport Shifts from Active to Passive

In most countries the proportion of individuals walking to work or shopping 
and other activities has declined drastically. In China the shift is from walk-
ing and biking to bus, motorcycle, and car use. These shifts again more than 
double the risk of overweight [18]. There is a great deal of discussion about 
active transport, namely walking and biking, as a key dimension of activity to 
promote. However, only in a few high income countries do we have measures 
of the effects of walking or biking on weight dynamics.

Leisure Is a Major Global Focus for Obesity Control but Is It Earned

We focus far too much attention on attempting to enhance our activity by 
active leisure pursuits while ignoring all the other dimensions of movement 
during the day. Part of this is related to the extensive focus on TV viewing. 
A vast literature has linked TV viewing with increased weight gain; however, 
most of this has focused on high income countries and there are few studies 
in higher income countries of other dimensions of activity [19, 20]. In higher 
income countries there is a focus on promoting walking as a leisure activity. 
Research at University of North Carolina on women followed for 15 years has 
shown that walking 2 h/week is linked with 4 kg less weight gain than among 
those with no walking [21].

There is surprisingly little research in higher income countries of the effect 
of home production, market work, or even transportation shifts on weight 
dynamics.

Underlying Environmental Reality

Crime, Pollution and Traffic

Keeping children at home to protect them from crime and the dangers 
of heavy traffic have been shown to be important in selected studies. For 
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example, in the US, crime has been found to be a key determinant of not 
just the level of reduced moderate to vigorous physical activity, but also of 
increased TV viewing time [22–24].

Urban Design

The creation of cities and smaller communities with a focus on low con-
nectivity neighborhoods lacking sidewalks and encouraging car use is a com-
mon focus. A large number of studies have suggested this is a major issue, but 
some recent research suggests this might not be such a clear-cut issue [25, 
26].

Household Time-Saving Assets and Television Sets

Television and dozens of other time-saving assets represent a major change 
in the lower and middle income world. The changes in China mirror those 
throughout Asia. Virtually every household in China has a television set. In 
fact, by 2006 over 95% of the households had color TV sets. Similarly, the pro-
portion of households with washing machines doubled to almost 73% and the 
proportion with refrigerators increased to more than half of the households 
(table 1).

Conclusions

Clearly there is great potential that both dietary and physical activity and 
inactivity patterns are drivers of the growing global shift from a nutrition 
transition pattern associated with undernutrition to one linked with obesity 
and other NR-NCDs.

In the dietary area we have limited evidence of trends in eating behavior 
across the globe; however, there are far less data on overall activity and inac-
tivity pattern trends. We have extensive data on total leisure time and TV 
viewing but little else.
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Discussion

Dr. Agarwal: The experiences from China and other countries have been very illu-
minating. Over 1.3 billion people are overweight, and there is a pattern of nutrition 
transition in terms of more caloric and fat food and lesser activity, which is really haz-
ardous to health. You gave an example of how things can be improved; in Australia the 
increase in obesity is 1.3%/year and in Mexico 1.9%. In Mexico the consumption of soft 
drinks and other caloric beverages was very high, but now there is a shift to using skim 
milk. So there is a way to improve things. This lecture opens many questions.

Dr. Prentice: I want to go straight to your challenge at the end of your talk. You 
painted an overwhelming picture of a global juggernaut. How are we going to turn that 
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around? You clearly said that there will be different approaches in different nations 
and that is well taken. But I wonder if you could start by pointing out some countries 
in which the obesity rates have at least stabilized or may be decreasing, and trying to 
show what lessons we might learn from those?

Dr. Popkin: To the best of my knowledge there is only one country in which obe-
sity rates are truly declining in a large segment of the population, and that is among 
educated women in Brazil, and that is only in two thirds of the Brazilian population, 
aside from the poor in the northeast. The data show that the rates have increased 
slowly in Scandinavia, but there is really not a single country where we’ve managed to 
turn it around and pull back on the adiposity increases. There are countries that are 
taking on very aggressive stances right now, for example Mexico. With the Mexican 
Minister of Health we set up a beverage guidance panel that essentially created a set 
of guidelines to cut calories from beverages and the country is very aggressively mov-
ing on them. Whole milk has already been replaced by 1.5% milk in programs that feed 
around 20 million people, and will move to 0.5%, close to skim milk, in a year. The 
same is being done in the schools there. The government is moving now to tax sugar 
added in beverages and fat added in milk. So Mexico is a country in which caloric 
beverages are a key part of their huge caloric increases, and it is aggressively taking 
it on. Today very few countries have the guts and focus of Mexico to try and directly 
regulate anything on at a national level, other than trying to regulate the mass media.

Dr. Sawaya: As you mentioned very well-educated Brazilian women decreased 
obesity by avoiding processed food as much as possible and going back to the old 
traditional staple Brazilian diet which is rice, beans, fruits, legumes. Brazil is also a 
tropical country where body image and high physical activity are very important. My 
question is about sweeteners. Were you talking about artificial sweeteners and how 
important do you think they are?

Dr. Popkin: The sweetener question is a very complex scientific issue today. We 
actually know very little about the role of sweeteners in our diet, and they are increas-
ing immensely. The receptors that are affected by intense diet sweeteners are exactly 
the same receptors that are affected by the caloric sugars of all sorts. We understand 
where the receptors are in the brain and how they act for many other items to which 
we become both habituated and addicted, but in the case of sweeteners we don’t know 
whether we get habituated to sweeteners and eat more over time or we don’t. We have 
no sense of the long-term effects of exposure to sweeteners and how that changes 
how we consume. So it is an area that has not really been studied very much. Right 
now I am actually working on a review of that topic with a colleague of mine because I 
think it is a major public health concern that has been ignored.

Dr. Arora: While you dealt mostly with food, what is the relative contribution of 
food or calorie intake versus physical activity on the overall obesity epidemic?

Dr. Popkin: In some ways, the big question is always whether gluttony or sloth 
is causing the problem. The reality is that the entire world is reducing physical activ-
ity, but in a metabolic and energy balance sense we are still in fairly tight regulation. 
Consider that it only takes 20 cal/day to add 1 kg of weight in a year, so it doesn’t take 
very much dysregulation. We need to realize that we are not extremely far off from 
energy balance; if we were, the world would be adding many kilograms of weight per 
year and we are not. Thus very small changes can make a big difference. However, 
looking at the question of prevention and the question of change, if a person is con-
suming a soft drink a day, let’s say 120 kcal for 225 ml (8 oz), then consider how many 
kilometers that person must run to burn 120 kcal and you begin to understand the 
limitations of increased activity. So from that context you can begin to think about all 
these changes in our diet as we adopted processed foods and shifted from water and 
breast milk to caloric beverages. It would take a lot of extra activity to prevent the 
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energy imbalance that creates the problem, and from that point of view I think most 
of us in the nutrition community would recommend dealing more with the diet world. 
Now the food industry will tell you it is really physical activity, or they did for a long 
time, but in general most in our nutrition community would say cutting calories is the 
key. That is, dealing with the food intake side will be more effective than increasing 
physical activity to deal with whatever dysregulation we are finding.

Dr. D. Chaudhuri: Your studies were done in a sedentary population. What was 
the average calorie consumption of the population?

Dr. Popkin: First obviously age and gender differences are huge and the changes 
over time are equally great. So in a country like China, where my colleague and I have 
worked, and in other countries I have studied in, activity is decreasing and calories are 
decreasing in general. But relatively speaking, in the US we are now starting to see an 
increase in caloric intake for reasons I don’t understand. This has occurred in the US 
over the past 30 years. I haven’t seen that in any low income country, so it depends 
on the point in time. On the average for adults in China, we were perhaps talking of 
2,400–2,800 cal in the 1980s, today we are talking about closer to 2,200–2,400 cal. 
Again there is such a huge range, urban, rural, income, region, that it is very hard to 
deal with average figures anymore, given the vast heterogeneity and energy expendi-
ture as well as the source and the amount of calories.

Dr. Chittal: In most developed countries it has been seen that adult obesity pre-
cedes the onset of childhood obesity by perhaps a decade. Why is it that in developing 
countries like China and India we see a lot of childhood obesity, although it is a less 
than 1% increase over the last decade, but not much adult obesity?

Dr. Popkin: I am not sure if this is actually correct. My examination of the data 
from India as well as China, Vietnam, Indonesia, all from nationwide studies, indicates 
a faster increase in the prevalence of adult than childhood obesity. However, childhood 
obesity in lower income countries seems to be much more clustered among higher 
income families whereas poor adults are becoming more obese than rich ones. Thus 
some samples do find much more in children, but these come from clinics and such. 
Another issue is that our measurement of childhood obesity is very weak. We are using 
BMI now, it is not necessarily the best but it is the only option we have, and I don’t know 
what standard you are referring to in India because when I have used the International 
Obesity Task Force (IOTF) standards for India my point above holds. However, very 
often people are using weight for height and they are using –1/+1 z score and to com-
pare adults and children, which is almost impossible. The IOTF tried to create a stan-
dard that uses a 25 cutoff for adults and a 30 cutoff for BMI and bring it backwards. But 
as we look at the figures it gets worse and worse as the subjects get younger relative 
to other measures. So to talk about where there is more, is very complex. In my expe-
rience in low income countries, we see later emerging childhood obesity. If it is seen 
earlier in India, it is probably among the stunted short Indians which is something we 
found a lot in other parts of the world where we have studied that same issue. I haven’t 
seen other studies that address the point you are raising. In all the other countries I 
have worked in where there are national standards and we try to use BMI for children 
and adults, you can’t compare the prevalence in children and adults but you can com-
pare the rate of change and it is increasing much more slowly for children.

Dr. Ganapathy: I am a pediatric sleep consultant, so my interest is in the quality 
of sleep. As you mentioned activity and changes in nutritional trends, don’t you feel 
that we are sleeping less and hence there is more exposure to food? The internet, 
TV, and lack of sleep lead to a large sleep debt. Therefore during the day people are 
exhausted and sleepy and their physical activity goes down, which also contributes to 
obesity [1]. Unfortunately, one third of our population is obese and about 6,000 chil-
dren die every day because of undernutrition in our country.



Global Drivers of the Nutrition Transition

13

Dr. Popkin: First India has the largest absolute number of malnourished and low 
birthweight children in the world. You brought up several issues. One was the question 
of sleep deprivation and its effects, and the second was the issue of diet. The complex-
ity with the sleep deprivation issue is we haven’t clearly sorted out the causal relation-
ship. How much is adiposity leading to sleep apnea and other problems that cause 
sleep problems, and how much are sleep, exhaustion and tiredness causing us to eat 
higher energy processed foods? We have yet to do interventions in the sleep area 
to try to sort out causality. It is clearly a concern but more important probably in a 
country like India would be the shift to caloric beverages and processed foods in urban 
areas. In Latin America and now in Southeast Asia and in the urban rest of the world 
and in the Middle East, we have moved to the point where first in Latin America over 
70% of spending today goes for processed food from supermarkets. In other words 
people who 20 years ago consumed fresh unprocessed food are today spending 70% of 
their money on processed food. We don’t fully understand what that shift means; how 
much of it is just refined carbohydrates and other things that come with it, and we 
don’t understand the processing per se other than the components of the food. Clearly 
there is a huge shift going on and with it is coming a lot of added sugar, added fats and 
so forth in the food, that we are sure of. But I can’t go beyond that and really talk about 
the major implications of this huge shift in our diet.

Dr. Wharton: You have said the move to animal food is a driver, why? Is it increased 
fat, or other food displacement or what?

Dr. Popkin: Clearly I was talking about the changes in calories and mixed calo-
ries and the increase in energy density, so I am not speaking of fat versus protein. 
We know in the nutrition world that protein sates and so a high protein diet it can 
fill and sate you. On the other hand we have another hypothesis and concerns about 
energy density in the diet and increases, and how that may matter. If you go from a 
complex carbohydrate diet to an animal food diet, and a diet with a lot more water 
from fruits and vegetables, to a higher energy-dense diet, there are potential effects. 
But the causality issue was not my focus. For that we need a set of studies, like those 
on caloric beverages, on these dietary shift effects on weight in the context of random 
controlled trials or very well-monitored longitudinal studies. I was not trying to use 
that to say that therefore consuming more meat causes more adiposity. I was trying 
to give a sense of the drivers in the change in calories and the change in the composi-
tion and the amount of calories. In light of all the research that has been done I would 
be the last person to say that by giving people a higher protein, higher animal source 
diet that calories can be lost; calories can be lost with any diet; it is a question of total 
calorie regulation, and so I wasn’t speaking of that. In fact I wish I knew that answer 
but I don’t.

Dr. Yajnik: You talked about all the precipitating factors like diet and physical 
activity. What could be the susceptibility underlying this? Your slides showed that 
some of the less developed countries have a very high prevalence of obesity compared 
to developed countries.

Dr. Popkin: What Dr. Yajnik was talking about was the susceptibility to diet and 
activity changes in different parts of the world. Essentially what we know is that 
Caucasians, Europeans of a Caucasian white background, have a very low amount of 
adiposity around the heart and liver for the same level of BMI compared to almost 
any other ethnic group in the world, in particular South Asians, and then after that 
a number of other groups in the world have much higher adiposity. For example Dr. 
Yajnik shows a wonderful slide of John Ludkin and himself, they both have a BMI of 
about 21 and John Ludkin has about a third the amount of body fat of Dr. Yajnik, and 
all of Dr. Yajnik’s fatness is around the heart and liver, and the most in the areas that 
lead the quickest toward diabetes and all the other cardiovascular risk factors that we 
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are so worried about. Aside from Polynesians in parts of Asia, the reality is that at a 
lower BMI most East Asians, Southeast Asians and South Asians have a greater risk 
of most of the cardiovascular outcomes that we see. Now in a country like Mexico it is 
the same, and throughout South America people with a lower BMI are starting to get 
diabetes and are becoming very insulin-sensitive, and the problems start at a BMI 5–6 
points below that seen in the US among White Americans and in England and other 
places where this has been studied. I think what you are talking about Dr. Yajnik, in 
terms of sensitivity to diabetes and hypertension, we see much more sensitivity among 
all groups in the world, aside from Caucasians.

Dr. Rahman: You have mentioned the way people eat in terms of location; sitting 
in front of a television or something else?

Dr. Shahkhalili: What is the impact of nutrition transition?
Dr. Popkin: These are two different issues. One is the question of movement and 

sedentarism. You can be sedentary for many reasons. In China children may be sed-
entary because they are studying, they are not in front of the TV, they are in front of 
books; in the Philippines and Mexico they are watching TV; sedentarism varies enor-
mously. For adults it again varies across the globe; it just depends on each society. I 
was asked the question how the shift in the stage of the nutrition transition, where 
adults are overweight, how does that come back and have an effect on fetal devel-
opment, and does that play into the long-term intergenerational effects. Clearly adi-
posity during pregnancy first has an effect on gestational diabetes and a number of 
other issues. Beyond that on intergenerational transmission, is there a genetic side 
or is there a behavioral side to that, is there a metabolic transmission, we really don’t 
know. We use adult obesity all the time as an indicator for child obesity but we have 
not sorted out the causes between behavioral, metabolic and even epigenetic kinds of 
issues. So I can’t answer your question.
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Abstract 

As a proportion of all deaths in India, cardiovascular disease (CVD) will be the larg-
est cause of disability and death, by the year 2020. At the present stage of India’s health 
transition, an estimated 53% of deaths and 44% of disability-adjusted life-years lost are 
contributed to chronic diseases. India also has the largest number of people with dia-
betes in the world, with an estimated 19.3 million in 1995 and projected 57.2 million 
in 2025. The prevalence of hypertension has been reported to range from 20 to 40% in 
urban adults and 12–17% among rural adults. The number of people with hypertension 
is expected to increase from 118.2 million in 2000 to 213.5 million in 2025, with nearly 
equal numbers of men and women. Over the coming decade, until 2015, CVD and diabe-
tes will contribute to a cumulative loss of USD237 billion for the Indian economy. Much 
of this enormous burden is already evident in urban as well as semi-urban and slum 
dwellings across India, where increasing lifespan and rapid acquisition of adverse life-
styles related to the demographic transition contribute to the rising prevalence of CVDs 
and its risk factors such as obesity, hypertension, and type 2 diabetes. The underlying 
determinants are sociobehavioral factors such as smoking, physical inactivity, improper 
diet and stress. The changes in diet and physical activity have resulted largely from 
the epidemiological transition that is underway in most low income countries including 
India. The main driving forces of these epidemiological shifts are the globalized world, 
rapid and uneven urbanization, demographic shifts and inter- and intra-country migra-
tions – all of which result in alterations in dietary practices and decreased physical activ-
ity. While these changes are global, India has several unique features. The transitions in 
India are uneven with several states in India still battling the ill effects of undernutri-
tion and infectious diseases, while in other states with better indices of development, 
chronic diseases including diabetes are emerging as a major area of concern. Regional 
and urban-rural differences in the occurrence of CVD are the hallmark. All these dif-
ferences result in a differing prevalence of CVD and its risk factors. Therefore while 
studying nutrition and physical activity shifts in India, the marked heterogeneity and 
secular changes in dietary and physical activity practices should be taken into account. 
This principle should also apply to strategies, policies and nutrition and physical activity 
guidelines so that they take the regional differences into account.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel
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Chr  onic diseases account for the greatest share of early death and disabil-
ity worldwide, especially in low and middle income countries like India [1]. In 
2002, the leading chronic diseases – cardiovascular disease (CVD), cancer, 
chronic respiratory disease, and diabetes – caused 29 million deaths world-
wide. At the present stage of India’s health transition, chronic diseases con-
tribute to an estimated 53% of deaths and 44% of disability-adjusted life years 
lost. India also has the largest number of people with diabetes in the world, 
with an estimated 19.3 million in 1995 and projected 57.2 million in 2025. On 
the basis of recent surveys, the Indian Council of Medical Research (ICMR) 
estimates the prevalence of diabetes in adults to be 3.8% in rural areas and 
11.8% in urban areas. The prevalence of hypertension has been reported 
to range between 20 and 40% in urban adults and 12 and 17% among rural 
adults. The number of people with hypertension is expected to increase from 
118.2 million in 2000 to 213.5 million in 2025, with nearly equal numbers 
of men and women. Over the coming decade, until 2015, CVD and diabetes 
are likely to contribute to a cumulative loss of USD 237 billion for the Indian 
economy [2]. Much of this enormous burden is already evident in urban as 
well as semi-urban and slum dwellings across India, where increasing lifespan 
and rapid acquisition of adverse lifestyles related to demographic transition 
are contributing to the rising prevalence of CVDs and its risk factors such as 
obesity, hypertension, and type 2 diabetes. The underlying determinants lie 
in socio-behavioral factors such as smoking, physical inactivity, improper diet 
and stress [3]. Tobacco is the leading avoidable cause of death worldwide, and 
its rising consumption in developing countries warrants early and effective 
public health responses. In India alone, the tobacco-attributable toll will rise 
from 1.4% in 1990 to 13.3% in 2020.

India has experienced a major surge in life expectancy (41.2 years in 1951–
1961 to 64 years in 2005). This was principally due to a decline in deaths occur-
ring in infancy, childhood, and adolescence and was related to more effective 
public health responses to perinatal, infectious, and nutritional deficiency 
disorders and to improved economic indicators such as per capita income and 
social indicators such as female literacy in some areas. These demographic 
shifts have augmented the ranks of middle-aged and older adults. The con-
comitant decline in infectious and nutritional disorders (competing causes 
of death) further enhances the proportional burden due to CVD and other 
chronic lifestyle-related diseases. This shift, representing a decline in deaths 
from infectious diseases to an increase in those due to chronic diseases, is 
often referred to as the modern epidemiological transition [4].

Childhood obesity is emerging as a major health problem in India, espe-
cially in children from urban higher socioeconomic areas; for example, about 
30% of children were overweight in an affluent Delhi school [5]. Thus, identi-
fying potential risk factors for childhood obesity and formulating early inter-
ventions is crucial in the management of the obesity epidemic. The adverse 
health effects of obesity in children justify the need to look for potential risk 
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factors and provide suitable interventions. Factors contributing to childhood 
obesity, such as parental obesity, eating behaviors, TV viewing and lack of 
physical activity have been studied in Western settings [6, 7]. A cross-sec-
tional survey of urban Delhi and its rural environs revealed that a higher prev-
alence of coronary heart disease (CHD) in the urban sample was associated 
with higher levels of body mass index, blood pressure, fasting blood lipids 
(total cholesterol, ratio of cholesterol to HDL cholesterol, triglycerides), and 
diabetes.

Unhealthy diets and physical inactivity are two of the main risk factors 
for raised blood pressure, raised blood glucose, abnormal blood lipids, over-
weight/obesity, and for the major chronic diseases such as CVDs, cancer, and 
diabetes [8]. Globally it is estimated that approximately 2.7 million deaths 
are attributable to low fruit and vegetable intake while 1.9 million deaths are 
attributable to physical inactivity. A large majority of these deaths occur in 
low and middle income countries. The changes in diet and physical activity 
have resulted largely from the epidemiological transition that is underway in 
most low income countries including India. The main driving forces of these 
epidemiological shifts are a globalized world, rapid and uneven urbanization, 
demographic shifts and inter- and intra-country migrations – all of which 
result in alterations in dietary practices (a shift from high fiber, vegetable and 
fruit-rich diets to diets rich in saturated fats, trans fats and high salt-contain-
ing processed foods) and a decrease in physical activity (due to availability of 
mass-transport systems and mechanization of daily activities).

While these changes are global, India has several unique features. The 
transitions in India are uneven with several states in India still battling the ill 
effects of undernutrition and infectious diseases, while in states with better 
indices of development, chronic diseases including diabetes are emerging as 
a major area of concern. The mean fruit and vegetable intake in the South 
East Asia Region is only 40% of the optimal rate and nearly 17% of the total 
population is physically inactive (table 1).

Table 1. Risk  factors for non-communicable diseases in the South East Asia Region 
(SEAR) according to the World Health Report [10]

Risk factor Optimum SEAR

Mean fruit and vegetable intake, g/day 600 236.2
Mean SBP, mm Hg 115 128.8
Mean cholesterol, mmol/l 3.8 5.0
No physical activity, % 0 16.6
Overweight – mean BMI 21 20.5
Tobacco consumption, % No 22
Alcohol consumption, % 0 13.6
Urban air pollution, µg/m3 7.5 25.6
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What Are the Key Dietary Dimensions?

While nutritional status has improved worldwide over the past 50 years, 
new nutrition-related problems have also emerged. In India, the nutrition 
transition is associated with a shift in dietary patterns to more ‘Western’ diets 
rich in saturated fat, refined foods and sugar and low in fiber, and leads to an 
increase in non-communicable diseases (NCDs). As reviewed by Drewnowski 
and Popkin [10], the global availability of cheap vegetable oils and fats has 
resulted in greatly increased fat consumption among low-income countries. 
The transition now occurs at lower levels of the gross national product than 
previously and is further accelerated by rapid urbanization. The Asian coun-
tries, with a diet that is traditionally high in carbohydrates and low in fat, have 
shown an overall decline in the proportion of energy from complex carbohy-
drates along with the increase in the proportion of fat. The globalization of 
food production and marketing is also contributing to the increasing consump-
tion of energy-dense foods poor in dietary fiber and several micronutrients. 
Water and milk appear to be replaced by calorically sweetened beverages. 
The World Health Report [9] introduced the term ‘risk transition’ to describe 
the changes in consumption of tobacco, alcohol, nutrition and other lifestyles 
that promote the development of NCDs. This transition does not necessarily 
affect an entire population but rather segments of it, based on, for instance, 
the environment (e.g. rural vs. urban) or socioeconomic circumstances.

The ICMR, recognizing the importance of a database on the diet and nutri-
tional status of the community, sponsored multicentric studies to assess the 
growth and development of Indian children [11] and studies on the nutritional 
problems of preschool children [12]. These investigations indicated the pres-
ence of extensive growth retardation among Indian children as compared 
to American children and exploded the myth of protein deficiency in Indian 
diets. Studies by Rao et al. [13] demonstrated for the first time that, in com-
munities which depend mainly on cereals and millets in the diets of preschool 
children, the primary bottleneck is an energy or food deficit. These and other 
[14] studies helped to formulate the scientific basis for the supplementary 
feeding programs in operation in the country.

The major data source for the diet and nutritional status of the Indian pop-
ulation is National Nutrition Monitoring Bureau (NNMB), established by the 
ICMR in 1972. In the recent past, the Food and Nutrition Board, Department 
of Women and Child Development, Government of India, also initiated surveys 
to collect information at the district level on the diet and nutrition profile of 
the communities in different states of the country. By and large, the National 
Institute of Nutrition has played a vital role in organizing these studies and 
surveys. The existence of diverse dietary profiles in India, linked to reli-
gion, ethnicity and geographical region, makes assessments on the ‘national’ 
dietary profiles difficult. This problem is compounded by the methodological 
issues related to dietary assessments, which have been extensively reviewed. 
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Despite these problems, however, periodic data from the National Nutrition 
Monitoring Bureau and other sources such as the National Family Health 
Survey (NFHS) indicate that there are clear differences in diet between urban 
and rural areas within a region. These data have been reviewed earlier, and 
suggest that the visible fat in poor rural diets is mainly vegetable-based and 
that the differences in the dietary fat intake between rural and urban popula-
tions are largely due to differences in the intakes of visible fats. Urbanization 
may also be associated with a change in the dietary n-6/n-3 ratio because of 
increases in the consumption of cheap commercial vegetable oil (n-6 fatty 
acids). Regional differences and urban-rural differences in the occurrence of 
CVD is the hallmark. There is marked heterogeneity in the total energy intake 
in both rural and urban areas (tables 2, 3).

According to the NFHS-3 data, overweight and obesity are more than three 
times higher in urban than rural areas. Both undernutrition and overweight 
and obesity are higher among women. Malnutrition levels are lowest in Delhi, 
Punjab, and several of the small northeastern states. Malnutrition levels are 
higher among young girls. Almost half of the girls in age 15–19 years are 
undernourished.

In addition to the rural-urban differences in dietary patterns, there are also 
important changes that occur with improvements in socioeconomic status. 
These include:

• An increased intake of legumes, vegetables, milk and, in case of non-
vegetarians, foods of animal origin

Table 2. Change in average calorie consumption by states – urban (kcal/capita/day)

1972–1973 1983 1993–1994 1999–2000

Andhra Pradesh 2,143 2,009 1,992 2,052
Assam 2,135 2,043 2,108 2,174
Bihar 2,157 2,131 2,185 2,171
Gujarat 2,172 2,000 2,027 2,058
Haryana 2,404 2,242 2,149 2,172
Karnataka 1,925 2,124 2,025 2,045
Kerala 1,723 2,049 1,966 1,995
Madhya Pradesh 2,229 2,137 2,082 2,132
Maharashtra 1,971 2,028 1,989 2,039
Orissa 2,275 2,218 2,251 2,295
Punjab 2,703 2,100 2,059 2,197
Rajasthan 2,357 2,255 2,184 2,335
Tamil Nadu 1,841 2,140 1,922 2,030
Uttar Pradesh 2,151 2,043 2,114 2,131
West Bengal 2,080 2,045 2,131 2,134

Source: Chandrashekhar and Ghosh [15].



Reddy

20

• Substitution of coarse grain by the more prestigious and often highly 
polished cereals such as rice. There is also a reduction in the overall 
cereal intake, although this continues to be high by Western standards

• Progressive increases in the intake of edible fat
• Increased intake of sugar and sweets
• Increase in energy intake leading to obesity

What Are the Key Physical Activity Shifts?

Rastogi et al. [16] highlighted the adverse health consequences of physical 
inactivity and the importance of leisure-time exercise in the prevention of 
CHD risk among Indians. Earlier studies in India using simple, self-reported 
categorizations of physical activity status had documented the disparate 
physical activity patterns in urban and rural populations. A large number 
of studies, predominantly in developed countries, have linked the risk of a 
lack of discretionary leisure time activity to the development of NCDs such 
as diabetes and CHD [17]. In developing countries, however, lower levels of 
mechanization at home, at work and in transport make the documentation of 
physical activity within these domains particularly important. For instance, in 
urban areas in India, about a third of the people who exercise approximately 
30 min 5 days a week are sedentary in terms of their composite physical 
activity levels when all physical activity domains are taken into account. In 

Table 3. Change in average calorie consumption by states – rural (kcal/capita/day)

1972–1973 1983 1993–1994 1999–2000

Andhra Pradesh 2,103 2,204 2,052 2,021
Assam 2,074 2,055 1,983 1,915
Bihar 2,225 2,159 2,115 2,121
Gujarat 2,142 2,113 1,994 1,986
Haryana 3,215 2,554 2,491 2,455
Karnataka 2,202 2,250 2,073 2,028
Kerala 1,559 1,884 1,955 1,982
Madhya Pradesh 2,423 2,323 2,154 2,062
Maharashtra 1,895 2,144 1,935 2,012
Orissa 1,995 2,103 2,199 2,119
Punjab 3,493 2,577 2,418 2,381
Rajasthan 2,730 2,433 2,470 2,425
Tamil Nadu 1,955 1,861 1,884 1,826
Uttar Pradesh 2,575 2,399 2,307 2,327
West Bengal 1,821 2,027 2,211 2,085

Source: Chandrashekhar and Ghosh [15].
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contrast, individuals in rural areas with little discretionary leisure time activ-
ity may be heavily active owing to the nature of their manual occupations. 
Yet again, simple categorizations of physical activity status on the basis of 
occupation can lead to erroneous physical activity in the ‘non-occupational’ 
domains of physical activity [18]. In India, associations between CHD and 
physical inactivity have been explored using rudimentary questionnaires. 
These studies have demonstrated the protective effect of physical activity in 
preventing CHD, although the extent of this effect in rural and urban areas 
is variable, in part owing to the fairly basic assessment of physical activity. In 
assessing physical activity patterns, these studies have used key questions 
to document occupational and leisure time activity. Data from healthy, edu-
cated, urban, employed Indians, using more comprehensive physical activity 
questionnaires, indicate that 61% of males and 51% of females are either 
sedentary or mildly active [19]. Physical activity patterns in rural Indians 
have not been evaluated to any large extent. However, small studies in agri-
cultural workers indicate that they have high levels of physical activity and 
that this may be true both during the harvest season and during the lean 
season [20].

The Prospective Urban Rural Epidemiology study showed that there are 
variable differences in dietary intakes, physical activity patterns and preva-
lence of chronic diseases among urban and rural populations. There is some 
evidence of a positive behavioral shift in a higher socioeconomic status urban 
population to adopting a more physically active lifestyle. In rural areas with a 
high penetration of urban influences, a degenerative phase of nutrition transi-
tion is well underway [21].

Recommended Priority Interventions

An overall measure to be taken for reducing the disease burden in the 
Indian subcontinent is to develop comprehensive national and local plans/
policies which encourage and promote healthy eating and active living. These 
plans should involve healthcare providers, work sites, schools, media, indus-
tries carrying out food production processing, and preparation, in addition to 
the policymakers. The collective goal should be directed towards attainment 
of a healthy living by all. Specific interventions depending on local, physical 
and cultural conditions should be based on careful analysis of existing dietary 
and activity patterns and their determinants; however, the following interven-
tions as described by Willett et al. [22] can be considered:

Physical Activity

• Developing transportation policies and a physical environment to promote 
walking and riding bicycles. This intervention includes constructing sidewalks 
and protected bicycle paths and lanes that are attractive, safe, well-lit, and 
functional with regard to destinations



Reddy

22

• Adopting policies that promote livable, walker-friendly communities that 
include parks and are centered around access to public transportation

• Encouraging the use of public transportation and discourage overdependence 
on private automobiles

• Promoting the use of stairs by inclusion of accessible and attractive stairways at 
workplaces, residential complexes, shoppingmalls, etc.

Healthy Diets

• Developing comprehensive school programs that integrate nutrition into core 
curricula and healthy nutrition into school food services. Regional or national 
standards to promote healthy eating should be developed for school food ser-
vices. Programs should also aim at limiting television watching, in part by pro-
moting attractive alternatives

• Working with the agriculture sector and food industries to replace unhealthy 
fats with healthy fats, including adequate amounts of n-3 fatty acids. This 
goal can be achieved through a combination of education, regulation, and 
incentives

• Clear labeling of energy content for all packaged foods, including fast food
• Using tax policies to encourage the consumption of healthier foods. For exam-

ple, carbonated drinks could be fully taxed and not subsidized in the same way 
as healthier foods

• Emphasizing the production and consumption of healthy food products in agri-
culture support and extension programs

• Ensuring that health providers regularly weigh both children and adult patients, 
track their weights over time, and provide counseling regarding diet and activ-
ity if they are already overweight or if unhealthy weight gain is occurring during 
adulthood. Those activities should be integrated with programs that address 
undernutrition. Healthcare providers should be encouraged to set a good exam-
ple by not smoking, by exercising regularly, and by eating healthy diets

• Promoting healthy foods at worksite food services. Worksites can also promote 
physical activity by providing financial incentives to use public transportation 
or ride bicycles (and by not subsidizing automobiles by providing free parking). 
Providing areas for exercise during work breaks and showers may be useful

• Setting standards that restrict the promotion of foods high in sugar, refined 
starch and saturated and trans fats for children on television and elsewhere

• Setting national standards for the amount of sodium in processed foods

National Campaigns

• Investing in developing locally appropriate health messages related to diet, 
physical activity, and weight control. This effort is best done in cooperation 
with government agencies, nongovernmental organizations, and professional 
organizations so that consistent messages can be used on television and radio, 
at healthcare settings, schools and worksites, and elsewhere. This effort should 
use the best social-marketing techniques available, with messages continuously 
evaluated for effectiveness

• Developing a sustainable surveillance system that monitors weight and height, 
physical activity, and key dietary variables

Implementation of the recommended policies to promote health and well-
being is often not straightforward because of opposition by powerful and well-
funded political and economic forces, such as those involved in the tobacco, 
automobile, food, and oil industries. The solutions will depend on a country’s 
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specific political landscape. However, experiences in many countries indicate 
that alliances of public interest groups, professional organizations, and moti-
vated individuals can overcome such powerful interests. Strategies should 
start with sound science and can use a mix of mass media, lobbying efforts, 
and lawsuits. Protection of children can be a powerful lever because of almost 
universal concern about their welfare and the recognition that they cannot be 
responsible for the long-term consequences of their diet and lifestyle choices.

All these differences result in a differing prevalence of CVD and its risk fac-
tors. For example even among industrial workers and their families who are 
economically better off than the general community, there are wide-ranging 
differences in CVD risk factors. In industries located predominantly in urban 
areas, CVD risk factor levels are high compared to those in peri-urban areas 
[23]. However local dietary practices may alter the prevalence. For example, 
the tea garden workers of Assam receive extra salt as compensation for the 
putative loss of sodium due to their outdoor work. This has resulted in high 
prevalence of high blood pressure though other CVD risk factors are similar 
to other industrial populations which are predominantly located in peri-urban 
areas. Therefore while studying nutrition and physical activity shifts in India, 
the marked heterogeneity and secular changes in dietary and physical activ-
ity practices should be taken into account. This principle should also apply to 
strategies, policies and nutrition and physical activity guidelines so that they 
take into account the regional differences.

To summarize, we should aim at telescoping this transition to propagate 
‘appropriate’ rather than ‘under’ or ‘over’ nutrition; adopting a life-course 
approach (with a special focus on children and adolescents), and promoting 
healthy diets and physical activity by using policy and education as comple-
mentary interventions to impact on populations and individuals.
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Regional Case Studies – China
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Prevention, Beijing, China

 Abstract 

Over the last 30 years, the nutritional status of Chinese children has greatly 
improved due to economic development and improved incomes. In this review, the sta-
tus of childhood malnutrition and obesity in China is evaluated based on the National 
Nutrition and Health Survey of 2002 (NNHS2002) and the survey on National Student 
Health and Physical Fitness in China of 2005. Compared with the NNHS1992 survey, 
the body weights and heights of preschool children in urban and rural areas have 
significantly improved, and the prevalence of malnutrition (underweight and stunt-
ing) has been significantly reduced. However, micronutrient deficiencies, including 
calcium, zinc, vitamin A, vitamins B1 and B2, are still common in preschool and school 
children. These data show that the growth and development of Chinese children are 
under our expectations. On the other hand, the national averaged prevalences of over-
weight and obesity in the children under 6 years of age are 3.4 or 2.0% as estimated by 
the Chinese or WHO standards, respectively. We are now facing double challenges: to 
prevent malnutrition and the increase in overweight and obesity in children.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Over the last 30 years (1979–2008), the nutritional status of Chinese 
children has greatly improved due to economic development and income 
increases. At present, typical malnutrition (for example, severe protein-
energy malnutrition, vitamin A or thiamine deficiencies) is not common. 
However, marginal micronutrient deficiencies (iron, vitamin A, iodine, cal-
cium, zinc and vitamin B1 deficiencies) are common in children in urban cit-
ies and rural areas [1–3]. Nutritional deficiencies, including anemia, rickets, 
vitamin A and zinc, are still serious problems affected the growth and devel-
opment of children in poor areas. At the same time, the prevalence of over-
weight and obesity in children is significantly increased year by year in the 
cities, especially in large cities. Reviewing the results of the National Student 
Health and Physical Fitness of China survey in 2005, the rates of overweight 
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and obesity were 13.2 and 11.4%, respectively, for boys aged 7–12 years in 
cities, indicating increases of 1.4 and 2.7%, respectively, compared to the sur-
vey conducted in 2000. That is, there has been a significant increase in over-
weight and obesity in children and adolescents within 5 years [4].

Economic Development and Chronic Non-Communicable 

Diseases

Economic Development Change from 1979 to 2008 in China

For three decades since 1979, following the reform and opening-up of 
China, the Chinese have gone through a stage of transition from adequate 
food and clothing to a well-off society. The goal of quadrupling China’s gross 
national product by 2000 was reached at the end of 1997. Per capita dispos-
able income achieved the breakthrough goal of 10,000 Chinese yuan (= USD 
1,220) in 2005. Personal income per capita has significant increased in urban 
and rural areas and reached USD 1,740 in 2006. The increase in China’s econ-
omy was 11.4% in 2007 (the fastest pace in 13 years).

Prevalence of Chronic Non-Communica ble Diseases Significantly 

Increases with the Change in Living Pattern at the National Level

It has been reported that the ratio of the number of chronic disease deaths 
to the total number of deaths has risen from 73.8% in 1991 to 80.9% at the 
national level in 2000; deaths were 85.3 and 76.5% in urban and rural areas 
of China, respectively. Over the last 10 years, mortality rates for cancers, 
cerebrovascular diseases, diabetes and coronary heart disease have shown an 
upward trend. For example, in China, hypertension has been the number one 
killer. The prevalence of hypertension in people over the age of 18 is 18.8%. 
It is estimated that about 160 million people have hypertension; an increase 
of more than 70 million patients from 1991 to 2002. Another serious threat to 
health and survival is the increased incidence of diabetes. Based on the data 
of 2002, the prevalence of diabetes in people over 18 years of age in China 
was 6.1, 3.7 and 1.8% in large cities, small- and medium-sized cities, and rural 
areas, respectively. Compared with the rate in 1996, the prevalence in the 
large cities rose by 40% in only 6 years [1].

Growth Status of Chinese Children

Based on the National Nutritional and Health Survey in 2002, the body 
weights and heights of preschool children in urban and rural areas improved 
significantly compared to the results in 1992 (tables 1, 2) [3]. The heights and 
weights of preschool children in urban and rural areas improved significantly 
with the increase in household income [3].
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Prevalence of Malnutrition in Chinese Children under 7 Years of 

Age in China

The remarkable nutritional improvement of children in the 1990s is the 
consequence of the rapid socioeconomic development of China [5, 6]. For 
example, the prevalence of underweight in urban and rural areas was reduced 
from 10.1 and 20.0% in 1992 to 3.1 and 9.3%, respectively, in 2002, and the 
prevalence of stunting in urban and rural areas was reduced from 19.1 and 
35.0% in 1992 to 4.9 and 17.3%, respectively in 2002 (tables 3, 4) in the same 
period.

Prevalence of Overweight and Obesity in Chinese Children and 

Adolescents

• The national averaged prevalence of overweight and obesity in Chinese 
children and adolescents is shown in figure 1. The rates of overweight 
and obesity for the children under 6 years were 3.4 or 2.0% as esti-
mated using the Chinese or WHO standards, respectively, and the 
prevalence of overweight and obesity for 7–17 years was 4.5% (4.2% 
by WHO) and 2.1% (1.8% by WHO), respectively, in 2002. Using the 
Chinese standard, the prevalence of overweight and obesity in children 
and adolescents in cities and rural areas is presented in figure 2 [1, 7].

Micronutrient Status of Chinese Children in China

The data from the National Nutrition and Health Survey in 2002 showed 
that the growth and development of Chinese children is far from ideal. 
Micronutrient deficiencies, including calcium, zinc, vitamin A, vitamins B1 
and B2, are quite common in preschool and school children. Iron deficiency 
and iron deficiency anemia are still a serous problem based on the National 
Nutrition and Health Survey in 2002. This survey showed that the preva-
lence of anemia in children (6–9 years) was 13–14% in cities [3], indicating 
that these children are at a high risk of having anemia. The characteristics of 
anemia in China are that the apparent iron intake is adequate, however, iron 
deficiency and iron deficiency anemia are the most common nutritional defi-
ciency problems, particularly among young children due to the poor absorp-
tion of iron from plant food, and thus the amount of absorbable iron is not 
enough to meet the iron requirements.

With regard to vitamin A deficiency, the mean vitamin A level in the serum 
of 10,784 children in five districts of Shenyang City in China was 1.20 ± 0.44 
µmol/l [8], and 33.1 and 10.5% of children have serum retinol levels of 0.7–
1.05 and 0.35–0.69 µmol/l, respectively, showing that the vitamin A levels of 
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children aged 3 years old are relatively low. The incidence of marginal vita-
min A deficiency (about 40% in children aged 3–12 years) is relatively high. 
The insufficiency of vitamin A in the diet is the direct cause of vitamin A 
deficiency [3]. It is well known that vitamin A deficiency may affect the physi-
cal development of children. Furthermore, a factor contributing to vitamin 
A deficiency among Chinese children is that their diets contain even smaller 
quantities of plant carotenoids than those of adults because plant provitamin 
A carotenoids account for about 70% of dietary vitamin A in the Chinese pop-
ulation [2]. Thus, preschool children are at high risk of vitamin A deficiency 
due to their rapid growth (which further increases their vitamin A require-

0 1 2 3 4 5 6 7 %

7–17 years

0–6 years

OW/Ob (W)

OW/Ob (C)

Ob (W)

Ob (C)

OW (W)

OW (C)

7–17 years

0–6 years

0 2 4 6 8 10 %

Total (OW)

Urban (OW)

Rural (OW)

Total (Ob)

Urban (Ob)

Rural (Ob)

Fig.   1. The prevalence of overweight and obesity in children and adolescents (%). 
OW = Overweight; Ob = obesity; C = using Chinese standard; W = using WHO standard.

Fig. 2. The prevalence of overweight and obesity in children and adolescents 
estimated by Chinese standard in different areas (%). OW = Overweight; Ob = obesity.
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ments), their inadequate complementary feeding, and their general aversion 
to eating green leafy vegetables.

In addition, other micronutrient deficiencies have been observed. As the 
consumption of milk and its products is relatively low, the lack of calcium in 
the traditional Chinese diet is very common, making the calcium intake of 
children less than 40% of the Chinese recommended nutritional intake (RNI; 
equal to US recommended daily allowance) based on the National Nutrition 
and Health Survey in 2002 [2]. The zinc intake of children reached 80% of the 
Chinese RNI; vitamin B2 intake reached about 60% of the Chinese RNI, and 
vitamin B1 was 65–71% of the Chinese RNI [2].

Conclusions

Following the economic development and increase in household income, 
the nutritional status of Chinese children has greatly improved in the past 
30 years. However, the prevalence of non-communicable diseases has signifi-
cantly increased with the change in living pattern at the national level.

With the increase in household income, the body weights and heights of 
preschool children in urban and rural areas have significantly improved in the 
last 10 years.

The prevalence of malnutrition (underweight and stunting) in urban and 
rural areas has markedly decreased, and can be ascribed to the remarkable 
nutritional improvement of children in the 1990s as a consequence of the 
rapid socioeconomic development of China.

The rapid increase in overweight and obesity in children and adolescents 
in relation to the changes in dietary pattern and physical activities should be 
a warning.

With regard to treating and solving the double challenges (malnutrition 
and overweight and obesity), we should not only make strategies on how to 
eliminate micronutrient deficiencies but also on how to prevent overweight 
and obesity in children and adolescents.
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 Abstract 

Africa is the final continent to be affected by the nutrition transition and, as else-
where, is characterized by the paradoxical coexistence of malnutrition and obesity. 
Several features of the obesity epidemic in Africa mirror those in other emerging 
nations: it penetrates the richer nations and urban areas first with a strong urban–
rural gradient; initially it affects the wealthy, but later there is a demographic switch as 
obesity becomes a condition more associated with poverty, and it shares many of the 
same drivers related to the increasing affordability of highly refined oils and carbohy-
drates, and a move away from subsistence farm work and towards sedentary lifestyles. 
Africa also has some characteristics of the obesity epidemic that stand out from other 
regions such as: (1) excepting some areas of the Pacific, Africa is probably the only 
region in which obesity (especially among women) is viewed culturally as a positive 
and desirable trait, leading to major gender differences in obesity rates in many coun-
tries; (2) most of Africa has very low rates of obesity in children, and to date African 
obesity is mostly an adult syndrome; (3) Africans seem genetically prone to higher 
rates of diabetes and hypertension in association with obesity than Caucasians, but 
seem to be relatively protected from dislipidemias; (4) the case-specific deaths and 
disabilities from diabetes and hypertension in Africa are very high due to the paucity 
of health services and the strain that the ‘double burden’ of disease places on health 
systems.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

The paradoxical coexistence of malnutrition and obesity in Africa is made 
vividly apparent by a visit to almost any major hospital in urban Africa where 
children’s wards are struggling with infectious diseases and the rehabilitation 
of severely malnourished children, whilst neighboring adult wards are dealing 
with amputations of diabetic feet and other consequences of obesity-related 
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comorbidities. Here we summarize some of the available evidence and seek to 
contrast the African situation with the case studies from India and China of 
the preceding chapters [1, 2].

The Epidemiology of Underweight and Overweight in Africa

In sub-Saharan Africa, progress towards meeting one of the key indicators 
of the first Millennium Development Goals – the proportion of underweight 
children – is slow and in several countries is in reverse. Current projections 
indicate that Africa will not meet its target by 2015 [3]. Africa is still the home 
of the most acute nutritional emergencies with unacceptably high levels of 
severe acute malnutrition. These are largely in regions of conflict and in coun-
tries failed by their political leaders. Figure 1 shows clearly how Africa domi-
nates the world for many infectious diseases (here illustrated by malaria) and 
under 5-year mortality, comes second to South East Asia in terms of the pro-
portion of underweight children, and is barely visible in terms of gross domes-
tic product wealth. Distressingly Africa also dominates the global picture of 
countries in serious economic decline.

Proportions of the adult population with a body mass index (BMI) of 
<18.5 (set as the definition of chronic energy deficiency) are substantial, 
but less than in many South Asian countries [1, 2, 4], and are a lesser con-
cern. Adult height is also greater than in many Asian countries. In mothers 
the larger adult stature than in the Indian subcontinent is accompanied by 

Underweight
children

Malaria GDP wealth

Mortality 
1–4 years

Fig. 1. Africa – the continent left behind by developm  ent. Countries have been 
resized according to the size of the problem being illustrated. Reproduced with 
permission from www.worldmapper.org
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larger mean birthweights and a lower proportion of low birthweight babies 
[5].

Yet obesity rates in Africa are escalating fast [6, 7]. The increase is espe-
cially rapid in urban areas, though the trends are by no means confined to 
Africa’s cities. There are several features of the obesity epidemic in Africa 
that mirror those in other emerging nations: it penetrates the richer nations 
first (in Africa these tend to be in North Africa); it penetrates urban areas 
first with a strong urban–rural gradient, but this diminishes with time; initially 
it affects the wealthy, but later there is a demographic switch and obesity 
becomes a condition more associated with poverty (as in Western nations) 
[5, 8], and it shares many of the same drivers related to the increasing afford-
ability of highly refined oils and carbohydrates, and a move away from sub-
sistence farm work and towards sedentary lifestyles [9]. Because the obesity 
epidemic is advancing so rapidly (making national statistics out of date even 
before they are published) and because data collection systems in Africa 
are poorly developed, we will not attempt to provide a survey of the latest 
transcontinental trends. Selected data can be found elsewhere [7]. Here we 
concentrate instead on outlining features of the obesity epidemic that differ 
between Africa and other regions and have to rely on ‘micro-data’ from a few 
individual studies to illustrate such features.

Figure 2 shows data from a nationally representative survey in The Gambia 
[10] to illustrate the rural–urban and gender gradients that are frequently 
reported in Africa. It shows that obesity is virtually unknown in rural areas in 
both sexes and across all ages. Not surprisingly this is associated with a lower 
prevalence of obesity-related disease risk factors, though hypertension con-
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Fig. 2. Rural-urban, gender and age trends in obesity in The Gambia. Redrawn from 
van der Sande et al. [10].
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stitutes a significant problem in rural Africa [10, 11]. In urban areas the aver-
age prevalence of obesity (BMI >30) exceeded 30% in women aged 35 years 
and above. In men, however, there was virtually no obesity until 45 years and 
even then the rates were a fraction of those in women. Figure 3 illustrates the 
results from a smaller survey from which the BMI distribution can be plotted 
for men and women in two age bands (14–25 and 35–50 years) [12]. The gen-
der differences are even more striking as is the development of obesity with 
middle age in women.

A recently published meta-analysis of 13 studies in West Africa confirms 
the urban–rural gradient with an odds ratio in urban areas of 2.7 (95% CI 
1.7–4.6) [6]. In the same publication a meta-analysis of 26 studies also con-
firmed the strong sex differences in prevalence with an odds ratio of 4.8 (95% 
CI 3.3–7.0) in rural areas and 3.6 (95% CI 2.5–4.0) in urban areas [6].

Interestingly a study from urban Benin suggests that although obesity and 
abdominal obesity rates are much higher in women that in men this does not 
translate to higher rates of hypertension, hypertriglyceridemia or diabetes [8].
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Fig. 3. BMI distribution in young and middle-aged Gambian men and women. 
Redrawn from Siervo et al. [12].
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Features of the Obesity Epidemic Characteristic of Africa

The fact that Africa has certain characteristics of the obesity epidemic that 
stand out from other continents may be pertinent both when considering pre-
ventative strategies and in predicting the future trends in the epidemic and 
its likely associated comorbidities. The following are notable differences.

Cultural Acceptability of Obesity in Women

Apart from certain Polynesian islands, Africa is probably the only region 
in which obesity (especially among women) is viewed culturally as a positive 
and desirable trait. There is a long and widespread history of fattening cere-
monies in Africa, occasionally in men, but much more commonly in marriage-
able women. Although these are now almost unknown in a ceremonial sense 
there remain widely discernible echoes that still resonate in modern Africa [7, 
13]. These fuel a syndrome of intentional weight gain in young women with 
fattening and appetite-stimulating drugs widely available in pharmacies, at 
least in West Africa.

Figure 4 illustrates data gathered from urban Gambians using the Figure 
Rating Scale (a series of 9 silhouettes of men and women of differing fat-
ness) to examine attitudes towards body size. Men and women were asked 
to select the ‘thinnest acceptable’, ‘normal’ and ‘fattest acceptable’ images for 
both their own and the opposite sex [14]. The results are compared to previ-
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Fig. 4. Acceptability of large body size by urban Gambians in comparison to US white 
and black men and women. Redrawn from Siervo et al. [14].
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ously published data from US black and white women. The notable features 
are that Gambian women are more obesity tolerant than men, but that, on 
average, Gambians viewed large body size as much more acceptable than 
Americans. Especially noteworthy is the fact that Gambian women’s percep-
tion of normal weight is higher than American’s views of fattest acceptable 
weight.

A further factor that has been frequently cited in Africa, though which 
lacks any formal assessment, is that the high prevalence of AIDS in many sub-
Saharan countries also favors fatness because the reverse, i.e. thinness, might 
be interpreted by peers as a sign of infection.

These cultural drivers have almost certainly lead to major gender differ-
ences in obesity rates in many countries described above, and create an uphill 
slope for health education programs extolling the maintenance of a healthy 
bodyweight. There are signs, however, that Western ideals associating female 
slimness with wealth, health, power and influence are starting to penetrate 
the most educated strata of urban African societies, and gyms and exercise 
classes for women are starting to proliferate.

Altered Genetic Predisposition to the Major Obesity-Related Chronic 

Diseases

A general consensus has been that Africans seem genetically prone to 
higher rates of diabetes and hypertension in association with obesity than 
Caucasians, but seem to be relatively protected from dyslipidemias [15, 16]. 
More recent work shows that these interrelationships are more complex and 

No PEM child
�

No OW adult
20%

OW
adult

PEM
child 

UW adult
13%

PEM
child

�
OW
adult
16%28% 23%

Fig. 5. Coexistence of childhood protein energy malnutrition (PEM) with adult 
overweight (OW) within families in urban Benin. UW = Underweight. Based on data 
from Deleuze Ntandou Bouzitou et al. [26].
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that the role of environmental factors that differ between racial groups has 
been underestimated [17, 18]. Intriguingly we should reach a much more 
comprehensive understanding of underlying genetic susceptibilities in the 
next few years as a result of a vastly increased capacity to analyze large 
amounts of genetic data. In the past 2 years genome-wide association stud-
ies have identified at least 11 new genes linked to type 2 diabetes mellitus 
[19] and similarly rapid progress is likely to emerge in other complex trait 
obesity-related diseases such as hypertension. Advances in bioinformatics 
and the development of new statistical methods using a variety of methods 
to interrogate haplotype patterns now permit us to test whether individual 
gene variants have been the subject of recent selective pressure [20, 21], and 
whether there has been differential selection within each of the major racial 
groups [22, 23].

High Case-Fatality Rates Associated with Obesity-Related Diseases

The case-specific deaths and disabilities from diabetes and hypertension 
in Africa are very high due to the paucity of health services and the strain 
that the ‘double burden’ of disease places on health systems. For instance, 
a decade ago McLarty et al. [24] pointed out that death rates from diabetes 
in Tanzania were higher than in the US and Mauritius where the prevalence 
of disease was much greater. Similarly rates of detection, treatment and 
control of hypertension fall far short of those in more advanced countries 
[25]. There is no reason to conclude that the situation in Tanzania is worse 
than in most other sub-Saharan countries, indeed it is probably better than 
many.

The Coexistence of Obesity and Undernutrition within 

Households

Since the topic of this symposium is ‘Emerging Societies – Coexistence 
of Childhood Malnutrition and Obesity’, the literature has been reviewed in 
a search for data from Africa specifically on this issue. Only a single study 
was found from urban Benin, the results of which are summarized in figure 
5 [26]. The conclusion was that 16% of families had at least one undernour-
ished child coexisting with at least one overweight adult. Note, however, 
that the definition of overweight was set only at a BMI of 25 rather than the 
30 used in some studies from Latin and South America [27], suggesting that, 
as yet, the problem is not so great in Africa. Nonetheless it is not infrequent 
to see the mothers of children admitted to therapeutic feeding centers for 
severely malnourished children looking well-nourished and affluent, empha-
sizing the dual burden of disease and the fact that malnutrition is frequently 
precipitated by the high levels of childhood infections (especially diarrhea) 
in Africa.
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Conclusions

Like other rapidly emerging areas of the world Africa is feeling the impact 
of the dual burden of disease often described as ‘the unfinished agenda of 
infectious diseases and the emerging agenda of non-communicable diseases’. 
There are several features of the developing epidemic of obesity that differ 
characteristically from other regions. Several of these are detrimental, espe-
cially the very high debility and case-fatality rates associated with non-com-
municable diseases in Africa, but there may be one area in which Africa might 
hope for a better long-term prognosis than Asia. African women tend to be 
significantly taller than Asian women and suffer less central obesity. This may 
be significant in terms of the rate at which Africa can emerge from the nutri-
tion transition. It is arguable that Africa will suffer a lesser burden of chronic 
disease than Asia in which the ‘Developmental Origins of Health and Disease’ 
thesis predicts a major future burden of chronic disease based upon the mis-
match between the fetal and adult nutritional environment [28].
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Discussion of the Forgoing 3 Chapters

Dr. Wickramasinghe: My question is for Dr. Reddy. It is very clear that there 
is an increased intake of food of animal origin. In your talk you said that there is a 
decrease in protein consumption. Do you mean that there is a tendency to eat less 
animal protein?

Dr. Bongga: My question for Dr. Yin is that I didn’t see the prevalence of anemia 
among pregnant and lactating women, and could that perhaps in a way be a risk factor 
for the high prevalence of anemia in children?

Dr. M.A. Chowdhury: A question for Dr. Prentice: we know that malnutrition is 
found mainly in lower socioeconomic conditions and overweight in higher socioeco-
nomic conditions, but in your study both undernutrition and obesity are found in the 
same family. What are the predisposing factors for having both conditions in the same 
family?

Dr. Balhaj: I have a question for Dr. Prentice. You showed us a striking graph that 
at the age of 24–32 months there is a big drop in the BMI and the head circumference 
of these children. Is there any explanation for this? Is it due to the introduction of solid 
foods after weaning or breastfeeding or are there any other contributing factors?
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Dr. Jatana: I have a question for Dr. Yin. The anemia levels improved over the 
years. Was there a program or was it just dietary intervention which improved anemia 
in China?

Mrs. Gravereaux: This is a question for Dr. Reddy. I was just wondering whether 
you know why undernutrition decreases with age in women?

Dr. Mathur: From all the speakers in this session on the epidemiology of the nutri-
tion transition in relation to obesity, it appears that the paramount determinant is 
economic development. However, when we look at the intervention trials on obesity, 
behavior modification has been largely attempted [1, 2]. We would have benefited from 
data and experience being shown for those behavioral risk factors in tackling the obe-
sity epidemic, including the nutritional component of obesity.

Dr. Jaigirdar: This is a question for Dr. Reddy. People from the subcontinent have 
very low HDL levels. It is one of the great risk factors of ischemic heart disease, espe-
cially in the subcontinent. The HDL level can’t even be increased with diet, exercise, 
or drugs. Is there a reason for this?

Dr. Al Waili: To Dr. Yin: you showed us that the subjects have low vitamin A defi-
ciency. Is it because they have a low protein deficiency? Did you look for that, because 
we know that if they have low protein deficiency they might get vitamin A deficiency, 
or is it only because of the diet?

Dr. Giovannini: In all the studies did you see any relationship between birth-
weight and obesity? After the long period of breastfeeding, is the nutritional risk of 
obesity mostly related to a Western-type diet? These factors may be important. An 
important point in the Chinese presentation is beef intake, because between the rural 
and urban areas, beef intake is different. Regarding the Asian study, experience from 
Cambodia, where children don’t receive beef, has shown that beef is the best food for 
men, secondary for women and least for children. This is also very important, and 
should be correlated to China where the rate of breastfeeding is traditionally very low.

Dr. Popkin: The critical period is weaning from 6 to 12 months which exists in 
China. However in India we have both the low birthweight problem and the weaning 
quality problem. I wonder if we are finding across all 3 countries weaning food changes 
with economic change and if that is an explanation for some of them? But now I want 
to turn to the other side of the coin for India. Is there any place in India were healthy 
normal BMIs can be found for adults? India, for reproductive reasons, has a very long 
history of women with BMIs of 16–18 producing and feeding babies. Now if suddenly 
their BMI goes over 18 and 20, are they already at risk of diabetes, and do we have 
very little room for something that we would call normal weight and normal body 
composition?

Anonymous: I would like to confirm Dr. Prentice’s observation in The Gambia 
about women and men. The issue of attitude is very important. Do you have any expe-
rience with adolescents because Indian girls are now becoming thinner and boys are 
getting fatter? There seems to be a reversal in adolescents.

Anonymous: This is a question for Dr. Reddy. You said that across India women 
aged 14–19 are undernourished, and this declines within the age. Why does this 
happen?Dr. Bohles: I have a question for Dr. Prentice. Is there any difference between 
Eastern and Western Africa? There is a genetic difference in the muscle fiber distribu-
tion: in Eastern Africa there is a predominance of type 1 muscle fibers and in Western 
Africa of type 2 fibers. People with a dominance of type 1 fibers are genetically skinny 
because type 1 fibers burn up fatty acids as their energetic basis. Is there a difference 
in the tendency to obesity with respect to East Africa?

Dr. Matthai: Three points. When we define malnutrition we talk in terms of weight 
for age, and when we talk of obesity we talk in terms of BMI. That seems unscien-
tific. Second, we are bringing down our values for expected BMI, perhaps we should 
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change our standards for defining malnutrition as well. Third, when we say normal 
requirements for children, for example a 10-year-old child needs 2,000 cal, are we 
recommending more than what they really need considering genetic background and 
environmental factors. In other words, when we are preventing or treating malnutri-
tion, are we sowing the seeds for obesity?

Dr. Pandit: It is generally perceived that if there is a shift in the BMI between the 
age of 6 and 9 years the risk grows considerably, but in the first 2 years of life there is 
no risk at all as shown by studies from Delhi, Finland, etc. I did not see these patterns 
in any of the 3 presentations. Could Dr. Reddy elaborate on that? Did you use the Cole 
standard for BMIs in children, because it is very tricky when the measurements are 
done.

Dr. Prentice: We have a great number of questions to answer, so I hope you will 
forgive me if I answer some of these rather rapidly. The first one was the question of 
what are the predisposing factors within those families who do show the coexistence 
of malnutrition in a child and obesity in the parents? Hopefully Dr. Sawaya and others 
will discuss this later, so I will just give a quick answer here. Those that I see, and again 
this is from the literature, especially a recent paper from Benin [3], is that surprisingly 
a high socioeconomic status is associated with this coexistence, so there are children 
in high socioeconomic families who have malnutrition. Generally this is because the 
mother doesn’t know how to look after her child or because the child is HIV-positive 
and/or because that child has some severe infection that predisposes him to under-
nutrition. The issue of diet diversity is also being reported as being important. Those 
families who have this coexistence have a less diverse diet than those who don’t.

The next question is related to the rapid decrease in nutritional status in The 
Gambia. In fact there was a misunderstanding that the x-axis there was weeks, not 
months, so in fact it is from 3 months to 1 year where there is a precipitant drop, and 
this is really caused by very poor quality weaning foods. This addresses Dr. Popkin’s 
question also; these foods are very thin nutrient-weak ‘monos’, as they call them, gru-
els and porridges. These lead to high rates of infection, as they start to introduce other 
weaning foods that are highly contaminated.

One questioner stressed that we talked a lot about economy and not a lot about 
behavior in terms of the risk factors. Those are of course related, the increasing econ-
omy allows people the behavior of eating more animal fats, more highly refined oils 
and carbohydrates, etc. It is enormously complex and it is an agenda that is moving by 
the month even in Africa. I am going to answer this in relation to the Nigerian ques-
tion about adolescents as well. One now sees adolescent girls in Africa jogging, going 
to aerobics and to the gym, something I would have never dreamed of seeing even 5 
years ago. They have their TV satellite dishes, they see their models of skinny people 
from the United States, things are changing. As you said the boys very often want to 
build muscle and increase body mass. So, yes, things are changing, and in terms of 
behavior it is difficult to get on top of this because it is such a moving target all the 
time, but it is clearly something we need to.

There was a question about Eastern vs. Western Africa and the differences in mus-
cle fiber types. An interesting question, and I agree it would be lovely to get some 
detailed research on this. I am not aware of any, the only thing I can say is that there 
are lots of very overweight women in East Africa as well.

The final question that was addressed to me was whether in trying to treat the mal-
nutrition issues we are sowing the seeds of obesity. Yes that very often is the case and 
what we must avoid. There was an interesting case study from Chile where there were 
very high levels of childhood malnutrition. They had a government-driven institutional 
supplementation program with high calorie-dense foods, and when after 20 years 
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it was looked at again for the first time, they found that actually they were feeding 
children who were already overweight and obese so they quickly stopped that.

Dr. Yin: These are very good questions The first was about anemia prevalence. 
In 2002 we investigated anemia problems for the whole population using sampling, 
and the highest prevalence is in small children and pregnant women. The averaged 
national prevalence of anemia was about 28.9 and 30.7% in pregnant and lactating 
women, respectively [4, 5].

The second question was about the improvement in anemia levels over the years. 
Iron deficiency and iron deficiency anemia are still serious problems based on the 
2002 National Nutrition and Health Survey [5]. This survey showed that the anemia 
prevalence in children (6–9 years) was 13–14% in cities, indicating that these children 
are at a high risk of having anemia. For this reason the Chinese government started an 
iron fortification program. The introduction of fortified soy sauce with EDTA-Fe was 
carried out 5 years ago, now the fortified soy sauce is sold in markets approved by the 
Chinese regulation [6].

The third question was about vitamin A deficiency in children. Serious vitamin A 
deficiency and other forms of malnutrition in children are not very common. However, 
the incidence of marginal vitamin A deficiency (about 40% in children aged 3–12 
years) is relatively high based on the 2002 National Nutrition and Health Survey [5]. 
The insufficient vitamin A in the diets was the direct cause of the marginal vitamin A 
deficiency, and most of the retinol equivalents were from plant foods [7].

Another question was about malnutrition and very low breastfeeding in China. But 
how low; I wonder how to evaluate it. The data show that breastfeeding is about 72% 
over 4 months, but the problem is the time of weaning. At about 10–11 months of 
age the children will have stopped breastfeeding; so why do most of the women stop 
breastfeeding very early. Another problem is the weaning food, the complementary 
feeding, which needs further work.

Dr. Reddy: Several questions were addressed and I will try to respond as directly 
and as briefly as possible to each of them. The first question was why protein con-
sumption is decreasing if animal food consumption is increasing? Firstly these are 
national summary statistics. Animal food consumption is probably increasing in the 
higher socioeconomic groups, but pulses particularly are becoming overpriced at the 
moment and pulse consumption is certainly declining all over and mostly affects the 
lower and middle socioeconomic groups. Therefore one of the major staple sources of 
protein is actually declining which will result in decreasing protein consumption.

The second question was why women in the younger age group have greater evi-
dence of undernutrition but with increasing age they actually move towards obesity. 
Again these are the results of cross-sectional studies and do not capture the lifespan 
experience of a cohort. It will be very difficult to say if this transition is occurring in 
the life course of a single individual or in the same cohort. However the explanation 
is likely that in the younger age groups there is a higher level of physical activity, with 
younger girls particularly taking part in a lot of domestic duties plus of course carrying 
out other work outside home including schooling and other related activities. By the 
time the women marry, there is child rearing, which is certainly a physically intense 
effort, and household chores. By the time they cross the 44-year age barrier, much of 
these physically arduous duties disappear and then the physical inactivity component 
rises substantially. This is what I would surmise, but we cannot prove it because there 
are no cohort studies or multiple behavior type studies.

Coming to behavioral factors, Dr. Mathur raised the question why we talk about 
economic policy interventions rather than focusing on behavioral indicators, which 
have been the main focus of attention in various trials. I think the researchers have 
essentially focused on what they believe they can change, whether they can actually 
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change behaviors or not is a different issue. On the contrary populations are likely to 
be profoundly impacted by policy interventions even in a short time because they have 
a population-wide impact. We know this from a variety of interventions, for exam-
ple how the rationale was changed in Mauritius from palm oil to soya oil and that 
resulted in a fairly large decline in plasma cholesterol concentrations within a matter 
of 5 years. Similarly we know what happened in Poland where, for example, the with-
drawal of subsidies from animal foods and the import of vegetable oils, and of course 
of fruits and vegetables, changed the cardiovascular mortality patterns. So we know 
that through pricing mechanisms, which have a population-wide impact, even if the 
interventions are non-personal, a considerable impact can be attained in the short-
term. But of course we do need to look at the behavioral factors as well and there are 
multiple studies currently going on which I believe will give a greater indicator. But 
unless we change the environment to help people make and maintain healthy choices, 
all the behavioral interventions are unlikely to have a full impact.

In terms of HDL levels, yes Indians seem to be afflicted with a particularly low HDL 
level. Whether this is a part of the metabolic syndrome complex due to low physical 
activity, increased insulin resistance, we don’t know, but we know that insulin resis-
tance is very high among the people of South Asia. But how much of it is conditioned 
in utero; how much of it is actually a thrifty gene hypothesis; how much of it is con-
ditioned during the course of adolescence and adult life; it is difficult to tease out. I 
would speculate that even if we looked at the Barker hypothesis there is a rationale for 
having a low HDL. If you have intrauterine malnutrition and you want to ensure that 
your nervous system growth is absolutely ensured for survival then the HDL, which 
allows more tissue deposition of fat, would have to be lower, and the LDL would have 
to be higher. I would therefore look at what I call evolutionary survival epidemiology 
in terms of the Barker or the thrifty gene hypothesis. However I believe that a lack of 
physical activity is one of the critical events throughout the lifespan and, particularly 
in adolescence and adulthood, we are increasingly becoming physically inactive, and 
unless we change that we are not going to be able to change the HDL levels. Whether 
there are additional factors like low n-3 intake, whether there are additional nutri-
tional factors, I cannot at the moment surmise but these are all areas of research.

In terms of low birthweight and weaning, the pediatricians in the audience keep 
talking about the very low rates of continued breastfeeding after 6 months and beyond, 
as well as the low levels of complementary feeding from 6 months onwards and these 
are two critical factors that need to be corrected if we want to do something about the 
0–3 malnutrition. Continued breastfeeding has certainly to be looked at as an impor-
tant public health intervention.

Dr. Popkin’s provocative question, what is normal BMI for adults in India. I sup-
pose in the absence of cohort studies it is going to be a little difficult to say what the 
adverse outcomes at different BMI levels are. Also in the Indian context it becomes 
even more challenging when we recognize that at any BMI level the percentage of 
body fat is quite different from Caucasian populations. Therefore we do need some 
independent predictors from good cohort studies.

Dr. Pandit asked which criteria were used. In our study we used both the Cole as 
well as Agarwal criteria, and then we have different levels. As you know in comparison 
to the Agarwal criteria, the Cole criteria overestimate undernutrition and underesti-
mate overweight, but we used both and we have figures from both. The other ques-
tion that Dr. Pandit posed: it is generally perceived that cardiovascular disease risk 
factors considerably increase when the BMI changes between 6 and 9 years but not 
if it changes between 0 and 2 years, do you agree? From the study that I conducted, 
the so-called rebound adiposity or catch-up growth, it seems to be coming up much 
more after 2 years between 2 and 12 or 6 and 9 years, so that could be an important 
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vulnerable age group and we need to consider that. But coming back to the larger 
question, which is linked to yours, are we setting the stage for obesity and overweight 
by trying to correct malnutrition? I grapple with this question whenever I have to 
discuss the Barker hypothesis. I find it very difficult to give a public health recommen-
dation that people who are born small with a nutritional impairment should not have 
nutritional correction, but adequate nutrition need not be inappropriate nutrition. 
We need to make sure that fruit and vegetable consumption and fiber components 
are much more balanced, and not just pump calories into these children. Secondly I 
believe it is very essential for these children who are at a high risk of insulin resistance 
to become physically very active. Therefore we need other public health interventions 
to complement and not just give nutritional corrections to these children. I think we 
ought to look at the larger picture.
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 Abstract 

Here we explore whether there is any evidence that the rapid development of the 
obesity epidemic in emerging nations, and its unusual coexistence with malnutrition, 
may have evolutionary origins that make such populations especially vulnerable to 
the obesogenic conditions accompanying the nutrition transition. It is concluded that 
any selection of so-called ‘thrifty genes’ is likely to have affected most races due to 
the frequency and ubiquity of famines and seasonal food shortages in ancient popula-
tions. Although it remains a useful stimulus for research, the thrifty gene hypothesis 
remains a theoretical construct that so far lacks any concrete examples. There is cur-
rently little evidence that the ancestral genomes of native Asian or African populations 
carry particular risk alleles for obesity. Interestingly, however, there is evidence that 
a variant allele  of the FTO gene that favors leanness may be less active in Asians or 
Africans. There is also some evidence that Caucasians may be less prone to developing 
type 2 diabetes mellitus than other races suggesting that there has been recent selec-
tion of protective alleles. In the near future, recently developed statistical methods 
for comparing genome-wide data across populations are likely to reveal or refute the 
presence of any thrifty genes and might indicate mechanisms of vulnerability.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

There are many obvious and plausible reasons (and some less obvious 
ones) that may account for the rapid increase in obesity rates in developing 
and emerging nations. Changes in diet and activity patterns brought about by 
the economic transition have been previously discussed in this symposium 
by Popkin [1]. Later papers will explore the possibility that undernutrition 
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in fetal and early life can reset the metabolic phenotype in ways that make 
people especially vulnerable to the influences of an obesogenic environment 
if they escape from the frugality of a subsistence living [2, 3].

Here we seek to answer whether people from developing countries may 
have a genetic predisposition to obesity and its most common clinical out-
come, type 2 diabetes mellitus (T2DM).

Possibility of Evolutionary Selection of Genes Predisposing 

Populations to Obesity

The concept of ‘thrifty genes’, first proposed by Neel [4] in the 1960s, has 
been prominent amongst the various theories proposed to explain the sudden 
rise in global obesity levels in the late 20th century. The basic premise of the 
thrifty gene hypothesis is that an ability to rapidly deposit energy as body 
fat in times of plenty would have assisted individuals to survive periods of 
starvation, and hence would have been under positive natural selection. Many 
of the earlier proponents of the theory used it to explain why certain popula-
tions had very high levels of obesity and diabetes. For instance, it was sug-
gested that modern Polynesian Islanders are the product of a small founder 
group that had survived starvation during the long sea journeys across the 
Pacific as the islands were first colonized. The survivors of these journeys, 
it was argued, would either have started off as fatter individuals, or would 
have had mechanisms for conserving their energy when food supplies ran 
out. Similar arguments have been used as a possible explanation for the high 
rates of diabetes in the Pima Indians in Arizona, where there is evidence that 
their forebears may have suffered a famine that greatly depleted a formerly 
large population [5]. These simplistic interpretations were not those intended 
by Neel himself whose original theory focused more on the likely mechanism 
than on the theory’s evolutionary origins.

Contemporary interpretations of the evolutionary and ecological implica-
tions of the thrifty gene story reappear at frequent intervals. Elsewhere [6–8] 
I have proposed some modifications to the widely accepted interpretations of 
Neel’s original theory which can be summarized as follows.

First, there is abundant historical evidence to support the view that 
almost all ancient populations have been frequently subjected to selective 
pressure by famine. Paradoxically such cataclysmic events have been much 
more common in the past 10,000–12,000 years because the dawn of agricul-
ture permitted the growth of large populations, but also made them vulner-
able to climatic and political instability that would have had little significance 
for hunter-gatherer groups. Agriculture also led to annual hungry seasons 
in most traditional populations which can also have a selective effect (see 
below). These arguments suggest that thriftiness, in whatever biological form 
it might take, is likely to affect all racial groups. Thriftiness is no more likely 
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to apply to those populations we associate with having had recent famines 
(fig. 1), because recent history provides only a snapshot of the longer-term 
processes of human evolution.

Second, the evidence suggests that transmission of thrifty traits is unlikely 
to have been strongly selected by mortality within famines (viability selec-
tion) and is much more likely to have been due to fertility selection mediated 
through the powerful effects of regular annual hungry seasons, or episodic 
starvation, on female fecundity. We have shown in both Bangladesh and The 
Gambia that birth frequencies show a smooth sinusoidal variation with a two-
fold amplitude between peaks and troughs [6]. The data from these and other 
populations [9] suggest that the variation is driven by a suppression of the 
hypothalamic-pituitary-ovarian axis when women lose weight in the hungry 
season. Women who can remain fertile when their peers have stopped ovulat-
ing have a greater chance of transmitting their genes and of passing on this 
trait, which could be considered a form of thriftiness. Modeling such effects 
easily demonstrates that fertility selection could have had a powerful impact 
in the 600 or so generations since agriculture started.

Thirdly, we believe that the concept of thriftiness (which is generally inter-
preted in relation to the saving of energy) should also encompass an element 
of the ‘greedy gene’ since disregulated appetite control systems are the most 

Fig. 1. Famine in contemporary Sudan. Re  produced with permission from Tom 
Stoddart, Getty Images.
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common cause of the genetically based human obesity syndromes so far iden-
tified [10]. In primitive conditions, where post-harvest crop losses are high 
due to inadequate storage systems, it has been calculated that it can be more 
efficient to store energy in subcutaneous fat rather than to leave crops vulner-
able to attack by vermin, insects or moulds. Such a strategy also avoids pres-
sure to share food with others when supplies dwindle in the hungry season. 
These responses reveal body fat acting as nature intended (fig. 2), namely as 
a metabolic buffer when external energy supplies are beneath subsistence 
levels. This adaptation has now become largely redundant in modern societ-
ies since the hungry seasons that used to regularly deplete body fat stores 
seldom, if ever, occur. Hence the famous title of Neel’s [4] original paper: 
Diabetes mellitus: a ‘thrifty’ genotype rendered detrimental by ‘progress’.

Absence of Evidence for Obesity Susceptibility Genes in Different 

Populations Groups

The fact that certain population groups are highly susceptible to obesity 
suggests the presence of genetic factors but does not in itself provide any 
proof of that fact. The most intensively studied group has been the Pima 
Indians, noted for their very high rates of obesity and T2DM. Extensive 
genetic analysis of candidate genes known to be involved in susceptibility to 
obesity at the individual level in various population groups has yielded little 
evidence in support of a clear genetic susceptibility for Pima Indians as a 
whole [11–14]. There is similarly a notable absence of publications claiming 
robust identification of possible ‘thrifty’ alleles in other obesity-prone popula-
tions such as in Nauru.

Recent findings in relation to the FTO gene (the first of the multigenic 
contributors to human obesity to be identified with certainty [15,16]) reveal 
some interesting new clues. An FTO variant has been shown, across numer-
ous studies to affect BMI. The effect size is small (at about 0.35 BMI units per 
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Fig. 2. Seasonal weight loss in rural Gambian women caused by hungry and harvest 
seasons.
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copy) but has been confirmed to a very high degree of statistical certainty in 
several European, Caucasian-American and Hispanic-American populations. 
The variant allele promotes leanness, not obesity, and hence it is the wild-
type that represents the thrifty form. Interestingly our research indicates that 
the same variant has no effect in native Africans [Fulford, et al., unpublished 
data] and others have also failed to replicate the findings in non-Caucasians, 
albeit on small sample sizes. This offers some initial support for the possibil-
ity, based on the historical ubiquity of famines and food shortages described 
above, that most human populations carry genetic mechanisms for thrift.

Although relating to diabetes, rather than obesity per se, there is some 
evidence that non-Caucasians are more vulnerable to T2DM [17]. It has been 
controversially suggested by Diamond [17] that susceptible individuals within 
Caucasian populations must have died out during a previous epidemic of 
obesity, but no historical evidence supports such a view and it is possible to 
suggest more cogent mechanisms, based on fertility selection, for their rela-
tive protection against T2DM. The likelihood that Caucasians are somewhat 
protected from T2DM is further suggested by analysis of admixture among 
the Pima Indians which shows an inverse relationship between the degree of 
European admixture and susceptibility to T2DM; in other words the greater 
the proportion of European genes, the lower will be the risk of T2DM [18].

In summary, the concept of the thrifty gene remains nebulous and intan-
gible, and there is very little concrete evidence that even the most obesity-
prone populations have any clear-cut genetic susceptibility to obesity, though 
they may be more prone to diabetes. This has led Joffe and Zimmet [19] to 
argue that the thrifty phenotype is a more likely explanation. Other possibili-
ties are that susceptibility is driven by cultural ‘memes’. Families that have 
spent generations working extremely hard and consuming a very frugal diet 
can hardly be blamed for relishing sedentary lifestyles and rich diets when 
they become available (fig. 3). Such desires are readily apparent among the 
newly affluent members of developing country societies, and may be propa-
gated further by the notion that a higher BMI is desirable, particularly for 
women [20, 21].

New Methods in Analysis and Interpretation of Data from 

Genome-Wide Scans

Exciting times lie ahead with respect to understanding whether or not evo-
lution has endowed any of us with particular susceptibility to obesity and/
or diabetes. First the increasing speed and decreasing cost of genome-wide 
scans have recently opened up the study of multigenic disorders [22]. In 
2007, 11 new genes linked to T2DM were added to the 3 that had previously 
been identified. Second, advances in bioinformatics and the development of 
new statistical methods using a variety of methods to interrogate haplotype 
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patterns now permit us to test whether individual gene variants have been 
the subject of recent selective pressure [23, 24]. Similar advances in methods 
for comparing genome-wide scans between different ethnic/racial groups are 
starting to pinpoint those genes that show evidence of geographic diversity, 
and of recent differential selection within each of the major racial groups [25, 
26]. Together these new approaches will soon assist in resolving the issues 
surrounding putative thrifty genes and other evolutionary influences on the 
obesity epidemic.

Is Understanding the Evolutionary Origins of Obesity Important?

Many readers could be forgiven for asking: So what? Is it really important to 
understand whether or not different populations have a genetically endowed 
enhanced risk of becoming fat and contracting the associated chronic dis-
eases? One argument in favor of seeking such knowledge is that it might 
help to direct interventions. Table 1 lists the primary domains through which 
thriftiness might operate. Some of them (those listed as metabolic, physi-
ologic and adipogenic) may be non-modifiable except through pharmacologic 
intervention, but the behavioral domains would be amenable to intervention 

Fig. 3. Obesity in contemporary Gambia. Reproduced with permission from Felicia 
Webb.
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and distinguishing the relative importance of these might therefore be useful. 
However, the absence of certainty on any of these issues should never inhibit 
the development and propagation of public health messages and government 
initiatives to combat obesity. We already have strong evidence that urban 
populations in developing countries do exhibit high levels of obesity, and this 
fact alone should drive the public health agenda.
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Discussion

Dr. Raju: One thing about the Western population, the Caucasians, is that the 
incidence of diabetes is very low. Is there a possibility that over a period of several 
thousands of years they had their share of obesity epidemics and got rid off all those 
people who have a tendency to become obese and do you think they are more refined 
and adapted to the modern environment?

Dr. Prentice: That’s a very good question. You are, I think, alluding to a paper by 
Diamond [1] in 2003 in which he described the double puzzle of diabetes. Diamond 
argues first that diabetes rates for a given level of obesity tend to be lower in 
Caucasians. His suggestion is that this must have been caused by a previous epidemic 
of obesity which allowed selection to occur. Now there I disagree profoundly with 
Diamond. I really cannot see that having been the case. I think there is no historical 
evidence. The argument that we have made is that actually it is not postnatal viability 
selection, it is prenatal selection [2]. A colleague, Stephen Corbett from Sydney, has 
written a paper, which is under review at the moment, suggesting that this may be tied 
up with fertility selection and polycystic ovary syndrome is part of this story. It may be 
that insulin sensitivity and resistance were crucial to determining which women would 
conceive at which BMI and during which periods in the past, and that diabetes may 
actually be an accidental sequel of a selection that has selected people differently in 
European and Asian and African populations and which leads to differential suscepti-
bility to diabetes.

Dr. Haschke: Very interesting information on the famine risk in populations living 
on agricultural products as opposed to the hunting population. What about popula-
tions living in coastal areas because this was the first area where people survived. 
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There should be minimum famine risk. Did you find anything in the literature about 
the selectivity of change in these populations?

Dr. Prentice: I am not aware of anything.
Dr. Popkin: The lactase gene story is interesting. According to research, 6,000 

years ago Northern Europeans adjusted to deal with the lactase enzyme in milk. 3,000 
years ago they did that in Southern Africa. We don’t really know how long it took in 
each of these populations to create these genetic adjustments. But does this history 
give us any hope that perhaps a gene will develop in South Asia so that people will 
survive with diabetes and be healthy and so forth?

Dr. Prentice: I think there is hope. It is interesting that, as you suggested, there is 
evidence for independent selection of lactase persistence in both Europe and Africa 
[3]. Estimates of the time scale for these genetic changes are difficult because they 
compare the changes within the lactase persistence gene to background variations. 
First we don’t have a good measure of that background; what the natural mutation 
rate is. Secondly we would have to know how fast populations reproduced, but most 
importantly the mathematics is profoundly changed by population size and by popula-
tion growth. So without being able to figure out how populations have changed, it is 
going to be very difficult to give this an absolute number. So we don’t know how fast 
these things have occurred but I would argue that they probably can occur very fast 
and I think now we are getting into populations where the obesity rate is so great that 
it is starting to impact quite significantly on reproductive fitness, and that ultimately 
may cause a fairly rapid selection of protective genes.

Dr. Whitelaw: I was very interested to see your data about the 9-month lag. As a 
biologist who often deals with animals and even plants, have you considered the pos-
sibility that this is a response to the changes in light/dark cycles and seasonal events 
that are not necessarily about the availability of food but about other cues that change 
each year, certainly with mice and certainly with plants, which are known to have 
long-term effects?

Dr. Prentice: We have. The first thing we can say is that if this was driven by light/
dark cycles then we would expect to see this phenomenon in almost all populations 
– we don’t. The phenomenon only occurs in populations where there is seasonal food 
availability. We tried to look at folate supply and other possibly significant variables 
such as the frequency and timing of husbands migrating away from the village. It does 
seem that it is probably very strongly driven by their energy status. We have got data 
which have also been submitted for publication showing that twinning rates change 
very radically in these two populations and the increase is in advance of the concep-
tion of singletons. This shows us some very clever biology. The woman is able to rec-
ognize very quickly when the harvest comes in. Then she is in a good nutritional state 
and is more likely to conceive twins. This phenomenon may help us to understand why 
twinning persists in the human genome.

Dr. Ravussin: Speakman [4] has challenged the thrifty genotype and has proposed 
that a genetic drift over many generations is sufficient to explain the variability in BMI. 
I’m not siding with Speakman, but on the other hand some geneticists have tried to 
simulate this, not only with one gene as Speakman did but with many genes, and they 
also explain this variability as just a random genetic drift over thousands of genera-
tions. What is your answer to that?

Dr. Prentice: First of all I would like to say very clearly that I have no definitive 
answer. As you know I happen to disagree with Speakman and I don’t think it is genetic 
drift. But perhaps he is right; it is intriguing. The answer, I think, will be out within the 
next 2 years. As you say there are some very clever geneticists doing a lot of modeling 
at the moment with a lot of data which is going to give us those answers fairly soon.
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Dr. Chittal: With the idea that the thrifty gene was indeed determining the sur-
vival of the fittest, maybe it should be survival of the fattest. The same gene in times 
of abundance, could it be a process of natural selection of disasters for the fattest? Is 
it in any way trying to restrain the human population from overrunning the earth? Is it 
possible that it is the same gene which is causing destruction now? Do genes work that 
way? At one time it will be survival, at another time it will be destruction.

Dr. Prentice: I think that would be very difficult to argue. I am going to be very 
cautious in my response and probably there is someone in the audience who could 
respond much better. The general thesis I think is that most genetic selection has to 
occur at the individual level rather than at the population level, and of course there is 
an interrelationship between those, but I think it would be difficult to model a scenario 
where what you suggested was true.

Dr. Ray: What is the genetic relation between leptin deficiency and genes?
Dr. Prentice: Leptin deficiency in humans is extraordinarily rare. Dr. Ravussin will 

probably give me an update on the numbers but I think there are less than 20 individu-
als in the whole world who are known to have a monogenic leptin deficiency. They 
are all the offspring of first-cousin marriages, so it is an extraordinarily rare defect 
which, under most circumstances, is not fatal, but the offspring of those marriages are 
non-reproductive.

Dr. Ray: Is there any autosomal recessive inheritance?
Dr. Prentice: There is a little bit of evidence I think that it may be beneficial in the 

heterozygote form.
Dr. Jaigirdar: Bangladesh is a country of disaster, famine, flood, and it is one of 

the mostly densely populated countries in the world. Don’t you think that it satisfies 
your thrifty gene idea?

Dr. Prentice: I have a lecture I give to the students which is called ‘Reproduction 
against the Odds’. I start off pointing out this paradox that the world’s fastest repro-
ductive growth rates are in the most undernourished populations. It is amazing. How 
do we do it? We are a very efficient species in terms of our ability to reproduce when 
the chips are down. So yes, I think in a way it is a measure of our thriftiness, but I cau-
tion against moving from that general statement, to a specific statement about thrifty 
genes.

Dr. Popkin: Related to that, I wanted just to follow up with an issue. In India per-
haps a third of adult women in rural areas have BMIs of <17–17.5 and very high repro-
ductive efficiency, and high low birthweight rates as well. Does that fit into the talk 
about the fact that in India and even in South Asia there has been a shift over in the 
BMI–reproduction ratio for biological adaptation? The BMI is at such a low level that it 
has to play some role when a BMI of 20 is seen in Ranjan, a body fat level that is equal 
to a BMI of 35 in the US.

Dr. Prentice: Exactly. This is precisely the thesis that Prof. Stephen Corbett has 
submitted. Data from the Nurses’ Health Study show that there is a U-shaped curve 
between BMI and fertility in the US, and it’s actually a very sharp optimal fertility at a 
BMI of around 21–22. If a woman is too thin of course we know she will become anovu-
latory, etc., but also if a woman is too fat, she will also stop reproducing efficiently. 
Leptin is probably the key driver here; Indians with abdominal obesity even at very 
low BMI have higher leptin levels, so that story would fit together exactly as you sug-
gested that this is an adaptation to remain fertile under highly energetically deficient 
conditions.

Dr. Yajnik: This brings us to comparing BMI across populations. We know this is 
influenced by adiposity. Recently we compared the whole body MRIs of Indian new-
borns with those of Caucasian newborns. Although lighter by 800 g, the Indian baby 
has comparable body fat and higher intra-abdominal fat (submitted for publication). 
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We have also shown that the cord blood leptin concentrations are higher in Indian 
babies compared with white babies, even after correction for birthweight [5], and adi-
ponectin concentrations are lower. This means the adipocyte function is also different. 
This might be related to an epigenetic rather than a structural change.

Dr. Prentice: A very important question for which I don’t know the answer. We 
look forward to learning about that in the years to come.

Dr. Raju: You said something tantalizing about whether it is normal to be thrifty or 
unthrifty. You also said something about being very unthrifty and probably you were 
referring to oxidative phosphorylase decoupling or whatever, and about human migra-
tion up to colder altitudes, thermogenesis. Is that what you are referring to?

Dr. Prentice: Partly those. You have picked up on an important point. There are 
people who suggest that a high level of mitochondrial fatty acid turnover is impor-
tant in terms of quenching oxidative damage in the mitochondria; there are people 
who maintain the other view, and we will be hearing some of that no doubt from Dr. 
Ravussin in terms of caloric restriction. You have also mentioned the issue of northern 
latitudes and we can see some evidence of variations in mitochondrial DNA which 
would support that story. Another important one is the ability to concentrate nutri-
ents, so if you are on a nutrient-poor diet you may need to eat a lot of that food in 
order to get enough micronutrients, so the trick of being able to burn off calories but 
hang on to the micronutrients would also be an important adaptation.
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 Abstract 

Undernutrition continues to be high in many regions of the developing world. 
Birthweight, a common proxy measure of intrauterine growth, is influenced by nutri-
tional, environmental and lifestyle factors during pregnancy and, in turn, affects 
immediate survival and function, and is a determinant of later life risk of chronic dis-
eases. Maternal pre-pregnancy weight and height are independently associated with 
birthweight and also modify the effects of pregnancy weight gain and interventions 
during pregnancy on birthweight and perinatal mortality. Other prenatal factors com-
monly known to impact birthweight include maternal age, parity, sex, and birth inter-
val, whereas lifestyle factors such as physical activity and maternal stress, as well as 
environmental toxicants have variable influences. Tobacco and other substance use 
and infections, specifically ascending reproductive tract infections, malaria, and HIV, 
can cause intrauterine growth restriction (IUGR). Few studies have examined the 
contribution of prenatal factors including low birthweight to childhood wasting and 
stunting. Studies that have examined this, with adequate adjustment for confounders, 
have generally found odds ratios associated with low birthweight ranging between 2 
and 5. Even fewer studies have examined birth length or maternal nutritional status as 
risk factors. More research is needed to determine the proportion of childhood under-
nutrition attributable to IUGR so that interventions can be targeted to the appropriate 
life stages.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

Childhood undernutrition and its health consequences continue to con-
tribute to the global burden of morbidity and mortality in many regions of the 
world even as rates of overweight and obesity are on the rise in these same 
regions. The recent series in the Lancet on maternal and child undernutrition 
estimates that stunting (height for age z score < –2 SD) and severe wasting 
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(weight for age z score < –3 SD) using the World Health Organization (WHO) 
growth standards and intrauterine growth restriction (IUGR; term low birth-
weight) are together responsible for 2.2 million deaths and 21% of disability-
adjusted life years for children younger than 5 years [1]. More than a decade 
ago, the synergy between infectious diseases and mild-to-moderate undernu-
trition in causing childhood deaths was brought to the forefront with an esti-
mate that about half of all deaths in young children (<72 months) could be 
attributable to undernutrition [2]. The cause-specific population-attributable 
fractions were 45% for measles, 57% for malaria, 52% for pneumonia, and 
61% for diarrhea [3]. Beyond immediate death and disease, childhood under-
nutrition has also been linked to shorter height and increased blood pres-
sure in adulthood, less schooling, and lower productivity that translates into 
reduced adult health and human capital in many regions of the world [4]. The 
link to lower productivity may result from both the effects of undernutrition 
on physical work capacity and cognitive function. In women, short stature can 
lead to an increased risk of poor reproductive health, especially increasing 
the risk of cephalo-pelvic disproportion, and cesarean section [5].

Despite the high levels of undernutrition that continue to exist in the devel-
oping world, the burden of chronic diseases is also estimated to be the high-
est and on the rise in the developing world [6]. The ‘developmental origins of 
health and disease’ extends the consequence of fetal growth restriction and 
suboptimal postnatal growth to well beyond the childhood period to risk of 
chronic diseases in adulthood and old age. Countries undergoing the nutrition 
transition with high levels of low birthweight are likely to be faced with the 
dual burden of under- and overnutrition with each contributing to significant 
health consequences. This paper reviews the environmental, nutritional, life-
style and other risk factors of fetal growth restriction and low birthweight. It 
will also examine the contribution of prenatal nutrition to childhood under-
nutrition, thereby drawing attention to a perhaps neglected relationship in an 
attempt to emphasize the need for prevention strategies to begin earlier than 
in the preschool years of life.

Extent and Magnitude of Child and Maternal Undernutrition and 

Low Birthweight

Rates of childhood undernutrition continue to be high in many regions 
of the world, based on analyses recently reported in the Lancet nutrition 
series [1] (fig. 1). Overall, 32% or 178 million children under 5 years of age 
throughout the developing world are estimated to be stunted and 3.5% or 
19 million are severely wasted. Low birthweight (<2.5 kg) is estimated at 
16% in developing countries, with rates higher in Asia than in Africa. About 
10.8% are estimated to be term low birthweight or IUGR. It is not surpris-
ing that maternal undernutrition, which contributes to IUGR in developing 
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countries, is also common and high in both South Asia and sub-Saharan Africa 
[1] (fig. 2). Unlike in South and parts of Southeast Asia, maternal stunting 
in Africa ranges between 1 and 2%, except in Madagascar and Mozambique 
where it is higher at 5%. In Latin America on the other hand, wasting is less 
common, although stunting continues to affect a higher proportion of women 
of reproductive age, especially in countries such as Guatemala, Peru, and 
Bolivia. South Asia harbors the highest rates of maternal wasting and stunting 
in the world.

Causes and Risk Factors of Fetal Growth Restriction

Birthweight is a common, relatively easy measure of fetal growth taken at 
the time of birth or soon after. Birthweight is influenced by two biologic pro-
cesses – growth in utero and the length of gestation. It is common knowledge 
that low birthweight is predominantly due to fetal growth failure in develop-
ing settings whereas preterm (gestational age at birth <37 weeks) contributes 
to low birthweight in many developed countries [7, 8]. Small for gestational 
age (SGA), defined as birthweight below the 10th percentile of a reference 
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Fig. 1.   Childhood (<5 years) stunting, severe wasting, underweight and low 
birthweight by region [1]. Stunting defined as < –2 height for age z score, severe 
wasting as <3 weight for height z score, underweight as < –2 weight for age z score. 
Low birthweight defined as weight <2.5 kg.
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population, is used to classify IUGR, although customized growth curves and 
birthweight percentiles (www.gestation.net) to define ‘customized SGA’ have 
been validated in some settings and are associated with increased risk of 
morbidity and perinatal and neonatal mortality [9]. This adjustment allows a 
better estimate of growth restriction vis-à-vis the true growth potential for a 
fetus taking into consideration factors such as maternal size, ethnicity, par-
ity and fetal sex. The ponderal index (weight/length3), reflecting fetal wast-
ing, is also used to distinguish between symmetric versus asymmetric growth 
restriction. Causes of fetal growth restriction (or IUGR) are generally nutri-
tional in origin, whereas environmental and lifestyle factors and infections are 
more likely to result in preterm birth. It is poor fetal growth due to preterm 
that is more strongly associated with neonatal and infant mortality whereas 
term low birthweight carries a lower risk [10]. Numerous reviews, summa-
rized below, have examined the determinants of low birthweight.
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Fig. 2. Prevalence rates of low BMI (<18.5) and low height (<145 cm) among women 
15–49 years of age using the most recent national surveys (DHS or WHO) by region 
[1].
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Biological Factors

Maternal Age and Parity

The optimal age at first birth is a tradeoff between the availability of time 
for growth during puberty vs. achieving reproductive success as reflected by 
increased newborn survival. Teen pregnancy is known to increase the risk of 
low birthweight due to the competing needs for growth of the mother and the 
fetus, with the youngest adolescent being at the highest risk. Literature to 
date has not been consistent in describing the risk of adverse birth outcomes 
related to young age, but this may be due to the diversity of settings and risk 
factors (behavioral and socioeconomic) under which adolescent pregnancy 
outcomes have been examined. Confounding due to these factors may atten-
uate or exaggerate the differences in birth outcomes between adolescent and 
adult women. In many developing countries, pregnancy in adolescence is a 
norm resulting from early age at marriage and low contraception prevalence 
to delay the first pregnancy. Recently it has been demonstrated that adoles-
cents who ‘grow’ (assessed using knee height changes) and accumulate fat 
stores during pregnancy are likely to have smaller babies compared to those 
who cease growth [11], suggesting competition in the partitioning of nutrients 
between the maternal and fetal compartments. Second, primiparous adoles-
cent girls (<19 years) may have an increased risk of preterm but not SGA 
compared with primiparous adult women in some settings, a difference that 
was not apparent between adolescent and adult women for parity 2 or more 
[12]. Primiparity is a well-known risk factor for low birthweight due to IUGR.

Ethnicity

Ethnicity/race is an interesting risk factor of low birthweight in some set-
tings. In the US, African-American infants are born preterm and weigh on 
average 200–300 g less at birth than Caucasian babies resulting in an about 
2-fold higher rate of low birthweight in this ethnic group. While sociobehav-
ioral factors may underlie this racial/ethnic difference, a genetic component 
cannot be ruled out. South Asian women living in Europe or the USA are 
typically known to be at risk of low birthweight, although the low birthweight 
among them is more likely due to IUGR than preterm birth [13]. Given the 
intergenerational nature of the consequences of IUGR, only time will tell if low 
birthweight rates will decline among these ethnic groups over generations.

Other

Sex of the newborn (being female), multiple births, and a short inter-preg-
nancy interval are other biologic factors known to reduce birthweight, both 
due to the shorter duration of gestation and IUGR. A meta-analysis revealed 
that compared with 18–23 months, less than 18 and longer than 59 months 
are significantly associated with low birthweight, preterm birth and SGA 
adjusted for maternal age and socioeconomic status [14]. Maternal nutritional 
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depletion due to repeated pregnancies, especially of shorter birth intervals, 
does not allow catch-up in nutritional status from the high nutrient burden 
of pregnancy and lactation with the result that women are physiologically 
and nutritionally ill-prepared for the next pregnancy. It has been shown that 
women who are severely malnourished tend to gain more weight during a 
reproductive cycle at the same time as showing lower birthweight for the sec-
ond compared to the first birth relative to marginally malnourished or well-
nourished women who have lower weight gain but higher birthweight for the 
second offspring [15]. Few intervention strategies exist, especially in develop-
ing countries, to target women between pregnancies, especially those that 
are closely spaced. The increased risk of a long birth interval (>59 months) 
is hypothesized to be related to a gradual decline in reproductive capacity, 
resulting in the women becoming similar to primigravidae or perhaps due 
to confounding by factors related to low fertility such as reproductive tract 
infections which can also result in adverse birth outcomes [15].

Lifestyle Factors

Smoking is a well-known risk factor sharing a dose-response relationship 
with both the risk of low birthweight and preterm delivery [16]. Adjusted for 
confounders, even passive smoking is known to elevate the risk of IUGR [17]. 
The risk of fetal alcohol syndrome including IUGR are well known, whereas 
drug consumption including cocaine results in an increased risk of both pre-
term and IUGR, as well as other complications such as congenital malforma-
tions. Smoking, caffeine, alcohol and drug consumption behaviors tend to 
cluster and may have additive if not synergistic effects on adverse pregnancy 
outcomes.

Various elements of physical activity during pregnancy have been exam-
ined for their association with low birthweight and preterm delivery, although 
confounding is commonly not well considered. In a systematic review of stud-
ies from developed countries no more than a moderate effect size (relative 
risk ≤1.4) was found for the risk of low birthweight and preterm related to 
prolonged work hours, shift work, lifting, standing, and heavy physical work-
load [18]. Generally, moderate levels of work/exercise may be beneficial 
during pregnancy, but higher intensity of work may be harmful [17]. In set-
tings where malnutrition, poverty, and morbidity are high, the relationship 
between physical work and birth outcomes tend to suffer from reverse cau-
sation; healthier women with better pregnancy outcomes may in fact report 
performing higher levels of physical activity compared to those who were ill 
and experienced adverse outcomes [19] resulting in what has been termed as 
the ‘healthy pregnancy/worker’ phenomenon.

Maternal psychosocial stress during pregnancy caused by a myriad of fac-
tors may result in poor birth outcomes and obstetric complications. Elevated 



Prenatal Origins of Undernutrition

65

levels of anxiety and depression may be associated with increased odds of low 
birthweight, preterm and SGA, although inadequate control for confounders, 
and low precision and inaccuracy in assessments of anxiety and depressive 
moods, including assessment of their levels rather than a diagnosis of disor-
ders of mood/anxiety are of concern [20]. The most likely biologic pathway 
underpinning this relationship is an altered hypothalamic-pituitary axis in 
pregnancy. Research is needed to elucidate the exact mechanism by which 
maternal stress (psychosocial or other) leads to poor pregnancy outcome. 
Indeed, nutritional deprivation, hunger, micronutrient deficiencies as well as 
inflammatory conditions can be viewed as ‘stressors’ and can lead to altered 
maternal-placental-fetal pathways that cause adverse outcomes. However, 
psychosocial support interventions in the past have failed to show significant 
reductions in birthweight, perhaps because many of the trials reviewed had 
methodology issues [21]. There is weak evidence for prenatal care and its 
various current components, even in the context of developed countries, to 
either adequately identify pregnancies at risk of preterm delivery or IUGR 
or to prevent these birth outcomes [22]. Few developing countries have ade-
quate antenatal care delivery in place as reflected by low coverage for antena-
tal iron-folate supplementation and screening for malaria during pregnancy.

Infection

Globally sexually transmitted infections, HIV-1, and malaria may be the 
largest infectious causes of low birthweight and preterm [17, 23]. These 
infections also tend to coexist exacerbating pregnancy-related outcomes. 
Reproductive tract infections, especially ascending infections leading to 
endometritis can result in preterm and low birthweight. Untreated sexually 
transmitted infections such as gonorrhea, chlamydia and syphilis as well as 
bacterial vaginosis are well linked to an increased incidence of preterm and 
low birthweight. Malaria in pregnancy due to altered immunity to the infec-
tion results in severe anemia, placental parasitemia, and low birthweight, 
especially in primigravidae [1]. The risk of IUGR is higher if infection occurs 
towards the end of pregnancy [1].

Subclinical infection may also be associated with preterm birth [24]. Labor 
initiation normally involves inflammatory cascades, thus, determining if 
labor is induced by intrauterine infection would be difficult. Furthermore, 
pregnancy itself is considered an inflammatory state, and it is known that 
C-reactive protein normally increases throughout normal pregnancy. Yet, a 
recent study in Nepalese women reported finding that higher �1-acid glyco-
protein in the third trimester was associated with lower birthweight [25].

Maternal HIV-1 infection needs special mention in the context of sub- 
Saharan Africa and increasingly in some parts of Asia. Infants of infected 
mothers have an increased risk of low birthweight, prematurity, and perinatal 
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and neonatal mortality [26] but treatment with zidovudine is efficacious in 
reducing the risk of low birthweight as indicated by results from five placebo-
controlled trials (pooled RR 0.75, 95% CI 0.57–0.99) [27].

Finally, in settings where geohelminths, especially hookworm, and low 
birthweight are common, deworming is associated with reductions in the inci-
dence of low birthweight [28].

Environment

Epidemiologic evidence is convincing that maternal exposure to airborne 
particulate matter is associated with adverse outcomes including preterm and 
IUGR. Although the risk may be small and varies widely [29], some of the sug-
gested biologic pathways include oxidative stress, inflammation, endothelial 
function and hemodynamic mechanisms that could potentially be modified by 
nutrition including intakes of vitamin- and mineral-rich foods [30]. Few stud-
ies have examined the risk in the context of the developing world, especially 
measuring different types of pollutants (CO, NO2, SO2, particulate matter, O3, 
etc.) and their levels in the ambient air. Among other environmental pollut-
ants, arsenic in drinking water needs further investigation in countries such 
as Bangladesh, whereas lead exposure either directly or through mobilization 
of that accumulated in the bones during pregnancy can cross over to the pla-
centa leading to IUGR and preterm.

Maternal Nutrition and Diet

Kramer [7] showed more than two decades ago that maternal nutritional 
factors may account for more than 50% of the etiology of low birthweight 
in developing countries. These factors included low pre-pregnancy weight, 
short stature, and low caloric intake during pregnancy (or weight gain) as 
well as maternal low birthweight. It is not a coincidence that rates of low 
birthweight are high in settings where maternal malnutrition is common. The 
intergenerational cycle of growth failure has long been used as a framework 
for considering the appropriate life stages for intervening. The following con-
cepts and knowledge have emerged from years of research in this area: (a) 
food supplementation trials during pregnancy, targeting a narrow window 
in life, have shown limited efficacy and modest increments in birth weight; 
(b) nutrition interventions that begin earlier in pregnancy are likely to have 
stronger effects; (c) maternal short stature, which is strongly correlated 
with uterine volume, is independently associated with IUGR; (d) maternal 
stunting is also a risk factor for cesarean section deliveries and cephalo-pel-
vic disproportion; a meta-analysis found a 60% (95% CI 50–70%) increase 
in delivery assistance in the lowest quantile of maternal height compared 
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with the highest quantile [5], an association that is likely to be modified by 
newborn size, and (e) finally, pre-periconceptional nutrition may be a strong 
determinant of the fetal growth trajectory, the cues for which may be derived 
early on through processes involving placentation, placental vascularization 
and genetic imprinting. And yet, few studies examine interventions targeted 
during this period of the life.

Adequate caloric intake and weight gain are critical during pregnancy. 
Balanced energy protein supplementation in pregnancy based on random-
ized controlled trials has been shown to reduce IUGR by 32% (26–44%) [31]. 
Chronic micronutrient deficiencies, specifically those of iron, calcium, mag-
nesium and other micronutrients, may contribute to IUGR [32]. The efficacy 
of multiple micronutrient interventions for a range of outcomes is reviewed 
elsewhere in this book.

Fruit and vegetable intake during pregnancy has been associated with 
improved birthweight in both developed [33] and developing countries [34] 
as has consumption of dairy (Chile, Denmark), perhaps due to increased 
micronutrient intake, although in the case of milk, IGF-1 concentrations in 
the blood of children were found to be higher [35]. Findings from these obser-
vational studies do not prove causality despite adjustment for confounders. 
Food-based micronutrient intervention trials during pregnancy are currently 
ongoing in India and are likely to shed light on their benefits for developing 
dietary guidelines, policy and programs for interventions beyond calories and 
proteins during pregnancy.

Maternal nutritional status, both pre-pregnancy and during pregnancy may 
also modify the effect of other risk factors and stressors associated with pre-
term and low birthweight. For example, there is evidence that high mater-
nal BMI or vitamin and mineral intakes may ameliorate the risk of adverse 
outcomes due to psychosocial stress, smoking, and environmental pollutants, 
underscoring the importance of maternal nutrition in reproductive function.

Childhood Undernutrition: Contribution of IUGR

Factors contributing to growth faltering and undernutrition are diverse 
and complex and include factors such as inadequate exclusive breastfeeding, 
frequency, energy density and micronutrient levels of complementary foods, 
diarrheal and acute lower respiratory infections, malaria, and increasingly, 
HIV in the context of Africa [1] where rates of stunting for the first time have 
superseded those in South Asia. Other factors that may contribute to under-
nutrition include parity, birth interval, maternal work and maternal educa-
tion. The latter may take away from child care or bring in earned income 
that is spent on child nutrition and health. Improving linear growth in infancy 
and childhood is possible but food/nutritional interventions seem to be effica-
cious only before 2 or perhaps 3 years of age but not beyond. Growth during 
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adolescence in developing countries may be prolonged by up to 3 years with 
the onset of puberty often delayed. This results in some (but not all) catch-up 
for the early growth deficit in height [36].

Although it is well known that high rates of low birthweight and childhood 
stunting tend to coexist (fig. 3), few analyses have carefully examined the 
role of prenatal factors in influencing later life nutritional status. The con-
tribution of fetal growth restriction among various other factors influencing 
childhood undernutrition is not well defined. While growth generally tends to 
track, ‘decanalization’ or ‘centile crossing’ or ‘catch-up’ will commonly occur 
among almost half of infants during infancy and early childhood which is con-
sidered a normal pattern of growth to meet one’s genetic potential following 
gestation [37] when fetal growth is more constrained. Mechanisms signaling 
catch-up or catch-down growth are not well understood but may involve pro-
gramming of appetite [38]. The period of catch-up growth is also the time 
when growth is most responsive to food interventions [36].

Observational studies that examine birthweight as a risk factor for child-
hood nutritional status require a longitudinal design. Adjustment for con-
founding is critical as there are many factors that can predict low birthweight 
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and are also associated with childhood undernutrition including maternal 
age, parity, birth interval, socioeconomic status, and literacy among others. 
Table 1 describes such studies presenting adjusted odds ratios linking low 
birthweight to stunting, and in some cases, wasting and underweight among 
under 5-year-olds. Adjustment was done for anywhere up to 22 variables or 
in some studies for statistically significant confounders. Adjusted odds ratios 
ranged from 2 to 5 for stunting. The positive correlation between the rates 
of low birthweight and stunting observed in some settings such as Asia and 
Africa was not observed in Brazil where catch-up growth appeared to be 
higher. Studies also found this association to exist beyond preschool age. One 
study (not shown) showed a significant positive association between weight 
taken at birth and height and weight for age z scores at a later age of 5–12 
years [47]. In the Philippines low birthweight was associated with more severe 
stunting in the first 2 years of life, and it also significantly reduced the likeli-
hood of ‘recovery’ from stunting up to 12 years of age [48]. Among a cohort of 
children born very preterm (<32 weeks gestation) and very low birthweight 
(<1,500 g) followed at 10 years, SGA children (especially those very preterm) 
continued to experience stunting compared to adequate for gestational age 
children who experienced catch-up growth [49]. The cause and type of fetal 
growth restriction will determine catch-up in childhood as demonstrated in a 
study where symmetrically smaller infants at birth among smoking mothers 
showed complete catch-up growth in infancy as did infants of primiparous 
pregnancies who were thin at birth but became heavier and taller than infants 
of multiparous women [38].

Few studies have examined the prevalence of stunting at birth and whether 
it predicts stunting in childhood or later, although shortness at birth may be a 
strong predictor and even better than low birthweight or IUGR [36]. In a study 
among West Javanese infants, neonatal weight and length in multivariable 
analyses were the strongest positive predictors of nutritional status of infants 
and the strongest negative predictors of increases in weight and length dur-
ing infancy [50].

In a follow-up study of rural Nepali children (n ~1,000) whose anthropom-
etry was assessed at a mean age of 12 days (SD 8.6), stunting, wasting, and 
underweight were prevalent at 63, 53, and 13%, respectively, at 30–59 months 
of age. Both neonatal and maternal factors in this study were associated with 
the risk of undernutrition (table 2). The adjusted odds ratios ranged from 2 
to 3 for low neonatal weight and height, both of which were independently 
associated with the risk of stunting and wasting. Neonatal weight was a stron-
ger predictor of wasting relative to neonatal length which was more strongly 
associated with childhood stunting. Maternal nutritional status variables were 
tested in a separate model. While maternal BMI was associated with stunt-
ing and wasting in children, maternal height was only predictive for stunting. 
These data are unique in that they simultaneously examined neonatal and 
maternal factors both of which are reflective of the prenatal environment. 
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Maternal weight and to some extent height were also related with under-
nutrition in Indonesia [50] and the Philippines [51]. These prenatal predic-
tors of childhood undernutrition are considered ‘constitutional’ to separate 
them from time-dependent and more proximate factors such as infection and 
feeding practices among others [51]. In Nepal we adjusted for socioeconomic 
variables in the model, some of which remained significant such as maternal 
literacy, housing material, and asset ownership. Previous work has suggested 
that socioeconomic determinants of undernutrition in children may operate 
in two ways: economic status or maternal schooling may work through pre-
natal factors whereas dwelling factors are likely to influence children’s nutri-
tional status more directly [52]. More work is needed to better understand 
the contribution of prenatal factors to childhood undernutrition in different 
environments. 
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Discussion

Dr. Agarwal: I am now talking about an Indian Council of Medical Research study 
which I conducted for over 7 years. This was for the Integrated Child Development 
Services (ICDS) and we observed data on over 6,000 deliveries in rural areas. One 
thing was very interesting and is associated with your Nepal study on preterm births: 
those undernourished anemic rural women had more preterm births than those who 
were undernourished but had less or no anemia. The brain development and growth 
of these babies was followed up to 18 years of age. So the stunting you have shown is 
continuous up to pre-adolescence, but when adolescence starts the undernourished as 
well as the well-nourished control children gain the same height during the adolescent 
period that normally one should gain. Although the nutrition supplementation by the 
ICDS was poor, it was still effective, effective in the length gained as well as the weight 
gained. The iron and folate distributed by the Ministry of Health were good enough to 
gain the weight reduced by low birthweight. Your studies support that anemia is more 
related to preterm and undernutrition, and more related to low birthweight babies.

Dr. Genuino: In your talk you mentioned that a child who is born small will stay 
small and I am particularly interested in whether you have come across any data show-
ing an association between the final adult height of these children who are born small 
and adult chronic diseases?

Dr. Christian: Because I was focusing on childhood undernutrition I did not actu-
ally show the data that link birth size with adulthood height and stunting. In fact the 
data are there, and there is a linkage across life in terms of tracking. Regarding your 
second question on adult disease, somebody else will be talking about this and I specif-
ically limited my discussion to undernutrition. Other speakers are going to talk about 
low birthweight and chronic diseases.

Dr. Chittal: The female fetus will have IUGR. Is IUGR intrauterine growth retarda-
tion or low birthweight?

Dr. Christian: Females are born with low birthweight but they also have IUGR 
more often.

Dr. Chittal: Would interventions help a female fetus?
Dr. Christian: From what I have seen interventions tend to help female fetuses 

more, but the effects are variable. So not all interventions have a better impact on 
females.

Dr. Chittal: Why were cheese and ice cream excluded from dietary supplementa-
tion as milk products?

Dr. Christian: I don’t know. Perhaps they are just considered not good sources.
Dr. Chittal: What dairy products were utilized? Milk alone or milk and yoghurt?
Dr. Christian: Milk and perhaps yoghurt.
Dr. Prentice: I would like to carry on from that previous question. This issue of 

whether we have more IUGR babies that are girls, is rather a matter of semantics. 
Girls are smaller, so if we present the data according to a growth chart for girl babies 
then we would not expect to see more IUGR. We do see more girl babies below 2.5 kg 
because that is a single cutoff that is used for both sexes. One of the important things 
we need to understand is the concept of an ‘appropriateness’, a ‘harmony’ of growth 
between the mother and the baby. When we say that shorter, smaller mothers have 
more IUGR, thank goodness they do, because, as you demonstrated, the difficulties in 
terms of obstetric outcome occur when you get a mismatch between a small mother 
and a big baby. This is one of the issues that in particular Dr. Yajnik is trying to get 
around. How do we break this cycle, how do we move to a bigger baby without break-
ing that inherent biological harmony between the size of the baby and the size of the 
mother.
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Dr. Christian: With the customized percentile [1], the adjusted references, I think 
that is part of trying to characterize fetal growth a little better and perhaps we should 
do that more. Of course the factors that they take into account are maternal size as 
well as BMI and the sex of the fetus. Perhaps I am not a hundred percent sure but, 
apart from female babies being low birthweight, they are also more likely to be IUGR, 
but you can challenge me on that.

Dr. Yajnik: Can I make a comment? I was approached by someone in Fiji 
because they got very excited that all the IUGR babies in Fiji were Indian and all 
the LGA babies were Pacific Islander babies. They thought it was an ethnic differ-
ence. I suggested correction for maternal size and this explained a large part of 
the difference. So I think maternal size is not being considered in the definition of 
appropriateness of birthweight, which is a major problem. The second issue is that 
we are concentrating only on birthweight and sometimes on length. But we are 
not talking about body composition. For example a female child is more adipose 
than a male child, and has a different cord blood hormonal profile [2]. Hattersley 
and Tooke [3] recently published on this, and there is a gender insulin hypothesis. 
The complexities increase as we go from weight to BMI to body composition and 
physiology.

Dr. Christian: I wish we had better ways to assess fetal development because 
MRIs are very hard to do in communities, so how do we measure body composition? 
Measuring length is one step ahead and we have a long way to go.

Dr. Yajnik: Recently we showed in the Pune Maternal Nutrition Study that smaller 
leg length seems to predict a metabolic problem [4]. This was demonstrated by Leitch 
[5] about 5 years ago when she related short legs to cardiovascular risk. Thus there is 
complexity within length also and implications for the windows of opportunity.

Dr. Shahkhalili: I would like to make a comment. Fetal undernutrition is a conse-
quence of placental insufficiency and not maternal nutritional status. A condition that 
is common in developed countries and also needs to be addressed.

Dr. Whitelaw: As a geneticist I am just interested that you don’t raise the issue of 
genetics as being involved in any of these studies. For example, when you correlate 
maternal BMI or size with fetal or newborn size, surely genetics is likely to play a con-
tributing role. I realize it must be quite complicated to put that into the equation, but 
it seems likely.

Dr. Christian: In the nutritional community, at least in the context of develop-
ing countries, our understanding is that most of the stunting in adults has nutritional 
origins. If you take the example of a malnourished child being adopted into a well-
nourished setting, then he/she experiences some catch-up growth, and when you talk 
about migrations of people from a developing country to a better setting, over gen-
erations an increase in height is actually seen. I think that the genetic component 
to explain stunting in a developing country is very low because when certain ethnic 
groups have lived for a substantially long period of time in a well-nourished setting, 
they tend to gain height.

Dr. Pandit: Nature always tries to correct itself in adverse situations by creat-
ing something favorable. For example the studies by Dr. Yajnik in Pune have dem-
onstrated that gestational diabetes has now become a necessary evil for increasing 
birthweight. In your study did you see this effort of nature to have more gestational 
diabetes in all these IUGR?

Dr. Christian: In the two places in which I have worked, Nepal and Bangladesh, 
we find very little evidence of gestational diabetes. We did some standard measures of 
proteinuria and hypertension and did not find any evidence.

Dr. Kayal: Is there a laboratory model of specific micronutrient deficiency with 
low birthweight in animals?
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Dr. Christian: Folate and B12 deficiency has been looked at in sheep. I am not 
quite sure if I understand your question, but there are lots of studies in humans which 
have looked at specific micronutrient deficiencies.

Dr. Kayal: The results of human studies have been inconclusive. Are there any 
animal studies linking specific micronutrient deficiencies to low birthweight in the 
offspring, because we will be able to control those things?

Dr. Christian: The studies that I am aware of are human studies.
Dr. Yajnik: Over the last 5 years there have been a number of models. There are 

models for magnesium and calcium deficiency and also for protein deficiency. Recently 
a B12 and folate model has been developed. Dr. Christian referred to the recently pub-
lished sheep model for periconceptional B12 and folate deficiency which actually rep-
licated what we have shown in humans, that there is a growth restriction followed by 
higher adiposity and insulin resistance in the offspring. There are a number of models.

Dr. Matthai: You said that there is an association between low birthweight and 
subsequent smallness in adulthood. How much of this is environmental and how much 
of it is because the person started with a low birthweight?

Dr. Christian: To the extent that the environment influences low birthweight; I 
think it is environmental. What I was trying to show is that there is a certain fraction 
of variation in stunting or wasting in children that is explained by being born with a 
low birthweight which we cannot do anything about once the child is 2–5 years of age. 
That was the purpose of examining that association. I showed all the environmental 
factors that actually contribute to low birthweight and those would still be there as 
risk factors.

Dr. Matthai: Do you think that this person’s growth potential would be similar to 
someone with normal birthweight?

Dr. Christian: Yes, but they have to be corrected before childhood; prenatally or 
even when the mother is growing as a child or in adolescence. So you are talking about 
a reproductive life stage approach for interventions but the data that I presented do 
not tell you the attributable fraction, which is what I said at the end; we should try to 
figure out what the fraction of risk is that is attributable to the prenatal factors.

Dr. Bhattacharya: Have you come across any syndromes, such as Down’s syn-
drome or others, that can be linked to nutrition?

Dr. Christian: In our studies we have mostly assessed gross congenital malforma-
tions and defects. We have only been able to pick these up because these are com-
munity-base studies. Births are happening in the women’s homes and getting to them 
on time is always a challenge. In a lot of instances when a congenital malformation is 
severe the baby dies. So if we reach and find them on time, they have to be surviving 
babies. This is of concern because we are only capturing survivors. But the congeni-
tally malformed babies tend also to have lower birthweight.

Dr. De Curtis: In the last few years the rate of prematurity has increased in many 
developed countries. In the USA it has reached about 12–13% and in Italy it is about 
7–8%. Is there a similar increase in developing countries? Have developing countries 
adopted local neonatal reference growth charts or are they using charts from devel-
oped countries? It is important to use local neonatal charts to rule out the possibility 
that many infants are considered SGA when they are actually normal for that region.

Dr. Christian: From what I understand the increasing trend in the US with regard 
to preterms is mostly associated with the indicated cesarean section preterm rate. It 
is not the spontaneous preterm rates that have gone up. There is a recent paper by 
Goldenberg and Culhane [6] showing the different kinds of preterms, and the increase 
is mostly indicated preterm cesarean sections which are considered for adverse preg-
nancies. Your second question regarding growth charts is actually a very controver-
sial topic. If you take fetal growth references or standards and if you use Caucasian 
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or European standards for fetuses in developing countries, then you are comparing 
apples and oranges. No, I don’t think that we have adequate references and that is why 
adjustment for various factors is something that is recommended.
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A bstract

 Obesity and nutrition-related chronic disorders are fast rising in developing coun-
tries. But undernutrition – stunting, underweight, wasting and micronutrient defi-
ciencies – still affect millions of preschool children in both rural and urban settings 
increasing the risks of morbidity and mortality, impairing cognitive development, 
reducing productivity and increasing the risk of chronic diseases in later life. In addi-
tion undernutrition has a transgenerational effect. Here I review the evidence for a 
synergistic effect of inadequate nutrition (breastfeeding, complementary feeding), 
infection, and inappropriate mother–child interactions on growth and nutritional 
deficiencies. Underlying socioeconomic, environmental and genetic factors are also 
explored. Finally some perspectives on how urbanization and globalization may affect 
the prevalence and distribution of undernutrition are discussed. Fighting child under-
nutrition is still an urgent necessity and a moral imperative.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

I  ntroduction

Developing countries are undergoing a rapid nutrition transition charac-
terized by changes in diet and physical activity patterns. These changes are 
occurring at such a fast rate that the rising burden of obesity and nutrition-
related chronic diseases is compounding the secular problems of undernutri-
tion rather than displacing them [1], creating the so-called ‘double burden of 
malnutrition’. Stunting and overweight have been found to coexist not only 
at the community level [2] but also within individual households [3] and even 
within individuals [4]. Moreover, early childhood stunting is now recognized 
as a risk factor for obesity in later life [4]. Although non-communicable dis-
eases are now the leading cause of death and disability in most developing 
countries, underweight together with iron, zinc and vitamin A deficiencies are 
still among the leading 15 causes of death worldwide [5].
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The determinants and consequences of childhood undernutrition have 
been studied for several decades. There is considerable evidence that early 
nutritional insults are strongly associated with impaired physical growth, 
increased morbidity and mortality, impaired cognitive development, reduced 
economic productivity through diminished physical work capacity, increased 
risk of chronic disease in adulthood and, for women, lower offspring birth-
weight [6]. Questions remain, however, regarding the precise mechanisms 
governing malnutrition, such as linear growth faltering [7]. The relationships 
between proximal and distal factors leading to childhood malnutrition were 
sketched out nearly 20 years ago in the UNICEF’s classical framework for 
malnutrition, which is still the reference today [8].

Here I examine how proximal etiological factors for undernutrition, namely 
inadequate nutrition, infection and maternal–child interactions, can work 
synergistically to impair child growth. The relative contribution of socioeco-
nomic and demographic factors as well as other environmental factors is also 
explored. Finally, I discuss how urbanization and globalization may modify 
the pattern of risk factors.

Effects of Nutrition and Feeding Practices on Infant and Young 

Child Nutritional Status

Breastfeeding

The WHO recommends breastfeeding exclusively for 6 months and 
throughout the second year [9]. In Asia and Africa, 75–80% of infants are 
exclusively or predominantly breastfed for the first 2 months of life [10]. In 
most women, breast milk provides enough energy and protein to cover the 
needs of their offspring for normal growth during the first 6 months of life 
[11]. Wasting or kwashiorkor seldom occur in early infancy and when they do 
are usually associated with maternal or child inability to breastfeed (famine, 
maternal physical or mental illness, child cleft lip or cleft palate) in very poor 
communities.

The worldwide timing of growth faltering (fig. 1) suggests that linear 
growth retardation starts before 3 months of age and possibly inside the 
womb [12]. In normal birthweight babies however, weight faltering does not 
seem to occur until 3–6 months of age [12], suggesting that prenatal influ-
ences are more strongly exerted on length than weight accretion. However, 
caution is in order since antenatal multiple micronutrient supplementation 
trials have shown a greater effect on birthweight than length [13]. The mecha-
nisms of linear growth retardation are not fully understood, but the timing of 
initiation of length and weight faltering suggest very different etiologies.

There is empirical evidence for a compounding effect of inadequate breast 
milk quality coupled with suboptimal infant stores at birth in the etiology of 
early linear growth faltering. Low birthweight is frequently reported as the 
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strongest determinant of stunting in the first year of life [14]. In addition, 
breast milk concentrations of vitamin A, B6, and B12 are strongly influenced 
by maternal status and diet [11]. Iron, zinc and vitamin D are provided in 
inappropriate amounts in breast milk regardless of maternal status or intake, 
and the infant’s needs are met by endowment at birth (or sunlight exposure 
for vitamin D) until an exogenous source is supplied [11]. It is therefore likely 
that in deficient populations, infants’ stores at birth together with intake 
(through breast milk) of several micronutrients fail to meet the requirements 
for growth and development, contributing to linear growth retardation and 
micronutrient deficiencies.

Complementary Feeding: Timing of Initiation

The attrition rate beyond 2 months for exclusive breastfeeding in Africa and 
Asia is very important. The proportion of infants exclusively or predominantly 
breastfed falls to ~50% in the 2–5 months age group indicating that untimely 
exposure to potentially contaminated or qualitatively inadequate foods is 
widespread [10]. Introduction of complementary foods increases the risk of 
diarrhea. Brown et al. [15] in Peru observed a doubling of the prevalence of 
diarrhea in infants receiving liquids in addition to breast milk compared to 
those exclusively breastfed. The risk of dehydration from diarrhea was 7 times 
greater when food was introduced between 3 and 5 months among Brazilian 
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permission from Shrimpton et al. [12].
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infants [16]. Early introduction of complementary foods has also been consis-
tently associated with an increased incidence of respiratory illnesses [16].

The introduction of complementary foods displaces breast milk intakes 
[17]. Although infants are able to self-regulate their energy intake, they are 
constrained by a small gastric capacity. In addition, the low energy density of 
mostly plant-based infant porridges in developing countries contributes to a 
reduction in energy and other nutrient intakes due to their poor availability and 
bioavailability compared to that in breast milk [17]. Although the availability 
of micronutrients in human milk can be low, they are generally well absorbed.

Early introduction of complementary foods affects growth directly by 
reducing the quality and quantity of the diet, and indirectly through increased 
incidence of diarrheal and other diseases.

Dietary Quality versus Quantity of Complementary Foods

From 6 months, breast milk alone is no longer sufficient to meet the 
requirements for normal biological functions and growth in increasingly 
active and mobile infants [9]. Most cultures introduce complementary foods 
in the second half of infancy (e.g., solid family food) and in environments 
with poor water quality and traditionally low nutrient density diets, infants 
are at increased risk of nutritional deficiencies [18], in particular moderate 
and severe acute malnutrition (severe wasting, kwashiorkor) and stunt-
ing. It is during this period that growth trajectories deviate markedly from 
the reference in developing countries. On a global scale, weight-for-age and 
weight-for-length falter sharply between 3 and 12 months with a some catch-
up thereafter, particularly in terms of weight-for-length, more pronounced in 
Africa. Length-for-age continues to falter throughout infancy and childhood 
until about 3 years [12].

The initial attention of the research community focused primarily on the 
influence of weaning on severe acute malnutrition, since the short-term 
prognosis is highly unfavorable if left untreated. The debate has shifted from 
protein deficiency, initially hypothesized by Williams [19] in the etiology of 
kwashiorkor, to energy deficiency. More recently the focus has shifted to mul-
tiple deficiencies due to the reduced availability and bioavailability of nutri-
ents in complementary foods [18].

In most developing countries infant porridges are plant-based with a low 
proportion of energy provided from animal sources [20]. Consequently the 
bioavailability of nutrients and energy density are reduced and these foods 
often fail to meet the increasing needs for growth, physical activity, and health. 
There is strong evidence that wasting, but not stunting, is associated with an 
energy-deficient diet or one with a low protein to energy ratio [21]. This can 
be observed at its extreme in anorexic children suffering severe infections, or 
in times of famine. There is, however, evidence of stunting in children from 
deprived communities with appropriate energy intakes [22]; Mexican children 
with energy and protein intakes comparable to those of North American infants 
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displayed a marked prevalence of stunting, suggesting that other nutrients may 
be limiting [23]. In the Huascar longitudinal study in Peru, the diet of infants 
in the second semester averaged 70–75% of energy requirements [18]. Brown 
[18] calculated that even if these infants would eat larger quantities to satisfy 
their energy requirements, their diet would remain below the recommenda-
tions for protein, vitamin A, calcium, iron, and zinc intakes most of the time. 
Recently, a review of growth-limiting nutrient intakes from complementary 
feeding in Bangladesh, Ghana, Guatemala, Mexico, Peru, and the USA revealed 
that although protein density is adequate, iron, zinc and calcium fail to meet 
desired intakes across all countries and age groups from 6 to 11 months, and 
in all countries but the USA between 12 and 23 months [17]. In the 1998 WHO 
report on complementary feeding, iron and zinc were identified as ‘problem 
nutrients’ [20]. The bioavailability of zinc and iron is further affected by high 
concentrations of anti-nutrients (phytates, dietary fibers) in cereal-based 
preparations as observed in Malawi with maize-based porridges [24].

Poor nutrient quality and quantity in complementary food has an indirect 
effect on appetite. Growth-retarded Mexican children left over 25% of the 
food offered suggesting a qualitative rather than a quantitative problem [25]. 
Several nutritional factors drive appetite in children including the organolep-
tic properties and viscosity of the food offered [18], but also micronutrient 
composition. This has been suggested by Golden and Golden [26] who refer 
to the fact that anorexia is a key feature of zinc deficiency in experimental 
human and animal studies.

Infections and Growth

Effect of Common Childhood Illnesses on Growth

There is a clear association between infection and growth faltering. 
Diarrhea is the most strongly related illness but other acute infections such 
as pneumonia, malaria, acute febrile illnesses and measles, as well as chronic 
infections, can impact on growth even at a subclinical stage.

Diarrheal diseases are the most prevalent illnesses in infancy and childhood. 
Peak incidence occurs in the second half of infancy, coinciding with the intro-
duction of complementary foods and the period when weight faltering is most 
acute [27]. Diarrheal episodes seem to have a transient effect on weight gain. 
In studies compiled by Bhan et al. [28], reporting a significant growth impair-
ment due to diarrheal diseases, 8–80% of the short-term weight deficit was 
explained by diarrhea. The proportion explained was greater in African stud-
ies as well as in the context of higher diarrhea prevalence. Long-term effects 
(beyond 6 months intervals) were somewhat smaller ranging from 6 to 24% of 
the weight deficit associated with diarrhea, suggesting some catch-up growth. 
The impact of diarrhea on length velocity was smaller: only 8–15% of the length 
deficit across nine studies was explained by this type of infection [28].
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Lower respiratory tract infections have been associated with a 6–35% defi-
cit in short-term weight gain but no long-term effects beyond 6 months apart 
from a small effect of severe pneumonia in Brazilian infants [29]. No effect 
has been reported on length. Malaria and measles have also been reported 
to have a significant effect on weight [28]. Measles epidemics in very low 
income countries are frequently associated with subsequent peak admissions 
of severely malnourished children in rehabilitation centers.

Chronic infections have also been investigated in relation to growth 
and show different patterns of interaction. Guinean infants infected by 
Cryptosporidium parvum, a protozoan that causes severe and persistent 
diarrhea, suffered permanent retardation in both weight and length growth 
[30]. In The Gambia, colonization of the gastrointestinal tract by Helicobacter 

pylori in the first half of infancy was significantly associated with shorter, 
thinner and lighter infants in later infancy [31]. HIV, even subclinical, has been 
shown to impair linear growth from the first trimester of life and throughout 
infancy and childhood [32]. It has also been associated with wasting in devel-
oping countries but not developed countries, highlighting the importance of 
appropriate nutritional support [28].

Albendazole trials conducted to investigate the impact of helminthiasis on 
growth reported inconsistent effects on weight gain, with greater effects in 
areas of high prevalence. No significant impact on length gain was observed; 
however, all but one trial was conducted in school-age children where changes 
in length are unlikely [28].

The variability in the measured effect of various infections as well as 
the mechanisms by which infections act on weight and length accretion 
are not fully understood. Effects are greater in high prevalence settings as 
well as in nutritionally compromised children. Clearly the severity, dura-
tion, frequency, and type of infection are key factors mediating the effect on 
growth by increasing nutrient requirements, losses, and provoking anorexia. 
Enteropathies affect gut mucosal integrity hence reducing nutrient absorp-
tion. In The Gambia, long-term intestinal lesions explain 43% of growth falter-
ing among 2- to 15-month-old children [33].

Synergism of Malnutrition and Infections

The potentiating effect of malnutrition on infection has been recognized for 
years. Inappropriate dietary energy and micronutrient intake increases sus-
ceptibility to and delays recovery from infection. Infection in turn increases 
the nutrient requirements necessary to contain and combat pathological 
assaults. Furthermore, infection increases losses (diarrhea) and reduces 
intakes by affecting appetite, therefore further compromising nutritional sta-
tus, delaying recovery, and impairing growth [34].

New estimates on the role of undernutrition as an underlying cause of child 
deaths from infectious diseases were given in the Lancet series on Maternal 
and Child Undernutrition [10]. Underweight was implicated in 19% of all 
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deaths, stunting and wasting in approximately 15%, and vitamin A deficiency 
in 6.5%. Caution is in order when interpreting these figures since the com-
bined effect of multiple deficiencies is less than the crude sum of individual 
deficiencies as some deaths may be attributable to multiple deficiencies.

Mother–Child Interactions

UNICEF first promoted the importance of maternal care in its 1990 con-
ceptual framework for malnutrition to explain differences in nutritional out-
comes between communities and households with comparable resources [8].

The level of care provided to infants and children is the result of maternal 
endogenous factors and societal values, constraints, and policies interacting 
with each other. Maternal factors determining the quality of the mother–child 
relationship comprise education and beliefs, physical and mental health, 
nutritional status and self-confidence. At the interface between maternal 
and societal determinants are workload and time available for care, and time 
spent on care, and maternal autonomy and control of resources, highlighting 
the pivotal influence of the father on the mother–child relationship. Finally 
the provision of care to children is influenced by the level of social support 
received by mothers. It is not possible here to review the evidence available 
for the effect of each of these determinants on the care and feeding prac-
tices and ultimately on the child’s nutritional status. Instead, I will highlight 
key findings related to two aspects: maternal education and maternal mental 
health. For a complete review one can refer to the excellent report by Engle 
et al. [35].

Maternal Education

Children born of women with higher schooling status are less likely to be 
malnourished. The results of a very large cross-sectional study in Indonesia 
and Bangladesh recently published in the Lancet estimated that each addi-
tional year of maternal education decreases the odds of stunting by 4–5% 
in their offspring [36]. Parental education impacts on child health and nutri-
tional status through three behavioral mechanisms, namely feeding practices, 
home health practices, and child–caregiver interaction [35].

Maternal education has been associated with a greater commitment to 
care. In Mexico, mothers from higher education levels were more vocal, had a 
more stimulating style of interaction with their infant, and were more likely to 
adapt responsive practices to the age of their infant [37].

Educated mothers adopt better home healthcare provision behaviors in 
the form of preventative healthcare (immunization, use of antenatal care) 
and health-seeking behavior for curative medicine. In Metro Cebu, the 
Philippines, the odds of full immunization of infants rose by 10–15% for each 
additional year of maternal education [38].
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The interaction between feeding practices and maternal education is com-
plex. In Pakistan, the timing of introduction of complementary foods was 
associated with maternal education [39]. In a study in Bangladesh, maternal 
education correlated positively not only with feeding frequency and duration, 
but also with the quality of feeding (less distraction while feeding, cleaner 
environment, fresher foods, etc.) [40]. In contrast, higher maternal education 
is consistently associated with earlier termination of breastfeeding in devel-
oping countries [35], possibly because better educated mothers engage more 
in income-generating activities, have less time to dedicate to caring and have 
wider access to breast milk substitutes due to higher incomes.

Maternal Mental Health

A recent Lancet series on mental health highlighted the burden of post-
natal depression in developing countries [41]. Postnatal depression affects 
10–15% of mothers in developed countries and the proportion is probably 
higher in low and middle income countries. Prevalences of 23 and 20% have 
been reported in India, and 28% in Pakistan [42]. Consistent associations 
between postnatal mental disorders, child undernutrition and diarrheal epi-
sodes have been reported. Infants of antenatally depressed mothers were 
around 4 times more likely to be underweight and stunted at 6 months and 
around 2.5 times at 12 months [43]. The risk of having 5 or more diarrheal 
episodes per year was 2.4.

There is compelling evidence from both developed and developing coun-
tries that postnatal depression correlates with long-term cognitive and behav-
ioral problems in children, and failure to thrive [42]. Three mechanisms have 
been proposed. First, maternal depression is associated with inappropriate 
healthcare seeking behaviors (full immunization, antenatal care attendance) 
[43], suboptimal breastfeeding practices and risk-taking behaviors (smoking, 
drinking alcohol, unhealthy eating) [41, 42]. Second, depressive symptoms 
impact negatively on the emotional quality of parenting. Depressed mothers 
provide less quantity and poorer quality of stimulations and are less respon-
sive to their child. Third, maternal depression could increase psychosocial 
adversity in infancy, which has been linked with stunting [42].

Socioeconomic and Demographic Factors

Socioeconomic

Malnutrition is a disease of poverty. Socioeconomic status expressed at 
the household level (income, expenditure, asset ownership, etc.) has been 
consistently associated with indices of malnutrition in a variety of studies, but 
the pathways and mechanisms by which it impacts on child nutritional status 
are complex, numerous, and highly variable between household, communities 
and countries. Analysis of the global determinants of stunting and wasting 
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by Frongillo et al. [44] have highlighted the fact that child undernutrition is 
as much a consequence of factors at national and provincial levels as at the 
individual household level. In their model, three quarters of the variability of 
stunting between countries and two thirds of that of wasting were explained 
by factors at national and provincial levels. Stunting was more strongly asso-
ciated with lower energy availability, lower female literacy rates and lower 
gross domestic product. Wasting was negatively correlated with vaccination 
coverage and, in Asia, energy availability.

The relationship between poverty and undernutrition at the country level 
is not linear. For instance Zimbabwe and Kenya have achieved lower rates of 
underweight and stunting than India, although their gross national income 
per head is much lower. Mexico has a higher prevalence of stunting than 
China despite being nearly 4 times more wealthy [45]. The Green Revolution 
and sustained economic growth in Asia over the past decades contributed 
to the eradication of famines and brought self-sufficiency in many countries. 
But in countries like India, mild to moderate undernutrition remain stagger-
ingly high probably due to large inequities in income distribution. Conversely, 
countries like Panama and Costa Rica have seen a steady decrease in child 
undernutrition from 1970 to 2000 despite economic stagnation [46].

Other socioeconomic factors associated with child undernutrition in vari-
ous contexts include: access to safe water (through the incidence and dura-
tion of diarrheal diseases); access to healthcare (incidence and duration 
of infections); dwelling characteristics (wealth, indoor air pollution, etc.); 
access to latrines (incidence of diarrheal and other diseases due to fecal con-
tamination), and many more.

Demographic Factors

The word ‘kwashiorkor’ used by Cecily Williams in her seminal 1933 article 
was borrowed from the Ga language to designate the disease of ‘the displaced 
child’ [21] since kwashiorkor was more frequently observed in weanlings 
experiencing a sudden decline in maternal care and attention due to the 
arrival of a new sibling. Parity, birth spacing and birth order are among fac-
tors frequently associated with child undernutrition. In Thailand, Indonesia 
and the Philippines, these as well as mortality of the previous child were risk 
factors for child mortality [47]. Parental marital status and maternal age also 
seem to exert an influence on child nutritional status. Demographic factors 
may be partly mediated through socioeconomic status and education.

Environmental, Genetic and Other Factors

Sex

A higher prevalence of stunting has been reported in boys in several 
African studies showing a ~15% difference in the prevalence between boys 
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and girls and a 1.5- to 2-fold increase in the risk of stunting for boys [14, 
48]. In a meta-analysis of 16 demographic and health surveys conducted in 
sub-Saharan African countries, Wamani et al. [49] concluded that the odds of 
stunting were 18% higher in boys than girls, suggesting that males are more 
vulnerable to health inequities.

No data were compiled for Asia or Latin America but studies in Bangladesh 
consistently report higher rates of stunting in girls than boys [50].

Intergenerational Effect on Undernutrition

The typical intergenerational cycle of growth failure was described in 
UNICEF’s State of the World Children 1998: ‘young girls who grow poorly 
become stunted women and are more likely to give birth to low-birth-weight 
babies. If those are girls, they are likely to continue the cycle by being 
stunted in adulthood and so on …’ [8]. Ramakrishnan et al. [51] reviewed 
the evidence from developed countries and reported on new data from 
Guatemala. Correlation coefficients of 0.42–0.5 between adult height of par-
ents and their offspring were reported in developed countries. For each 
100-gram increase in maternal birthweight, a 10- to 20-gram increase was 
reported in their offspring. In Guatemala, the increase in child’s birthweight 
was nearly twice as much (29 g/100 g maternal birthweight) and birth 
length was increased by 0.2 cm/1 cm increase in maternal birth length. 
These findings highlight the importance of addressing undernutrition now 
for future generations but also that it may take several generations to com-
pletely eradicate stunting.

Seasonality, Food Availability and Infections

Seasonal variations in growth patterns among agro-pastoral communities 
have been described in many countries, with weight showing greater seasonal 
variability than height. The nadir of weight faltering has been correlated with 
the timing of lowest food availability (pre-harvest period) in Bangladesh and 
Kenya [50, 52] or the period of highest diarrhea incidence in Uganda and 
Bangladesh [50, 53]. Resumption of height growth seems to lag 3–4 months 
behind that of weight accretion in line with Golden’s [54] observation that 
during catch-up growth (recovery from severe acute malnutrition) weight 
takes precedence over length.

Perspective on Urbanization, Globalization and Undernutrition

The United Nations’ Population Division estimates that in 2008 the propor-
tion of the urban population will equal the rural population and be urbanized 
in its majority thereafter [55]. These changes have taken place increasingly 
rapidly in the last two decades in the context of the globalization of trade, 
technology, information, and labor resources.
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Over a third of the urban population in the developing world live in 
shanty towns and are exposed to a lack of access to safe water, poor hous-
ing conditions, overcrowding, poor hygiene conditions due to lack of drain-
age, and environmental pollution. Consequently children are exposed to 
higher transmission rates of respiratory and diarrheal diseases than in rural 
areas [56]. Urbanization affects not only the environment but behaviors. 
Rates and duration of breastfeeding are lower in urban than rural areas in 
Africa and Latin America [57], and the ability and, often, the necessity of 
mothers to work impacts on the time and quality of health and nutrition 
care. It is not surprising that children from urban slums in India have a 
higher prevalence of underweight, stunting and wasting than those living in 
rural areas [58].

A feature of trade globalization has been a sustained integration of 
national markets to the global economy. For poor, often urban populations 
in developing countries, this has meant greater stability in food availability 
thus a better resilience against adverse local climatic and man-made disas-
ters, but also a greater vulnerability to global price fluctuations. The price 
of oil and basic food commodities is rising rapidly nowadays, pulled by a 
booming demand from China and diversion of agricultural productions into 
biofuel generation reducing global food availability and accessibility. Riots 
erupted recently in Cameroon (February 2008), Burma (July 2007), and 
Iran (June 2007) over the price of oil. In China, a harsh winter character-
ized by gigantic floods has meant a sharp increase in basic food products 
and a steep decline in rice exports, affecting global prices. Whether or not 
this may signal the return of famines in Asia and elsewhere is unknown, 
but low income countries already suffering a disproportionate share of 
the burden are ill equipped to face a global competition for dwindling 
resources.

Conclusion

The increasing prevalence of obesity and nutrition-related chronic dis-
ease compounds rather than displaces traditional health problems due 
to undernutrition in developing countries. Trends indicate that, if left 
unchecked, stunting will remain the most prevalent nutritional disorder 
in childhood, and underweight, wasting and micronutrient deficiencies 
will continue to affect children throughout their lives and across genera-
tions. The burden of child undernutrition remains so great that there is a 
renewed moral urgency to find integrated solutions to tackle the problem. 
Over- and undernutrition are now seen as different manifestations of a 
global phenomenon rather than extremes of the malnutrition spectrum. 
Since they are linked, fighting undernutrition should impact positively on 
both outcomes.
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Discussion

Dr. Haschke: My comment is related to the growth curves which you showed. You 
are still using the NCHS growth curves as the reference. Since the arrival of the WHO 
growth curves, we know that the NCHS references are completely outdated because 
they overestimate weight and length during the second 6 months of life. Therefore if 
the NCHS curves indicate that disabled populations have a z score of –1.25 for weight 
for age, the new WHO curves would indicate a z score of between –0.6 or 0.7. This 
would be less dramatic. The new WHO growth curves provide a much better estimate 
of the growth of infants who are breastfed according to the present recommendations. 
A second short comment: you showed the growth of infants with HIV until 22 years; I 
assume it is 22 months.

Dr. Prost: The graph showing the growth of children according to their HIV status 
is over the 2 first years of life, so it is 22 months. Coming back to your comment about 
the WHO growth standards, I completely agree with you but with caution because 
the implications of the new WHO standards are not fully understood with regard to 
how they compare with the NCHS references that were widely used until then. In 
very early infancy using the WHO growth standards will increase the prevalence of 
stunting, wasting and underweight, and in later infancy, in childhood, it is likely to be 
fairly similar to the NCHS references. In my opinion the issue of using the new WHO 
standards and how they will impact on our estimation of undernutrition has not yet 
been sorted out.

Dr. Haschke: The differences between the 2 growth curves are substantial. During 
the first 3 months the new WHO growth curves show exactly the same pattern you 
showed in breastfed infants, weight and length are above the NCHS. However, from 
4 to 12 months the new WHO standards for weight and length are 0.6 z scores lower 
than indicated by the NCHS references.

Dr. Pandit: You mentioned iron, zinc and vitamin A deficiencies among the lead-
ing causes of death. How is the cause-and-effect relationship established between the 
iron, zinc and vitamin A deficiencies? What indicators have been used?

Dr. Prost: The data I have presented were from the World Health Report 2002, so 
these are WHO estimates and I am not aware of how they calculated these.

Dr. Christian: I think the vitamin A estimates are based on randomized placebo-
controlled trials of vitamin A supplementation in young children and their impact on 
child mortality. With zinc what they have done for the recent estimate in the Lancet 
series [1] is to use the two trials of zinc supplementation also using a placebo-con-
trolled randomized study design to estimate the relative contribution of zinc defi-
ciency to childhood mortality. With regard to iron, I think those estimates are based 
on two randomized control trials of iron supplementation but actually in the malarious 
setting they have shown a negative impact of iron on morbidity and mortality.



Postnatal Origins of Undernutrition

93

Dr. Ganapathy: The Nepal study [2] which involved about 65,000 children has 
given zinc a questionable role. Are we dealing more with food faddism which is con-
tributing to zinc and iron deficiencies or are we overestimating the problem? Is there 
a role for zinc?

Dr. Christian: The question about whether zinc plays a role is related to using 
or promoting zinc supplementation to prevent childhood mortality. A program would 
actually have to be developed that targets all children of that age group for daily zinc 
supplementation, and it is questionable whether that is really possible given the mod-
est effects on mortality that were observed in that study.

Dr. Shetty: I completely agree with Dr. Haschke that the numbers of undernour-
ished, all categories, are going to change, particularly stunting and underweight, 
because the new WHO standards have produced growth references for children which 
are based on data from exclusively breastfed children from developing countries and 
India is part of this database. With the changes in both bodyweight and length, the 
numbers and prevalence of stunting and underweight will change [3]. The second 
point I want to make is with regard to your comments on the rise in food prices. There 
is no doubt that there has been an increase in food prices over the last 12 months 
or so, largely because of the increased food being diverted to feed animals (a lot of 
soya production in Brazil goes straight to China to feed animals), and also maize for 
instance going to biofuel production in the USA. But if you look at the changes in food 
prices over the last 20 years there has been a remarkable drop in food prices that what 
we are paying now for food does not even cover the production costs of that food. So 
this increase since 1980 is a very small increase in food price. I know it will affect a lot 
of low income people but the same low income people have benefited from extremely 
low food prices over the last 20 years. We may hence be misleading when we state that 
the cause of undernutrition in children is because of the increase in food prices over 
the last 12 months.

Dr. Prost: I completely agree with you, this is a very short period of time to look 
at an increase in food prices, but if we look at the larger picture, the conclusion might 
be a little bit different. However, I think that over a very short period of time there has 
been a substantial increase, but nobody here can say whether it really has increased 
child undernutrition or not because we don’t have the data. Obviously when there is 
a 50% increase in food prices, it will very strongly affect the poor. We might not be 
affected as much by that, but the poor will certainly feel it, and I think it is linked to 
the price of oil as well. As you said, we have a short view here on food prices, and all 
the prices are increasing and nobody would actually dare to say that they are going to 
decrease. In the long-term food prices will continue to increase, and if they continue 
to increase at the present rate there will be a problem, there is no doubt about it.

Dr. Shetty: If you look at undernutrition in Indonesia, for instance, you can see 
how the economic crisis in East Asia has had an impact on undernutrition. So when 
you talk about global factors, food is just one component. If there is an economic 
recession, even if food prices do not change because they are subsidized, there will 
still be an impact on child undernutrition, and therefore to highlight just the rise in 
food prices as being the main causative driver of undernutrition is something that I do 
not agree with.

Dr. Sirajul Islam: As far as the food price is concerned, I think the food prices 
have risen very alarmingly. Two years back the price of rice was 21 taka/kg and it is 
now more than 50 taka/kg, pulses were 30 taka/kg, now they are 140 taka/kg, and this 
has happened in the last couple of months. For a man who earns 150 taka/day, has a 
family of 5 children and isn’t working regularly, it is a devastating situation. We must 
not underestimate the food price at the present time.
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Dr. Wharton: Can I ask you to enlarge a bit on your views on the effects of urban-
ization? The current ideas are that urbanization in developing countries generally isn’t 
good, and yet historically in other communities urbanization is being associated with a 
reduction in mortality rates, with employment, and easier access to sources of educa-
tion, and so on. Could you just say a bit more about what you think about urbanization?

Dr. Prost: The first thing I should highlight is that my field is epidemiology, so I 
am not very knowledgeable about the effect of urbanization on child undernutrition. 
Dr. Popkin could answer that question better than me. Urbanization as such is not a 
problem, it is uncontrolled urbanization. Urbanization is associated generally with an 
increase in income and that has a positive effect on child undernutrition. But uncon-
trolled urbanization leads to an increased exposure to risk, particularly for children, 
and this is what I wanted to highlight in my talk, the extent to which it has a negative 
impact on the health of children.

Dr. Agarwal: I have only two comments to make. One is in the case of India. 
Undernutrition has remained the same, wasting as well as stunting, for the last 7 
years, and therefore this marginal rise in prices has not had an affect. The second 
thing I have seen in rural areas where I have done some interventions is that the wean-
ing food is contaminated, the bottles, the utensils and the water are all contaminated. 
We have to solve two problems: one is water control and the other is bringing down 
the bacterial content of the water, and the cleaning of things. In dealing with infec-
tions, such as diarrhea and respiratory infections, it should be taken into account that 
the weaning foods are contaminated. I think the Gambian experience also shows the 
same.

Dr. Matthai: You made the point that there is still a very high burden of malnutri-
tion in India. I think it is important to remember that what we now see in most parts 
of India is not the severe malnutrition that we used to see about 20 years ago. Most of 
what we see is the milder grades – grades 1 or 2. I suspect if we apply the new WHO 
standards and growth curves many of those who we have been classified as having 
malnutrition by our earlier standards would now be classified as normal. So, yes, there 
still is malnutrition in India, but I think the prevalence and severity are probably much 
less than what is commonly thought.

Dr. Christian: I just wanted to point out that both the NFHS-3 and the Lancet 
series’ estimates of the global burden of undernutrition have used the new standards 
and rates that we were discussing earlier on, the 51% of stunting is based on using 
the new standards, so I don’t think that we are misclassifying malnutrition, that is not 
really happening.
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Abstra ct

It is  estimated that over 51 million people in Brazil live in slums, areas where a high 
prevalence of malnutrition is also found. In general, the population of ‘slum dwell-
ers’ is growing at a faster rate than urban populations. This condition is associated 
with poor sanitation, unhealthy food habits, low birthweight, and stunting. Stunting 
is of particular concern as longitudinal and cross-sectional studies of stunted ado-
lescents have shown a high susceptibility to gain central fat, lower fat oxidation, and 
lower resting and postprandial energy expenditure. In addition, higher blood pressure, 
higher plasma uric acid and impaired flow-mediated vascular dilation were all associ-
ated with a higher level of hypertension in low birthweight and stunted children. In 
particular, stunted boys and girls also showed lower insulin production by pancreatic 
� cells. All these factors are linked with a higher risk of chronic diseases later in life. 
Among stunted adults, alterations in plasma lipids, glucose and insulin have also been 
reported. However, adequate nutritional recovery with linear catch-up growth, after 
treatment in nutritional rehabilitation centers, can moderate the alterations in body 
composition, bone density and insulin production.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

Health,   Nutrition and Life Conditions

It has become clear that, for a real understanding of diseases and their 
etiology, the influence of the anthropological aspects, the psychological dyna-
mism and the social context on the regulation of body metabolism must be 
considered. A reasonable amount of scientific findings offer ever more exam-
ples of an integrated approach to studying medical problems, such as studies 
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on the effects of happiness on the overall health of elderly people. For exam-
ple, a study of catholic nuns in the United States concluded that writings with 
a positive emotional content at 22 years of age were associated with health 
and longevity at 60 years of age [1]. Thus, one may ask, as far as physiology 
is concerned, what goes on in a person who considers him or herself happy? 
There are strong relationships between that kind of statement, life expec-
tancy and the frequency and intensity of chronic diseases, such as cardio-
vascular, inflammatory and self-immune ones [2]. Such studies identified an 
inversely correlate biological marker of that happiness declaration: cortisol, 
the stress hormone. The higher its levels in the saliva when the person wakes 
up, the greater the stress level and the worse the life quality in the long-term. 
The quality of a human life depends on what he feels and on the meaning he 
gives to things, both of which are associated with physiological status.

These same mechanisms are activated when a person receives insufficient 
nutrition in quantitative terms or inadequate nutrition in qualitative terms 
(when there is a lack of necessary nutrients, such as good quality of protein, 
vitamins and minerals), mainly early in life. In this case, the nervous system 
seems to permanently program itself to conserve energy as fat and to reduce 
growth to guarantee survival in adverse conditions. One of the essential hor-
mones for fat conservation that is released during stress, such as periods of 
undernutrition, is cortisol, aptly named a stress hormone. The vicious cycle of 
inadequate food intake and infectious diseases stimulate the release of corti-
sol, a factor that plays a very important role in the association of malnutrition 
with chronic diseases in the adult phase [3, 4].

Malnutrition is responsible for over 50% of childhood mortality worldwide 
and is associated with many other diseases of children under 5 years of age 
[5]. Worldwide, as well as in Brazil, the prevailing type of malnutrition is stunt-
ing, an indicator not only of poor nutrition but also of poverty, as environmen-
tal factors are more significant than genetics in determining a person’s adult 
height [6]. The causes for stunting range from poor maternal diet, intrauter-
ine growth restriction secondary to placental insufficiency, not breastfeeding 
until the child is 6 months old, late introduction of complementary foods, 
inadequate quantity and quality of complementary foods, nutrient absorption 
impaired by infections and intestinal parasitic diseases [7].

In Brazil, approximately 52 million people live in slums [8], areas with an 
annual growth rate greater than urban areas. For example, in São Paulo, the 
growth rate of slums was estimated at 2.97% in 2000, while that of the city 
was 0.78% [9]. According to data from the municipality of São Paulo, there are 
over 2,000 slums with the greatest concentration in the southern zone of the 
city (1,107) [9]. Data on malnourished children under treatment at a center for 
recovery from malnutrition in São Paulo (CREN) located in that zone [10] found 
that over 70% of the children were born with low or insufficient weight. CREN 
is a center that offers treatment to children from the slums who are reported 
to have mild to severe malnutrition. Pediatricians, nutritionists, social workers 
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and psychologists participate in the treatment. The pediatrician monitors the 
clinical status, laboratory findings and anthropometric progress of each child. 
The nutritionist follows the child’s diet and corrects the problems identified 
during treatment. Laboratory tests (blood and stools) are done each semester 
and the children also receive Fe and vitamin (A, B, C and D) supplements in 
prophylactic doses. The children are either treated in an outpatient clinic or 
in a day-hospital. The children treated in the day-hospital are more severely 
malnourished. Data from CREN show that, among the moderately malnour-
ished children under treatment, about 80% had at least one infectious episode 
in the previous month, and among the severely malnourished ones, that preva-
lence rose to about 90%. The difference in the severity of malnutrition referred 
mainly to the rate of infections. Besides, 60% of them had parasites. Another 
very common occurrence was anemia, verified in 62% of the children [11].

With regard to infections, it is important to note that most acute infections 
are often not life-threatening for a healthy child, but can jeopardize not only 
weight gain but also linear growth in a malnourished child. This observation 
is confirmed by the work at CREN where the recovering children stay all day 
(from 7.30 a.m. to 17.30 p.m.), eat 5 balanced meals/day, receive adequate 
treatment for the infections, and where both they and their families have the 
necessary medical and psychological care. Yet despite these interventions, 
normal childhood infections, such as otitis media, pharyngitis or the flu, have 
been found to retard normal growth. One can only speculate that if they were 
at home with no access to these interventions they would most certainly suf-
fer more serious growth retardation and slip down the growth charts toward 
being severely stunted (fig. 1).

What Are the Long-Term Consequences of Malnutrition?

One important consequence of chronic malnutrition is that the body pro-
grams itself to store energy. We have previously shown that children who 
have been malnourished and who have not recovered in terms of height pres-
ent a greater fasting respiratory quotient than those who have never been 
malnourished [12]. This means that the organism is physiologically prone to 
accumulate body fat, especially truncal fat [13]. Therefore, the child will grow 
less, have a lower fat-free mass, impaired bone growth, and will tend to use 
more excess energy ingested for fat accumulation [14]. Such findings are also 
associated with a greater susceptibility to accumulate body fat when the mal-
nourished children consume a diet richer in fats [15].

By comparing the rate of weight gain of stunted adolescent girls to a con-
trol group, a longitudinal study showed that the malnourished girls presented 
faster weight gain, at the expense of a reduction in resting energy expen-
diture. That reduction in energy expenditure to gain weight was associated 
with an increase in body fat, mainly in the waist region where fat accumula-
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tion is most dangerous since it is closely related to chronic diseases such as 
diabetes and cardiovascular diseases in the adult life [16].

In a recent study comparing stunted adolescents to controls with normal 
height, we observed a reduction in insulin production by the �-pancreas cells 
(HOMA-�) and, as a response to this deficiency, a greater insulin sensitivity 
(HOMA-S). These alterations may lead to pancreatic failure and to a greater 
risk of diabetes in adult life (fig. 2) [17].

Our studies also showed higher diastolic blood pressure levels in boys and 
girls living in slums, which indicated greater risk of hypertension and cardio-
vascular diseases in adult life [18]. Further studies have shown that malnour-
ished children with low birthweight have vascular alterations (a reduction of 
the vessel elasticity) and higher plasma uric acid, which might be the cause 
of the alterations observed in blood pressure and the pancreas (fig. 3) [19].

Combining all that information (fig. 4), we can then say that insufficient 
consumption during growth causes a stress in the organism, leading to an 
increase in the cortisol-to-insulin ratio. As is well known, malnutrition and/or 
hunger are powerful stimulators of stress and can prompt an increased secre-
tion of cortisol and its catabolic action to direct energy as glucose to brain. In 
addition, energy restriction reduces the anabolic action of insulin-dependent 
tissue synthesis, resulting in wasting. This hormonal balance leads to a reduc-
tion in key hormones responsible for growth, such as insulin-like growth fac-
tor-1 (IGF-1) [20]. The high cortisol-to-insulin ratio and low IGF-1 also reduce 
the gain of muscle mass and linear growth, as well as increasing the waist-to-

Fig. 1. Height gain of a child under trea  tment at CREN. Reprinted with permission 
from Revista de Estudos Avançados [11].
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hip ratio and reducing body fat oxidation. If a child in that condition starts 
to ingest a ‘modern’ diet and presents physical inactivity due to urban living 
conditions, an excessive fat gain will take place, which can result in an asso-
ciation between stunting, obesity, hypertension and diabetes.

In fact, a study of individuals living in slums of Maceió, Brazil, showed 
an association between stunting and diabetes in the adult population [21]. 
Table 1 shows the biochemical profiles of overweight/obese women and men 
of short and average stature. In comparison to women of average stature, 
short women presented statistically higher levels of glycosylated hemoglobin, 
total and LDL cholesterol, insulin, HOMA-IR (an indication of insulin resis-
tance) and HOMA-%� (�-cell function), whereas their HDL cholesterol levels 
were significant lower, as well as the T3 levels. Among men higher levels of 
glycosylated hemoglobin, insulin, HOMA-IR and HOMA-%�, were found, indi-
cating a risk of diabetes.

What Happens after Nutritional Recovery?

When a child has received appropriate treatment for malnutrition at a day-
hospital, their chances of full recovery of weight and maintenance of normal 
growth rate are high [11]. In fact, at CREN, children recover height faster 
than weight [11] and we have observed a recovery of height-for-age of about 1 

Fig. 2. Homeostasis model assessment for pancreatic �-cell function (HOMA-B) and 
for insulin sensitivity (HOMA-S) values of stunted (shaded boxes) and non-stunted 
(white boxes) boys and girls. Significant difference between groups: * p < 0.05. 
Reprinted with permission from the British Journal of Nutrition [17].
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standard deviations among the most severely malnourished per year. Another 
important finding is that children with low weight at birth often recover better 
than those with normal weight at birth. Thus, it appears as though the human 
organism is potentially prepared to recover what was lost in the beginning 
of life, especially among intrauterine growth-restricted children who receive 
adequate treatment during the first years of life [11].

Recently, when studying children who recovered from malnutrition and 
were discharged from CREN, we observed normal body composition unlike 
what is found in malnourished children who were never treated and who 
remained stunted throughout their childhood and until their adolescence, as 
described previously. Among the recovered girls, the lean mass and body fat 
mass were similar to that observed in the control group (children with no his-
tory of weight or height deficits; table 2). Among the boys, body composition 
was normal, even though their values were lower in comparison to those of 
the control group. Similar findings have also been reported with respect to 
bone mineral density as outlined in figure 5 [10].
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Fig. 3. Children with normal (opens symbols) and low (solid symbols) birthweight. 
Correlations between birthweight and uric acid (a; r = –0.498, p > 0.001), systolic 
blood pressure (b; r = –0.320, p = 0.004), and flow-mediated dilation (c; r = 0.427, p < 
0.001). Reprinted with permission from Hypertension [19].
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Recently, we studied how glucose metabolism and insulin levels changed 
in children who received adequate treatment at nutritional rehabilitation cen-
ters and showed linear catch-up growth. The results of the recovered group, 
consisting of children who were treated in their early years of life (0–6 years), 

Fig. 4. Association between short stature, obesity, hypertension and diabetes.
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Table 1. Biochemical profile of overweight/ob ese women and men of short and aver-
age stature

Stature Women Men

short normal p short normal p

Glucose, mmol/l 04.76 04.68 0.16 05.04 05.00 0.72
Glucosylated 
 hemoglobin, %

07.70 07.34 0.02* 07.96 07.72 0.03*

Cholesterol, mg/dl 186.0 166.2 0.03* 187.8 191.2 0.22
LDL, mg/dl 116.0 103.2 0.02* 114.6 112.8 0.12
HDL, mg/dl 044.0 048.3 0.05* 044.1 043.6 0.61
Total cholesterol/HDL, 
 mg/dl

04.23 03.44 0.02* 04.25 04.38 0.25

T3, ng/ml 01.22 01.48 0.04* 01.49 01.41 0.57
Insulin, µg/ml 11.34 09.26 0.02* 09.72 08.58 0.05*
HOMA-IR 02.39 01.93 0.01* 02.17 01.91 0.04*
HOMA-�% 180.0 156.9 0.002* 126.2 114.4 0.03*

Data obtained from a very low income population in Maceió, Alagoas, northeastern Brazil.
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showed insulin and insulin-sensitivity values similar to the control group 
(well-fed) [22]. Thus, what was once considered to be a metabolic alteration 
now appears to be reversible under favorable dietary and medical conditions.

These findings can be explained by the treatment offered at CREN, which 
consists of a balanced diet with protein of high biological value, nutrition edu-
cation, and medication for parasites, infections and anemia. Parents and chil-
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Fig. 5. Whole body bone mineral content (BMC; a), BMC/height (b) and bone 
mineral density (BMD; c) of the control, outpatient, and day-hospital groups, including 
only prepubertal children. The boxes represent the interquartile ranges (50% of the 
values), the whiskers are the highest and lowest values (excluding outliers), and the 
lines are the medians (n = 5–18). Medians without a common letter differ: p < 0.05. 
Reprinted with permission from the Journal of Nutrition [10].
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dren receive nutrition education, which is an important source of information 
on what should be consumed in terms of food in order to recover nutritionally 
and develop healthier life habits. This education is very important for the 
slum population who live in poor urban areas, tend to consume cheap indus-
trialized or out-of-home prepared food, and face a high level of unemploy-
ment or irregular jobs leading to lower physical activity.

Conclusion

We have presented data suggesting that children who experience energy 
restriction early in life may be metabolically programmed to deposit more fat, 
under specific conditions, and suffer from a number of metabolic patholo-
gies. However, we also presented data suggesting that undernourished chil-
dren exposed to proper dietary and medical environments can reverse these 
pathologies and return to normal growth trajectories. These findings, taken 
together, show that nutritionally recovered children foster a normalization 
of body composition, bone density and insulin metabolism and, therefore, 
reduce the risk of chronic diseases in adulthood.
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Discussion

Dr. Yajnik: Your studies have shown that stunting is associated with bad meta-
bolic outcomes. It is impressive that they did quite well after treatment. It seems 
you improved other things, but not blood pressure. At what age did you supplement 
them? When did you study them again? Was there any relationship to their early life 
experiences?

Dr. Sawaya: We treat these children, not only with supplementation, until they 
recover their stature. The most severe ones are treated in hospital and the less severe 
ones are treated as outpatients. They receive education, medication, but not food, and 
they receive treatment between 0 and 6 years. I did not show the data, but the only 
difference between the children less than 2 and more than 2 years of age is the speed 
with which they recover. Children recover from malnutrition also during puberty. 
Obviously it depends on the mother, the parents, and the life situation of the children. 
Treatment should not only include the child, but the whole family. Not only should 
food be given but also nutritional education. In our experience nutritional education 
works so well that the children take the good habits home to their families and they 
start teaching their parents that they want to sit at the table, they want to have veg-
etables, they want to eat fruits, and they want to eat at a certain time of the day.

Dr. Yajnik: Is there a window of opportunity? What do you think is the ideal time 
to intervene?

Dr. Sawaya: If they are treated before 2 years of age, they recover much faster in 
the features I showed. I am not sure about hypertension.

Dr. Yajnik: What was the age during the repeat study?
Dr. Sawaya: It depends on the age of the child because in general they stay in this 

treatment for 2 years until they recover. When they have caught up and their stature 
has normalized, they are discharged. We studied the children 3–6 years after they left 
the center. So the age at the repeat study was 8, 9, 10 years and even up to puberty.
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Dr. Shetty: I just want to confirm that the classical thinking is that stunting is not 
reversed beyond 2 years of age. It is very interesting that you show that in fact stunt-
ing can be reversed even after 2 years of age. To my knowledge there are studies with 
micronutrient supplements showing that stunting can be reversed to some extent. 
Have you measured cortisol, insulin and IGF in the children who recovered? Are you 
changing the environment such that the endocrine response at that time has changed?

Dr. Sawaya: I personally believe that cortisol is a key issue. When I think about 
cortisol, I am not thinking about hunger, famine or whatever, I am thinking about 
stress, all kinds of stress. It is false to separate the stress of these children because 
living in a slum with a high score of depression is by itself a stressful condition, and we 
definitely measured higher cortisol levels. The cortisol levels decreased but I did not 
measure it in these children. Especially abdominal fat has normalized; they didn’t have 
the accumulation of abdominal fat that is so typical with high cortisol.

Dr. Popkin: First I want to disagree. We have had a lot of population studies in 
the last 4–5 years showing catch-up growth in South Africa, the Philippines and else-
where. Rolland-Cachera et al. [1] did a number of studies in France on children and 
hypothesized that increased protein intake would be associated with reduced adipos-
ity. Now your research is leading to the protein side, because you seem to show that 
the stunted children who got the higher protein diet were the ones who reduced their 
risk of obesity. Or am I reading your results wrong?

Dr. Sawaya: No, not exactly. We give them good nutritional education, and during 
treatment they receive supplementation of vitamins, especially iron. We also treat the 
diseases related to malnutrition, all infections, parasites, etc., the whole treatment. 
I think the most important finding is that the good food education we give them is 
retained. We also found that protein intake was significantly higher compared to con-
trol slum dwellers, and the protein intake was of good quality because they are taught 
to avoid processed food and to eat natural foods, and therefore decrease the cost of 
the feeding.

Dr. Ravussin: What is the likelihood of misclassification because height is one of 
the most heritable traits? Do you adjust the height or the percentile height of the child 
for the parents, or at least the mothers when the fathers are missing?

Dr. Sawaya: About genetic background, yes we do measure the height of the 
mothers and they are low. But in a population with this standard of living I don’t 
believe at all that stunting is not due to nutritional deficits over generations. I do know 
that if the bodies of these children are given the opportunity to catch up in height, 
then they do reach the normal range. So the body or the brain sees that the genetic 
potential is not there, and if the opportunity is there they catch up, for example the 
results with the supplements. If food is given they eat more, they don’t control the 
daily food intake as the non-stunted control children do. If we measure IGF1, for me 
this is the most important thing, it is below the normal range. So these children are 
stunted because they have lower IGF1 levels, below the normal range.

Dr. Ravussin: My second question is more about energy metabolism in these chil-
dren. You showed, at least in adult women, that there was a very low T3, and a low 
metabolic rate. There was also no difference in food or energy intake. First of all, do 
you trust the food intake measurements? In small numbers I would not trust them 
myself. Can you account for the low metabolic rate; does it account for the weight gain 
that is seen during this catch-up period?

Dr. Sawaya: Yes, I believe that a lower energy expenditure is causing the actual 
data in adolescents; we don’t have data in adults. What we saw in these stunted ado-
lescents, mainly girls, over the 36-month follow-up period was a lower energy expen-
diture associated with higher weight gain over time. So in the adult population I am 
implying that these lower T3 levels are also related to lower energy expenditure.
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Dr. Ajayi: I just want to link up the earlier lecture to this one with regard to 
income and malnutrition. I believe that it is purely coincidental that income does not 
lead to malnutrition, because if a person has the ability to buy food and eat it, it does 
not mean they have the knowledge of what to buy and what to eat. I think this is 
reflected in this particular presentation as well, because it is only when a person has 
the knowledge, the understanding of what to use, even when it is not expensive, that 
they actually come out of the cycle of malnutrition. This is also true for people with 
high incomes because having a high income does not necessarily mean that they do 
not have malnutrition or are not malnourished. It is just coincidental, a person buys 
something, it happens to be good food and it is eaten, not because they have the 
knowledge of what to buy, what to eat, and how to prepare and how to consume it. We 
must not forget to look at education; educating those who have the resources as well 
as educating those who do not have the resources. When people have a sound under-
standing and know what to apply, then the right results will be obtained.

Dr. Ganapathy: There are a lot of articles on changing urban lifestyle and the 
metabolic syndrome [2–4]. You showed us your work on the metabolic syndrome: low 
growth hormone, lean body mass, low muscle mass, adiposity, insulin resistance, along 
with a rather low T3 for that age. Do you feel that you should have evaluated the TSH 
status? During rehabilitation was there a change in the environment of the slum child? 
Was is it only rehabilitation that brought the child back to normal? Did you ever think 
of endocrine disruptors in that slum area?

Dr. Sawaya: Yes, the condition of the family in general changes. What does not 
change, because it requires a big change, is the place where they live. To be able to 
move from a slum to a house, to be able to pay a rent is a big step upwards in terms 
of income, and that is difficult, at least in our environment. But if you think about the 
life within the family, yes, it has improved. We have data about the stability of jobs, the 
ability to shop and to choose the proper food. The comparison between the nutritional 
education given to these families and the drop in the obesity rate among very rich 
Brazilian women is due to the return to the natural staple Brazilian diet. So if cheaper 
food is supplied, at least in Brazil, by avoiding processed foods that are more expen-
sive, good nutritional education and good nutritional outcome can be achieved, even 
if the person lives in a slum.

Dr. Ganapathy: Was there a change in the environment? I just want to know 
whether they were institutionalized, hospitalized, or something of that sort.

Dr. Sawaya: It is a daycare center. We don’t take the children out of their families. 
If they need hospitalization we send them to the hospital, but this is for a few days or 
a few weeks, due to other infections like pneumonia.

Dr. Ganapathy: So they were not hospitalized, only receiving nutritional rehabili-
tation. What about TSH?

Dr. Sawaya: We have not measured TSH here.
Dr. Ganapathy: When there is stunting and obesity, it is prudent to think of an 

endocrine cause such as hypothyroidism.
Dr. Sawaya: You are a pediatrician, so I understand your concern. In our situa-

tion it is so obvious that these people don’t have enough money to buy food, and it is 
so obvious that the whole family is short due to nutritional problems. When there is a 
high prevalence of stunting as in this situation, we are talking about 20% of the slum 
population, hormonal problems are something that we don’t think of as the first cause 
of stunting, so we have not measured TSH.

Dr. Shetty: I just want to follow-up on the role of cortisol. In the West Indies they 
conducted studies during stress in children and showed that the cortisol responses 
were much higher in stunted as compared to non-stunted children [5]. I believe this 
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is a very simple noninvasive method, looking at stress and its relationship to salivary 
cortisol and may be worth looking at in your subjects.

Dr. Wharton: The other thing that they did in Jamaica was to get the children to 
play much more. You mentioned psychological input to the mother but you did not 
mention anything about psychological input into the children or play. Did you do that 
as well in the daycare?

Dr. Sawaya: It is very important for the children to be in a positive environment. 
Very often they are not in a positive environment at home, and so the day hospital 
treatment for the most severely affected children with the most severe problems in 
their family is very important. In our center the social workers say that when they see 
that the mother is well-dressed and happy, the growth curve of the child is better. So a 
very positive environment for these children is definitely very important.

Dr. Shahkhalili: In your control group the energy intake is still not adequate. 
Thus you are comparing stunted children with undernourished but non-stunting chil-
dren, is that true?

Dr. Sawaya: You are correct; I am comparing slum-dwelling children. The controls 
had lower IGF1, higher blood pressure; so they are not healthy either, they are slum 
children. So I am comparing control non-stunted slum children with stunted slum 
children.

Dr. Shahkhalili: You demonstrated the health and growth improvements in your 
treated group, except for the kidney problem. Do you know if your study group suf-
fered from IUGR which has an irreversible impact on kidney development?

Dr. Sawaya: This is a good question; I don’t know and would like to study this 
more. As far as I know, the number of nephrons in the kidney is mainly set up prena-
tally. 73% of our children have low or insufficient birthweight, and that is why I think 
it starts before birth and continues after birth, it is a continuing problem. I would like 
to see what happens after puberty for example.
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 Abstract 

Epigenetics is being suggested as a possible interface between the genetic and 
environmental factors that together give rise to phenotype. In mice there exists a 
group of genes, known as metastable epialleles, which are sensitive to environmen-
tal influences, such as diet, and undergo molecular changes that, once established, 
remain for the life of the individual. These modifications are epigenetic and in some 
cases they survive across generations, that is, through meiosis. This is termed trans-
generational epigenetic inheritance. These findings have led to the idea that similar 
processes might occur in humans. Although it is clear that the lifestyle of one genera-
tion can significantly influence the health of the next generation in humans, in the 
absence of supporting molecular data it is hard to justify the notion that this is the 
result of transgenerational epigenetic inheritance. What is required first is to ascertain 
whether genes of this type, that is genes that are sensitive to the epigenetic state, 
even exist in humans.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

The term ‘epigenetics’ was coined by Waddington in the 1950s to describe 
the mechanism by which multicellular organisms develop different tissue 
types from one genotype. Today, we recognize that this process is associated 
with detectable molecular marks on genes, known as epigenetic marks. These 
epigenetic marks take various forms, such as DNA methylation and modifica-
tions to the chromatin proteins that package the DNA, but they do not alter 
the primary sequence of the DNA. They do, however, affect the transcrip-
tional activity of the underlying genes; for example, cytosine methylation 
of DNA correlates with transcriptional silencing, whereas methylation and/
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or acetylation of some histones is associated with transcriptional activity. 
Epigenetics is the study of changes in gene expression that are not due to 
DNA sequence changes and that are relatively stable through cell division.

In mice, genes have been identified that display variable expressivity 
among genetically identical littermates and these variations in gene expres-
sion have been shown to correlate with differences in the epigenetic state of 
the locus. Once established, these differential expression states last for the 
life of the individual. One example of this in mice is the agouti viable yellow 
(Avy) locus. Of particular interest is that this locus is sensitive to environmen-
tal factors.

Metastable Epialleles in the Mouse

Some genes in the mouse are particularly sensitive to epigenetic state 
and exhibit variegation (that is, different expression patterns among cells of 
the same type), variable expressivity in an isogenic context and transgen-
erational epigenetic inheritance. These are known as metastable epialleles. 
The Avy allele and the axin-fused (AxinFu) allele are two examples. The Avy 
allele is a dominant mutation of the murine agouti (A) locus, caused by the 
insertion of an intracisternal A-particle (IAP) retrotransposon approximately 
100 kb upstream of the agouti coding exons [1]. Contained within this IAP is 
a cryptic promoter which, when active, can drive constitutive expression of 
the agouti gene, resulting in a yellow coat color. When the cryptic promoter 
is silenced, a pseudoagouti coat color is produced (fig. 1). Many mice have 
both yellow and agouti patches, called mottled, indicating a clonal pattern of 
silencing, that is, variegation, in these mice. It has been shown that methyla-
tion at this promoter correlates with silencing of agouti gene expression [2]. 
An interesting phenotype of Avy mice is that yellow mice become obese and 
are more likely to become insulin-resistant [3], whereas pseudoagouti mice 
remain lean throughout their lifetime. This implies that, for mice carrying the 
Avy allele, an individual’s propensity to become obese is influenced by epigen-
etic gene-silencing processes.

Metastable epialleles, such as Avy, have been shown to be sensitive to envi-
ronment. As discussed above, inbred mice carrying the Avy allele show a range 
of coat colors and the proportions of yellow, mottled and pseudoagouti mice 
depends on their genetic background. Experiments have shown that chang-
ing the dam’s diet before and during pregnancy can significantly alter these 
proportions. For example, when pregnant mothers’ diets were supplemented 
with methyl donors, there was a shift in the colors of their offspring away 
from yellow and towards pseudoagouti [4]. This shift was correlated with a 
shift towards a more highly methylated state (that is, silencing) of the Avy 
locus [5]. Similar experiments found that feeding genistein, found in soy milk, 
to heterozygous Avy mothers shifted coat color towards pseudoagouti [6]. In 
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other words, in both cases the dietary change led to decreased disease (that 
is, obesity and insulin resistance) susceptibility by permanently altering the 
epigenome.

It has also been reported that the epigenetic state of a locus can be modi-
fied by behavioral programming. Postnatal maternal behavior in rats has been 
shown to alter the offspring’s response to stress and this correlates with a 
change in the epigenetic state of the glucocorticoid receptor gene promoter 
in the hippocampus [7]. This is a second instance in which it appears that the 
epigenetic state of a gene can be influenced by environment, and that once 
established this state is mitotically heritable throughout the lifetime of the 
organism. In such a case, the epigenetic state is a record of environmental 
history, providing an opportunity to estimate disease risk and improve pre-
clinical diagnosis.

Transgenerational Epigenetic Inheritance in Mice

Although epigenetic states, once established, are maintained for the life 
of the organism, it is rare for these states to be passed to the next genera-
tion. Between generations, the epigenetic state of the genome undergoes two 
dynamic reprogramming events: once in the gametes of the parent and again 
in the zygote. In spite of this, however, there is clear evidence in mice for trans-
mission of an epigenetic state at a small number of loci through the gametes 

Fig. 1  . Isogenic mice carrying the Avy allele display a range of phenotypes, from 
completely yellow (pale in figure), through degrees of yellow/agouti mottling, to 
completely agouti (darker in figure; termed pseudoagouti). Yellow coat color correlates 
closely with adult body weight.
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to the next generation. This is known as transgenerational epigenetic inheri-
tance and was initially demonstrated at the Avy locus [2] following strong evi-
dence for such a phenomenon obtained from a number of independent studies 
at other loci [8–10]. Morgan et al. [2] showed that the distribution of pheno-
types among offspring was related to the phenotype of the dam. Avy dams that 
displayed the agouti phenotype were more likely to produce agouti mice; the 
converse was also true for Avy dams displaying the yellow phenotype. This 
effect was interpreted as the result of incomplete erasure of the epigenetic 
mark as it passed through the female germline. Similar transgenerational epi-
genetic inheritance has now been reported at two other loci [11, 12].

Sensitivity to environment, combined with transgenerational epigenetic 
inheritance at the Avy locus [2, 4], imply that the diet of a pregnant mother 
could not only affect her offspring’s coat color and propensity for obesity, but 
that of their offspring as well, via transgenerational epigenetic inheritance. 
This was, in fact, recently demonstrated by Cropley et al. [13]. They showed 
that methyl donor diet supplementation can change the epigenetic state of 
the Avy allele in the germline and that these modifications can be retained 
through the epigenetic reprogramming that occurs during early embryogen-
esis. However, these results have been somewhat tempered by the failure of 
another study to detect this transgenerational effect [14]. Although informa-
tion in addition to DNA sequence can be inherited from parent to offspring in 
mice, what is the evidence that this occurs in humans?

Evidence for Transgenerational Epigenetic Inheritance in 

Humans

There is little direct evidence for transgenerational epigenetic inheritance 
in humans, despite a number of reports describing effects that superficially 
appear similar. The evidence is predominantly indirect and based on epide-
miological studies. One frequently cited example, the Dutch Famine Birth 
Cohort Study [15], reported that offspring born during times of famine in 
World War II were smaller than average if maternal undernutrition occurred 
in the third trimester. Furthermore, the offspring of the second generation of 
individuals also weighed less than expected when the initial undernutrition 
occurred during the first trimester. Hence, the effects of the maternal under-
nutrition were observed in both the first and second generations.

More recently, Pembrey et al. [16] reported transgenerational responses 
in humans, using the Avon Longitudinal Study of Parents and Children and 
Överkalix cohorts. They found that paternal smoking prior to 11 years of 
age was associated with greater BMI at 9 years of age in their sons, but not 
daughters. It was also found that the paternal grandfather’s food supply in the 
slow growth period was linked to the mortality risk ratio of grandsons only, 
while the paternal grandmother’s food supply was associated with the mor-
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tality risk ratio of only the granddaughters. Hence, while transgenerational 
effects of maternal nutrition and environment are well recognized, this report 
described sex-specific, paternal transgenerational effects.

It is pertinent to note that, although the above epidemiological studies 
appear to demonstrate transgenerational effects induced by environmental 
and dietary factors, these data have not been supported by any molecular 
evidence. This is despite the hypothesis put forward by Pembrey et al. [16] 
that the reported transmissions are mediated by the X and Y sex chromo-
somes. Although the epidemiological evidence is tantalizing, we should resist 
the temptation to extrapolate from mice to humans without more convinc-
ing evidence. If, however, even a small number of human genes are found 
to be subject to transgenerational epigenetic inheritance, it would signal a 
paradigm shift in the way we think about the inheritance of phenotype. So 
how might we set about identifying transgenerational epigenetic inheritance 
in humans at the molecular level?

Identifying Metastable Epialleles in Humans

In the mouse, both of the alleles that display transgenerational epigene-
tic inheritance at a molecular level, Avy and AxinFu [2, 17], are metastable 
epialleles. Correlations between expression and epigenetic state have been 
observed at these alleles. It follows, then, that loci that demonstrate these 
characteristics of metastable epialleles in humans would be good candidates 
for transgenerational epigenetic inheritance. But how do we find metastable 
epialleles in humans?

Unlike laboratory mice, human populations are generally outbred, with 
the inherent genetic differences making it difficult to definitively determine 
phenotypic variation due to epigenetic causes. One way to circumvent this 
‘genetic noise’ is to study monozygotic (MZ) twin pairs, which are considered 
to be genetically identical, and look for epigenetic variation between individu-
als in a twin pair. One could then study these loci in the general population, 
in particular, looking for inheritance of phenotype associated with epigenetic 
state. Many complex diseases, including cancer, diabetes mellitus, tuberculo-
sis and schizophrenia display high levels of discordance among MZ twins [18, 
19] and, as such, provide a convenient place to start in the search for meta-
stable epialleles in humans. Once a cohort of twins discordant for particular 
phenotypes is available, what technology is available to observe epigenetic 
variation via a candidate gene approach?

DNA methylation, which occurs on cytosine residues in CpG dinucleo-
tides, is the most extensively studied epigenetic modification to date, in part 
because of the excellent methods that have been developed to detect this 
change, such as bisulfite sequencing [20]. This technique enables determina-
tion of the methylation state of a DNA sequence and involves treating the 
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DNA of interest with sodium bisulfite, which converts unmethylated cytosine 
residues to thymine, while methylated cytosine residues remain unchanged. 
Sequencing of the products allows the methylation state of the original DNA 
to be determined. Bisulfite sequencing has been the driving force behind 
recent advances in epigenetics.

Following are examples in which disruption of the normal epigenetic state 
of the locus of interest has been implicated in the associated disease state.

Human Disease Resulting from Aberrant Epigenetic State

A pair of Dutch MZ twin girls discordant for caudal duplication anomaly 
has been described in which one twin was normal, except for clinodactyly of 
her fifth fingers and a preauricular pit, while the other twin had complete spi-
nal duplication from the L4 vertebrate down, as well as many other associated 
birth defects [21]. AXIN1 was suspected as being involved because reduced 
levels of Axin1 in the mouse results in a similar phenotype [22]. However, 
sequencing of the coding exons showed no difference between the twins. 
When the methylation state of the AXIN1 promoter was analyzed it was found 
that both twins had significantly higher methylation levels than normal con-
trols. In addition, the affected twin had significantly higher methylation lev-
els than her unaffected co-twin [23], implying that methylation at the AXIN1 
gene may play an important role in this disease, in the absence of genetic 
mutation. It is important to note that correlation does not imply causation, 
but nevertheless, such findings will have value in preclinical diagnosis as indi-
cators of disease risk.

Independent of MZ twin studies, there have been reports that also indicate 
that disruptions in epigenetic state can result in disease, for example, obe-
sity. Prader-Willi syndrome is a rare genetic disease that is characterized by, 
among other symptoms, decreased mental capacity, obesity, insatiable appe-
tite and an increased risk of diabetes. This syndrome is generally associated 
with genetic mutation in a set of genes on chromosome 15, but there have 
been some cases reported where there is no mutation, but instead, aberrant 
methylation, that is, an epimutation [24]. This epimutation appears to be the 
result of an allele that has passed through the male germline without clear-
ing of the silent epigenetic state previously established in the grandmother, 
indicative of transgenerational epigenetic inheritance. Other cases of diseases 
resulting from disruptions in epigenetic state have been described, such as 
hereditary non-polyposis colorectal cancer [25] and �-thalassemia [26], how-
ever, these are not known to be associated with transgenerational epigenetic 
inheritance.

It has also been reported that assisted reproductive technologies, such as 
in vitro fertilization, are associated with an increased risk of the rare con-
genital imprinting disorders Beckwith-Wiedemann syndrome and Angelman 
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syndrome in the offspring [27]. These diseases are normally associated with 
disruption to epigenetic gene silencing on either the paternal or maternal 
allele. It has been suggested that the increased risk may be due to disrup-
tion of epigenetic processes in the zygote, leading to disease. However, it 
remains possible that it is the result of genetic differences in the parents asso-
ciated with the infertility, causing the parents to employ assisted reproduc-
tive technologies. Evidence that disruption to the epigenetic reprogramming 
associated with in vitro embryo manipulation can alter phenotype has come 
from nuclear cloning experiments carried out in mice, sheep and cattle. In 
many cases, the cloned offspring display large offspring syndrome [28–30]. 
An interesting report has shown that although mice cloned by in vitro embryo 
manipulation have an obese phenotype, they did not have an increased appe-
tite, nor did they pass this obesity on to their offspring [31], suggesting that, 
at least with respect to this phenotype, transgenerational epigenetic inheri-
tance is not occurring.

Conclusion

Our understanding of epigenetics is rapidly expanding and through mouse 
models and new technologies, we are learning that the inheritance of pheno-
type is more than simply the transmission of DNA sequence from one genera-
tion to the next. It is now clear that environmental factors play a bigger role 
in phenotypic inheritance than was once thought. However, the evidence for 
transgenerational epigenetic inheritance in humans is scant. While it remains 
possible that sporadic or complex diseases, for example, schizophrenia and 
obesity, could be caused by epimutations, the notion that these epimutations 
are passed down from one generation to the next remains unsubstantiated.
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Discussion

Dr. Kalhan: When do we say that methylation has become permanent? Why 
doesn’t it disappear? When demethylation occurs in the blastocyste stage, how does 
this affect heritable markers? Does the transcriptional regulation also involve some 
methylation?

Dr. Whitelaw: So the first question and the last question can perhaps be com-
bined. How do we know which methylation marks will last and which ones won’t, 
and we don’t know. We were under the assumption that all methylation of C residues 
lasted for the lifetime of an organism. But environmental studies have shown that 
development can be modified later with respect to these things. A recent paper has 
come out looking at methylation occurring during transcriptional pulses down a gene 
[1]. In this amazing paper they show that transient methylation is seen for a matter of 
minutes at a promoter when the RNA polymerase comes and runs down the gene, and 
then that methylation pattern changes, and then when the next polymerase comes 
and produces a transcript, there is another change. I don’t know how we are going to 
decipher the difference between those two types of methylation but I have no doubt 
that we will. As I said I think the underlying critical events are the changes to the his-
tone molecules on the chromatin proteins and the methylation of DNA is tightly linked 
to those events. But those events are very heterogeneous and they have been harder 
for us to study. Because of the development of antibodies to say methylated histone, 
H3 or antibodies to methylated something else, we are starting to have the ability to 
better understand the relationship. So I think both are true and we will have to work 
hard to understand that. Now why doesn’t everything get demethylated? I think the 
reason is twofold, and we are not really sure about this, but at the moment we think 
that the telomeres and the centromere of a chromosome are heavily methylated and 
they are silenced transcriptionally, and this is part of the structure overall of epigen-
etic molecules. So chromatin is not just involved in transcription, it is also involved in 
packaging a chromosome, and that chromosome has to have its ends, it has to line up 
at cell division and so on. I think there are some parts of the genome, and I would say 
centromeres and telomeres, where the epigenetic state must not change, you cannot 
release that tight chromatin state. Now genes that lie in what we call pericentromeric, 
peritelomeric regions adjacent to these heterochromatic ends on the center of chro-
mosomes, I think might be the kinds of positions where you might get a metastable 
epiallele, you are getting kind of double signaling. There is a desire to keep you meth-
ylated and heterochromatinized, but nevertheless you are a gene and maybe you want 
to come on and maybe they have to clear you. So these are the kinds of regions where 
I think we will see metastable epialleles. The other parts of the chromosome that I 
think we do not want to have in an active form are retrotransposons. I don’t know if 
you are aware that about 40% of your genome is the result of ancient retrotransposi-
tion. These are parasitic DNA elements that integrate into your genome and then get 
silenced epigenetically followed by mutation. Once a mutational event has happened 
at the retrotransposon it is permanently silent. But in the interim, before it under-
goes a mutational event that inactivates it, it is good to have evolved a system which 
will silence that retrostransposon even in the gametes, even during this period where 
you want to reprogram the majority of your genome. It is very dangerous to have 
retrotransposons that are active because they then insert themselves throughout the 
genome and break up critical genes.
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Dr. Ravussin: You gave us two examples of genes which are clearly methylated, 
basically the agouti viable yellow as well as the glucocorticoid receptor. In the twin 
studies you referred to, I remember reading a study in which it was shown that twins 
discordant for obesity had basically larger differences in total methylation. We have 
so few candidate genes when it comes to epigenetics, what does total methylation tell 
you about this? How far are we from having an epigenetic map?

Dr. Whitelaw: We are a long way from having an epigenetic map and there are a 
number of reasons for that. One is that there has to be a map for every different tissue 
type because the maps will be different. The epigenome project is orders of magni-
tude larger than the genome project. But the epigenome project is being undertaken 
now in the NIH and there is an international consortium of countries that is doing 
this. Regarding the twin studies, I think doing a twin study and finding that the global 
methylation level between the two twins is different, is not helpful. I would find it very 
hard to know how to interpret that.

Dr. Ravussin: It was in published in PNAS, and one of the things that they showed 
was that the older the pairs, the more the differences. Does this mean that things can 
happen later on?

Dr. Whitelaw: If you look very carefully at that paper, they had one older pair of 
twins. In fact it is now being studied at a different level by a group in Cambridge who 
are looking at the epigenome. They have some data in twins, and they see no increase 
in the level of difference within twin pairs with aging. So the biggest problem with that 
paper was that they didn’t look at the same individuals that had the same underlying 
genotype as they aged. That is the right experiment, you can do it in a mouse; perhaps 
it is hard in a human. You have got to be quite careful about interpreting experiments 
like that.

Dr. Raju: Are we going back to the theory of Lamarck that acquired features can 
be inherited? Is there enough proof that epigenetics can result in certain features 
being acquired during one generation and passed on later? Are we validating that?

Dr. Whitelaw: I think there is very little evidence for that, and I tried to make that 
clear. So this is the debate really and it is very important. People get carried away with 
the idea that the marks that are laid down can last, in a Lamarckian sense, and be 
inherited through the gametes to the next generation. There are metastable epialleles 
where that hasn’t been induced as a result of an environment. Independently, other 
people have shown that you can change the probability by environment. There are two 
papers in which they tried to combine those two studies to see whether Lamarck was 
right at that locus, and they both conclude differently. So one of the studies, which is 
in PNAS, says that there is inheritance to the next generation, but they acknowledge 
that that could have been because when the environmental event occurred the gen-
eration two’s gametes were developing at that stage in the early fetus. So that is not 
really Lamarckian; it depends how you interpret Lamarck. So I think there is very poor 
evidence. Another paper did not even find the effect.

Dr. Yajnik: David Barker postulated that DOHaD has an epigenetic basis, thus 
nutritional programming is epigenetic. In the Pune Maternal Nutrition Study for the 
first time we have evidence of a maternal nutrient status predicting adiposity and 
insulin resistance in the child [1]. The two nutrients are vitamin B12 and folate, the two 
methyl donors. Could you advise us how we could investigate whether this association 
has an epigenetic basis? We have DNA samples and have the opportunity to collect 
them every 6 years. We have also collected DNA sample before and after a vitamin 
B12-folic acid intervention.

Dr. Whitelaw: My advice to people in this position is to wait, because I think very 
soon we will have better technologies for interrogating candidate genes. Yes, in theory 
we can do genome-wide analysis but I think it is too early. I would hold on to that 
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precious DNA and wait 3 or 4 years and then I think there will be better candidates, 
in part based on mass models in which there has been a change in folate. For example 
the agouti viable yellow is one reported gene, but those individual genes that have 
been made in various laboratories can then be interrogated genome-wide, and then 
you know the kind of genes that you might look at and that are involved in the pheno-
types you are interested in. I think that is the safest thing.

Dr. Yajnik: There is a recent paper in on the sheep models [2]. They produced 
methionine deficiency in sheep by dietary manipulation of vitamin B12, folate, etc., 
and demonstrated high homocysteine levels in blood and granulose cells and follicular 
fluid. The eggs were fertilized in vitro, and blastocysts were transferred to a normally 
nourished mother. The offspring had normal birthweights, but the male sheep grew 
rapidly, became adipose and insulin-resistant. Molecular investigations showed altered 
methylation at over 50 sites, half of which were male-specific. The phenotype of male 
offspring is very similar to our human findings. This is a very clear demonstration that 
periconceptional nutrition influences epigenetic changes.
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 Abstract 

The coexistence of intrauterine and neonatal malnutrition and the development of 
obesity, type 2 diabetes and related comorbidities have been confirmed in a number 
of studies in humans and animal models. Data from studies in animals suggest that 
epigenetic changes as a result of altered methylation of the genomic DNA may be 
responsible for such metabolic patterning. Methionine, an essential amino acid, plays 
a critical role in the methyltranferases involved in the methylation by providing the 
one-carbon units via the methionine transmethylation cycle. Because of its interac-
tion with a number of vitamins (B12, folate, pyridoxine), its regulation by hormones, 
i.e. insulin and glucagon, and by the changes in redox state, methionine metabolism is 
effected by nutrient and environmental influences and by altered physiological states. 
In the present review the impact of human pregnancy, dietary protein restriction and 
fatty liver disease on methionine metabolism is discussed. The role of methionine in 
metabolic programming in a commonly used model of intrauterine growth retardation 
and in propagation of fatty liver disease is briefly described.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

The rapid urbanization and improving economic wellbeing in emerging 
societies has been associated with high rates of obesity, insulin resistance, 
type 2 diabetes and coronary heart disease. At the same time, low birth-
weight or intrauterine growth retardation (malnutrition) remains a persistent 
problem, accounting for as many as 30% of the births in several countries, 
including India [1]. Almost 75% of low birthweight infants are born at full 
term. A number of epidemiological studies in humans from different parts 
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of the world have shown a correlation between intrauterine growth restric-
tion (IUGR), resulting in thinness or small size at birth (low birthweight) 
and chronic disease in adults. Data from animal studies, particularly in the 
rodent, show that alterations in the intrauterine environment caused by 
nutrient interventions in the mother, e.g. protein or calorie restriction, iron 
deficiency or by hypoxemia, result in restricted growth of the fetus and long-
term consequences. The latter include, amongst others, changes in hypotha-
lamic pituitary axis, altered expression of glucose transporters and changes 
in glucose uptake by the fetus and neonate, chronic hypertension, changes 
in vascular reactivity, obesity and type 2 diabetes [2–5]. The mechanism of 
the ‘permanent’ effect, also termed imprinting or programming, remains a 
subject of investigation.

In the commonly used model of IUGR, i.e. dietary protein restriction of 
the mother, Rees et al. [6] have shown hypermethylation of the genomic DNA 
in the fetal liver. Methylation of cytosine in the DNA has been related to the 
activities of a number of mammalian genes, somatic inheritance and cellu-
lar differentiation [7]. The activation of some genes has been attributed to 
the demethylation of critical CpG loci. However, as reviewed by Jones and 
Takai [8], this is an oversimplification. Methylation changes the interactions 
between protein and DNA, leading to alterations in chromatin structure and 
in either a decrease or increase in the rate of transcription. Studies of trans-
gene methylation have shown that methylation patterns can be inherited in a 
parent-of-origin specific manner, suggesting that DNA methylation may play 
a role in genomic imprinting (or programming) [9]. DNA methylation can be 
effected by the availability of methyl groups and by changes in one-carbon 
metabolism by dietary and vitamin modifications. In this context, Lillycrop 
et al. [10] observed that dietary protein restriction of pregnant rats resulted 
in lower methylation and higher expression of PPAR�, acyl-CoA carboxylase 
and glucocorticoid receptor genes in the livers of the offspring after weaning. 
Of interest, supplementation with folic acid prevented these epigenetic modi-
fications. These studies are particularly relevant when interpreting the data 
of nutrition–gene interactions and other epidemiological correlations, partic-
ularly from societies with nutrient deficiencies [11]. Methionine, along with 
homocysteine and folate, are key components of the one-carbon metabolism 
[12]. Perturbations in the methionine cycle and secondarily DNA methylation 
could cause metabolic programming in the fetus and neonate that lead to 
morbidity in adult life. On the other hand, in the developed organism, per-
turbations in the methionine metabolism due to endocrine and metabolic 
changes in the tissue and organism could make it more prone to injury and 
thus propagation of the disease.

In the present review the alterations in the metabolism of methionine 
induced by normal human pregnancy, dietary protein restriction and with 
ectopic fat accumulation in nonalcoholic fatty liver disease (NAFLD) are 
discussed. The changes during development are speculated to result in the 
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patterns of expression of certain genes in the fetus, while the perturbations in 
NAFLD are suggested to cause injury and propagation of the disease.

Metabolism of Methionine

Methionine, an essential amino acid required for protein synthesis, is an 
important source of methyl groups for a number of important methylation 
reactions such as transmethylation of nucleic acids (methylation of DNA 
in gene expression), protein, biogenic amines and phospholipids, etc. [12, 
13]. Methionine is metabolized first by the ubiquitous transmethylation (or 
methionine) cycle wherein the methyl groups from methionine or from the 
folate-dependent one-carbon pool participate in various methyltransfer-
ase reactions (fig. 1). During transmethylation, methionine is converted to 
its active form S-adenosylmethionine (SAM), which is the major substrate 
for the methylation reactions. Following SAM-dependent transmethylation, 
the product S-adenosylhomocysteine (SAH) is metabolized to adenosine 
and homocysteine. Homocysteine is either converted to cysteine via tran-
sulfuration pathway, or remethylated back to methionine. The methyl group 
required for remethylation is obtained from either the folate-dependent one-
carbon pool (5-methyltetrahydrofolate) or from betaine (in the liver). SAM is 
also converted to SAH by glycine N-methyltransferase (GNMT), an enzyme 
abundant in the liver where it makes up a very large component (~1%) of 
soluble proteins in the cytosol. It transfers a methyl group from SAM to gly-
cine, resulting in the formation of N-methylglycine (sarcosine) and SAH. The 
function of GNMT is believed to serve as an alternate pathway for the conver-
sion of SAM to SAH in order to maintain a normal SAM/SAH ratio [13, 14]. 
SAH is a potent inhibitor of most methyltransferases, and therefore the ratio 
of SAM/SAH is an index of methylation potential. SAM is also an allosteric 
inhibitor of 5,10-methylenetetrahydrofolate reductase (MTHFR), the enzyme 
that catalyzes the irreversible reduction of 5,10-methylenetetrahydrofolate to 
5-methyltetrahydrofolate and an allosteric activator of cystathionine �-syn-
thase (C�S). On the other hand, 5-methyltetrahydrofolate is an inhibitor of 
GNMT. Finally, tetrahydrofolate also plays an important role in the catabolism 
of histidine in the conversion of N-formimino glutamate (Figlu) to glutamate. 
The synthesis of SAM by SAM synthase is regulated by hypoxia [15], glutathi-
one [16], availability of methionine [17], and modified by oxidant injury [18] 
and redox state [19] of the cell.

The transmethylation cycle does not result in catabolism of methionine. 
While methionine provides the carbon carrier for the cycle, the major-
ity of the methyl groups for the methyltransferase reactions are provided 
by glycine and serine via the folate-dependent one-carbon pool. As shown 
in figure 2, the methionine transmethylation cycle is interdependent upon 
the folate cycle as the source of methyl groups for the conversion of 
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homocysteine to methionine catabolized by methionine synthase (tetrahy-
drofolate methyltransferase).

As discussed by Brosnan and Brosnan [13], methionine metabolism 
requires a number of vitamins as cofactors, so that nutrient deficiencies can 
easily impact methionine metabolism (table 1). The key vitamins required 
for methionine metabolism are B12 for methionine synthase, folic acid for 
one-carbon pool, riboflavin for MTHFR, and pyridoxine for the transsulfu-
ration pathway – CBS and CGL. In addition, the oxidative decarboxylation 
of the �-ketobutyrate catalyzed by pyruvate dehydrogenase requires niacin/
thiamine and pentothenic acid (coenzyme A). Thus it is not surprising that 
deficiencies of these vitamins can impact methionine metabolism and may be 
associated with elevated plasma levels of homocysteine and other metabolic 
intermediates.

Human Pregnancy

There are very few data on methionine metabolism in human pregnancy. 
With the increased interest in the relationship between perturbations in one-
carbon metabolism and its role in epigenetics and the developmental origin 
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of adult health and disease, some new data have been published. However, 
human data are often confounded by the interactions between nutrient 
intake, nutrient status and other regional/societal interactions, and hence 
require careful interpretation. This is particularly important when evaluat-
ing data from societies with nutritional (vitamin) insufficiency. The data from 
studies in humans have been further confounded by the recent fortification of 
flour with folic acid in many countries.

The primary source of plasma methionine during fasting is that released 
from protein breakdown. Since the rate of breakdown of proteins has been 
shown to decrease during normal human pregnancy, there is a decrease in the 
concentrations of all amino acids in the plasma compartment [20]. Thus the 
plasma concentrations of all essential amino acids, including methionine, are 
lower during pregnancy when compared with non-pregnant women. Recent 
data from several studies show that the concentration of total homocysteine 
in the plasma is lower in normal healthy women in the 3rd trimester [21–
23]. In fact, a progressive decrease in homocysteine concentration is evident 
starting early in pregnancy. This is associated with a progressive increase in 
plasma choline concentration. Of interest, the circulating levels of folate and 
vitamin B12, respectively, increase and decrease with advancing gestation. 
The increase in plasma levels of choline have been interpreted as a mecha-
nism to provide the increasing demands for choline by the fetus. In studies 
in the rat, the increase in plasma choline is associated with a decrease in 
the content of choline in the liver with advancing gestation. A decrease in 
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hepatic choline content would impact the remethylation of homocysteine by 
lowering the availability of betaine. Although a number of significant statisti-
cal correlations have been observed for these metabolites, the mechanism of 
these changes and their physiological significance remains to be elucidated. 
Examination of the maternal–fetal gradients for these metabolites show that 
homocysteine is transported across the placenta along a concentration gra-
dient so that the umbilical venous concentrations of tHcy are lower than in 
the simultaneously obtained maternal venous blood. In addition, the umbilical 
arterial concentrations of tHcy are lower than that in the umbilical vein, sug-
gesting fetal utilization of homocysteine. Finally, the umbilical venous con-
centrations of methionine, choline, betaine and dimethylarginine were higher 
when compared with those in maternal venous blood [21].

Data from studies by Sturman et al. [24] and Gaull et al. [25], and recent 
studies of Levonen et al. [26], have shown the absence of transsulfuration 
activity in the human fetal liver and thus the inability of the fetus to syn-
thesize cysteine. This is because of the low activity of C�S and the absence 
of cystathionine �-lyase (C�L; protein) in the fetal liver. The fetal utilization 
of homocysteine and the umbilical uptake of betaine could be interpreted 
to support the transmethylation of methionine and homocysteine, and meth-
ylation demands in the fetus. These data would also suggest that any per-
turbations in the maternal methionine metabolism as a result of nutritional/
environmental perturbations could have a significant impact on the fetal one-
carbon metabolism.

Dietary Protein Restriction and IUGR

The dietary protein restriction during pregnancy model of IUGR has been 
used by a number of investigators to study the consequences of fetal growth 
retardation. These data show that protein restriction in pregnancy causes 
IUGR, selective changes in organ growth and permanent growth retarda-
tion, impaired insulin secretion, alterations in hepatic glucokinase expression 
and hepatic glucose output, and hypertension in the offspring [2–4]. These 

Table 1. Vita mins and m ethionine metabolism

Cobalamine (B12) Methionine synthase
Folic acid 1-Carbon pool
Riboflavin (FAD) MTHFR
Pyridoxine C�S, C�L
Niacin (NAD) Pyruvate dehydrogenase
Thiamine (thiamine pyrophosphate)
Pantothenic acid (coenzyme A)
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changes have been associated with changes in the hypothalamic-pituitary 
adrenal axis, changes in the reactivity of the vasculature, changes in the 
renin-angiotensin system and alterations in the catecholamine levels and adr-
enoreceptors in various tissues. Data from our studies suggest a higher rate 
of protein synthesis in the maternal liver and a lower rate of protein synthesis 
in the fetal liver in response to protein restriction [27]. In relation to methi-
onine metabolism, dietary protein restriction in non-pregnant rats resulted 
in a marked increase in plasma, hepatic and skeletal muscle concentrations 
of serine and glycine, a significant change in hepatic SAM:SAH ratio, and 
downregulation of the hepatic transsulfuration pathway. These changes were 
associated with a change in the arterial-protein vein gradient for glycine and 
serine, resulting in a significant release of serine and a lower uptake of glycine 
by the gut [28]. Gene array analysis showed a marked upregulation of genes 
involved in serine and taurine biosynthesis (unpublished data). The biological 
significance of the changes in relation to whole body metabolism and to fetal 
growth remain to be determined.

Methionine and Nonalcoholic Fatty Liver Disease

NAFLD constitutes a wide spectrum ranging from the benign accumula-
tion of triglycerides in the hepatocytes (hepatic steatosis) to steatohepati-
tis with inflammation, fibrosis and cirrhosis. Insulin resistance, obesity and 
ectopic fat (in the liver) are the hallmarks of the disorder [29]. It has been 
proposed that as a result of insulin resistance, there is an increase in the 
rate of lipolysis, which is not suppressed by infusion of glucose and insulin 
(clamp), resulting in a high rate of delivery to and uptake by the liver of free 
fatty acids. The accumulation of triglycerides in the liver (steatosis) has been 
attributed to the high uptake, high de novo lipogenesis, and to a decreased 
export of the lipids [30]. Hepatic steatosis results in hepatic insulin resistance, 
altered peroxisomal and microsomal lipid metabolism, lipid peroxidation and 
in increased production of reactive oxygen species (ROS), which can disrupt 
the mitochondrial membrane potential and cause a decline in the generation 
of hepatic ATP and lower ATP levels.

The changes in methionine metabolism are related to the insulin resistance 
and to the changes in hepatic metabolism as a result of ectopic fat accumu-
lation. The data from human studies are confounded by the associated dis-
orders, e.g. change in renal function, in addition to the possible differences 
in micronutrients, especially vitamin intake. Although the effects of insulin 
and insulin resistance on the metabolism of methionine have not been exam-
ined in humans, certain inferences can be drawn from the published data of 
studies in humans and animals. Studies in the rat show that a lack of insulin 
induced by streptozotocin results in lower plasma homocysteine levels and an 
increase in the activity of hepatic C�S and C�L [31]. The activities of enzymes 



Kalhan

128

involved in the transmethylation of methionine (MS, betaine:homocysteine 
methyltransferase, MTHFR) were not impacted by a lack of insulin [31, 32]. 
Insulin treatment reversed these changes. Similar changes in enzyme activity 
have been reported by the longitudinal studies of ZDF (fa/fa, type 2) diabetic 
rats [33]. Studies in patient with type 1 diabetes show that insulin deprivation 
results in a lower rate of transmethylation and a higher rate of transsulfura-
tion, and that both effects could be reversed by insulin administration [34]. 
Somewhat variable effects have been observed by other investigators in stud-
ies in healthy subjects and in those with type 2 diabetes [35, 36]. Other data 
from humans in the insulin resistance state have shown that hyperhomocys-
teinemia is associated with hyperinsulinemia and insulin resistance [37].

In contrast to the repressive effect of insulin on transsulfuration and there-
fore decreased synthesis of cysteine, both insulin and hydrocortisone have 
been shown to increase the levels of glutathione in cultured hepatocytes. The 
increase in glutathione was related to the increase in the activity of �-gluta-
mylcysteine synthase (GCS), the key enzyme in the synthesis of glutathione 
[38]. A similar effect of insulin on glutathione metabolism was seen in vivo in 
streptozotocin-induced diabetes in the rat and in the plasma and red blood 
cell glutathione levels of human diabetic subjects.

In addition to insulin resistance, alterations in mitochondrial function 
resulting in lower mitochondrial oxidation, decreased synthesis of ATP, and 
increased peroxisomal production of ROS could also impair methionine 
metabolism in NAFLD. The high rate of ROS production may impact methio-
nine metabolism by increasing glutathione consumption and thus change the 
hepatic redox state and impact the activity of methionine adenosyltransfer-
ase and the transmethylation of methionine. Finally, altered transmethylation 
of methionine may impact the hepatic VLDL export by altering the synthesis 
of phosphatidylcholine from phosphatidylethanolamine [39], and thus further 
contribute to the development of steatosis and steatohepatitis.

Preliminary data from our studies on subjects with biopsy-proven hepatic 
steatosis and nonalcoholic steatohepatitis (NASH) show that subjects with 
NASH, and without diabetes, are insulin-resistant, have lower plasma levels 
of glutathione and higher plasma concentrations of homocysteine and cyste-
ine. A significant association of MTHFR 677C→T homozygosity and NASH 
was also observed. Insulin resistance (HOMA) was negatively correlated with 
plasma glutathione (r = 0.42, p < 0.001) and positively correlated with plasma 
cysteine levels (r = 0.25, p < 0.05).

Based on these data, we propose the following hypothesis for the propa-
gation of hepatic injury in NAFLD and the role of methionine in this process 
(fig. 2). Hepatic insulin resistance associated with obesity, type 2 diabe-
tes or metabolic syndrome, results in an increased flux of fatty acid to the 
liver and in hepatic steatosis. As a consequence of lipid accumulation and 
increased fatty acid oxidation, there is a high rate of production of ROS, lead-
ing to decreased activity of methionine adenosyltransferase, disruption of 
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mitochondrial membrane potential and cellular ATP level. A lower activity of 
methionine adenosyltransferase and a decreased rate of production of ATP 
leads to a lower rate of production of SAM. The lower concentration and the 
lower production of SAM then causes changes in the methionine transmethyl-
ation and transsulfuration pathway. In addition, insulin resistance or the lack 
of insulin action may also cause the downregulation of glutathione synthesis. 
Decreased cellular glutathione levels lead to an unbalanced ROS and propa-
gate these events. Decreased availability of SAM could impact the methyla-
tion of phosphatidylethanolamine to phosphatidylcholine, required for VLDL 
export, and thus interfering with fat mobilization.

In conclusion, metabolism of methionine, with all its interactions with 
folic acids, SAM-dependent methylation and one-carbon metabolism, is pro-
foundly impacted by nutrient, hormone and environmental influences. During 
development, perturbations in methionine metabolism can result in long-
term changes in the metabolism of the organism, possibly by causing changes 
in gene expression. In contrast, in mature organisms changes in methionine 
metabolism by impacting the physiological function may contribute to the 
propagation of injury.
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Discussion

Dr. Bohles: I would like you to speculate on two extremes. On one hand, what is 
the implication of a soy diet, soy protein being basically free of methionine? And, on 
the other hand, the other extreme, if homocysteinuria patients are treated with beta-
ine they get tremendously high methionine concentrations as a result of the remeth-
ylation, and this is a constant phenomenon. What is the intellectual basis of handling 
these two extreme situations?

Dr. Kalhan: All soy formulas for infants are supplemented with methionine; it is 
a regulatory requirement; so you will not see a methionine-deficient state in babies. 
I would imagine that you will not want to eat protein alone without added methio-
nine. In India they always eat dhal with bread and native American Indians mix corn 
with another source of protein. Soy protein by itself is an incomplete protein with-
out methionine, it requires an additional source of methionine. I am not sure where 
exactly you are leading with this question because I don’t think there is anybody on 
exclusively soy protein diet.

Dr. Bohles: My question refers to the constant effect on epigenetic phenomenon, 
like methylation, and possibly it is better viewed from the point of betaine therapy for 
homocysteinuria.

Dr. Kalhan: I will come back to homocysteinuria later. The source of methyl car-
bon is important for the maintenance of all these methyl reactions and there are some 
pilot data to suggest that if the source of methyl carbons is decreased in the diet, the 
methylation pattern of the genome can change. What are the implications of this in 
relation to the expression of physiological functions; to my knowledge this has not 
been studied and obviously needs to be examined in carefully done experiments. Yes, 
there is no question about it, we do need a constant source of methyl carbons in our 
diet and that is why, for example, when an animal is put on a choline betaine-defi-
cient diet, it develops fatty liver disease and the whole phenomenon related to it. My 
impression is that, in vulnerable patients with homocysteinuria, when they are treated 
with betaine i.e. source of methyl groups, there is a tremendous transient increase in 
methionine which then gradually falls and returns to more reasonable levels. I have 
never managed a patient with homocysteinuria, so I can’t tell you more than that.

Dr. Lafeber: Since we are both neonatologists, it would be interesting for us to 
speculate whether it is possible to create an intervention in order to influence this 
methylation process. For instance, if we observe the process of intrauterine growth 
retardation which occurred during the last trimester of gestation in the so-called 
Dutch hunger winter in Holland in 1944–1945, it is a process that is very similar to that 
observed in preterm infants at the neonatal intensive care unit. If we try to treat these 
infants optimally with oral and parenteral feeding, we still observe a growth deficit at 
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the time of corrected term gestational age. At this time their weight is usually about 
1 SD below that of normal term infants. We can then make our intervention by giv-
ing them a special diet. I just finished a study in which these preterm infants were 
provided with extra protein, but no extra calories. After 6 months we found that they 
were less fat and had lower insulin sensitivity [1]. We hope that this extra protein diet 
contributes to less metabolic syndrome in these preterm infants. Could you speculate 
on the total amount of protein and the quality of amino acids around the term age in 
preterm infants? I am sure you cannot say much about which specific amino acid is 
most important, although you have performed a trial similar to ours [2, 3] adding tau-
rine or glutamine, for instance.

Dr. Kalhan: This is a very complex question. In spite of our best efforts, across the 
world when premature babies of less than 28–29 weeks gestation leave the neonatal 
intensive care units, their weight for the chronological gestation age is 1 or 2 SD below 
the fetal growth curve. The question whether this is permanent or can be reversed 
has always arisen. What Dr. Lafeber is referring to is that by changing the protein 
diet of these babies he has seen some remarkable changes at 6 and 8 months. Is this a 
reversable phenomenon? Time will tell. Actually we don’t even know how these pre-
mature babies do in adulthood; this is a new population, it is a new cohort. There is 
some evidence to suggest that low birthweight babies have metabolic syndrome as 
adults, but remember the low birthweight babies are not the premature babies we 
are talking about right now. Low birthweight babies in the Delhi cohort or Dr. Yajnik’s 
cohort are a very different population from the population we have in the west. The 
question of intervention is obviously very important. As was recently discussed at a 
meeting recently, the organism changes tremendously at birth, from fetus to newborn. 
It is probably the most dramatic event in life; the baby has to start breathing, has to 
maintain temperature, all sorts of things have to occur. But now we are feeding these 
babies for 15–16 weeks with all kinds of nutrients and we don’t know the implications 
of doing these things. We know quite a bit, but still we don’t know a whole lot about it. 
Have we destined this person to staying permanently small, we don’t know that yet, 
and we are just about to start studying these phenomena. As Dr. Whitelaw, I also want 
to give caution that collecting DNA and measuring on the lymphocytes is not going to 
work when we talk about epigenetics or this permanent change in methylation. These 
are going to be tissue-specific changes and we will have to do studies on the tissues 
and not collect DNA in the cord blood lymphocytes. That is the best answer  I can give 
today it is a rapidly evolving field.

Dr. Agarwal: Some 20 years back we started doing studies on the brain and neu-
rotransmitters. The methionine-deficient diet showed a dissociation. Normally on a 
protein-deficient diet, it is the 9th to the 10th generation that ends up with a reduced 
brain size, but with the methionine diet it happens in the first generation. Therefore 
methionine is very important and this dissociation is something which could just be 
carried on.

Dr. Kalhan: I also want to point out that protein restriction is not the only one 
associated with methionine metabolism. Another commonly used model which has 
a human counterpart is hypoxia. The Chinese people who move up to Tibet or Peru 
have low birthweight babies, and it will take generations before that will change 
because they are recent migrants to the Tibetan altitude. Some beautiful studies have 
been done. The first generations have small babies compared to the local inhabitant 
Tibetans who have what we call the normal growth curve for that, which is very com-
parable to our population.

Dr. Agarwal: Latent iron deficiency without hypoxia reduces the size of the baby 
and changes the brain and neurotransmitters irreversibly; latent iron deficiency, not 
hypoxia.
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Dr. Kalhan: Yes, hypoxia has been demonstrated to be associated with changes in 
methylation patterns in the fetus, in the brain and liver. Lane et al. [4] did those stud-
ies. There is also evidence without intervention. Iron deficiency also causes growth 
retardation, not severe iron deficiency, just restricting iron and there is probably a lot 
of those which ultimately have a common denominator to programming.
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 Abstract 

The focus here is on research involving long-term calorie restriction (CR) to pre-
vent or delay the incidence of the metabolic syndrome with age. The current societal 
environment is marked by overabundant accessibility of food coupled with a strong 
trend to reduced physical activity, both leading to the development of a constella-
tion of disorders including central obesity, insulin resistance, dyslipidemia and hyper-
tension (metabolic syndrome). Prolonged CR has been shown to extend median and 
maximal lifespan in a variety of lower species (yeast, worms, fish, rats, and mice). 
Mechanisms of this lifespan extension by CR are not fully elucidated, but possibly 
involve alterations in energy metabolism, oxidative damage, insulin sensitivity, and 
functional changes in neuroendocrine systems. Ongoing studies of CR in humans now 
makes it possible to identify changes in ‘biomarkers of aging’ to unravel some of the 
mechanisms of its anti-aging phenomenon. Analyses from controlled human trials 
involving long-term CR will allow investigators to link observed alterations from body 
composition down to changes in molecular pathways and gene expression, with their 
possible effects on the metabolic syndrome and aging.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

Anti-aging research by modern scientists continues to echo the quest of 
the Spanish explorer Ponce de Leon, who searched for the ‘Fountain of Youth’ 
on the shores of Florida in the early 1500s. Humans are no longer satisfied 
with simply living longer; they want increased quality of life and prolonged 
health during their senior years. Basic and clinical research is therefore con-
ducted to understand the physiological and molecular mechanisms of aging 
with the intent to postpone and possibly alleviate many of the illnesses associ-
ated with the aging process.
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Ironically, as researchers aim to unravel the mysteries of delaying the bio-
logical aging process, the current societal environment is marked by over-
abundant accessibility of food coupled with a strong trend to reduced physical 
activity. As obesity rates have risen to over 30% among Americans [1], so have 
the prevalence of obesity-related chronic diseases such as diabetes mellitus, 
heart disease and stroke. This alarming increase in obesity is further coupled 
with a lower age at onset for the emergence of obesity-related comorbidities. 
It is now understood that obesity may cause up to 300,000 deaths per year in 
the USA [2]. Alarmingly, it now seems that babies born at the beginning of the 
21st century will have shorter life expectancies than their parents [3].

Before the development of frank obesity, cardiovascular disease (CVD) 
and diabetes, individuals develop a constellation of disorders including cen-
tral obesity, insulin resistance, dyslipidemia and hypertension, often termed 
the metabolic syndrome. Individuals with three or more of these key disor-
ders have a 2–3 times greater risk of dying or being struck by heart attack 
or stroke and a 3–5 times greater risk of developing diabetes mellitus [4, 5]. 
It is estimated that worldwide 1 in 3 or 4 adults has the metabolic syndrome 
[6]. The first line of treatment is to adopt a healthy lifestyle [5]. However, 
the large individual variability in response to diet and exercise represents a 
huge challenge in clinical practice. A better understanding of the genetic and 
environmental influences in the physiopathology of the metabolic syndrome 
could ultimately deliver a customized treatment to those individuals who do 
not respond to intensive lifestyle changes and some medications.

Etiology of Obesity

Weight gain results from a sustained imbalance between energy intake 
and energy expenditure favoring positive energy balance. However, this 
simple statement belies the complex, multifactorial nature of obesity and the 
numerous biological and behavioral factors that can affect both sides of the 
energy balance equation. Figure 1a shows the major paths involved in obesity 
grouped according to behavioral, metabolic, and biological influences. These 
pathways and factors have been reviewed elsewhere [7, 8]. Figure 1b summa-
rizes the major factors and the central integrators controlling energy balance.

Longitudinal studies of the same individuals over time have indicated that 
relative to body size, low metabolic rate, high respiratory quotient, insulin 
sensitivity, low sympathetic nervous system activity and low plasma leptin 
concentrations predict weight gain over time [9]. Upon gaining weight, the 
original ‘abnormal’ metabolic state becomes ‘normalized’. Such ‘normaliza-
tion’ with weight gain explains why cross-sectional studies have not led to the 
identification of metabolic risk factors for obesity. Weight gain thus causes an 
increase in metabolic rate, a decrease in respiratory quotient, a decrease in 
insulin sensitivity, an increase in sympathetic nervous activity and an increase 
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Fig. 1.   Etiology of obesity and control of bodyweight. Several factors are known to 
predispose an individual to obesity (a), these include: behavioral factors (activity level, 
nutrition, smoking status, socioeconomic status); metabolic factors (physiological, 
metabolic, endocrine factors), and biological factors (genetic, racial, gender, age, 
pregnancy status). Bodyweight is regulated by an intricate balance between energy 
intake and energy expenditure (b). The figure depicts a negative feedback model for 
the regulation of bodyweight. Peripheral signals from energy stores (adipose tissue, 
muscle, and liver) as well as hormonal and gastrointestinal signals provide information 
to the central controllers in the brain, indicating the state of the external and internal 
environment as they relate to food, metabolic rates, and activity behavior. The central 
controllers in turn integrate all the information and transduce messages into efferent 
signals governing the behavioral search for the acquisition of food as well as modulating 
its subsequent deposition into energy storage compartments such as adipose tissue, 
liver, and muscle by modulating energy expenditure.
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in plasma leptin concentrations, all of which serve to counteract further 
weight gain. Therefore it is not surprising that weight loss plateaus after a few 
months of therapy.

Aging and Obesity

Aging is associated with increased risk of metabolic disorders including 
overweight, obesity, insulin resistance, type 2 diabetes, atherosclerosis and 
cancer. Cross-sectional and longitudinal studies suggest that over-consump-
tion of energy-dense foods and lack of physical activity are the leading causes 
of weight gain, obesity and the related health issues [10]. Recently research-
ers have learned that while increased adipose tissue per se is a health con-
cern, the storage and distribution of fat within the body also has important 
implications for health. In particular, adipose tissues stored centrally in the 
visceral compartment of the abdomen and in non-adipose tissues, such as 
liver, heart, pancreas and skeletal muscle, are considered to be metabolic 
abnormalities that precede the development of impaired glucose tolerance, 
hyperlipidemia and insulin resistance. As individuals age, body weight even if 
maintained, is composed of increased fat mass, decreased fat-free mass [11] 
and increased ectopic fat stores in the abdominal visceral compartment [12], 
the liver and the skeletal muscle [13] associated with an increased incidence 
and prevalence of glucose intolerance and diabetes in older persons [14, 15]. 
It therefore seems that the link between aging and chronic disease may be 
inevitable in our current obesogenic environment. Interventions therefore 
that can attenuate the age-associated changes in body composition could 
delay (even prevent) the onset of metabolic disturbances of aging and result 
in extended lifespan.

Caloric Restriction and Lifespan

Since the 1930s calorie restriction (CR) has been shown by McCay et al. 
[16] to retard the aging process, extending the median and maximal lifes-
pan in various models [17]. While the exact mechanisms through which CR is 
able to extend the lifespan have yet to be fully elucidated, CR reduces meta-
bolic rate and oxidative damage, improves markers of age-related diseases 
including diabetes such as insulin resistance, and has been shown to alter 
neuroendocrine activities in animals [18] (fig. 2). Results from studies on 
rhesus monkeys suggest that prolonged CR can also oppose many age-asso-
ciated pathophysiological changes including learning and behavior changes, 
body temperature, plasma insulin concentrations and resting energy expen-
diture. Since many changes associated with prolonged CR are important to 
the health and survival of humans, and excessive caloric intake is associated 
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with morbidity and the development of chronic diseases, it has become an 
important research objective to assess the feasibility, safety and efficiency of 
prolonged CR in well-controlled human trials.

CR May Alter the ‘Rate of Living’ and ‘Oxidative Stress’

The aging process may be influenced by energy restriction through a reduc-
tion in the metabolic ‘rate of living’ [19], leading ultimately to reduced oxida-
tive damage (fig. 2). An ongoing controversy among investigators appears 
to be whether chronic CR leads to ‘metabolic adaptation’, a reduction in the 
metabolic rate which is out of proportion to the diminished metabolic mass 
of the organism [18]. Results from rats and monkeys suggest that most of the 
collected data should be reevaluated using appropriate methods of normal-
izing the metabolic rate for changes in metabolic size [20]. For example, Blanc 
et al. [21] recently calculated a 13% reduction in resting energy expenditure 
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Fig. 2. Impact of calorie restriction (CR) on factors related to aging. Non-mutually 
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after adjusting for fat-free mass in an 11-year-long study of energy-restricted 
monkeys. Recently, however, Selman et al. [22], using doubly labeled water 
to measure total energy expenditure, reported that calorie-restricted rats 
expended 30–50% more energy than expected.

The ‘free radical theory of aging’ or ‘oxidative stress’ hypotheses are well-
supported theories of aging. It is widely accepted that the metabolic rate of 
an organism is a major factor in the rate of aging, and is inversely related to 
its lifespan [23]. Additionally, since 1–3% of consumed oxygen is associated 
with the production of reactive oxygen species (ROS), namely superoxide 
(O2

•–), hydrogen peroxide (H2O2), and the hydroxyl ion (OH•) [24], the pro-
duction of these highly reactive molecules from normal aerobic metabolism 
is also in direct proportion to an organism’s metabolic rate. Many investi-
gators have shown that modulation of the oxidative stress of an organism 
through prolonged CR is able to retard the aging process in various species, 
including mammals [25, 26]. As a result of increased oxygen consumption, 
aerobic exercise is associated with increased production of ROS in muscle 
tissues [27]. However, exercise training boosts up the antioxidant capacity 
of skeletal muscle probably resulting in decreased overall oxidative stress 
[28].

CR, CVD, Insulin Resistance, Type 2 Diabetes Mellitus

Elevated levels of oxidized LDL, excessive ROS generation, hypertension 
and diabetes are all potential causes for the development of endothelial dys-
function, a precipitating event in the progression of atherosclerosis. These 
factors are believed to initiate an inflammatory response in the injured 
endothelial tissue. Long-term CR is associated with sustained reductions 
in factors related to endothelial dysfunction in humans, such as decreased 
blood pressure [29], reduced levels of total plasma cholesterol and triglycer-
ides [30], and reduced markers of inflammation such as C-reactive protein, 
interleukin-6 and plasminogen activator inhibitor type-1 [31–33]. A recent 
long-term CR study in humans supports the feasibility of using CR as a pro-
tective effect against atherosclerosis by showing a 40% reduction in carotid 
artery intima-media thickness in CR participants relative to a control group 
[34].

Strong evidence shows that long-term energy restriction in lean and obese 
subjects improves insulin sensitivity, a mechanism by which CR may act to 
extend lifespan [30, 35]. Additionally, prolonged CR reduces fasting glucose 
and insulin concentrations, two factors believed to contribute to the aging 
process due to protein glycation [36] and mitogenic action [37], respectively. 
This compelling evidence suggests that weight loss due to CR may be the 
most effective means of improving insulin sensitivity, thereby decreasing the 
risk of the development of diabetes mellitus.
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What Is Known from Humans?

Probably the most intriguing epidemiological evidence supporting the 
role of CR in lifespan extension in humans comes from the Okinawans [38]. 
Compared to most industrialized countries, Okinawa, Japan, has 4–5 times 
the average number of centenarians with an estimated 50 in every 100,000 
people [39]. What is interesting about this population is that a low caloric 
intake was reported in schoolchildren on the island more than 40 years ago 
and later studies confirmed a 20% CR in adults residing on Okinawa com-
pared to mainland Japan [40]. However the diets were typically rich in green 
leafy vegetables, soy and some fish providing adequate amounts of nutrients, 
essential vitamins and minerals [41].

To our knowledge there is only one other study that tested the effects of 
CR without malnutrition in non-obese humans [42]. This was a study of alter-
nate day feeding in 60 male participants (1,500 kcal/day; 35% CR vs. controls) 
for 3 years, whereas the other 60 were ad libitum. While the initial report was 
brief, post-hoc analyses conducted several years later [43] indicated that the 
death rate tended to be lower in the CR group and hospital admissions were 
reduced in these individuals by approximately 50%.

The unexpected low availability of food during the 2-year Biosphere 2 
experiment provided a unique opportunity to observe the effects of CR in non-
obese humans. Eight individuals were completely isolated within this 3.15-
acre ‘mini-world’ (ecological laboratory), where 100% of the air and water 
was recycled and all food was grown inside [44]. Due to unforeseen problems 
with agriculture early on, food supply was much lower than expected going 
rapidly from a projected ~2,500 to ~750 kcal/day during the first 6 months. 
The resulting 17 ± 5% weight loss was associated with many physiological, 
hematological, biochemical and metabolic alterations [44, 45] consistent with 
calorie-restricted primates including reductions in insulin, core temperature 
and metabolic rate. Furthermore CVD risk factors were improved, such as 
reductions in systolic/diastolic blood pressure and a 30% lowering of choles-
terol [30].

Randomized Controlled Trials of Prolonged CR in Humans

As for randomized controlled trials, results from a 2-year study of CR in 
humans is only a few years away since the recruitment of volunteers began in 
March 2007. The National Institute on Aging (NIA) is sponsoring a trial called 
CALERIE (Comprehensive Assessment of the Long-term Effect of Reducing 
Intake of Energy) which for the first time is scientifically testing (randomized 
trial) the effects of 25% CR in ~150 non-obese (BMI 22–28) healthy men and 
women aged 25–45 years compared to 75 matched volunteers. Three clinical 
sites are involved in the trial: Washington University in St. Louis, Mo.; Tufts 
University in Boston, Mass., and Pennington Biomedical Research Center in 
Baton Rouge, La.
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The Phase 1 CALERIE study conducted at Pennington involved 46 men 
and women randomized to 1 of 4 treatment groups for 6 months. For the CR 
group, the level of restriction imposed was a 25% reduction from the daily 
energy requirement for weight maintenance [46]. The other groups were: (1) 
CR plus exercise group where the calorie deficit was also set at 25% from 
weight maintenance with half (12.5%) achieved by CR and half (12.5%) by 
increased energy expenditure via structured aerobic exercise; (2) a low calo-
rie diet group where participants consumed 890 kcal/day to achieve a 15% 
weight loss and thereafter followed a weight maintenance diet, and (3) a 
healthy diet control group that followed a weight-maintaining diet based on 
the American Heart Association Diet, Step 1.

Six months of CR induced favorable outcomes in terms of physiological, 
hormonal and biochemical parameters. The 12 participants assigned to this 
treatment group completed the study and reported no development of eating 
disorder symptoms [47] or reductions in quality of life indices [48]. After 6 
months of 25% CR, the group lost 10.4 ± 0.9% of their body mass attributed 
to both a loss in fat mass (CR –24 ± 3%) and fat-free mass (CR –4 ± 1%). 
Central adiposity was reduced by 27% in both visceral (women –24 ± 4%, 
men –32 ± 6%) and subcutaneous fat depots (women –25 ± 2%, men –28 ± 
7%). Interestingly the distribution of whole body fat, specifically within the 
abdomen was not altered by CR [49]. Abdominal fat cell size was reduced by 
~20% and the deposition of lipid in the liver was lowered by ~37% but no 
change was noted in the lipid content within skeletal muscle [50]. Importantly 
the reduction in weight, visceral fat and abdominal fat cell size was associ-
ated with a 40% improvement in insulin sensitivity and reduced acute insulin 
response to glucose [50].

We also observed favorable changes in the lipoprotein profile. Triacyl-
glycerol was reduced by 21%, HDL cholesterol increased by 9%, and factor 
VIIc reduced by 10%. No changes were observed in fibrinogen, homocyste-
ine or endothelial function. Based on combined changes in lipid and blood 
pressure values, the estimated 10-year CVD risk declined by 29% in the CR 
group but as expected remained unchanged in the control group. Based on 
combined favorable changes in lipid and blood pressure levels, CR favorably 
reduces the risk of CVD [51].

With regard to longevity, 2 of 3 biomarkers of longevity [52] were improved 
in the CR group after 6 months [46]. Specifically, we observed significant 
reductions in both fasting insulin and core body temperature. Interestingly, 
in parallel with the decrease in core temperature, we observed a metabolic 
adaptation – lowering of metabolic rate larger than expected on the basis of 
weight loss – associated with reduced DNA damage probably due to lower 
production of ROS [46]. These findings of course echo results previously 
reported in nonhuman primates and rodents on CR and long-lived men in the 
Baltimore Longitudinal Study of Aging [52]. Importantly, CR was associated 
with an increase in the muscle expression of genes involved in mitochondrial 
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biogenesis and mitochondrial fusion including PGC1-�, mitochondrial tran-
scription factor A, endothelial nitric oxide, SIRT1 and PSARL [53]. In par-
allel, mitochondrial content increased by 35 ± 5% in the CR group with no 
change in the control group (2 ± 2%). However, the activity of key mitochon-
drial enzyme of the TCA cycle (citrate synthase), �-oxidation (�-HAD) and 
electron transport chain (COX II) were all unchanged. This suggests that 6 
months of CR in non-obese humans was sufficient to improve biomarkers of 
aging and supports the theory that energy expenditure is reduced beyond 
expectation. Whether the observed metabolic adaptation translates into 
long-term overall reduced oxidative damage remains to be determined. The 
increased mitochondrial content in parallel with a decrease in DNA damage 
is, however, an important indication that CR improves mitochondrial function 
in skeletal muscle, a factor which may decrease cellular senescence.

Taken together the preliminary findings from the Phase I of CALERIE indi-
cate promising benefits of CR for 6–12 months on body composition whereby 
total fat mass, visceral fat and ectopic fat stores are reduced. These body 
composition changes are associated with improvements in plasma lipids and 
reductions in cardiovascular and type 2 diabetes risk. Due to the pluripotent 
nature of energy restriction, the exact mechanisms by which CR extends lifes-
pan are still being investigated, and will likely remain a challenge. However, 
controlled human trials such as the multicenter CALERIE study, are trans-
forming this challenging investigation into a modern scientific reality.

Could CR Increase Longevity in Humans?

The wealth of CR literature in rodents, however, allows us to address 
some important questions relating to the practicality and feasibility of CR in 
humans. Relevant and practical questions are: (1) how much CR do we need 
to improve age-related health and possibly longevity, and (2) how long do we 
need to sustain CR in order to obtain these benefits? Analysis of 24 published 
studies of CR in mice or rats indicated a strong negative relationship between 
survival and energy intake [54] with more CR (up to 55%) associated with 
longer maximal lifespan.

The rodent data indicate that CR has greater benefits when more extreme 
and sustained over a longer period of time. Using the prediction equations 
derived from the rodent data above, we and others estimated that a 5-year life 
extension could be induced by 20% CR starting at age 25 and sustained for 
another 52 years, i.e. the life expectancy of a male in the US. However, if a 
30% CR was initiated at age 55 for the next 22 years, the gain would only be 2 
months.

Certainly there are individuals who self-impose CR with the CRON (Calorie 
Restriction with Optimal Nutrition) diet for health and longevity. A group of 
18 CRONIES (only 3 women) have recently been studied after 3–15 years 
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of CR [34]. Dietary analysis indicated an energy intake ~50% less than age-
matched controls. In terms of body composition, the mean BMI of the males 
was 19.6 ± 1.9 with an extremely low percent body fat of ~7%. Atherosclerosis 
risk factors including total cholesterol, LDL cholesterol, HDL cholesterol and 
triglycerides fell within the 50th percentile of values for people in their age 
group. This report provides further evidence that longer term CR is highly 
effective in lowering the risk of developing coronary heart disease and other 
age-related comorbidities [34]. It remains to be seen if the CRONIES live lon-
ger than their age- and sex-matched counterparts.

Conclusion

The enormous public health burden resulting from obesity and its related 
morbidities compel researchers to challenge some of the existing classical 
clinical interventions. Despite recent pharmacological advances, develop-
ment of insulin sensitizers, antihypertensive and hypolipidemic drugs the 
clinician has limited options to offer to the obese patient in terms of safe 
and efficacious alternative therapies. Intensive changes in lifestyle seem to 
benefit very few individuals suffering from obesity and its comorbidities. Only 
intensive public health messages, population-wide lifestyle interventions and 
major remodeling of our obesogenic environment may start to reverse the 
increasing incidence of common disorders such as obesity, CVD and diabetes.

Facing an ‘obesogenic’ environment, it seems very unlikely that a public 
health message be launched towards reducing the amount of ingested calo-
ries. Understanding the mechanisms leading to retarded senescence at the 
molecular and physiological levels is therefore important for the successful 
development of CR mimetics. Such natural compounds or botanical extracts 
would mimic the effect of CR without depriving people of their usual energy 
intake. Biotechnology and pharmaceutical companies are eager to search for 
small molecules mimicking the effect of CR and representing the ‘Fountain of 
Youth’.
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Discussion

Dr. M. Chatterjee: You have talked much about caloric restriction. What role do 
bioflavanoids play, especially the very colorful ones, prunes, colored cabbages and 
berries?

Dr. Ravussin: Nutrition companies have a real interest in what is called calo-
rie restriction mimetics. In other words if you know the mechanisms of how calorie 
restriction expands lifespan, you can mimic this by giving blueberries as a natural way. 
It is true that the redder and bluer the fruits the more resveratrol and flavonoids they 
have, and the better for life extension. We don’t know enough about what the mecha-
nisms are. In studies on resveratrol in rats, for example, it was the equivalent of about 
16 liters of wine a day. If you extrapolate that to humans it probably would not be very 
good for health. But yes, nutrition companies do have an interest, and I am sure Nestlé 
is in the business of calorie restriction mimetics.

Dr. Prentice: I was very interested in both your survival plots for the rats and your 
final statement when you had recalculated the advantage of 30% caloric restriction on 
your own potential lifespan. It did seem from those initial survival curves that actually 
the differential mortality was happening very early and that they were probably paral-
lel after about 700 days or so in the rats, and that would presumably tie in with the cal-
culation when you said you could only get the 2 months advantage. So the question in 
terms of this conference is: would you care to speculate much further back in earlier 
life as to what we could achieve by modulating feeding patterns? I am rather confused 
by some of Barker’s data at the moment which sometimes gives evidence that a high 
weight at 1 year is beneficial and other times it is the reverse.

Dr. Ravussin: That is a very good point. As I said, the earlier the better. You are 
absolutely right, in all the survival curves there is a gap very early, and then it does 
not increase very much anymore. One thing we have to be absolutely clear about is 
that people, who call themselves CRONies (Caloric Restriction Optimal Nutrition) and 
practice caloric restriction, are very well educated, they know nutrition, have no defi-
ciency in any micronutrients, and know exactly what they are eating. I think there 
is a lot to be learned from these people, some of whom started very young, but of 
course what is the control group and what is the effect? There is no reason to doubt 
that caloric restriction with optimal nutrition can really expand lifespan by decreasing 
what is called secondary aging, which is basically chronic diseases of aging, obesity, 
diabetes, cardiovascular disease, and also by decreasing primary aging, which is at the 
cellular level, why do we have senescence in the cells. I think it would be very interest-
ing to learn more about the mechanism of primary aging.

Dr. Ajayi: Due to the appreciation evolving regarding the understanding of nutri-
tional science, I think we need to begin looking at the normal standards that have 
been set for BMI and caloric intake. It seems obvious from these results that we 
needn’t eat as much as we do, so caloric intake could be less, and if we select our food 
very well, we will still benefit. So perhaps we need now to review the BMI standards 
and caloric intakes set for every age group. Particularly after puberty, we need to 
look strictly at these and then begin to make some fresh recommendations for the 
populations.

Dr. Ravussin: Should there be a potential reappraisal of these BMI curves ver-
sus mortality? Looking at these curves, it is always a J curve, and there are people 
with a low BMI of around 18 like the CRONies. There is a lot of confusion about this 
J curve with regard to smoking: should smoking be deleted and so on. Again I would 
not speculate on the mortality curve, which of course is very likely to be different 
in different populations. In Pima Indians, for example, there is no way that the best 
BMI for them is 22.5 or 23, because it is really a higher BMI which is good for Pima 
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Indians, and in India it is also true that this BMI and the mortality curve may be 
displaced.

Dr. Klassen: I have a question related to the exercise part. In your very early slides 
you showed that running already had a small effect, but it seems that, with additional 
exercise, caloric restriction does not make an impact. I was wondering if you could 
elaborate on the extent of physical activity? Would for example a triathlon runner or 
marathon runner experience an inverse effect, i.e. would you expect them to produce 
more ROS and thus can there be a limit to the benefit of exercise?

Dr. Ravussin: There is a lot of controversy about oxidative stress and exercise. 
At the mitochondrial level about 1–2% of the oxygen escapes ATP production and 
therefore produces ROS. But on the other hand we know that exercisers have better 
defense; the antioxidants are upregulated. Of course we know that epidemiologically 
exercisers are more likely to live longer, at least the average lifespan. But once again in 
all the studies, the paradox is that the maximum lifespan is not extended by exercise. 
Exercisers have a lot of lipid in their muscle but they are not insulin-resistant. There 
are a few paradoxes with exercise.

Dr. Haschke: What would happen if you apply the same caloric restriction (15%) 
to people with a BMI of >30 without metabolic syndrome. What would be the effect of 
exercise? Probably these studies have been done.

Dr. Ravussin: There are a lot of weight loss studies in obese people, and we know 
the results of these studies. People can drop their weight, there is no problem with 
that, but the maintenance of that weight 5 years after stopping the active interven-
tion is less than 5%. I don’t know about those without metabolic syndrome. It has 
been claimed that it doesn’t matter how fat you are, as long as you are metabolically 
fit. I have a hard time with the dissection of those epidemiological data because there 
are very few people who are fat and fit. I think the benefit would be much less in 
people who do not have the metabolic syndrome than in people who have the meta-
bolic syndrome.

Dr. Haschke: In your phase 2 study, are you looking at test parameters that are 
indicative for cognitive function?

Dr. Ravussin: I teamed up with a psychologist and in phase 1 we made a lot of 
cognitive measurements and there was no detrimental effect. But this was too short. 
Now over 2 years, the concerns are bone health, immune function, and also cognitive 
function. What has been done, and this has not been published but I am aware of the 
data, is a comparison with basically calorie-restricted CRONies versus marathon run-
ners who have the same BMI, 19–20, or very close. One group, the marathon runners, 
had a high energy flux, and the other group had very little, and no difference was 
found in cognitive function. That is all that I can say.

Dr. Popkin: The issue of resveratrol raises the question of how we can extrapolate 
from animal studies to human studies and this is very complex. We do not find effects 
in humans, so one has to be very careful on all these anti-aging issues because all the 
work has been done on animals, and when we pull it forward it gets very complex in 
humans. Although I love red wine I would not want to oversell it. I do not think we can 
replicate your research in infants. Can you see a way that we can go after Dr. Prentice’s 
question, because you are talking about a well-balanced diet plus caloric restriction 
and I don’t think under any human circumstances we will ever be able to find that. All 
the Barker and fetal origins studies do not replicate those two combinations.

Dr. Ravussin: The first point is well taken, except that there are no randomized 
clinical trials with resveratrol, they are all epidemiology. The secondly, and I kind of 
escaped Dr. Prentice’s question, at the fetal age once again all the nutrients and pro-
teins are needed for the development of this fetus. I think first of all, these are not 
experiments which are going to be done. I don’t know the answer.



Adiposity and Comorbidities

149

Dr. Haschke: There are data in infants showing that feeding influences the meta-
bolic outcome from the first day of life. It has clearly been shown that the differences 
between breastfed infants and infants fed formulas with a high protein content are 
that they have much lower insulin secretion. We have much less data on growth hor-
mone and IGF1; so there is something from early life onwards. I am not saying that this 
can be extrapolated clinically. It is not caloric restriction, but it is protein restriction to 
a certain extent. Growth of the breastfed infant is very much modulated by the protein 
content. We consider this healthy growth, but growth can be accelerated in an infant 
if more protein is given.

Dr. Giovannini: About caloric restriction, do we mean a low carbohydrate intake 
or a low fat intake, or does a low protein intake play a role? A European project is 
assessing the correlation between obesity and protein intake in the first year of life.

Dr. Ravussin: That is a good question. These people were interested in longevity 
and tested all that in rodents, and it is mostly the calories which count. Of course if 
protein intake is too low then there is a problem, but it doesn’t make any difference 
if it is carbohydrate or fat. The alternate-day fast in rodents is very interesting. When 
a rat is starved and given food ad libitum every other day for a long time, there is no 
difference in weight but there are all the advantages of caloric restriction. There is a 
lot of interest in that now. There are some mechanisms that we don’t understand: cells 
are needed, a stressor is needed, and is that an alternative stress or just eating less 
calories? We don’t know.

Dr. Arora: As prolonged caloric restriction may not be possible, what is the impact 
of intermittent caloric restriction? Are there some studies on that?

Dr. Ravussin: There are no studies in humans. I am embarking on a study of peo-
ple with impaired glucose intolerance. Every other day they are put on 25% of the 
energy requirement, and then we look at insulin sensitivity. All that with the hope 
that we could have an intervention which is basically easier than caloric restriction, 
because it is tough to start counting all your calories and this kind of thing.

Dr. Ganapathy: Since the discussion is about red wine I thought why not touch 
upon probiotics. There was a beautiful article in Nature [1] in which two sets of mice, 
obese and thin, were compared. It was found that there definitely is a difference in the 
gut flora constitution, more saccharolytic and less proteolytic in the thin rats, and it 
was the other way round in the obese rats. The second thing that I want to talk about 
is the accelerator hypothesis of caloric restriction in diabetes, that type 1 and type 2 
belong to the same spectrum but different ends, that if as a child you are exposed to 
a high caloric diet and you develop insulin resistance very early in life, it upregulates 
your pancreas and makes it more prone to an immune response. There are a lot of 
studies being done on that by Wilkin [2]. The last thing that I want to talk about is 
about sleep. A good night’s sleep just makes you save about 120 cal.

Dr. Ravussin: Let me start with the last one. First of all we did not measure the 
duration of sleep in our subjects. This was when the subjects were in a chamber, in 
an artificial environment. In phase 2 we have a questionnaire about sleep. Now your 
second point is about malnutrition and b-cell growth or immune resistance? We simply 
do not have the answers.

Dr. Ganapathy: No, the upregulation of the islet cells secondary to increased calo-
rie exposure and hyperinsulinism. This is a new hypothesis that has come from Barker, 
now it is the accelerator hypothesis. We were talking about longevity and aging, but I 
am more interested in the probiotic part.

Dr. Ravussin: I am aware of some data in South Africa on malnutrition and basi-
cally decreased b-cell mass, but I am not familiar with the data that you are talking 
about.
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Dr. Whitelaw: I was interested in your significant change in the DNA damage. Do 
you want to talk more about comet assay and what you think it means? Also was that 
done on blood or what tissues?

Dr. Ravussin: It was done on mononucleated blood cells. We looked at this 
because a reviewer asked whether it is the same if we take CD8 versus CD4, etc., and 
we had exactly the same answer on whole blood DNA versus sorting the T cells. There 
are two assays, one which is basically an electrical field and the DNA migrates. The 
more damage there is the more DNA is left behind and it makes a comet. For a posi-
tive control the DNA is then also treated with hydrogen peroxide, and then mostly the 
comet remains but there is no nucleus anymore.

Dr. Whitelaw: So chromatin might be involved in contributing to those kinds of 
assays, I am not sure if anybody has look at that. Telomeres come to mind if you have 
got damaged DNA and aging effects. So I wonder if your telomeres are getting shorter 
or longer?

Dr. Ravussin: That is a very interesting question because one of the theories of 
aging is also shortening of the telomeres and therefore more potential mutations at 
these genes towards the end of the chromosome. First of all if you take epidemiologi-
cal data and with age you have a reduction in telomere length. I am now doing a study 
comparing some less mitotic tissue, like skeletal muscle versus blood cell or sperm, 
and it seems that the length of the telomere at birth is very variable between people. If 
mitotic tissue is normal, the birth telomere length is normal, and then after a turnover 
of skin cells or mononucleotide blood cells, and attrition can be seen, the difference 
being the attrition. If you have the misfortune of being born with short telomeres and 
have a very rapid rate of attrition, it will be the worst scenario. But this is one of these 
25–100 theories of aging, and I don’t know if anyone has ever put everything together.
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 Abstract 

The World Health Organization estimates that since 1980 the prevalence of obesity 
has increased more than threefold throughout much of the world, and this increase 
is not limited to developed nations. Indeed, the incidence of obesity is increasing 
most rapidly among rapidly industrializing countries raising the specter of a burgeon-
ing epidemic in obesity-associated diseases, including diabetes, dyslipidemia, nonal-
coholic fatty liver disease and atherosclerosis. Reducing the rates of obesity and its 
attendant complications will require both coordinated public health policy and a bet-
ter understanding of the pathophysiology of obesity. Obesity is associated with low 
grade chronic inflammation, a common feature of many complications of obesity that 
appears to emanate in part from adipose tissue. In obese individuals and rodents adi-
pose tissue macrophage accumulation is a critical component in the development of 
obesity-induced inflammation. The macrophages in adipose tissue are bone marrow-
derived and their number is strongly correlated with bodyweight, body mass index 
and total body fat. The recruited macrophages in adipose tissue express high levels of 
inflammatory factors that contribute to systemic inflammation and insulin resistance. 
Interventions aimed at either reducing macrophage numbers or decreasing their 
inflammatory characteristics improves insulin sensitivity and decreases inflammation. 
Macrophage accumulation and adipose tissue inflammation are dynamic processes 
under the control of multiple mechanisms. Investigating the role of macrophages in 
adipose tissue biology and the mechanisms involved in their recruitment and activa-
tion in obesity will provide useful insights for developing therapeutic approaches to 
treating obesity-induced complications.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

Obesity is caused by a chronic imbalance between caloric intake and 
energy expenditure, leading to the storage of excess calories as body fat. The 
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incidence of obesity has dramatically increased worldwide in the last quarter 
century. Once considered a disease of the affluent countries, obesity is now 
on the rise in developing nations. The World Health Organization estimates 
that approximately 1.6 billion adults worldwide are overweight and about 400 
million adults are obese [1, 2]. This increased prevalence has translated to a 
disturbing increase in the incidence of obesity-related diseases and an associ-
ated increase in morbidity and mortality. Obesity contributes significantly to 
the development of insulin resistance and type 2 diabetes mellitus, dyslipid-
emia, atherosclerosis, hypertension, osteoarthritis, non-alcoholic fatty liver 
disease, and certain forms of cancer [2]. The increase in prevalence of obesity 
is not restricted to adults, but is increasing rapidly among children and ado-
lescents as well [3]. Worldwide, approximately 20 million children are over-
weight [1]. This increased prevalence of obesity has lead to a disturbing rate 
of obesity-associated complications in children that predicts future morbidity 
not seen in previous generations [3]. If the challenge of obesity is unmet by 
the scientific and clinical community, the human and economic toll on the 
world will continue to grow exponentially.

Obesity-Induced Inflammation

Over that last dozen years, research has revealed that a chronic state of 
low-grade systemic inflammation is a common feature of obesity and that 
this inflammatory state mechanistically links obesity to many of its com-
plications [4]. Originally recognized as the response to invading pathogens, 
inflammation is now broadly recognized as the complex biological response 
to noxious stimuli such as infectious agents, damaged cells or foreign bodies. 
Inflammation can either be acute or chronic in nature [5]. Acute inflammation 
is a short-term response, usually lasting a few days, in which the body rapidly 
removes the eliciting stimulus. Chronic inflammation occurs when there is no 
resolution and the stimulus is not removed. Classically, acute inflammation is 
characterized by swelling, redness, heat, and pain at the site of the insult [5]. 
Most acute inflammatory responses are characterized by resolution, which is 
critical for repair, regeneration and ultimately survival of the organism. Acute 
inflammation that does not resolve can either escalate to a lethal state typified 
by sepsis or can develop into a chronic state. While the signs and symptoms 
of acute inflammation are often apparent, the effects of chronic inflamma-
tion are often, at least initially, more subtle. However, with time the effects 
of chronic inflammation are often manifested with deterioration of one or 
more specific tissues or systems. Obesity induces a state of chronic low-grade 
inflammation as measured by activation of inflammatory signaling pathways, 
production of increased cytokines and alterations in immune cell function.

Epidemiological and clinical studies, some dating from the 1960s, revealed 
an association of inflammatory markers, e.g. circulating concentration of 
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fibronectin, with both obesity and diabetes. In the mid-1990s Hotamisligil 
et al. [6] observed that adipose tissue expression of tumor necrosis factor-� 
(TNF-�), the prototypical inflammatory cytokine, is increased by obesity and 
argued it to be responsible for obesity-induced diabetes in some rodent mod-
els. They showed that the expression and secretion of the classic inflamma-
tory cytokine TNF-� from adipose tissue was significantly increased in rodent 
models of obesity [6]. In some studies, neutralizing TNF-� in obese mice 
with antibodies improved insulin sensitivity [7]. In humans, a similar correla-
tion of TNF-� expression with adiposity was observed, although attempts to 
improve insulin sensitivity by neutralizing TNF-� have not been successful [8, 
9]. Nonetheless, these initial studies of TNF-� revealed that the production 
of an inflammatory molecule can play a significant role in the development 
of obesity-induced complications. Since this initial observation, many stud-
ies have shown that obesity increases adipose tissue expression and secre-
tion of other inflammatory markers including, interleukin-6 (IL-6), C-reactive 
protein (CRP), resistin, monocyte chemoattractant protein-1 (MCP-1), and 
plasminogen activator inhibitor-1 (PAI-1) [4]. Studies in animal models dem-
onstrated that genetic deletion of individual inflammatory factors can mod-
estly improve insulin sensitivity in mice on a high fat diet suggesting a role 
for inflammation in the development of obesity-induced insulin resistance. 
Furthermore, an increased concentration of circulating proinflammatory pro-
teins, e.g. IL-6, predicts the development of insulin resistance, type 2 diabe-
tes, and cardiovascular disease in humans. That no single inflammatory factor 
fully explains the inflammatory changes associated with obesity suggests that 
there is a complex interplay between multiple pathways and systems.

Adipose Tissue Macrophages

Hotamisligil et al. [6] originally postulated that adipose tissue produc-
tion of TNF-� and other inflammatory molecules is derived from adipocytes. 
However, adipose tissue is a heterogeneous organ that in addition to adipo-
cytes contains pre-adipocytes, fibroblasts, endothelial cells, and immune cells 
including macrophages and lymphocytes. Fain et al. [10, 11] separated adi-
pose tissue into adipocytes and non-adipocyte populations and found that 
while adipocytes express some of the inflammatory cytokines induced by 
obesity, the majority of these cytokines are derived from the stromal vascu-
lar fraction. This observation was initially puzzling and some suggested an 
artifact of isolation and in vitro culture. However, two recent reports demon-
strated that in obesity, adipose tissue is infiltrated by macrophages and that 
these cells indeed express a substantial portion of inflammatory factors that 
are linked to obesity-related complications [12, 13].

Macrophages belong to the mononuclear phagocyte system and are derived 
largely from circulating monocytes. Macrophages are present in most tissues 



Subramanian/Ferrante, Jr.

154

Lean adipose tissue

Adipocytes

Monocytes

Adiponectin
resistin

Adipose tissue
macrophages

(ATM)

ICAM-1/
VCAM

E
nd

ot
he

liu
m

IL-10
TNF-�
PAI-1
IL-6

Obese adipose tissue

Adipocytes
Monocytes

Resistin
adiponectin

Adipose tissue
macrophages

(ATM)

ICAM-1/
VCAM

E
nd

ot
he

liu
m

TNF-�
PAI-1
IL-6
IL-10

a

b

Fig. 1  . Adipose tissue macrophages in obesity-induced inflammation. a In  lean 
animals the macrophage content is low in adipose tissue. These macrophages express 
low amounts of inflammatory factors including tumor necrosis factor-�(TNF-�), 
interleukin-6 (IL-6), and plasminogen activator inhibitor-1 (PAI-1) and high levels 
of anti-inflammatory factors including interleukin-10 (IL-10). b Obesity increases 
monocyte adhesion and recruitment to adipose tissue, consequently increasing 
macrophage number in adipose tissue. The macrophages in obese adipose tissue 
express increased amounts of inflammatory factors including TNF-�, IL-6, and PAI-1 
and decreased amounts of IL-10. The inflammatory molecules act locally in a paracrine 
fashion to alter adipocyte function and adipokine production.
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and have distinct phenotypes and functions specific to their local microenvi-
ronment. They are the primary effectors of the innate immune system, and 
therefore, form a first line of defense against foreign pathogens. Resident tis-
sue macrophages also are critical for maintaining normal tissue function by 
clearing apoptotic and dead cells and cellular debris especially following tis-
sue injuries [5], and in response to injury play a central role in coordinating 
the reparative response.

Studies of adipose tissue macrophages (ATMs) in both humans and 
rodents demonstrate that increases in adiposity are closely associated with 
increases in the macrophage content of adipose tissue. Consistent with ATMs 
being authentic macrophages, bone marrow transplant studies in rodents 
demonstrate that almost all of the macrophages in adipose tissue are bone 
marrow-derived and are dependent upon the key regulator of macrophage 
differentiation and development, macrophage colony-stimulating factor 
(M-CSF or CSF-1) [12].

In obesity, the initial instigator of adipose tissue inflammation is not clear. 
Data suggest that dying cells, hypoxia and excess local concentrations of free 
fatty acids can contribute to the inflammatory signal that attract and sustain 
ATMs. However, once initiated it is clear that ATMs play a critical role in the 
inflammatory response seen in obesity. In humans and rodents, the number 
of macrophages in fat depots correlates positively with adipocyte size, body 
mass index, and percent body fat [12]. In obese mice [12] and severely obese 
individuals [14], visceral adipose tissue, which is strongly correlated with the 
development of insulin resistance and metabolic syndrome, contains higher 
numbers of macrophages than subcutaneous adipose tissue. The higher mac-
rophage content of visceral adipose tissue depots is also reflected in the high 
expression of inflammatory molecules from these depots compared to sub-
cutaneous ones. Defining the mechanisms that lead to differences in ATM 
content between visceral and subcutaneous depots will likely provide insights 
into the functional differences between these depots.

Recruitment of Monocytes to Adipose Tissue

The recruitment of bone marrow-derived circulating monocytes to tissues 
is a complex process under the control of numerous chemokines, cytokines, 
and other local factors [15]. Under homeostatic conditions peripheral mono-
cytes cross the endothelium into the tissue and replenish any loss of resident 
macrophages, thus maintaining the resident tissue macrophage populations. 
However, the presence of local inflammation causes activation of endothelial 
cells and production of chemoattractant proteins. A necessary step in the 
accumulation of macrophages is the adhesion of circulating monocytes to 
activated endothelial cells and transmigration into the tissue. Cytokines like 
TNF-� secreted from adipose tissue are capable of activating endothelial cells. 
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In obesity, adipose tissue expression of adhesion molecules including inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1) is increased [12]. However, there are conflicting data as to the met-
abolic effects of ICAM-1 deficiency [16, 17]. An initial analysis of macrophage 
content in the adipose tissue of ICAM-1-deficient mice did not reveal a sig-
nificant effect. Further studies are therefore required to identify the adhesion 
molecules critical for recruitment of monocytes to adipose tissue in obesity.

Chemokines are a large, structurally related family of proteins that regu-
late immune cell trafficking and activation. Profiling of adipose tissue expres-
sion has revealed that obesity increases expression of MCPs, members of the 
C-C chemokine ligand family. MCP-1 (CCL2) is the prototypical MCP and its 
expression is increased in obesity. Studies in mice have demonstrated that 
overexpression of MCP-1 within adipocytes induces macrophage accumula-
tion and inflammation in adipose tissue, and reduces insulin sensitivity [18, 
19]. There are conflicting data as to whether a genetic deficiency of MCP-1 is 
sufficient to reduce macrophage accumulation in adipose tissue and improve 
glucose homeostasis in obese rodents [19, 20]. This may in part be due to the 
redundancy of ligands that can bind a key MCP-1 receptor, C-C chemokine 
receptor 2 (CCR2). Obesity increases adipose tissue expression of MCP-1, 
MCP-3, MCP-5, all of which bind the CCR2. Genetic deletion or pharmacologi-
cal antagonism of CCR2 reduces macrophage accumulation in adipose tissue 
of high fat fed mice by ~30%. This reduction is accompanied by decreased adi-
pose tissue inflammation, increased systemic insulin sensitivity, and reduced 
hepatic steatosis [21]. These studies suggest that MCPs through CCR2 are 
important for the recruitment of monocytes to adipose tissue and the devel-
opment of obesity-induced inflammation and metabolic syndrome. However, 
CCR2 alone does not account for obesity-induced accumulation of ATMs.

Once recruited to the tissue, monocyte differentiation to macrophages 
is governed by local signals. CSF-1 is the primary regulator of macrophage 
differentiation, survival and proliferation. This is supported by the observa-
tion that mice deficient in either CSF-1 (Csf1op/op) or the CSF-1 receptor 
have markedly reduced macrophage content in almost all tissues [22, 23]. 
Consistent with a role for CSF-1 in ATM function, adipose tissue from mice 
lacking CSF-1 has significantly reduced the number of macrophages com-
pared to those from control mice [12].

The population of macrophages in adipose tissue is diverse. Broadly, 
macrophage populations in most tissues can be divided into resident and 
recruited macrophages. Resident macrophages are a stable population of 
cellular sentries that reside in tissue under non-pathological states. By con-
trast, recruited macrophages hone to tissues in response to pathological or 
immunological stimuli [24]. The stable populations of resident macrophages 
in various tissues have distinct phenotypes and functions specific to the local 
microenvironment in the tissue. In the lean state resident macrophages in 
adipose tissue produce low levels of classic inflammatory molecules (alter-
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nately activated macrophages). In contrast, macrophages actively recruited 
to sites of injury or infection express high levels of inflammatory molecules 
[24]. The majority of macrophages in adipose tissue from obese individuals 
has a distinctly inflammatory character typical of classically activated macro-
phages, and thus, expresses high levels of inflammatory molecules, including 
TNF-�, MCP-1 and inducible nitric oxide synthase [12]. Alternative activa-
tion of macrophages is the typical response seen to some parasitic infections 
and important in the resolution of inflammation. Peroxisome proliferator-acti-
vated receptor-� (PPAR-�) is an important regulator of macrophage alter-
native activation, and deletion of PPAR-� impairs alternative activation. In 
high fat diet-induced obesity, deletion of PPAR-� specifically in myeloid cells 
increases adipose tissue inflammation and further impairs glucose homeosta-
sis [25, 26].

Role of Macrophages in Metabolic Diseases

Adipose tissue inflammation and macrophage content are dynamic, regu-
lated by weight changes and correlated with insulin resistance. Intervention 
studies aimed at either reducing macrophage numbers or manipulating their 
inflammatory state in murine models have improved insulin sensitivity and 
decreased overall adipose tissue inflammation. In humans, weight loss fol-
lowing gastric bypass is associated with a significant decrease in macro-
phage number in subcutaneous adipose tissue [27]. Concomitantly, there was 
also a significant decrease in circulating levels of proinflammatory factors. 
Thiazolidinediones are potent insulin-sensitizing compounds that also exhibit 
powerful anti-inflammatory effects [28]. Treating obese mice [13] and humans 
[29, 30] with thiazolidinediones reduces ATM content and improves insulin 
sensitivity.

Conclusion

Obesity is associated with a state of chronic low grade inflammation. 
Adipose tissue is an important source of systemic inflammation. The mac-
rophage population within adipose tissue and their activation state are 
increased in obesity, contributing to the systemic low grade inflammation 
associated with weight gain. Furthermore, these immune cells have been 
implicated in the development of obesity-associated complications, including 
insulin resistance, cardiovascular disease and nonalcoholic fatty liver disease. 
However, there are still numerous questions that will likely be answered in 
the coming years as to the role of ATMs in systemic and local inflammation. 
The understanding of the interaction between immune cells and adipocytes 
is still incomplete. Understanding the role of immune cells in adipose tissue 
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physiology, and the molecular signals needed and the kinetics of recruitment, 
survival, and activation of these cells in obesity will help identify new thera-
peutic candidates for treating obesity-related complications.
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Discussion

Dr. Chowdhury: What is the role of n-3 fatty acids in manipulating obesity-
induced inflammation? In particular have you found in your laboratory or in any other 
report that it can reduce the hepatic expression of MCP-1?

Dr. Subramanian: Actually there is a lot of work on the type of fatty acids in 
n-3 versus n-6, saturated versus unsaturated. At least in in vitro models it seems that 
saturated fatty acids activate the macrophages and result in more proinflammatory 
states whereas n-3 fatty acids actually do not induce inflammation. So the type of fatty 
acid seems to play an important role in the extent of the inflammatory process. I don’t 
know if anybody has actually measured MCP-1 in the liver, but I think MCP-1 automat-
ically decreases as inflammation and macrophages decrease. So yes, the various types 
of fatty acids have different inflammatory effects. We have looked at the various fats 
in rodents: visceral, subcutaneous, and mesenteric fat which surrounds the intestine. 
So as I showed before, in all depots there is accumulation of macrophages and it cor-
relates with the degree of adiposity or the adipocyte site, but there is a difference in 
absolute numbers of macrophages. So it seems in rodents that the perigonadal adipose 
tissue has more macrophages than subcutaneous. You are very right, the secretion of 
cytokines is completely different in the various adipose tissues. So there are differ-
ences in terms of accumulation. But all the macrophage depots that are accumulating 
are proinflammatory. In humans with weight loss, subcutaneous adipose tissue could 
actually be sampled and a decrease in macrophages and in the expression of the pro-
inflammatory cytokines could be seen. But I don’t think anybody has actually very 
clearly or very thoroughly dissected the different adipose tissues. We know that the 
adipose tissues are different so there are going to be differences in terms of accumula-
tion of macrophages and the extent of inflammation just by the fact that is the depots 
are different, but the macrophages of all depots are inflammatory.



Subramanian/Ferrante, Jr.

160

Dr. Mathur: What are your views on some papers available on incriminating infec-
tive etiology in triggering the inflammatory processes for obesity [1, 2]? In addition, 
How well does your hypothesis apply to the immune-compromised state of obesity?

Dr. Subramanian: Let me answer the second question first. In the immune-com-
promised state the processes are different. In obesity there is no immune compromise. 
The immune system is activated but it is fully functional and capable of mounting an 
immune response. It is very difficult to compare the inflammatory process in obe-
sity to immunosuppressor or other states because in those conditions you have the 
complication that the immune system is actually not primed or cannot handle what-
ever the underlying disease condition is. Regarding your first question, I actually don’t 
know the literature you are talking about in terms of viruses causing inflammatory 
processes. I am sure any infective agent can cause an inflammatory response, but in 
obesity we think that this whole process is triggered by the adipose tissue or the adi-
pocytes that are expanding. I know that, at least in the last year, literature has been 
published on gut microflora and their role in obesity and inflammation. It is a very new 
topic, but for most part we think that this inflammatory process is not started by a 
pathogen but it is the response of the body to the expanding adipocytes.

Dr. Prentice: You suggested that the initial driver of this process is a metabolic 
perturbation without any detail to that, probably because we don’t know about it. I just 
wanted to try the possibility that there could be a physical perturbation because adi-
pose tissue obviously has to be perfused. There is a large growth of the capillary bed, 
I would imagine. Intuitively to me it seems that if there is a big mass of adipose tissue 
there may be problems in perfusing that bed. Is there any evidence as to whether that 
is part of the story or not?

Dr. Subramanian: Metabolic perturbation is again only part of the story. There 
is a hypothesis out there that the dimension, the expanding adipose tissue, is very 
hard to study because a lot of neovascularization is needed to get blood flow to this 
expanding adipose tissue, and hypoxia is another big factor in the recruitment of mac-
rophages to adipose tissue. Actually there is some evidence showing that it is actually 
the inability of the fat cell to expand continuously to recruit these macrophages, and if 
you were able to just keep on expanding the fat cell you probably would not have this 
accumulation or some of the complications of obesity because the fat would be where 
it should be. So yes, in addition to metabolic factors the physical expansion of the adi-
pocyte and hypoxia induced by it play a role in recruiting macrophages to the tissue.

Dr. Ganapathy: You just mentioned inflammatory markers and obesity. One of 
the mechanisms of macrophage activation is TNF-a endotoxin and macrophages have 
now been subdivided into three categories: one for TH1, one for TH2, and one for the 
immune complex. Could it be that the inflammatory markers themselves are activat-
ing the macrophage system, and have we done anything on the inducible NOS system 
because that could go a long way to control the inflammatory side effects of obesity?

Dr. Subramanian: The inflammatory cytokines actually do feed back and acti-
vate the macrophages and these macrophages that you see in obese adipose tissue 
are proinflammatory type 1, the TH1 response macrophages. About the iNOS, we see 
increases in iNOS expression in obese adipose tissue and I think that mice lacking 
iNOS are actually protected from obesity-induced macrophages as well as systemic 
insulin resistance. We haven’t specifically looked at iNOS, but we are looking at all of 
the mixtures of these proinflammatory cytokines.

Dr. Ganapathy: You told us a little bit about the PPAR system. Could you add 
something more about PPAR and its role? Are you trying to produce drugs through 
the TNF-b receptors? You mentioned a slide about the PPAR ligand and it was also 
mentioned in the first talk about the inheritance and genetic basis for PPAR. Does it 
play a role?
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Dr. Subramanian: I don’t know about the genetic basis of PPAR, I definitely can’t 
answer. But PPAR seems to play a role because knocking out the PPAR-g actually 
primes the macrophage to be more proinflammatory and these macrophages actually 
secrete more inflammatory proteins compared to wild-type macrophages that have 
PPAR-g, and this is also true for the other isoforms as well PPAR-d. So these PPARs 
seem to play a role in priming the macrophages or in controlling the activation of 
macrophages type 1 versus the TH2 macrophages. So at this point the data are very 
preliminary, but we think that the normal function of the PPARs at macrophages is to 
clamp down on the proinflammatory state.

Dr. Ganapathy: Could it also be possible that if there is a parasitic infection and 
macrophages of the TH2 type that this is an anti-inflammatory state, just as in inflam-
matory bowel disease? We have tried to use hepatocytes to get the TH2 changed since 
we are talking about inflammation.

Dr. Subramanian: I don’t know about bowel disease but there is evidence show-
ing that in obesity the resident macrophages in the adipose tissue are actually TH2, 
they are more anti-inflammatory. As weight is gained and macrophages are recruited, 
these macrophages are more TH1, so they are more proinflammatory.

Dr. Ravussin: You have shown the infiltration of macrophages in the adipose tis-
sue and then in the liver. Systemic insulin resistance, in humans at least, as measured 
by clamp is in the muscle. Do you have data showing that there would be some infiltra-
tion by macrophages in the muscle, or is the increase in cytokines, TNF-a, IL-6 enough 
to explain the decrease in glucose disposal into the muscle?

Dr. Subramanian: With regard to the muscle, in obesity there is intramyocellu-
lar fat and there is macrophage accumulation in intramyocellular fat, but the role of 
those macrophages in muscle insulin resistance is really not known. It could be that 
those macrophages locally produce inflammatory cytokines that play a role in impair-
ing myocyte, glucose uptake, and systemically it could be TNF, IL-6. So it could be 
both, macrophages in the fat within muscle as well as systemic inflammatory markers 
could both contribute to muscle insulin resistance.

Dr. Jaigirdar: You mentioned the CCR2 receptor protein. Is there any way, any 
drug or any physiological way to decrease it?

Dr. Subramanian: No, we really don’t want to mess with immune systems with-
out really understanding what is going on in obesity-induced inflammation. But there 
is a company in the US that has a small antagonist for CCR2 and I think they are 
looking at it in terms of using it in arthritis and multiple sclerosis. Actually I did not 
present the data but if the CCR2 antagonist is given to rodents, a fairly similar effect 
is seen; there is decreased macrophage accumulation in adipose tissue and increased 
insulin sensitivity. But to advocate the use of that drug in large scale human studies, 
more data and more research are needed to actually see what other systems are being 
perturbed by knocking out CCR2.

Dr. Jatana: Did you look at calorie restriction diets or increased activity in these 
rodents to decrease macrophages, or do we only need to reduce the amount of adi-
pose tissue in order to reduce the macrophages?

Dr. Subramanian: The studies about caloric restriction are actually currently 
underway in the laboratory, and the results are actually not that clear-cut. In terms of 
physical activity I don’t think we have looked at it. We have looked at physical activity 
in terms of a genetically obese model, the agouti and the obese strain, but I cannot 
recall the data in terms of macrophage accumulation and inflammation.

Dr. Arora: In severe malnutrition there is a lot of fat in the liver and there is no 
fat elsewhere. What is the inflammatory status in the fatty liver of the severely mal-
nourished individual? Are there situations in which there is adipose tissue and obe-
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sity without evidence of ongoing inflammation? In other words I am asking whether 
inflammation triggers adiposity or adiposity triggers inflammation?

Dr. Subramanian: To answer your first question on malnutrition, fatty liver and 
inflammatory state; this is just a speculation I actually have no data or expertise in 
that area. The inflammation or the immune response in malnutrition is again slightly 
different from that in obesity because in malnutrition and undernutrition the immune 
system is immunocompromised, it is not able to function normally, while in obesity the 
functions are very normal. So the immune response or the inflammation in malnutri-
tion and obesity may be completely different. To answer to your second question, 
we really don’t know whether adiposity triggers macrophage accumulation or macro-
phage accumulation triggers adiposity.

Dr. Giovannini: Is the inflammatory process in obesity linked to the development 
of atherosclerosis?

Dr. Subramanian: There is some evidence in rodents but I cannot recall the 
exact data. Obesity-induced inflammation results in an inflammatory cascade in the 
endothelial cells which play a major role in atherosclerosis plaque formation, so we 
think that obesity-induced inflammation plays a major role in atherosclerosis, but I 
can’t recall the exact data.

Dr. Jatana: Is there a difference between childhood obesity and age-onset obesity 
and the number of years a person was obese, and whether it was reversible? Are there 
any studies?

Dr. Subramanian: The accumulation of macrophages in adipose tissue was actu-
ally first reported in 2003 from our laboratory. There have not been a lot of stud-
ies looking at childhood obesity versus age-onset obesity and how much this reversal 
occurs during weight loss. These are studies that are probably ongoing right now, but 
there are no results so far.
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 Abst ract 

Nonalcoholic steatohepatitis (NASH), which is the most severe histological form of 
nonalcoholic fatty liver disease, is emerging as the most common clinically important 
form of liver disease in developed countries. Although its prevalence is 3% in the gen-
eral population, this increases to 20–40% in obese patients. Since NASH is associated 
with obesity, its prevalence has been predicted to increase along with the growing 
epidemic of obesity and type 2 diabetes mellitus. The importance of this observation 
comes from the fact that NASH is a progressive fibrotic disease in which cirrhosis 
and liver-related death occur in 25 and 10% in these patients, respectively, over a 
10-year period. This is of particular concern given the increasing recognition of NASH 
in the developing world. Treatment consists of treating obesity and its comorbidities: 
diabetes and hyperlipidemia. Nascent studies suggest that a number of pharmacologi-
cal therapies may be effective, but all remain unproven at present. Histological and 
laboratory improvement occurs with a 10% decrease in bodyweight. Bariatric surgery 
is indicated in selected patients. A greater understanding of the pathophysiological 
progression of NASH in obese patients must be obtained in order to develop more 
focused and improved therapy.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

In the United States, over the last quarter century, there has been an obe-
sity epidemic which has yet to plateau. Dietary modification and sedentary 
lifestyle have been identified as key perpetuates. The prevalence of the meta-
bolic (insulin resistance) syndrome and its sequelae (e.g. type 2 diabetes mel-
litus, cardiovascular disease, nonalcoholic fatty liver disease) have increased 
in parallel fashion [1–3]. Similar trends are now being discovered worldwide 
in populations which have undergone migration and urbanization. We are 
just now beginning to realize the devastating effect these trends may have in 
terms of future health risk.
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Obesity

From 1960 to 2000 in the United States the prevalence of obesity (BMI ≥30) 
for adults aged 20–74 years has increased from 13.4 to 30.9% [4] (table 1). 
The prevalence of obesity was relatively constant from 1960 to 1980, then 
increased by 8.3% from 1980 to 1990 and 7.6% from 1990 to 2000. Likewise, 
the prevalence of overweight (BMI for age ≥95th percentile) among children 
in the United States increased in similar fashion from 1960 to 2000, culminat-
ing in a prevalence of 10% for 2- to 5-year-olds and 15% for 6- to 19-year-olds 
[5] (table 2).

Similar trends have been seen in migrant populations which are likely due 
to the adoption of ‘Westernized’ dietary and lifestyle habits. The prevalence of 
overweight Mexican-Americans increased 30.9–39.1% in men and 41.5–48.1% 
in women from approximately 1984 to 1990 [6]. A cross-sectional study in 
people of African origin showed a stepwise increase in the prevalence of obe-
sity from Nigeria (5.4%) to Jamaica (23.2%) to the United States (39.0%), fol-
lowing the approximate path of migration [7]. Likewise, migrant Asian Indians 
tend to have higher BMI than those of urban- or rural-based sedentees in 
India [8]. Furthermore, Tokelauans who migrated to New Zealand because of 
a natural disaster increased their BMI levels from 24.1 to 28.7 between 1968 
and 1982, while BMI levels in non-migrants only increased from 24.8 to 26.1 
[9].

Urbanization of developing countries has shown trends in obesity similar 
to that of the United States. The prevalence of obesity from 1975 to 2003 
among adult Brazilian men aged ≥20 years increased from 2.7 to 8.8%, 
and in Brazilian women it increased from 7.4 to 13%, reflecting a preva-
lence rate which almost doubled in both genders over a 28-year period [10]. 
Likewise, the prevalence of overweight and obesity increased 2.0–5.2% from 
1992 to 2002 among Vietnamese adults, affecting urban residents more than 
their rural counterparts [11]. These trends hold true for adolescents as well 
as adults. The prevalence of overweight in young persons aged 6–18 years 
increased 4.1–13.9% in Brazil (from 1975 to 1997), 6.4–7.7% in China (from 
1991 to 1997), and 15.4–25.6% in the United States (from 1974 to 1994) 
[12].

Using Western Criteria for Defining Obesity

Using Western criteria for defining obesity (BMI >30), less than 5% of 
South Asians and Asian Pacific populations will be defined as obese. However, 
obesity-related metabolic disorders occur at lower BMI levels in Asians. Data 
from South Asia, Singapore and Hong Kong demonstrate that in those native 
populations, the clustering of metabolic risk factors begins to increase at 
BMI of approximately 23. Therefore the recommended BMI cutoff values for 
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overweight for Asians are from 23–25 and for obesity more than 25, according 
to the new WHO guidelines.

Applying these new criteria, the prevalence of obesity in Asian populations 
is significant (table 3). There are also emerging data that the numbers will 
worsen with the increasing adoption of a Western lifestyle.

Metabolic (Insulin Resistance) Syndrome

Components of the metabolic syndrome include central obesity (waist 
circumference ≥102 cm in men, ≥88 cm in women), hypertriglyceridemia 
(serum triglycerides ≥150 mg•dl–1), low HDL cholesterol (<40 mg•dl–1 in 
men, <50 mg•dl–1 in women), hypertension (blood pressure ≥130/85 mm Hg), 
and hyperglycemia (fasting glucose ≥100 mg•dl–1) [13, 14]. At least three of 
the above criteria are necessary to be labeled as having metabolic syndrome 
[13].

The prevalence of the metabolic syndrome among US adults aged ≥20 
years increased from 28% (or ~50 million people) in 1990 to 31.9% (or ~64 
million people) in 2000, a relative change of 13.8% [15] (table 4). The preva-
lence of the metabolic syndrome in US adolescents aged 12–19 years in 2000 
was 9.4% (or 2.9 million people); the prevalence in obese adolescents was 
44.2% (table 5), which underscores the importance of adiposity in the devel-
opment of insulin resistance and the metabolic syndrome [16].

Of particular interest is South Asia where abdominal obesity is common 
and evident even in non-obese people. The prevalence of the metabolic syn-
drome in South Asian populations ranges from 11 to 41% depending on the 
region of India, and South Asians have an unusually high tendency to develop 
type 2 diabetes mellitus and coronary heart disease [17–19]. Even though the 
prevalence of the metabolic syndrome in Asian Indian adolescents is low, the 
prevalence of insulin resistance remains high (27%) [20, 21].

Table 3. Prevalence (%) of obesity in Asia using WHO criteria for Asians

Country Men Women

China 12 14
Japan 24 20

Malaysia 24 18

Philippines 13 15

Taiwan 18 16

Thailand 17 20
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Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of disease ranging 
from simple steatosis to nonalcoholic steatohepatitis (NASH), which carries 
a risk of progression to cirrhosis and end-stage liver disease [22, 23]. NAFLD 
is considered the hepatic manifestation of the metabolic (insulin resistance) 
syndrome and its prevalence has paralleled the rise in obesity such that 
NAFLD is currently the most common chronic liver disease in the United 
States [24–26].

The prevalence of hepatic steatosis in a probability-based population 
from Dallas, Tex., was 31%; the prevalences per ethnic group were: Whites 
(33%), Blacks (24%), and Hispanics (45%) [25]. The prevalence of the 
metabolic syndrome in an unselected cohort of subjects with NASH was 
found to be 87%; when NASH subjects with type 2 diabetes mellitus were 
excluded, the prevalence remained higher than the general population at 
38% [27, 28].

Nearly 25% of the urban population of India has NAFLD [19] and there-
fore may be at risk of developing the same clinical sequelae that has been 
described in other populations. It should be emphasized that NASH should 
be considered as the most severe form of a larger spectrum of NAFLD with 
histologic findings ranging from fat alone, to fat plus inflammation, to fat plus 
hepatocyte injury (ballooning degeneration) with or without fibrosis, poly-
morphonuclear cells or Mallory hyaline. Only fat plus hepatocyte injury with 

Table 5. Prevalence of the metabolic syndrome in US adolescents using various defi-
nitions, NHANES 1999–2002 [16]

Cook/Ford 
% (SE)

Cruz 
% (SE)

Caprio 
% (SE)

Adult 
% (SE)

Overall 9.2 (1.2)
2.9 million

2.0 (0.4)
600,000

2.4 (0.4)
700,000

5.8 (0.9)
1.8 million

Sex
 Male 13.2 (2.0) 3.0 (0.8) 3.8 (0.8) 7.0 (1.4)
 Female 05.3 (1.2) 1.0 (0.4) 0.6 (0.3) 4.5 (1.2)
Race/ethnicity
 White 10.7 (1.9) 2.2 (0.5) 2.5 (0.6) 6.0 (1.4)
 Black 05.2 (1.1) 1.6 (0.5) 1.9 (0.7) 4.7 (1.1)
  Mexican-

American/
Hispanic

11.1 (1.2) 2.6 (0.6) 3.1 (0.7) 6.0 (0.9)

BMI status
 Normal 01.6 (0.7) 12.0 (0) 12.0 (0) 01.1 (0.5)
 At risk 47.8 (3.6) 12.0 (0) 12.0 (0) 05.8 (2.8)
 Overweight 44.2 (2.9) 12.4 (2.5) 14.1 (2.6) 26.2 (3.6)
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or without fibrosis should be considered NASH. The significance of these 
histologic categories rests not only on the fact that the prevalence varies by 
histology, with steatosis alone with or without inflammation being more com-
mon than NASH, but that clinical outcomes also vary by histologic category. 
Therefore, it is important to reliably distinguish NASH from other histologic 
types of NAFLD.

Cirrhosis develops in 15–25% of NASH patients [29], and once developed, 
40% of these patients may experience a liver-related death over a 10-year 
period, with mortality rates similar to or worse than cirrhosis associated with 

Table 6. Pathophysiological based treatment of nonalcoholic fatty liver disease

Pathological mechanisms Treatment

Nonhepatic causes
 Obesity Moderate weight loss1

Bariatric surgery2

Orlistat2

 Western diet Vitamins, fiber, type of diet
 Abnormal cytokines/adipokines Anticytokine therapy

 Inhibitors
 Blockade
 Replacement3

 Increased visceral fat Weight loss
Omental resection3

 Bacterial overgrowth Nonabsorbable antibiotics3

Probiotics3

 Insulin resistance Thiazolidinedione2

Metformin2

Exercise
 Hypertriglyceridemia Hypolipidemics

 Clofibrate2,4

 Gemfibrozil2

 Probucol2

Hepatic causes
 Oxidative stress Antioxidant1,2

  Lipid peroxidation PPAR-�3

  Iron Phlebotomy
  Cytoprotection Ursodeoxycholic acid1,4

 Glutathione deficiency Betaineb/SAMe3

 Apoptosis Caspase inhibition
�-adrenergic agonists3

1 At least one controlled trial in humans has been performed.
2 Uncontrolled trial in humans has been performed.
3 Used only in animal models thus far.
4 Not effective. The only controlled trials (vitamin E, vitamin C, or ursodeoxycholic diet) 

were no better than controls.
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hepatitis C. NASH is also now considered the major cause of cryptogenic cir-
rhosis. NASH-associated cirrhosis can also decompensate into acute liver fail-
ure, progress to hepatocellular carcinoma, and recur after transplantation.

In contrast, steatosis alone is reported to have a more benign clinical 
course, although progression of fibrosis in cirrhosis has occurred in 3% of 
those patients with steatosis alone.

Pathophysiological Treatment

There are many potential pathophysiological factors that, either alone or in 
combination, may provide the basis for effective therapy that has yet to be estab-
lished. Table 6 lists each of the proposed pathophysiologic factors and the potential 
therapies. Further proof-of-principle studies are required to determine the opti-
mal therapeutic strategies for NAFLD that may vary among different populations.

References

1 Wilson PW, D’Agostino RB, Parise H, et al: Metabolic syndrome as a precursor of cardiovascu-
lar disease and type 2 diabetes mellitus. Circulation 2005;112:3066–3072.

2 Ford ES: The metabolic syndrome and mortality from cardiovascular disease and all-causes: 
findings from the National Health and Nutrition Examination Survey II Mortality Study. 
Atherosclerosis 2004;173:309–314.

3 Lakka HM, Laaksonen DE, Lakka TA, et al: The metabolic syndrome and total and cardiovas-
cular disease mortality in middle-aged men. JAMA 2002;288:2709–2716.

4 Flegal KM, Carroll MD, Ogden CL, Johnson CL: Prevalence and trends in obesity among US 
adults, 1999–2000. JAMA 2002;288:1723–1727.

5 Ogden CL, Flegal KM, Carroll MD, Johnson CL: Prevalence and trends in overweight among 
US children and adolescents, 1999–2000. JAMA 2002;288:1728–1732.

6 Kuczmarski RJ, Flegal KM, Campbell SM, Johnson CL: Increasing prevalence of overweight 
among US adults. The National Health and Nutrition Examination Surveys, 1960 to 1991. 
JAMA 1994;272:205–211.

7 Luke A, Guo X, Adeyemo AA, et al: Heritability of obesity-related traits among Nigerians, 
Jamaicans and US black people. Int J Obes Relat Metab Disord 2001;25:1034–1041.

8 Misra A, Vikram NK: Insulin resistance syndrome (metabolic syndrome) and obesity in Asian 
Indians: evidence and implications. Nutrition 2004;20:482–491.

9 Salmond CE, Prior IA, Wessen AF: Blood pressure patterns and migration: a 14-year cohort 
study of adult Tokelauans. Am J Epidemiol 1989;130:37–52.

10 Monteiro CA, Conde WL, Popkin BM: Income-specific trends in obesity in Brazil: 1975–2003. 
Am J Public Health 2007;97:1808–1812.

11 Tuan NT, Tuong PD, Popkin BM: Body mass index (BMI) dynamics in Vietnam. Eur J Clin 
Nutr 2008;62:78–86.

12 Wang Y, Monteiro C, Popkin BM: Trends of obesity and underweight in older children and 
adolescents in the United States, Brazil, China, and Russia. Am J Clin Nutr 2002;75:971–977.

13 Executive Summary of the Third Report of the National Cholesterol Education Program 
(NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol In 
Adults (Adult Treatment Panel III). JAMA 2001;285:2486–2497.

14 Genuth S, Alberti KG, Bennett P, et al: Follow-up report on the diagnosis of diabetes mellitus. 
Diabetes Care 2003;26:3160–3167.

15 Ford ES, Giles WH, Mokdad AH: Increasing prevalence of the metabolic syndrome among US 
Adults. Diabetes Care 2004;27:2444–2449.



Edmison/Kalhan/McCullough

172

16 Cook S, Auinger P, Li C, Ford ES: Metabolic syndrome rates in United States adolescents, from 
the National Health and Nutrition Examination Survey, 1999–2002. J Pediatr 2008;152:165–
170.

17 King H, Aubert RE, Herman WH: Global burden of diabetes, 1995–2025:prevalence, numerical 
estimates, and projections. Diabetes Care 1998;21:1414–1431.

18 Reddy KS, Yusuf S: Emerging epidemic of cardiovascular disease in developing countries. 
Circulation 1998;97:596–601.

19 Misra A, Misra R, Wijesuriya M, Banerjee D: The metabolic syndrome in South Asians: con-
tinuing escalation & possible solutions. Indian J Med Res 2007;125:345–354.

20 Vikram NK, Misra A, Pandey RM, et al: Heterogeneous phenotypes of insulin resistance and 
its implications for defining metabolic syndrome in Asian Indian adolescents. Atherosclerosis 
2006;186:193–199.

21 Misra A, Vikram NK, Arya S, et al: High prevalence of insulin resistance in postpubertal Asian 
Indian children is associated with adverse truncal body fat patterning, abdominal adiposity 
and excess body fat. Int J Obes Relat Metab Disord 2004;28:1217–1226.

22 Matteoni CA, Younossi ZM, Gramlich T, et al: Nonalcoholic fatty liver disease: a spectrum of 
clinical and pathological severity. Gastroenterology 1999;116:1413–1419.

23 Younossi ZM, Gramlich T, Liu YC, et al: Nonalcoholic fatty liver disease: assessment of vari-
ability in pathologic interpretations. Mod Pathol 1998;11:560–565.

24 McCullough AJ: The epidemiology and risk factors of NASH; in Farrell G, George J, Hall P, 
McCullough AJ (eds): Fatty Liver Disease: NASH and Related Disorders. Oxford, Blackwell, 
2005, pp 23–37.

25 Browning JD, Szczepaniak LS, Dobbins R, et al: Prevalence of hepatic steatosis in an urban 
population in the United States: impact of ethnicity. Hepatology 2004;40:1387–1395.

26 Marchesini G, Forlani G: NASH: from liver diseases to metabolic disorders and back to clinical 
hepatology. Hepatology 2002;35:497–499.

27 Marchesini G, Bugianesi E, Forlani G, et al: Nonalcoholic fatty liver, steatohepatitis, and the 
metabolic syndrome. Hepatology 2003;37:917–923.

28 Chitturi S, Abeygunasekera S, Farrell GC, et al: NASH and insulin resistance: Insulin 
hypersecretion and specific association with the insulin resistance syndrome. Hepatology 
2002;35:373–379.

29 McCullough AJ: The epidemiology and risk factors of NASH; in Farrell G, George J, Hall P, 
McCullough AJ (eds): Fatty Liver Disease: NASH and Related Disorders. Oxford, Blackwell, 
2005, pp 23–37.

Discussion

Dr. Mathur: Could you enlighten us more on lean NASH and how does it develop 
[1]? Secondly, as a hepatologist, what clinical and public health advice would you give 
for tackling simple steatosis?

Dr. McCullough: The majority of people with lean NASH or fatty liver are really 
not lean; there is increased visceral fat in the majority of those patients. As opposed to 
the US, in the majority of cases the appropriate BMI in developing countries is much 
less. There are clear cases of high triglycerides by themselves increasing fatty liver. 
On the second question regarding the impact on healthcare of simple steatosis, I think 
this only pertains to very selective groups of patients. We are now increasingly using 
liver donors, and because 30% of America is fat, if the donors have steatosis, those liv-
ers can’t be used. Fatty liver disease also adversely affects the progression of hepatitis 
C, and people with fatty liver disease have a much higher progression to cirrhosis. The 
3rd point is that, although this is not as clear as the first two that I just mentioned, 
it is likely that these livers are more sensitive to drugs and it is also becoming with a 
little more certain that they are more sensitive to anesthesia. But steatosis itself in the 
progression of cirrhosis is not a bad thing (2%), but what it does to chronic inflamma-
tion, I don’t know.
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Dr. Giovannini: Alcoholism is very interesting because there is a big difference 
when we speak only about beer, but if we speak about wine types it must be remem-
bered that there is a difference between red and white wine. Are obese people 
protected from NAFLD? To what extent may hepatic metabolism influence brain 
activity?

Dr. McCullough: The association with red wine is probably the strongest. Pinot 
noir has the highest concentration of resorbitol. I really don’t know what effect it has 
on the brain. We know that the canabinoid receptors are activated in the brain, but 
obesity and the brain is not my field of expertise. I really don’t know if obese people 
are protected from NAFLD. Actually some of the best data have come from Northern 
Italy. It is the same as in the United States, only 30% of people have increased fat. But 
those studies were done with ultrasounds. About 30% of the liver must be replaced 
by fat tissue. Mass spectroscopy can pick up 5%, and 5% of fat is normal if metabolic 
processes are being studied. I really don’t know the answer to that question.

Dr. Giovannini: The problem in Asian and African countries is alcohol dehydro-
genase deficiency. Perhaps Caucasians have more alcohol dehydrogenase enzymatic 
activity, and some problems have arisen with a lower alcohol dehydrogenase activity.

Dr. McCullough: That is somewhat different. If everyone here drank 60 g alcohol/
day, we would all get fatty liver; that’s not a question, that’s a dose effect. The path-
ways of fat in the liver are completely different, and the enzyme pathway is something 
that probably has not been considered. The pathways that are activated in fatty liver 
disease are lysosomes, mitochondria and peroxisomes.

Dr. Kayal: In children with fatty liver, what would be the least invasive and least 
expensive way to monitor them for their fat content in the liver?

Dr. McCullough: In United States the prevalence is not as clear as in adults, but 
in pediatrics the best data come from San Diego. About 19% have fatty liver disease 
and there is a report of early cirrhosis developing in a 5-year-old from this disease. 
There is a statement, but without much data that I am aware of, that in the aver-
age United States high school about 2–3 children will have cirrhosis. Monitoring is a 
problem. People and parents in particular don’t want to have their children biopsied. 
In the NASH study we had a pediatric population and a lot of trouble recruiting 
children because we only put children with NASH on a treatment protocol. So the 
answer to that also is not known, but I did not discuss alternate ways of diagnosing 
NASH other than apoptosis. Function tests are coming that will look at the activa-
tion of lysosomes and mitochondria perhaps. What we need are good noninvasive 
methods, if they are functional or static tests that give us a reliability of probably 
85%, that will be acceptable. But this epidemic is coming to the pediatricians. I have 
a metabolic clinic and I am frequently seeing 20-year-olds with cirrhosis from this 
disease.

Dr. Sesikaran: M30 is a noninvasive marker and is expressed in many other apop-
totic cells as well. We have studied intestinal epithelial cells, even when they undergo 
apoptosis they express M30. How could it be specific to liver cell apoptosis because 
when there is oxidative stress many other cells in the body also undergo apoptosis?

Dr. McCullough: I look forward to that data because this is specific for cytocaro-
tene-18; so that is predominantly in the liver. Initially these were our own data, but 
they have been reproduced now by 2 other laboratories.

Dr. Sesikaran: We used M30 in the in situ tissue kit, and this was demonstrated in 
intestinal cells undergoing apoptosis [2].

Dr. Jaigirdar: In pediatrics, especially in enterology, we treated a fatty acid oxida-
tion disorder with L-carnitine. I would like to ask about NASH and L-carnitine?

Dr. McCullough: The evidence shows that there is no trouble with mitochondrial 
oxidation in this disease.
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Dr. Popkin: This is a slightly different but related issue. From my understanding 
we have fatty liver that may be benign not inflamed, not damaged, and then we have 
fatty liver disease, which is a tiny subset of everybody with fatty liver. Clearly in the US 
and in many countries we have enormous amounts of fatty liver. If we are studying the 
metabolic syndrome and find someone has 4 or 5 of the various symptoms at a high 
level, forgetting about whether there is a syndrome or not, do we need to study your 
ELISA and will it really add anything to what we know from a diagnostic side?

Dr. McCullough: I did not show these data, but it is clear that the more the com-
ponents of the metabolic syndrome, the more likely that you have fatty liver disease. If 
you have 3, you have an about 45 or 50% chance of having fatty liver disease.

Dr. Popkin: So there is enough variability that one would gain in diagnostics by 
testing for fatty liver disease independently. The question is does your ELISA separate 
between fatty liver and fatty liver disease at enough specificity?

Dr. McCullough: This test has not yet been marketed and I am not suggesting that 
it be used as a diagnostic test; I was simply using it as an example of what we need 
to make the separation between good and bad fat in a noninvasive fashion. There are 
a number of different discriminative functions out there that I chose not to discuss 
because they are worse than that. What I am usually asked by hepatologists is, should 
we screen? The answer is probably not yet because we don’t have a treatment. Once 
we have safe treatment then that question becomes somewhat moot because then we 
have to separate good fat from bad fat, and a noninvasive test with even an 85% pre-
dictability will probably be cost-effective.

Dr. Matthai: What is the effect of lipid-lowering agents on the progression of 
NAFLD? Do they play any role at all?

Dr. McCullough: That is a very good question. Clofibrate didn’t work, but there 
are some data that gemfibrozil decreases ALT. The usual problem is that people say 
that it is not safe to use those drugs. But they are absolutely safe to use, there is no 
contraindication.

Dr. Kalhan: For a variety of reasons there is a large burden of background inflam-
mation. What is the impact of this background inflammation on obesity, NAFLD and 
all the comorbidities?

Dr. McCullough: Inflammation is absolutely present in NAFLD. T cells are impor-
tant. If the inflammation is suppressed by suppressing macrophage activity, just as in 
alcoholic liver disease, NAFLD in certain animal models gets better. So chronic inflam-
mation is a very important component of liver disease.

Dr. Kalhan: My question was more in relation to other chronic inflammations in 
the body. In the organism or human being living in a developing country with a large 
burden of parasites or whatever, if you measure their circulating cytokines they are 
probably higher than in the Western societies. Does obesity have a different form in 
these people? Does liver disease worsen in these types of people? Are there any data?

Dr. McCullough: I am not aware of any data in terms of the ratio of good fat to 
bad fat in developing countries. The data I showed on prevalence are just based on 
ultrasounds.

Dr. Yajnik: We have a study, called the Coronary Risk of Insulin Sensitivity in 
Indians (CRISIS). We measured body fat by different techniques in 150 men from rural 
areas, 150 from urban slums, and 150 middle income patients. We found progressive 
increases in body adiposity, liver fat (measured by CT), and abdominal fat volume 
measured by MRI. We also measured a number of inflammatory markers. CRP levels 
were highest in the urban middle class, while total leukocyte count, IL-6 and TNF-a 
were highest in slum dwellers, suggesting a contribution from the infective environ-
ment. We found that hyperglycemia and insulin resistance in the urban middle class 
were substantially enhanced by their adiposity [3]. We are looking at other markers.
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Dr. McCullough: When I heard the presentations by Dr. Prentice and Dr. Popkin, 
in your world this does not have a high priority. There are many other diseases that 
you are more concerned about, and as society develops it is coming to you. It is just a 
matter of how soon.

Dr. Yajnik: Previously we did not call it NASH. Liver problems were there but 
fewer. Working in a diabetic clinic for 25 years I have seen an increasing number of 
people who develop liver cirrhosis. Is this part of the central visceral adiposity? You 
showed analyses where you compared NAFLD with controls. Did you adjust for total 
body adiposity or visceral fat in that analysis?

Dr. McCullough: Those studies did not look at visceral fat.
Dr. Yajnik: You have been calling it central obesity and this is a component of 

central obesity or adiposity, and part of it is ectopic adiposity.
Dr. Genuino: In the new food guide pyramid released by the National Institutes of 

Health, there is a recommendation on fats that you can go beyond the 30% limitation 
as long as these are polyunsaturated fats. What is your opinion?

Dr. McCullough: Depending on the type of fat I think it is probably fine; the oce-
anic societies eat a lot of n-3, and they do fine.

Dr. Arora: What is the difference in fat accumulation due to obesity and that due 
to severe malnutrition in the liver?

Dr. McCullough: With severe malnutrition you get fatty liver disease and the prob-
lem is you don’t have enough export proteins of the triglycerides. Whether that is an 
inflammatory state or not, I don’t know.

Dr. Sesikaran: We always believed that fatty liver with undernutrition never 
leads to cirrhosis unless it coexists with hepatitis B. Yet there is a situation in which 
a fatty liver could lead to cirrhosis. So the fat accumulation in the liver due to under-
nutrition and that associated with excess adiposity obviously seem to have a different 
etiopathologies.

Dr. McCullough: Did you say that malnutrition in fatty liver disease can progress 
to cirrhosis?

Dr. Sesikaran: It can, but it does not unless there is a coexistent hepatitis B.
Dr. McCullough: I am pretty sure that the mechanism for fatty liver disease in 

that condition is failure to export protein. I assume that it is not an inflammatory 
state, but I have never looked at liver tissue from that type of patient, so I don’t 
know.

Dr. Ganapathy: I was just wondering whether, in a state of type 2 diabetes, by 
the time it is manifest the patient has already gone through a phase with an altered 
immune status. Gut-associated lymphoid tissue is the biggest system, and endotox-
ins, lipopolysaccharides, translocation of organisms, they all get into the liver. Kupffer 
cells can be altered with altered cytokine profile in the liver, and we have seen this in 
neonates who have sepsis with jaundice and negative blood cultures. So could this be 
a contributing factor to NASH and could we do something at the gut level to prevent 
this from happening?

Dr. McCullough: There are some very preliminary studies looking at probiotics 
that help to decrease endotoxin. The thought is that in obesity there is a leaky gut, and 
there is some information about that which would suggest measuring endotoxin, and 
then induce macrophages by TL4 or CD38 or those receptors, and I think it is a rea-
sonable hypothesis to test. I myself am not a big probiotic fan because there have been 
some deaths described in the United States mostly in inflammatory bowel disease. I 
like prebiotics, fibers that type of thing, but I think it is a very reasonable hypothesis 
in this disease because a lot of this disease very closely mimics alcoholic liver disease, 
and that disease is largely mediated by endotoxin, gut endotoxin in active drinkers. I 
think you are probably right.
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Abstract 

The epidemiological characteristics of chronic non-communicable diseases (NCD) 
are fast changing. The prevalence has risen to unprecedented levels, and the young 
and the underprivileged are increasingly affected. The classic view of the etiology of 
NCD consists of a genetic susceptibility which is precipitated by aging and modern 
lifestyle. In a virtual absence of any methods to tackle genetic susceptibility, the pre-
ventive approach has so far been focused on the control of lifestyle factors in those at 
high risk (old, and those with positive family history and elevated risk factors). Such 
an approach might help high risk individuals, but is unlikely to curtail the burgeoning 
epidemic of obesity and diabetes. Recent research has suggested that susceptibility 
to NCD originates in early life through non-genetic mechanisms (fetal program-

ming). Tackling these may offer an exciting opportunity to control the NCD epidemic 
by influencing the susceptibility in a more durable manner than only controlling the 
lifestyle factors in adult life. The imperative is to address the life cycle rather than 
concentrate on the end stages. 

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

Int  roduction

The world is facing an unprecedented epidemic of type 2 diabetes (T2D) 
and other chronic non-communicable diseases (NCDs). The rise in the 
prevalence of T2D in the last few decades has been phenomenal, perhaps 
unmatched by any other chronic condition. The pattern of affliction is rap-
idly changing; the poor and the young are increasingly affected. In 2007, 
there were an estimated 246 million diabetic patients in the world, of which 
165 million (80%) were in the developing world [1, 2]. A substantial number 
are diagnosed before 40 years of age, and it is increasingly common to see 
T2D in children. Current trials of diabetes prevention have concentrated on 
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modifying lifestyle in middle-aged people with advanced risk factors (obese 
and impaired glucose tolerant). Such attempts are unlikely to curtail the epi-
demic, fuelled by the increasing incidence in the young.

Over last three decades there has been growing recognition that early life 
factors have a major influence on the risk of T2D. Studies in Pima Indians 
showed that maternal hyperglycemia in pregnancy increased the risk of obe-
sity and diabetes in the offspring [3]. On the other hand studies in the UK 
showed that low birthweight (LBW) was a risk factor for T2D diabetes in the 
offspring [4]. These studies focused attention on intrauterine environment 
as an important determinant of subsequent risk of T2D. Subsequent studies 
demonstrated that rapid childhood growth was also a strong risk factor for 
obesity and T2D. Thus, factors influencing intrauterine and childhood growth 
seem to affect the risk of T2D. These new developments have challenged the 
rather limited idea of controlling the diabetes epidemic by intervening in the 
middle-aged population with advanced risk factors.

Here we will review some of these new ideas and discuss the imperative for 
a life-course approach to the prevention of chronic NCD, with focus on T2D.

Conventional Model of Pathogenesis of Type 2 Diabetes and 

Prevention Strategies

The classic view of the etiology of T2D suggests that aging and modern-day 
lifestyle factors (dietary excess and physical inactivity) cause hyperglycemia 
in those genetically predisposed (fig. 1). The lifestyle factors act to promote 
obesity, which is an integral part of this process (‘diabesity’) and thought to 
act by causing insulin resistance (IR). The contribution of genetics is less clear. 
Recent genome-wide association studies have shown that variations in more 
than 10 regions in the human genome increase the risk of T2D, the majority 
of these seem to affect pancreatic �-cell function [5]. In the absence of any 
methods to tackle genetic susceptibility, the preventive approach has so far 
focused on the control of lifestyle factors in those at high risk (middle-aged, 
those with a family history of diabetes, obese and impaired glucose tolerance). 
A number of studies across the world demonstrated that dietary modifications 

Susceptibility
Genetic

Precipitating factors
Obesity/adiposity
Diet
Physical inactivity
Stress

� � Type 2 diabetes 

Fig. 1.   The conventional model for the origin of type 2 diabetes. The current diabetes 
prevention trials are based on the conventional model.
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and promotion of physical activity (sometimes with a pharmacological agent) 
improved glycemia in individuals with impaired glucose tolerance (IGT) [6]. 
This has been interpreted to mean ‘prevention’ of diabetes, which may be a 
bit naïve. Obesity and IGT are both ‘end-stage’ conditions with arbitrary cutoff 
points (which have changed substantially over last 2 decades). Trying to treat 
only such ‘high risk’ individuals is unlikely to curtail the burgeoning epidemic of 
obesity and diabetes, which is rapidly spreading to involve the younger and the 
poorer. Controlling obesity and metabolism in post-reproductive years will not 
benefit the offspring, a major limitation to our efforts at curtailing the epidemic.

Changing Epidemiology of Obesity and Type 2 Diabetes

A few decades ago T2D was considered a disease of the affluent (‘what 
gout was to the royalty in the UK’). However the scene has rapidly changed. 
There are more diabetic patients in developing countries than in developed 
countries. Moreover, in many developed countries and in some developing 
countries, the prevalence of obesity and diabetes is higher in the lower socio-
economic groups compared to the affluent (‘reversal’ of the socioeconomic 
gradient). While part of this change could be ascribed to the healthy behavior 
of the affluent and the educated, other biological factors seem to operate.

Some striking features of diabetes epidemiology in developing countries 
(like India) include: (1) younger age at diagnosis; (2) lower body mass index; 
(3) higher adiposity (body fat percent) and central adiposity (waist–hip ratio 
and visceral fat, ‘thin and fat’), and (4) higher IR [7]. Over the last few decades, 
age at diagnosis of T2D has fallen by many years in India. Children are increas-
ingly affected with obesity and T2D, especially in the urban affluent. Clearly 
the diabetogenic influences are operating at a much younger age and at lower 
threshold of body size. We know that hyperglycemia is usually present for 
many years before clinical diagnosis [8] and that the risk factors are present 
for a long time before glucose concentrations start rising [9, 10]. It is increas-
ingly clear that preventive strategies will have to start very early in life.

Early Life Factors and Risk of Diabetes

Maternal Diabetes and Offspring Obesity and Diabetes

Pettitt et al. [3] and Dabelea et al. [11] made a very interesting observa-
tion in Pima Indians. Taking advantage of a prospective serial database in 
the Pima Indian community, they analyzed the contribution of genetics and 
intrauterine environment to the risk of obesity and diabetes in the offspring. 
The risk of diabetes was many times higher if the mother had diabetes dur-
ing pregnancy (‘intrauterine exposure’) compared to the risk in the children 
whose mothers developed diabetes after pregnancy (‘genetic risk’). They 



Yajnik

180

suggested that intrauterine hyperglycemia is more important in intergenera-
tional propagation of diabetes compared to genetic factors. Diabetes in young 
girls is thus a major factor in the escalating epidemic of diabetes. A subse-
quent analysis showed that 70% of diabetes in young Pima Indians could be 
ascribed to maternal diabetes.

Maternal Nutrition and Offspring Diabetes

Barker [12] proposed a novel model for the etiology of T2D and cardiovas-
cular disease (CVD) when they demonstrated that LBW was a risk factor for 
these conditions. In addition to LBW, other measures of small size at birth 
(length, ponderal index, etc.) also predicted future T2D or its two pathogenic 
mechanisms, i.e. IR and impaired �-cell function. It was proposed that intra-
uterine growth restriction (IUGR) consequent upon maternal undernutrition 
contributed to this association. In the original form this was called the ‘thrifty 
phenotype’ hypothesis and other terms like ‘fetal origins’ and ‘small baby syn-
drome’ were also used. Many studies across different populations confirmed 
the association between small size at birth and later diabetes [13].

Size at birth is only a surrogate for events during intrauterine life. It is use-
ful to remember that it is an intermediate phenotype between the intrauter-
ine exposures and the final outcome. It is also a nonspecific and insensitive 
marker for nutritional exposures, and does not provide a clue to the nutrient 
or the time of exposure. Another point of relevance is that the association 
between birthweight and T2D is U-shaped (as shown in Pima Indians [14]), 
thus both LBW and large birth weight (contributed by maternal diabetes) 
increase risk of T2D. Target for intervention is thus the intrauterine environ-
ment rather than birthweight.

Fetal Programming

The associations between size at birth and later disease have been explained 
by the concept of ‘fetal programming’. It refers to a permanent change in the 
structure and function of a developing organism in response to an environ-
mental factor [15]. The intrauterine environment thus assumes a great sig-
nificance in determining the future prospects for the fetus. Programming is 
thought to be a ‘predictive’ adaptation [16]. The programmed fetus will do 
well in a similar postnatal environment, but if the environment is substantially 
different, the fetal ‘programs’ are unable to cope and result in disease.

I will review briefly some of the findings of the studies in Pune, which have 
helped the thinking in this field.

Pune Children’s Study

In 1991 Prof. David Barker visited us and discussed the idea of ‘intra-
uterine origins’. With his help we started a study of over 400 children whose 
birthweights were available from the labor room records at King Edward 
Memorial Hospital in Pune. We studied their anthropometry, glucose 
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tolerance and circulating insulin concentrations. Plasma glucose and insulin 
concentrations 30 min after the glucose load were inversely related to birth-
weight (fig. 2). [17] This provided the first proof for Barker’s hypothesis in 
a developing country. Given the fact that almost a third of the babies born 
India are small by international standards, this could have enormous implica-
tions for the diabetes epidemic.

We studied these children again at 8 years of age, and confirmed the asso-
ciation of LBW with higher IR [18]. In addition, we found that the levels of the 
risk factors for diabetes and CVD (glucose, IR, lipids, blood pressure, leptin 
concentrations, etc.) were highest in children who were born lightest but 
were heaviest by 8 years of age (fig. 3). This finding focused attention on 
rapid childhood growth as a risk factor for T2D. We also found that children 
born to short parents were more insulin resistant, and those who had grown 
taller in relation to parental height were the most insulin resistant, suggesting 
an intergenerational influence of poor parental growth on the metabolic risk 
of the offspring. A discordance in size (presumably due to nutritional factors) 
in one’s lifetime (LBW and later overweight) as well as across generations 
(short parents and tall children) predicts a higher metabolic risk.

A study in Delhi provided further proof that rapid childhood growth pre-
disposes to T2D [19]. Over 1,500 men and women, for whom growth data 
were available from birth, were studied at 28 years of age. The diabetic sub-
jects were born lighter, grew more slowly during infancy but progressively 
faster from 3 years of age compared to those who were normal glucose toler-
ant (fig. 4). They had an earlier adiposity rebound.
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Fig. 2. Plasma glucose and insulin concentrations after an oral glucose load in 4-year-
old Indian children. Significance of the trend is corrected for age, gender and current 
bodyweight. The results show that low birthweight is associated with higher glucose 
and insulin concentrations [17, 18a].
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Fig. 3. The mean levels of insulin resistance (HOMA) in 8-year-old children by 
tertiles of birthweight and 8-year weight. Those born the lightest but having grown 
heaviest are the most insulin-resistant. The effect of the ‘rapid transition’ in one’s 
lifetime is highlighted, and the effect of the double burden (early life undernutrition 
and subsequent overnutrition) in an individual is depicted. n.s. = Not significant. * p < 
0.05; ** p < 0.01; *** p < 0.001 [18a, b].

Fig. 4. Mean sex-specific unadjusted SD scores for body mass index, according to 
age, for subjects in whom impaired glucose tolerance or diabetes developed. The 
mean SD scores (solid lines) are obtained by linear interpolation of yearly means, with 
one additional observation at 6 months. The dotted lines represent 95% confidence 
intervals. The dashed portions of the lines indicate years in which there was no follow-
up. The SD score for the cohort is set at zero (solid horizontal line). Printed with 
permission from [19].
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In all these studies only size measurements were available at birth and 
later. The possible role of nutrition in these associations is speculative. We 
therefore set up a prospective, community-based study of maternal nutrition 
and fetal growth, with a view to follow the children until adult life for the 
risk of NCD.

Pune Maternal Nutrition Study

The Pune Maternal Nutrition Study (PMNS) was started in 1993 in 6 vil-
lages near Pune. Over 2,500 eligible nonpregnant women were followed up 
regularly, of whom over 800 women became pregnant during the study. We 
measured their nutrition, physical activity, biochemistry and fetal growth. 
Newborn babies were measured for size in detail at birth and every 6 months 
thereafter. Every 6 years we do a detailed assessment of body composition, IR 
and a range of other cardiovascular risk factors. Over 700 children are being 
followed up currently at 12 years of age.

We made an interesting observation that Indian babies, though small, short 
and thin, had comparable subscapular skin-fold-thickness measurements 
compared to White Caucasian babies born in the UK [20]. In other words they 
were ‘thin but fat’ very similar to our previous description of Indian adults. 
This suggests that body composition is established at birth (fig. 5). In a subse-
quent study we compared cord blood measurements, and showed that Indian 
babies have higher concentrations of insulin and leptin but lower concentra-
tions of adiponectin, compared with those in White Caucasian babies in the 
UK, again suggesting that the high risk Indian phenotype for T2D is estab-
lished at birth [21]. If we were to think of a real preventive intervention, it will 
have to start in utero, and improving the health of young girls will be a very 
important aspect of such an approach. This must represent a paradigm shift 
in thinking about the prevention of the T2D epidemic.

Fig. 5. A schematic diagram to compare the body composition of Indian and White 
Caucasian (UK) newborn babies. The Indian babies are approximately 800 g lighter, 
have less muscle but higher adiposity than the White babies.
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Another important observation in the PMNS was that maternal micronutri-
ent nutrition was an important determinant of fetal growth in this popula-
tion. Maternal intake of calories, proteins and fats did not have a significant 
effect on fetal growth but the frequency of consumption of green leafy veg-
etables, milk and fruits had a major effect [22]. Additionally we found that 
higher maternal circulating concentrations of homocysteine predicted IUGR 
[23]. Over two thirds of mothers had low vitamin B12 concentrations, while 
only one woman had folate deficiency. Low vitamin B12 status in this popula-
tion was ascribable to low dietary intake, predominantly due to vegetarian-
ism. Even more interestingly, at 6 years of age the children’s adiposity and 
IR were significantly related to maternal B12 and folate levels in pregnancy 
[24]. Children born to mothers with low B12 concentrations but high folate 
concentrations were the most insulin resistant (fig. 6). This is the first dem-
onstration in a prospective study of a relationship between maternal nutrition 
in pregnancy and offspring risk of T2D.

Thus, a deficiency as well as an imbalance between these two related 
vitamins which affect one-carbon (methyl) metabolism may be responsi-
ble for structural and functional programming. Maternal nutritional dis-
turbance of these two vitamins disturbs fetal growth and development, 
which may manifest as early abortions, congenital anomalies (neural tube 
defects and cardiovascular anomalies), IUGR or a change in neurocognitive 
function, body composition and metabolism. To include such a spectrum 
of effects we propose a new term, ‘nutrient-mediated teratogenesis’ analo-
gous to Freinkel’s [25] concept of ‘fuel-mediated teratogenesis’ in a diabetic 
pregnancy.
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Fig. 6. Insulin resistance (HOMA-R) in children at 6 years in relation to maternal 
vitamin B12 (18 weeks) and erythrocyte folate (28 weeks). Printed with permission 
from [24].
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Experimental Models and the Concept of Epigenetics

Animal models of maternal undernutrition and fetal programming have 
provided crucial information on these phenomena. A review is outside the 
scope of this article and readers are referred to work from Hoet and Hanson 
[26] and Hales et al. [27].

Animal models have provided exciting information on the role of methyl 
groups in fetal programming. Waterland and Jirtle [28] fed genetically obese 
Agouti mice with a ‘methylating cocktail’ (B12, folic acid, choline and beta-
ine) and showed that the offspring had a different coat color and were 
less obese, despite inheriting the Agouti mutation. This was related to the 
methylation status of the promoter region of the Agouti gene. Lillycrop 
et al. [29] demonstrated that folate rescue in the rat model of mater-
nal protein deficiency was related to methylation in some of the genetic 
sequences. Sinclair et al. [30] produced methionine deficiency in female 
sheep (by dietary restriction of methionine, B12 and folate). Ova from these 
sheep were fertilized in vitro, and the blastocysts were transferred to sur-
rogate mothers with normal methionine status. The offspring were obese 
and insulin resistant, especially males. They demonstrated a differential 
methylation at number of sites in the genome of these animals. This model 
highlights the importance of periconceptional one-carbon (methyl) metabo-
lism in fetal programming.

These phenomena are included under the concept of ‘epigenetics’ which 
refers to heritable modifications in the genome not associated with a change 
in the base sequence [31]. Periconceptional, embryonic and fetal life are con-
sidered the most opportune times for epigenetic manipulation, though it may 
continue postnatally. Many of these changes are organ-specific and contribute 
to differentiation and development. Methylation of cytosine residues in the 
CpG dinucleotide regions of DNA and acetylation of lysine residues of the his-
tones are two known mechanisms that affect gene expression and function.

Fetal Programming in Rapid Transition

In countries undergoing rapid transition there is a double burden of dis-
ease: the rapidly emerging T2D and CVD along with the unconquered nutri-
tional and infective disorders. This is evident in the morbidity and mortality 
statistics of rural and urban populations in India. The rural populations pre-
dominantly suffer from undernutrition and infections while urban popula-
tions are increasingly affected by overnutrition-related NCD (T2D and CVD). 
Often the two coexist, for example urban women have the double burden 
of micronutrient deficiencies and gestational diabetes with potentially grave 
consequences for fetal programming. Such a combination of factors could be 
at the heart of the rapidly escalating epidemic of T2D.
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We have conceptualized this complex interplay in a model based on data 
from our own and other research. It proposes that the two cycles of fetal 
programming (related to ‘undernutrition’ and obesity-diabetes related ‘over-
nutrition’) operate separately, overlap or combine to produce a spectrum 
of NCD that are influenced by postnatal nutrition. Thus, ‘nutrient-mediated 
teratogenesis’ and ‘fuel-mediated teratogenesis’ are two operational faces of 
the same coin (fig. 7) [32]. The undernutrition ‘track’ produces ‘small, thin 
and fat’ babies who are insulin resistant and remain so if postnatal nutri-
tion is not excessive. They have low rates of NCD. When postnatal nutri-
tion is relatively plentiful, it promotes obesity and hyperglycemia, many 
times without correction of the micronutrient imbalance. In a female such 

Fetal programming in rapid transition

Altered fuels
Undernourished
(small) mother

Undernutrition
Overnutrition

Fetal
undernutrition

Postnatal
undernutrition

Macrosomia

Insulin resistance

Nutrient-mediated
teratogenesis

Postnatal
overnutrition
(urbanization)

Obesity and
hyperglycemia

Fuel-mediated
teratogenesis

Pregestational
and gestational
hyperglycemia

Fetal adiposity and
islet dysfunction

Small baby
(thin-fat)

Fig. 7. The interrelationship of two major maternal factors (undernutrition and 
overnutrition) in fetal programming is shown. An undernourished mother produces 
a small (thin-fat) insulin-resistant baby. If this baby remains undernourished 
in postnatal life, the cycle is propagated. If the thin-fat insulin-resistant baby is 
overnourished, it becomes obese and hyperglycemic. An obese and hyperglycemic 
mother produces a ‘macrosomic’ baby at a higher risk of obesity and hyperglycemia. 
Thus the intergenerational insulin resistance–diabetes cycle is propagated through a 
girl child. Rapid transition shifts the balance from undernutrition to overnutrition, and 
contributes to escalation of the diabetes epidemic. Improving the health of a girl child 
is of paramount importance in controlling the diabetes epidemic [32].
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a situation exposes her fetus to multiple adverse programming influences, 
resulting in a complex phenotype that includes exaggerated adiposity 
(‘macrosomia’) and pancreatic islet dysfunction with a tendency to develop 
diabetes, CVD and other disorders at a young age. The nutritional history 
of a population thus becomes an important determinant of the health of the 
present generation.

The Life-Course Model and DOHaD

Kuh and Ben-Shlomo [33] synthesized such ideas into a ‘life-course’ model 
for NCD which stresses that risk of these conditions is not attributable solely 
to either early life or adult experiences but instead they operate cumulatively 
throughout life. A WHO committee adopted these ideas to include many dis-
orders (fig. 8) [34]. To accommodate the new evidence since the coining of 
the original term ‘fetal origins of adult disease’, the international council of 
‘early life origins’ also adopted a new term ‘developmental origins of health 
and disease’ (DOHaD) [35]. All these terms represent the growing recognition 
of the importance of environmental factors acting on the genotype throughout 
the life cycle of an individual to progressively modify its phenotype (fig. 9). 
Clearly there are ‘windows’ of time in the lifecycle when the susceptibility 
of the genome to such an influence is very high. The periconceptional and 
intrauterine period seems to be the most crucial time, when a small change in 
environment could have a large effect on the phenotype. The need is to define 
these periods and the environmental exposures of importance. Research in 
this area has a lot to contribute to our understanding of the determinants of 
health and disease in populations.

Fig. 8. The World Health Organization’s life-course model of non-communicable 
disease. The model suggests that non-communicable diseases have their origins in 
early life. The risk progressively accumulates throughout the life course and the 
disease becomes manifest in later life [34].
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The Imperative of Life-Cycle Prevention

I hope, the above discussion has highlighted the need to start early in life 
to prevent NCD. Current teaching and medical practice revolve around the 
idea of ‘fixing’ the end-stage conditions, which is difficult, expensive and 
unaffordable for the majority. The lack of appreciation of the life-course evo-
lution of these conditions has resulted in prevention trials that concentrate 
on high-risk adults. Such an approach leaves the larger and more important 
issue of ‘susceptibility’ unanswered, and has no benefits for the offspring who 
are at an even higher risk. Recognition that intergenerational environmental 
influences (‘epigenetic’ rather than ‘genetic’) might be important has opened 
new avenues for research and intervention in NCD. Maternal nutrition and 
metabolism appear crucial to the risk of the offspring. Thus, improving early 
life environment may be more beneficial and cost-effective than only con-
centrating on the lifestyle factors in later life and devising newer treatments 
for the end-stage conditions. The health of young girls and women is of para-
mount importance, as highlighted in the Millennium Development Goals [36]. 
A recent meeting captured this well in its slogan: ‘Woman’s health is nation’s 
wealth’ [32]. It is time to capitalize on the new exciting ideas in this field and 
promote translation research.
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Discussion

Dr. Wharton: So far we have done a lot on the coexistence of these two conditions 
and I did hope that for the rest of the conference we could be discussing whether there 
was interaction. I think throughout there has been an underlying assumption, which 
we just heard about in detail very elegantly, that a period of malnutrition primes, pro-
grams or predisposes, whichever word you wish to use, to later obesity. We have heard 
quite a lot about secular changes in the amount of obesity and then we haven’t heard 
anything about secular changes in birthweight in any of these countries, and I think 
we would need to do that if we were developing that theme; some on the reduction in 
childhood malnutrition; perhaps not very much on the growth patterns whether there 
is a secular change in growth patterns in the first few months of life to fit in with the 
fetal or early catch-up growth hypothesis, whichever one you support, we would need 
to know about. I just have a slightly uncomfortable feeling about taking on the idea 
that early undernutrition leads to later obesity because if we look at so many coun-
tries we find that childhood malnutrition is going down but adult obesity is going up. 
China is probably the best one to quote because of such extensive figures on this. Of 
course the cohort studies seem to leave no doubt, but they don’t seem to account for 
the temporal changes we are seeing in societies because there is less childhood mal-
nutrition in many but their obesity is going up. The same applies to other ideas about 
adult obesity. We are getting more breastfeeding in communities throughout the world 
but obesity is going up. The amount of protein that we give to the very young is going 
down mainly because we rely less on whole cow’s milk and yet obesity is going up. So 
those overall population observations don’t seem to fit in very well with the results 
that you conclude from the cohort studies. Now I can’t fault the cohort studies but I do 
see a sort of mismatch of conclusions in the cohort studies, but does it explain these 
big population changes that we are seeing throughout the world?

Dr. Yajnik: Sachdev [1] wrote a systematic review a few years ago about birth-
weight in India and showed the magnitude of an increase in birthweight of about 
52–126 g over a period of 25 years. Studies in Indian immigrants in the UK have not 
shown much change in birthweight [2, 3]. The question you ask is, ‘Is the increas-
ing obesity in adults matched by increasing birthweight?’ The transfer of nutrients 
to the fetus is complex and if the fetus grew bigger compared to the mother’s pelvis 
there would be a disaster. Christian and Osrin [4] analyzed the outcomes of maternal 
intervention in Nepal and Bangladesh where a multi-nutrient supplementation to the 
underweight women increased birthweight but also increased the perinatal and infant 
mortality.

Dr. Wharton: What I am saying is that there has been a 200-gram increase in birth-
weight, which is an amazing change in population terms on average birthweight. The 
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conclusions we draw from cohort studies, shouldn’t that increase in birthweight being 
accompanied by a reduction in obesity and yet you are seeing actually increases in 
obesity?

Dr. Yajnik: Birthweight is one aspect, ponderal index is the next complexity and 
body composition the next. Indian babies put on more fat when they put on weight. 
So increasing birthweight in Indian babies because of their adipose composition might 
increase the problem.

Dr. Shahkhalili: The increase in average birthweight is also due to a continuous 
increase in the number and weight of large babies, especially among obese/overweight 
mothers with gestational diabetes. Thus an increase in average birthweight does not 
reflect a birthweight improvement among small babies.

Dr. Popkin: I think we are completely mixing concepts related to averages vs. dis-
tributions. We are talking about the proportion of children with a certain ponderal 
index and a certain fetal environment and what comes later. Even in a country like 
China average birthweight is going up and low birthweight is going down, so we still 
have a subset of children who still suffer the kinds of problems that we have with 
the DOHAD group. You must be careful not to extrapolate too much from trends in 
cinome, etc., without studying the proportion poor.

Dr. Sawaya: I don’t think birthweight is a good measurement or a good marker; 
I would say lean body mass. You need to know if lean body mass is increasing or not 
because just an increase in birthweight means an increase in body fat in many Western 
countries. I would like you to help me to understand your data in comparison to our 
data about the increase in height. You mentioned that in short parents there was 
an increase in the height of the baby and this was related to an increase in insulin 
resistance.

Dr. Yajnik: No, what I said was children who had grown more than what we would 
expect from the parental height had the highest insulin resistance. But this is an 
observational cross-sectional study.

Dr. Sawaya: As I showed you yesterday we had the normalization of height and in 
this case we had the normalization of insulin resistance as well. So that is not different 
to what you are showing.

Dr. Yajnik: It would be interesting to intervene and see if we are able to achieve 
this.

Dr. Sawaya: Among adults we showed that a BMI of <21.5 decreased productiv-
ity in Brazil in sugarcane workers. You are saying that a BMI of 18.1 is good enough in 
Indian terms to label capacity. I would like you to comment on these differences. Why 
do you think it is happening?

Dr. Yajnik: Basically we have described the average village woman. I am not say-
ing that lower BMI does not compromise work activity because at a BMI of 20 she 
might have done better. But the WHO idea that at a BMI of <18.5 you are severely 
incapacitated is just not true because that one woman’s activity in 1 day is more than 
my activity in a week.

Dr. Prentice: I have a question, but first I would quickly like to make a comment 
because the results of this discussion are going to appear in the book and I feel that 
there may be a misunderstanding. To my knowledge, and I have done quite a con-
siderable amount of reading and analysis of this, there is actually no indication that 
low birthweight predisposes to obesity. We constantly quote the Ravelli study [5] in 
which there was in 19-year-olds a significant increase in a very small component of 
the population. The other Ravelli study [6] suggests that there is an association, but 
if you read it clearly there is no significant association. Meta-analyses have been done 
on this and in fact it is big babies that become obese, not small babies. There is a little 
bit of information to suggest that body fat pattern may be altered, a higher waist-hip 
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ratio in small babies but even there the effects are extremely small. So I think we need 
to be careful not to make any implication that small babies lead to obesity, there are 
different patterns that are going on and it is, as Dr. Yajnik has so elegantly shown, the 
disharmony of growth between what the child is programmed to do and what he actu-
ally does that causes the metabolic damage. If I could quickly ask a question, and again 
I congratulate you on your fantastic presentation and for leaving such novel thoughts 
in this field, the question is about extrapolatability. You have got a very heavily veg-
etarian population there, would you be able to extrapolate to African populations to 
some extent, and could you quickly comment on the conflicts and the paradoxes that 
your data reveal in relation to folate recommendations? And the final point is, what are 
the key markers? You have looked at homocysteine in terms of your pilot intervention 
but from your mechanistic model in your latest paper it may be that homocysteine is 
actually not the best thing to be measured.

Dr. Yajnik: The first question about extrapolation. When I started presenting 
these results, everyone told me that there is no B12 deficiency in India, so it took 
us 6 years to publish that. The reason was a paper from Vellore which was pub-
lished 30 years ago and said that drinking 1.5 liters of water from a well provided 
enough B12 to the population. They were referring to microbial contamination. It 
was predicted that with better hygiene and a piped water supply, people will have 
B12 deficiency. We surveyed the literature from 1954, and a series of papers has 
been published about B12 deficiency in India, in migrant Indians in the UK, US 
and Singapore. We have analyzed samples from Delhi and South Indian and from 
Exeter in the UK. We found that Indians everywhere seem to have much lower B12 
concentrations starting from cord blood to adult life [7]. Muthayya et al. [8] mea-
sured this in Bangalore and showed that low maternal B12 was a strong risk factor 
for intrauterine growth retardation. In Mysore and Exeter we have now found that 
low B12 is associated with obesity. So I think there is a basic biological association 
in this which needs investigation. Probably we should take Dr. Kalhan’s advise on 
what we should measure, and probably use his help to do isotope studies to look 
at different pathways. In addition we plan to measure nonesterified fatty acids and 
3-hydroxybutyrate. The ratio of 3-hydroxybutyrate to any fatty acid might give us 
an indication whether B12 deficiency blocks ketogenesis. This takes me back 25 
years when my first few papers were actually on ketosis resistance in Indians. We 
seem to have one full circle. About folate supplementation there is a controversy. 
More than 50 countries have already introduced folic acid fortification in some 
form or other; in many countries it is mandatory; Australia has recently come on 
board; the UK I think is just now discussing the final stages, and there have been 
discussions in India on how to fortify flour with folic acid. My take on this is that 
both the vitamin B12 status of the population and the amount of folic acid need 
to be carefully considered. There is concern about an increase in dementia in the 
elderly and an increase in different forms of cancer. Smith et al. [9] wrote a review 
article on this subject. In India we should consider B12 supplementation along with 
folic acid. Otherwise we are likely to create a bigger imbalance and might open 
Pandora’s box.

Dr. Haschke: My comment is also related to the potential imbalance between folic 
acid and vitamin B12 intake in the study population. The Nestlé Nutrition Institute 
recently conducted a survey among Indian obstetricians asking which supplements 
are important during pregnancy. Folic acid supplementation is generally accepted, 
but multivitamin supplements (including B12) is seen by many obstetricians as a gim-
mick promoted by the industry. There seems to be a consensus during this discussion, 
however, that the vegetarian population in India has an increased risk of vitamin B12 
deficiency.
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Dr. Yajnik: There is another question of supplementing folic acid in already folate-
replete populations because folic acid is different from folate. There are a number 
of chemical differences, a number of possible toxicities or unmetabolized folic acid. 
Smith et al. [9] have beautifully reviewed this, and recently there was a paper from 
Selhub et al. [10] showing that in B12-deficient people increasing folate concentrations 
are associated with increasing homocysteine levels.

Dr. Kalhan: I just want to add that B12–folate interaction is so important. If a large 
amount of folate is given to a B12-deficient subject, folate is not going to work. We used 
to call that the folate trap and it should be kept in mind.

Dr. Vaidya: The presentation concerns clinical neonatology and pediatrics. All 
these data show the profound implications of rapid growth in later life. In neonatology 
today we are still making IUGR babies grow faster. We give them parenteral amino 
acids; we don’t have the best formulas so we give them additional fortifications with 
fat. There is tremendous confusion as to what is the real benchmark for catch-up 
growth. How much should we make our babies grow? So far everybody is focusing on 
making IUGR babies grow and making them catch up faster. From these data we are 
very confused about the extent to which we make them catch up or do not make them 
catch up at all. What would you recommend; how should we neonatologists and pedia-
tricians approach this problem in the community practice?

Dr. Yajnik: My first response is these are observational studies, not intervention 
studies. Our observation is that children who are born small but become big later tend 
to have trouble. This is not to say that you don’t do anything, I just don’t know what 
to do. Barker faced this criticism and therefore he went back to the Finnish cohort 
where many measurements were made in the first 2 years of life. What he showed is 
that poor growth in the first 2 years of life, what they call infant growth, predisposed 
to problems and it is the rapid growth after that period. We have now analyzed some 
of the data in the Pune Maternal Nutrition Study and found that insulin resistance at 6 
years was associated with poor growth in the first 6 months, but after that they caught 
up. I think this needs to be investigated in very properly conducted trials.

Dr. Al Waili: In our country we have a program of folate supplementation and 
flour is fortified with folate. We rarely look at vitamin B12 although there is anemia, 
but we don’t know if it is because of iron or vitamin B12 deficiency. Do you think the 
children in your studies have adiposity because the mothers consume more than 70% 
carbohydrates which convert to esterified fatty acid? What is the role of breastfeed-
ing? We advise the mothers to exclusively breastfeed their children up to 6 months 
and we know that it will prevent adiposity, and it will also prevent diabetes later in life.

Dr. Yajnik: The micronutrient content of the diet did not relate to fetal growth in 
our study. That is not to say that it is not important; many people have suggested that 
a high carbohydrate content could be responsible for adiposity. I don’t have a definite 
answer to that. We found an association between maternal intake of micronutrients 
and inflammatory markers (CRP) at 6 years. About breastfeeding in villages, almost 
every child was exclusively breastfed for a minimum of 6 months and yes, we advise 
breastfeeding.

Dr. Ajayi: As nutritionists we have been advising mothers to feed their children 
very well knowing that the intergenerational problems will not affect them. At what 
age does insulin resistance increase? In developing countries the majority of mothers 
give birth at home (70%), so we have no idea about the birthweight. What advise do 
we give the mothers, because the message has been feed your child to grow well? 
What role do fathers play in this life cycle? When you talk of the parents is the father 
included or is it only the mother?

Dr. Yajnik: About the role of the father, we were the first to include the father’s 
measurements in the PMNS. The Exeter team has also written a number of papers 
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showing that maternal factors influence the soft tissues and adiposity in the baby, 
while paternal factors affect skeletal growth more. There are complexities within this 
scheme so that we are thinking of two things: one is the parent of origin effect and 
second the gender specificity because it seems that the effects may be different for 
boys and girls. We have discussed this issue in an editorial on fetal programming [11].

Dr. Singhal: The issue of promoting catch-up growth in small babies is very con-
troversial but I think the important thing to remember is that the effect is different in 
various populations. Going back to the question about neonates, there is no doubt that 
promotion of growth in preterm babies or babies who are vulnerable is important for 
brain function and for the survival of the baby. In that population we would advocate 
that you should be promoting growth because of the favorable risk/benefit balance. I 
think the same applies to babies who are born in a vulnerable environment where it 
has been shown that promotion of growth helps survival. But I think faster growth pro-
motion in small full-term babies from richer countries could have the opposite effect. 
There are roughly 27 studies showing that babies who grow faster in infancy are at 
increased risk of later obesity [12]. In the UK we don’t advocate the promotion of 
growth in the healthy SGA baby [13]. So I think it is more complicated than applying 
a policy for all babies.
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Diets

 Staffan Polberger
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Sweden

 Abstract 

Most extremely low birthweight (ELBW; <1,000 g) infants will survive if cared for 
at a tertiary neonatal intensive care unit, and should be given optimal nutrition for 
brain development. Human milk confers nutritional and non-nutritional advantages 
over infant formula, and is started during the first hours of life. In Sweden, most ELBW 
infants are fed individually with mother’s own milk (preferred) and banked milk, with 
supplementary parenteral nutrition. There is an enormous variation particularly in the 
fat and protein content of milk between mothers, during the day and the course of 
lactation. Infrared macronutrient analyses on 24-hour collections of mother’s milk are 
performed once a week allowing for optimal protein and energy intakes. All banked 
milk is analyzed, and the most protein-rich milk is given to a newborn ELBW infant. 
After 2 weeks, the milk may be fortified if the protein or energy intakes need to be 
further increased, and fortification is continued throughout the tube-feeding period. 
Parenteral nutrition is continued until the enteral intake constitutes 75–80% of the 
total volume intake. Protein markers, e.g. serum urea and transthyretin, are assessed, 
and growth is monitored by measurements of weight, crown–heel length and head 
circumference.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel

  Introduction

The increasing number of extremely preterm infants who survive with 
gestational ages of 23 weeks and birthweights of 400 g is a new challenge 
to neonatology and neonatal nutrition. The vast majority of extremely low 
birthweight (ELBW) infants will survive if they are born and taken care 
of at a hospital with a tertiary neonatal intensive care unit. Nutrition is 
essential over several weeks consisting of periods of intermittent ventilator 
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treatment, episodes of septicemia and persistent ductus arteriosus, which 
consistently lead to varying degrees of malnutrition upon discharge from 
hospital.

ELBW infants, particularly those born at 23–26 weeks of gestation, have 
an increased risk of school and cognitive problems and, to a limited extent, 
motor and vision problems [1]. There is also an epidemiologic association 
between low birthweight and cardiovascular disease later in life, particularly 
with rapid catch-up growth [2]. However, the general view is that preterm 
infants should be given optimal nutrition for brain growth and development 
[3]. Nutrition during the vulnerable preterm period, preferably based on 
human milk, should lead to adequate growth, at least corresponding to the 
intrauterine growth rate.

Feeding Systems

The best available method for nutrition of these infants during the pre-
term period is a combination of parenteral and enteral nutrition. Today, in 
Sweden most immature infants are fed according to the following scheme: (1) 
mother’s own milk (preferred); (2) banked milk (if mother’s own milk is not 
available); (3) preterm infant formula (only if human milk is not available), 
and (4) supplementary parenteral nutrition (starting at birth or immediately 
thereafter).

Parenteral Nutrition

There is a trend to a more ‘aggressive’ nutrition of preterm infants, i.e. 
initiating parenteral nutrition early after birth including starting administra-
tion of not only intravenous glucose but also amino acids and lipids imme-
diately after birth or during the first day of life [4]. Enteral feeding with 
human milk is also started during the first few hours of life [5]. Parenteral 
nutrition is continued until the enteral intake constitutes 75–80% of the 
total volume intake. It has been shown that early intravenous amino acids 
are well tolerated and can be utilized as a substrate for protein synthesis 
during the first day of life [6]. The distribution of amino acids contributes to 
a more stable glucose homeostasis [4], and amino acids also act as precur-
sors for the synthesis of various hormones, enzymes and neurotransmitters. 
Moreover, early intravenous lipids can usually be started during the first day 
of life as a concentrated substrate for energy. Administration of intravenous 
lipids also diminishes the risk of a deficiency of essential fatty acids. Total 
parenteral nutrition should be avoided in the immature infant and is given 
only in situations with intestinal malformations or severe necrotizing entero-
colitis (NEC).

Parenteral nutrition can be administered as a solution containing glucose, 
amino acids, lipids, minerals, vitamins and trace elements. As an alternative, 
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the lipid solution including vitamins can be given separately. Most of the avail-
able components for parenteral solutions are not completely adequate for the 
special needs of ELBW infants, and there is a need for development in this 
area.

The ready-to-use solutions should, if not commercially available, be pre-
pared under sterile conditions at the pharmacy.

Enteral Nutrition

Previously, there was a fear of causing NEC if enteral feeding was initi-
ated early. However, it has been shown that enteral nutrition, preferably with 
breast milk, can be started a few hours after birth and the volumes gradu-
ally increased [5] with a low risk of developing NEC [7, 8]. After a few weeks 
the supplementary parenteral nutrition can usually be discontinued and the 
infant completely enterally fed. During the first days of life, banked milk 
(from another woman, preferably from another mother of a preterm infant) is 
given until the mother’s own milk is available.

Tube feeding is mandatory until the infant can be fed by the nipple 
or bottle, usually at an age corresponding to 35–36 weeks of gestation. 
Whether the ELBW infant should be tube fed continuously or intermit-
tently every 2nd or 3rd h is still a matter of controversy [8]. Also, there is 
no agreement on whether the tube should be placed by the orogastric or 
nasogastric route. In Sweden, most mothers manage to express their milk 
during the preterm period and breastfeed their infants at discharge from 
the hospital.

Superiority of Human Milk

During the last years, there is a growing body of evidence that human milk 
is superior to infant formula for all newborn infants including ELBW infants 
[9]. Human milk confers nutritional and non-nutritional advantages, and there 
is now a worldwide trend to using more human milk than infant formula in the 
feeding of preterm infants [10]. Outcome data support the improved neuro-
logical development when human milk is used [11], even if human milk intake 
has been limited to only a few weeks [12]. The risk of infection, retinopathy 
and NEC also seems to be lower if the infant is fed human milk as opposed to 
formula [7, 13]. Human milk is also better tolerated by the immature intestine 
than infant formula [3, 9].

If the mother’s own milk is not available, banked human milk should be 
used [14]. Infant formula is used only in situations in which there is a com-
plete lack of breast milk and, if used, only preterm formulas, not term formu-
las, should be given. To reduce the risk of transmission of viral and bacterial 
infections, banked milk is pasteurized before use (usually Holder pasteuriza-
tion, 62.5°C for 30 min).
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Preterm Milk

In the 1970s it was shown that the milk of mothers of preterm infants had 
higher concentrations of protein and fat, at least for the first weeks of lacta-
tion, but this difference may persist in some mothers for several months [15, 
16].

Human Milk Macronutrient Variation

Unfortunately the misconception that human milk has a predictable and 
uniform composition is still widespread in many neonatal units throughout 
the world. However, several studies have underlined the enormous variation 
in the nutrient composition of human milk, particularly fat and also protein. 
There are variations between mothers, during the course of lactation, and 
during individual meals (fig. 1), and also as a consequence of the varying 
pumping techniques [17–20]. This has to be taken into account when using 
breast milk in the nutrition of ELBW infants.

Human Milk Analyses

To find a tool to determine the macronutrient content (protein, fat, carbo-
hydrates and energy) of human milk from individual mothers, after evaluation 
of available chemical methods [21], we found that the most reliable method 
for analyzing the macronutrient content of milk is the infrared (IR) technique 
[18]. During the last 10–15 years, a system has been established in Sweden 
where most neonatal units use a centrally situated IR instrument for routine 
analyses [19, 22].

However, there is now a new and less expensive IR instrument available. 
It was originally developed for cow’s milk, but modified and calibrated for 
human milk against reference methods for fat, protein, lactose and total sol-
ids (Rose-Gottlieb, Kjeldahl, Luff-Schorl and drying-oven, respectively) with 
an accuracy of r ≥ 0.98 (Miris AB, Uppsala, Sweden) [23]. This equipment 
can be used bedside in the neonatal unit allowing analyses to be run on small 
amounts of milk (1 ml in duplicate or triplicate) at a low cost with the results 
available within 1 min for immediate use.

Analysis of the protein content in milk based on a calibrated Kjeldahl 
method probably slightly exaggerates the amounts of nutritionally available 
protein, but the method yields a reasonable appreciation of the need for 
fortification.

Perhaps equally important is how to get a representative human milk 
sample for analysis [24]. Fresh milk is usually not a problem, but when 
using the IR technique frozen-thawed milk can give unreliable results due 
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to the formation of complexes and may need homogenization before being 
analyzed.

The enormous meal-to-meal variation, mainly in fat and protein concen-
trations (fig. 1), makes it useless to analyze spot samples (milk from a single 
collection) [20, 22]. Instead, milk should be collected preferentially over 24 h, 
well mixed, and a representative sample taken for analysis [19]. Such 24-hour 
collections analyzed once or twice a week give sufficient information on the 
macronutrient content of the milk for reliable estimations of the actual mac-
ronutrient intakes [22].
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Fig. 1. a   Day-to-day (—) and meal-to-meal (– – –) variation in milk protein content 
of a mother delivering a preterm infant. ’0’ indicates 6 a.m. on day 14. b Daily 24-hour 
protein collections. All spot samples were analyzed for 5 days (120 h) during lactation 
days 14–18 as indicated by the circle.
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Techniques to reduce the variation in nutrient intake of ELBW infants are 
the following.

• Mother’s own milk is given in chronological order, i.e. in the order it was 
pumped. As the protein content will slowly decrease during the course 
of lactation, the most immature infant will receive the earliest milk with 
a higher protein level.

• All milk is mixed in 24-hour collections before being given or frozen 
for later use. This will substantially reduce the day-to-day and meal-to-
meal variation in nutrient content, which is likely to increase gut toler-
ance (fig. 1).

Fortification of Human Milk

The enteral nutrition of choice should always be breast milk [10]. However, 
the content of certain nutrients in the milk, such as protein, is not always suf-
ficient to meet the extreme needs of ELBW infants [25, 26]. Therefore, there 
is usually a need to fortify the milk during the tube-feeding period.

There are various fortifiers available on the market, all of them (with one 
exception) of bovine origin. As there are no comparative studies, it is still 
unclear whether the source of energy should be carbohydrates or fat.

Various methods have been used to fortify milk for feeding of preterm infants.

Standardized Fortification

Standardized (blind) fortification, often started at 1 week of age, is widely 
used in the belief that all human milk has a uniform composition. The same 
amount of fortifier is added to the milk regardless of whether it is own or 
banked mature milk with quite different compositions. This method may 
cause under- or overnutrition and should be avoided [3, 19, 27, 28].

Semiquantitative Fortification

This seems to be a slightly better method, as the milk to be enriched is 
taken into account. For example, the preterm infant’s mother’s milk can be 
expected to have a higher protein content than the milk of a mother of a term 
infant after 3 months of lactation.

Individualized Fortification

The individualized feeding regimen is used in Lund, Sweden. This feeding 
system focuses firstly on protein intake, secondly on energy intake, and is 
used, at least in part, in most neonatal units throughout Sweden [22].

By analyzing the macronutrient content of the milk, the intake of the 
individual infant can be adjusted accordingly [19, 21]. Aiming initially at a 
daily protein intake of 3.5–4 g/kg in the ELBW infant or, later during the pre-
term period 3 g/kg, the milk can be individually fortified in relation to the 
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gestational age of the infant. Short-term studies of the individualized feeding 
system indicate improved growth corresponding to the intrauterine growth 
rate [19, 28, 29].

Computerized Calculations

A computerized calculation system for nutrient intakes will increase the 
safety of the calculations and diminish the time required to evaluate the need 
for appropriate fortification. Such a system is used at our unit and is also 
available as part of various clinical information systems used in intensive care 
units.

Individualized Fortification (table 1)

Milk is fortified as deemed necessary (after calculating the protein intake 
starting at 10–14 days of age). There is no reason to start analyzing the nutri-
ent content earlier due to the rapid changes in protein concentrations and 
the enhanced protein intake by the increased enteral volumes during the first 
weeks of life.

After fortifying the milk to achieve the desired protein intake, extra energy 
may be added if needed (usually using a liquid lipid preparation).

Even in situations of intestinal intolerance, try to avoid discarding the for-
tification completely. Instead try to diminish the amount of fortifier added to 
the milk.

Protein markers such as serum urea and transthyretin may be used to eval-
uate the metabolic capacity of the protein utilized [28, 30].

Growth

Growth corresponding to the intrauterine growth rate of a fetus of cor-
responding gestational age is the current goal in the nutrition of preterm 
infants [25, 26]. Not because growth itself is important but rather because 
poor growth is a marker of inadequate nutrition, which is associated with less 
favorable cognitive development [27].

Nutritional Status

To assess the nutritional status of the infant, the variables given in table 2, 
including protein markers, should be monitored continuously during the pre-
term period.
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Conclusion

A new approach to optimizing the early diet of preterm infants is pre-
sented. The nutrition of the growing number of surviving very preterm infants 
is extremely important in order to diminish neurological problems, especially 
in infants with less than 30 weeks of gestation. Human milk is more advanta-
geous than infant formula for the feeding of these infants. However, human 
milk does not have a uniform composition. Due to the huge variation in the 

Table 1. In dividualized nutrition of preterm infants: the Swedish model as performed 
in Lund, Sweden

•  All preterm infants are fed human milk (mother’s own milk is preferred), at least 
until 34 weeks of gestation

•  The mother is encouraged to start pumping her milk (as soon as possible or at 
least within 24 h after birth) using an electric pump

•  Banked milk (preferably preterm milk) is given during the first days of life, and 
later (rarely) if the mother’s own milk is not available

•  All banked milk is analyzed for macronutrient content (fat, protein, lactose and 
energy), and the most protein-rich milk is chosen when a new preterm infant is 
born

•  Enteral feeding with banked milk is started within 2–4 h of life
•  Parenteral nutrition with glucose and amino acids is started at birth, and lipids 

are initiated within the first 24 h of life. Supplementary parenteral nutrition is 
continued until enteral feeding constitutes 75–80% of the total volume intake

•  The intake of human milk is gradually increased as tolerated (with corresponding 
decreased parenteral nutrition) until full amounts

•  All mother’s own milk (<32 weeks gestation) is analyzed for macronutrient 
content (24-hour collections, never spot samples) once (twice) a week, starting at 
10–14 days of life

•  Mother’s own milk is used in chronological order to diminish the day-to-day 
variation in protein and particularly fat intake

•  All mother’s milk is mixed in 24-hour collections before being frozen or 
administered to reduce the meal-to-meal variation in protein and fat content

•  Using a specific calculator, macronutrient intakes and the need for fortification are 
regularly calculated, at least after each milk analysis

•  When the milk volumes can no longer be increased and there is a need of higher 
protein or energy intakes, fortification with a commercial fortifier is started, 
aiming at daily intakes of 3.5–4 g protein (the higher protein intake in the more 
immature infant) and 110–120 kcal/kg (or higher if there are lung problems)

•  Growth is monitored (weight every 2nd day, length and head circumference 
weekly), and a computerized growth curve is used

•  Protein status is assessed by analyses of serum urea and transthyretin once a 
week

•  Fortification of the milk is continued throughout the tube-feeding period, usually 
until 35–36 weeks of gestation when breastfeeding is initiated

•  Infant formula (preterm formula) is used when there is a lack of human milk, but 
never <32 weeks of gestation
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content of various nutrients, particularly protein and fat, there is a need to 
analyze the macronutrient content of the individual mother’s milk, allowing 
individualized fortification and nutrition including assessment of a protein 
marker. So far, macronutrients have been analyzed, but in the future certain 
minerals may also be evaluated and supplied individually.
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Discussion

Dr. Lafeber: It is very important that you have shown in this meeting that it is 
possible to use breast milk even for extremely small preterm infants. Nevertheless I 
would like to put your setting in Sweden in perspective to the rest of the world. I am 
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from Amsterdam, the Netherlands, and we also have an affluent society that is pre-
pared to invest a lot of money in extremely preterm infants of 24–25 weeks gestational 
age. However, if you are going to promote the use of breast milk I would put more 
emphasis on somewhat older preterm infants. The reason for this remark is the fact 
that we performed several studies measuring protein turnover using stable isotope 
13C-glycine in very low birthweight preterm infants with a birthweight of <1,000 g. 
We found that even using the maximum of fortification in breast milk, it was difficult 
to achieve a protein turnover of >2 g protein/kg per day. We published that about 3 
years ago and using the special preterm formula we could indeed reach levels above 
that limit [1]. So especially in preterm infants with a gestational age of <27–28 weeks, 
it is important that you must be aware that we have to fortify human milk with extra 
protein. Another issue when giving breast milk to preterm infants is the fact that you 
also have to keep in mind the supplementation of calcium, phosphate, and vitamin D. 
I told you yesterday after the presentation of Dr. Kalhan that we performed a study 
comparing the feeding of preterm infants after discharge from the hospital with a spe-
cial post-discharge formula or breast milk, and what we found at 6 months corrected 
age was that the most important issue in very preterm infants is to add extra protein 
and calories until the moment of term, and from then onwards only extra protein and 
a normal amount of calories were given, like that in a normal standard formula [2]. We 
did not fortify human milk after discharge from hospital and we observed a similar 
growth rate compared to infants fed post-discharge formula. The only difference that 
we found at 6 months was that the mineral content measured by DEXA scan was 
lower in breastfed infants, so we might also not be sufficient in supplying enough cal-
cium and phosphate between term age and 6 months corrected age in preterm infants 
fed breast milk. On the other hand the body composition at 6 months of the breastfed 
preterm infants showed less fat at 6 months and there was less insulin insensitivity, 
so I really do believe in your concept that it is very important to give breast milk to 
preterm infants but be aware that it is not always possible to establish the Swedish 
system in other countries because it is a phenomenal cost to have pasteurization and 
completely individualized care. The level of hygiene you need in the neonatal unit is 
tremendous, and to date we have not been successful in establishing that situation in 
the Netherlands [3].

Dr. Polberger: First a comment about the fortifiers. Today we use multicomponent 
fortifiers but with the individual system we rarely need full fortification. We need a 
separate system where we can supply extra minerals, which we actually do. So from 
my point of view I would in the future prefer having different fortifiers consisting of 
protein, some sort of energy source, and a mineral preparation which would allow us 
to deliver a more individualized fortification system to these infants.

Dr. De Curtis: I agree that human milk is the best food for premature infants; how-
ever, giving fresh breast milk to extremely low birthweight infants could lead to some 
neonatal infectious problems, such as cytomegalovirus infection. In your unit do you 
give the mothers’ own fresh milk to all extremely low birthweight infants even if you 
ignore the mother’s immunological status? What is the percentage of low birthweight 
infants breastfed at discharge in your unit? If these babies are extremely breast-
fed, do you give any fortification at home to increase protein and mineral intake? 
Macronutrient analysis of human milk based on the infrared technique is expensive 
and time-consuming but it could be useful for scientific purposes. However, in clinical 
practice, as seen many years ago by Rigo et al. [4], the simple evaluation of growth or, 
if necessary, the evaluation of serum urea levels could be sufficient to estimate the 
adequacy of protein intake.

Dr. Polberger: For macronutrient analyses, we now have a new IR machine avail-
able which costs less than USD 20,000, and that is good enough to buy it for separate 
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neonatal units in Sweden. To reduce the risk of cytomegalovirus transmission from the 
mother’s own milk, we give the milk in chronological order, and usually we freeze the 
milk for a few days before giving it to the baby during the preterm period. I am aware 
that Hamprecht et al. [5] have suggested that all milk, including mother’s own milk, 
should be pasteurized before giving it to a baby to eradicate this risk, but so far this 
has not been accepted in Sweden. The final question was about breastfeeding after 
discharge. In our unit about 75–80% of the mothers are breastfeeding when they go 
home. Fortification at home is a difficult question. We usually do not fortify the milk 
after discharge, and at the moment we don’t know the optimal method of feeding the 
baby after discharge. It is much easier during the preterm period when the baby is 
tube-fed and the milk is easily available for analyses and fortification, but it is much 
harder to do that when the baby is on full breastfeeding at home. We discussed this 
with Dr. Lafeber the other day and there are some studies going on, among them a 
multicenter study in Denmark, which hopefully will give us some answers. They are 
actually fortifying the milk when breastfeeding by giving the baby some extra fortified 
milk.

Dr. Bohles: This is possibly a very provocative question. In utero the child is basi-
cally alimented intravenously, even the liver is bypassed. So why are we so reluctant 
in parenteral nutrition with respect to the very immature child? We are relying much 
more on immature digestion processes and basically we don’t really know what is 
finally reaching the metabolism of the child. Why don’t we further develop the intra-
venous route?

Dr. Polberger: That is an interesting question and there has been a lot of discus-
sion about this. The trend at the moment is to try to reduce parenteral nutrition and 
start enteral nutrition as soon as possible. There are a lot of negative side effects using 
parenteral nutrition, for instance infections and thrombosis in the vessels being used. 
The risk of necrotizing enterocolitis (NEC) can actually be reduced by using human 
milk. So from the theoretical point of view it would be interesting to continue placen-
tal function with cord circulation but I don’t think that is realistic. Most neonatal units 
today are using parenteral nutrition as a supplement and an important part of the 
nutrition, starting at birth or very early, but then trying to proceed to enteral nutrition 
and withhold parenteral nutrition. Infection is a serious problem in these infants.

Anonymous: We know that once you feed very low birthweight babies very early 
with high calories they develop NEC. In your study how many babies with NEC did 
you encounter?

Dr. Polberger: We see only 1 or 2 NEC cases a year. I don’t have the exact figures 
but we actually see more NEC in full-term sick babies than in preterm infants. We 
attribute the low figures to the use of human milk and enteral feeding.

Dr. Bhattacharya: You talked about bronchopulmonary dysplasia (BPD) and high 
caloric intake. Do all the chronic lung disease (CLD) babies have the same benefit if 
they are given high calories? The second question is about protein markers, urea and 
transthyretin. Do you do that mainly after parenteral nutrition or before or during the 
course of enteral nutrition, and what about infrared counting of macronutrients?

Dr. Polberger: In babies with BPD and CLD we evaluate their growth, and as some 
of these infants need extra energy, we usually use a commercial fortifier to supply the 
amount of protein needed and, if necessary, add extra fat in a liquid preparation.

Dr. Bhattacharya: Does this improve the outcome of BPD and CLD?
Dr. Polberger: It happens that we discharge babies who are still on oxygen, usu-

ally using an oxygen concentrator for a few weeks, but that only happens a few times 
a year. This problem has diminished over the years with more efficient ventilation 
modes and is not really a big issue in our unit, fortunately. We use protein markers on 
a routine basis and try to analyze them once a week during the preterm period. We 
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start with human milk analysis mainly using the protein content of the milk and then 
we supply the extra fortifier needed. If in that situation we have low serum urea or 
transthyretin we add more protein.

Dr. Vaidya: So far we have been following the ESPGHAN committee recommen-
dations for feeding our preterm infants, and we also use the same guidelines for the 
SGA infants. Before the metabolic syndrome, these guidelines were highly recom-
mended in these babies. In light of the recent information, do you think these recom-
mendations will undergo a change? With the aggressive nutrition of low birthweight 
babies, how is this going to affect the metabolic syndrome in the days to come? When 
these low birthweight and SGA infants go home, should we routinely start screening 
them for metabolic syndrome and at what age we should start?

Dr. Polberger: The metabolic syndrome may of course be a problem, but these 
infants are vulnerable from the cognitive point of view. During the preterm period, 
Lucas [6] has suggested that we have to think mainly about neurodevelopment. The 
protein intake cannot be decreased during these vulnerable weeks for that reason. 
But I am sure we have not seen the end of that discussion, and we really don’t know 
the implications of the metabolic syndrome discussion for these tiny infants. So at the 
moment we try to feed them efficiently based on human milk. And your final question, 
we are following these infants for 5–6 years. We have no specific screening program 
for the metabolic syndrome, but that is an interesting question.

Dr. Haschke: First a comment on the device which measures protein, fat, and car-
bohydrates in human milk. It is definitely available in India and used by dairy com-
panies to standardize cow’s milk quality. My question is, in Sweden can you achieve 
intrauterine growth rates in low birthweight infants who are fed fortified breast milk 
or specialized formulas?

Dr. Polberger: As you know, all these infants are actually being discharged with 
some degree of malnutrition. At term they weigh almost 1 kg less than expected as 
compared to the in utero situation. So with our current methods we don’t manage 
very well. We always use mother’s own milk and we fortify it accordingly, and that is 
the best we can do right now. But there is a period, especially if you have a very sick 
preterm infant, when no catch-up growth occurs until sometimes 3–4 weeks of age. At 
the moment we have to accept that the baby is not always reaching the intrauterine 
growth rate. That can only be seen in the most healthy preterm infants.

Dr. Haschke: But to clarify this, in no case do you reach a so-called catch-up 
growth with your measures?

Dr. Polberger: We do it now and then. Usually we see catch-up growth later on. 
There has actually been a Swedish study where you can see catch-up growth still 
occurring at 11 years of age in previously preterm infants.
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Prevention of Low Birthweight

 Dewan S. Alam

Public Health Sciences Division, International Centre for Diarrhoeal Disease Research, 
Bangladesh, Dhaka, Bangladesh

 Abstract 

Globally an estimated 20 million infants are born with low birthweight (LBW), 
of those over 18 million are born in developing countries. These LBW infants are 
at a disproportionately higher risk of mortality, morbidity, poor growth, impaired 
psychomotor and cognitive development as immediate outcomes, and are also disad-
vantaged as adults due to their greater susceptibility to type 2 diabetes, hypertension 
and coronary heart disease. Maternal malnutrition prior to and during pregnancy 
manifested by low bodyweight, short stature, inadequate energy intake during preg-
nancy and coexisting micronutrient deficiency are considered major determinants in 
developing countries where the burden is too high. LBW is a multifactorial outcome 
and its prevention requires a lifecycle approach and interventions must be continued 
for several generations. So far, most interventions are targeted during pregnancy 
primarily due to the increased nutritional demand and aggravations of already exist-
ing inadequacy in most women. Several individually successful interventions during 
pregnancy include balanced protein energy supplementation, several single micro-
nutrients or more recently a mix of multiple micronutrients. Nutrition education 
has been successful in increasing the dietary intake of pregnant women but has had 
no effect on LBW. The challenge is to identify a community-specific intervention 
package. Current evidence supports intervention during pregnancy with increased 
dietary intakes including promotions of foods rich in micronutrients and micronutri-
ent supplementation, preferably with a multiple micronutrient mix. Simultaneously a 
culturally appropriate educational component is required to address misconceptions 
about diet during pregnancy and childbirth including support for healthy pregnancy 
with promotion of antenatal and perinatal care services. While further research is 
needed to identify more efficacious interventions, an urgent public health priority 
would be to select and implement an optimal mix of interventions to avert the imme-
diate adverse consequences of LBW and to prevent the impending epidemic of type 
2 diabetes, hypertension and coronary heart disease which are negatively associated 
with LBW.

Copyright © 2009 Nestec Ltd., Vevey/S. Karger AG, Basel
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  Introduction

Globally an estimated 20 million or 15.5% of babies are born with low birth-
weight (LBW) defined as less than 2,500 g at birth with wide variations over 
different geographic locations [1]. However, over 90% of all LBW infants are 
born in developing countries and nearly a half of the total global burden of 
LBW infants is distributed in South Central Asian countries. LBW infants rep-
resent a heterogeneous group of infants which may result from suboptimal 
fetal growth relative to gestational age, called intrauterine growth retardation 
(IUGR) or small-for-gestational age (SGA), or too early delivery, called pre-
term delivery (<37 week of gestation). In general, IUGR is the predominant 
type of LBW in populations in poorer settings where the prevalence of LBW 
is high, whereas preterm delivery predominates in settings where the preva-
lence of LBW is low as in developed countries [2]. The distinction between 
these two entities has important programmatic implications as the determi-
nants are often different and so are the interventions.

LBW has enormous consequences for health and survival. Infants born 
with LBW are at an increased risk of mortality, morbidity, poor growth, 
impaired cognitive function, decreased motor and psychomotor development 
[3–7]. The mortality gradient increases several fold as birthweight decreases 
[8]. LBW also greatly increases the risk of infant death due to other causes, 
such as acute lower respiratory infection, pneumonia and diarrhea [9, 10]. 
Although very high birthweight also increases the risk of mortality and mor-
bidity, such incidences in developing countries are low. Infants born LBW due 
to IUGR remain shorter and lighter as adults [11] and may also suffer immune 
incompetence as older children and as young adults compared to normal 
birthweight infants [12, 13].

The long-term negative consequences of LBW are associated with the risk 
of type 2 diabetes, hypertension, and cardiovascular diseases in later life [14–
16]. The elevated risk of these disease outcomes is not just limited to LBW 
but ranges across the distribution of birthweights [17–19]. LBW has huge eco-
nomic costs which are related to excess mortality, morbidity and productivity 
loss due to the disproportionately higher rate of stunting and cognitive defi-
cits among those who born LBW [20].

Extensive review of studies from developed and developing countries 
identified determinants of LBW and population-attributable risk associated 
with each major determinant [21]. Subsequent studies also reported similar 
determinants [22–24]. In developing countries maternal nutritional factors 
that include low pre-pregnancy weight, short stature, low energy intake dur-
ing pregnancy, or low gestational weight gain are the major determinants [21]. 
Teenage pregnancy and morbidity are also important risk factors for LBW. 
Cigarette smoking and alcohol consumption are important determinants 
but they are more important in developed countries. In some settings HIV 
status and malaria are also important determinants, particularly in African 
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countries where HIV and malaria coexist with maternal malnutrition [25–27]. 
Micronutrients play an important role in the growth and development of the 
fetus. In communities where LBW exists as a significant public health prob-
lem, widespread maternal malnutrition [28, 29] coexists with multiple micro-
nutrient (MMN) deficiencies [30, 31]. This chapter briefly discusses some 
interventions deemed to be successful and which can be considered in the 
prevention of LBW, mainly in developing countries where the burden is too 
high.

Interventions for Prevention of LBW

Success of public health interventions for the prevention of LBW depends 
on how well population-specific quantitatively important determinants are 
identified and targeted. Interventions with a life-cycle approach and target-
ing several generations are needed to alleviate this intergenerational effect. 
However, most of the interventions for LBW are targeted during pregnancy 
because the vulnerability of already existing dietary inadequacy is further 
aggravated during pregnancy. Major successful interventions which look at 
LBW as an outcome and have great relevance in developing countries include 
balanced protein energy supplementation, micronutrient supplementation 
(single or combination), and nutrition education.

Food Supplementation and LBW

Dietary deprivation during pregnancy has a negative effect on fetal 
growth. Studies on the Dutch Famine of 1944–1945 showed that, during 
the third trimester, pregnant women who were exposed to a severe energy-
restricted diet delivered lighter babies than unexposed women [32]. This 
natural experiment provides strong justification for food supplementation 
during pregnancy in populations at risk of dietary inadequacy. A Cochrane 
Systematic Review of food supplementation trials during pregnancy con-
cluded that only a balanced protein energy supplementation modestly 
increases birthweight and reduces the incidence of LBW [33]. The latest 
review of balanced protein energy supplementation trials included 6 trials 
which reported SGA as outcome and met the methodological criteria for 
the review (table 1). The trails represented populations from both devel-
oping (Taiwan, The Gambia, India and Columbia) and developed countries 
(Wales and USA). Although all the trials included were not similar in terms 
of timing and duration of supplementation, composition of the supplemen-
tal food, total energy content and allocation procedure, the homogeneity of 
effect with a lower relative risk for SGA was reported. All the trials, except 
the Gambian, obtained unity in the confidence interval for the relative risk 
due to the lack of adequate power. However, the pooled estimate showed a 
significant reduction (32%) in SGA in the intervention group. SGA infants 
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are the major contributor to the LBW burden in developing countries. Apart 
from the lower incidence of LBW (39% reduction), the Gambian study [34] 
reported several other beneficial outcomes including increased gestational 
weight gain, fetal growth, and a reduction in stillbirth and neonatal death. 
Birthweight benefit was greater in the hungry season than in the wet season 
(more food available), and supplementation benefited malnourished women 
more than well-nourished women.

A few supplementation trials not included in the Cochrane Review also 
reported LBW as an outcome. In Guatemala pregnant women were given 
either a high or a low calorie supplement. Those who received the high calorie 
supplement delivered heavier babies and had a lower rate of LBW infants [35]. 
Energy supplementation during pregnancy in Indonesia with high or low (465 
or 52 kcal/day) energy found increased birthweight and a lower incidence of 
LBW in both groups [36]. A dose-response relationship between energy con-
sumption and birthweight was also reported. The risk of LBW was modified 
by maternal pre-pregnancy weight, with those weighing more than 41 kg hav-
ing less risk than those weighing less.

In a recent randomized food and micronutrient trial in Bangladesh in 
which pregnant women were either assigned to early (1st trimester) or 
usual (2nd trimester) food supplementation, and further randomly assigned 
to one of three micronutrient supplements (30 or 60 mg iron plus 400 folic 
acid or the UNICEF-recommended 15 micronutrient mix) during pregnancy. 
The results showed no significant difference in birthweight or the incidence 
of LBW between the food or micronutrient groups. No interaction between 
food and micronutrient supplementation on birthweight was reported 
[Arifeen and Persson, 2005, unpublished observation]. This study did not 
have a control group since all participants received both food and micro-
nutrient supplements. However, the mean birthweight was higher and the 
incidence of LBW was lower relative to that reported earlier from the same 
population [37]. Other important food supplementation trials during preg-
nancy include high protein or isocaloric protein supplementation but none 
of those trials showed any beneficial effect on LBW. However, high protein 
supplementation in the relatively well-nourished population was reported to 
be harmful [38].

Despite strong theoretical plausibility that population groups at risk of 
dietary inadequacy should benefit from food supplementation during preg-
nancy, the effect on birthweight has been modest although the effect on 
LBW, particularly on SGA, has been stronger. Some inherent limitations of 
supplementation trials need to be carefully taken into consideration when 
interpreting the findings, including poor documentation of the adequacy 
of the usual diet and poor quantification of the real contribution of supple-
mental food to the pregnant woman’s diet. Other issues also deserve atten-
tion in interpreting the findings including compliance, substitutions of usual 
diet, ‘eating down’ during pregnancy (fear of large baby), sharing with other 
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family members, improper targeting, and above all choice of supplement and 
its cost. It is also critically important to evaluate whether supplementation 
resulted in net energy balance which is important for a positive birthweight 
outcome.

Micronutrient Intervention and LBW

Maternal micronutrient status during pregnancy plays an important role 
in fetal growth [39–42]. MMN deficiencies among women of childbearing age, 
particularly during pregnancy, are widespread in developing countries [30, 31, 
43]. Anemia during early pregnancy is associated with poor fetal growth [44, 
45]. Anemia mainly due to iron deficiency is highly prevalent in non-pregnant 
and pregnant women in developing countries [46–48]. In an Indian commu-
nity two thirds of pregnant women were found to have zinc or iron deficiency 
and over half of the women had both zinc and iron deficiency coupled with 
inadequate intake of those nutrients [31]. This clustering of MMN deficiency 
and dietary inadequacy supports the contention that intervention with MMNs 
is more preferable to a single micronutrient. Often combined micronutrient 
intervention is more effective than when given individually. For example, 
intervention with both vitamin A and iron has been shown to be more effec-
tive in reducing anemia and improving vitamin A status than iron or vitamin 
A supplementation alone [49]. In 1999 UNICEF/WHO/UNU recommended a 
multi-micronutrient mix in developing countries for supplementing pregnant 
women who are supposedly suffering from MMN deficiencies [50]. This multi-
micronutrient mix has been promoted since then with the aim of reducing the 
incidence of LBW as one of the major outcomes [51].

A recent systematic review of the literature on the effect of micronutri-
ents on fetal growth concluded that there was no significant effect of prenatal 
micronutrient supplementation on fetal growth [52]. However, the authors 
recognized the paucity of evidence from well-designed, adequately powered, 
randomized trials on the efficacy of a single micronutrient on birthweight or 
LBW as the outcome. Among single micronutrient supplementation trials only 
calcium and magnesium supplementation during pregnancy has been found 
to reduce LBW in selected population groups [52]. Iron supplementation with 
or without folic acid during pregnancy has been shown to improve iron status 
and reduce anemia, but no effect on birthweight or LBW has been reported 
[53]. One recent study in the United States reported that iron supplemen-
tation during pregnancy in iron-replete non-anemic women improved birth-
weight and reduced the incidence of LBW [54].

Results of MMN supplementation on birthweight and the incidence of LBW 
have been mixed. Some studies showed no additional benefits on birthweight 
or LBW over traditional iron folic acid supplementation and some reported 
the superior efficacy of MMN. However, more recent studies have consis-
tently shown the superior efficacy of MMN supplementations over traditional 
iron folic acid in reducing the incidence of LBW (table 2).
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A randomized trial in Nepal showed no additional benefit from prenatal 
MMN when compared to traditional iron and folic acid supplementation, 
although both groups had a lower incidence of LBW (MMN vs. iron and folic 
acid: 14 vs. 16% reduction) as compared to a placebo group who received 
vitamin A only [55]. Similar results were reported from a semi-urban commu-
nity in Mexico [56]. One study in Zimbabwe reported a statistically nonsignifi-
cant decrease in LBW associated with MMN supplementation [57]. However, 
a more recent report from Nepal showed that prenatal MMN supplementation 
was associated with a 25% lower incidence of LBW than traditional iron folic 
acid supplementation [58]. Noticeably, the positive effect of MMN shown in 
Nepal selectively worked on heavier (normal BMI) women and female infants, 
which underscores the importance of pre-pregnant nutrition of women. In a 
randomized trial in Niger reported a 14% fall in LBW associated with MMN 
supplementation when compared with iron and folic acid supplementa-
tion [10]. The effect of MMN was even stronger in women who had a longer 

Table 2. Effect of multiple micronutrient supplementation as compared to iron or 
iron plus folic acid supplementation during pregnancy on the incidence of low birth-
weight

Study Population Intervention Relative risk (95% 
CI)

Christian et al. [55], 
 2003

Nepal Vitamin A
FA
FA + I
FA, I, Zn
MMN

1.00
1.00 (0.88–1.15)
0.84 (0.72–0.99)
0.96 (0.83–1.11)
0.86 (0.74–0.99)

Ramakrishnan et al. 
 [56], 2003

Mexico I
MMN

1.00
0.98 (0.55–1.74)

Friis et al. [57], 2004 Zimbabwe I + FA
MMN

1.00
0.84 (0.59–1.18)

Osrin et al. [58], 
 2005

Nepal I + FA
MMN

1.00
0.69 (0.52–0.93)

Zagré et al. [10], 2007 Niger FA + I
MMN
Supplementation 
>150 days
FA + I
MMN

8.4±8.9
7.2±5.9
6.7±10.4
3.8±6.1

Gupta et al. [59], 2007 India FA + I
MMN (29 vitamins 
and minerals)

1.00
0.30 (0.13–0.71)

Shankar et al. [60], 2008 Indonesia FA+I
MMN

1.00
0.86 (0.73–1.01)

I = Iron; FA = folic acid; Zn = zinc; MMN = multiple micronutrients.
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duration (150 days or longer) of supplementation. The effect on LBW was 
also stronger among women whose pre-pregnancy nutritional status was 
poorer. MMN supplementation in malnourished pregnant women in India has 
been shown to be associated with a 70% reduction in the LBW incidence as 
compared to iron folic acid supplementation [59]. In Indonesia MMN supple-
mentation during pregnancy was reported to be associated with a 14% lower 
risk of delivering a LBW infant than for those who received iron and folic [60]. 
The effect was stronger for MMN in women who were anemic on enrollment. 
One earlier study in Tanzania showed that HIV-infected pregnant women who 
were supplemented with multivitamins had a 44% lower risk of delivering 
a LBW infant than those who received a placebo [61]. Dietary intervention 
with micronutrient-rich foods has also been shown to increase birthweight 
and reduce LBW in a poor Indian community [62].

Trials of prenatal MMN supplementations are not exactly comparable in 
supplement composition, timing of allocation, and total duration of supple-
mentation; however, homogeneity of the effect on LBW findings is notice-
able. From a programmatic point of view increasing micronutrient intake is 
a greater challenge than simply increasing the overall dietary intake. Most of 
the dietary intake of micronutrients depends on the contribution from animal 
sources, which is relatively low in the diet of pregnant women in developing 
countries [63].
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Nutrition Education and LBW

Cultural rules relating to food proscription and prescription during preg-
nancy and lactation have been described in many populations, and approaches 
that have been used to successfully promote diet and nutritional status have 
some important common elements [64]. Apart from food availability, dietary 
intakes during pregnancy are guided by other cultural beliefs, food taboos 
and behavior, and relate to birth outcomes. Often nutrition knowledge of diet 
during pregnancy is guided by misconception and folk beliefs [65]. Women in 
developing countries even reduce food intake during pregnancy, commonly 
known as ‘eating down’, to avoid having a large baby [66].

Although it is expected that increased energy intake should have a positive 
effect on pregnancy weight gain and birthweight, review of nutrition educa-
tion intervention trials concluded that educational intervention is successful 
in improving the dietary intake of pregnancy women, reducing the risk of 
fetal and neonatal death, but has no effect on LBW [33]. However, nutrition 
education has been shown to reduce the incidence of premature deliveries, 
one of the major causes of LBW [67]. Nutrition education may also potentiate 
the effect of other interventions in lowering the risk of LBW [68]. The efficacy 
of nutrition education in reducing LBW needs to be evaluated with respect to 
its content, cultural appropriateness and social acceptance, and above all its 
effect on dietary intake and net energy balance.

Intervention for LBW and ‘Large Baby’ Issue

Interventions for increasing birthweight have been criticized for increas-
ing the risk of possible cephalopelvic disproportion and therefore obstructed 
labor [69] which is dangerous for women in developing countries where most 
deliveries take place at home and emergency obstetric care is rarely avail-
able. Increased birthweight is often accompanied by an increase in head 
circumference. However, data from different studies show that a very small 
increase (less than a third of a centimeter) in head circumference occurs 
due to supplementation, which is unlikely to cause such a problem [34]. 
Supplementation in a malnourished population is also of concern as it might 
contribute to increased adiposity in the offspring, a risk factor for insulin 
resistance [70, 71]. This issue of food supplementation on body composition 
needs further research in different settings.

Conclusions

This chapter focuses mainly on successful interventions that have poten-
tial in the prevention of LBW in developing countries. Interventions for LBW 
should be considered in a much broader perspective than just considering its 
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immediate consequences. LBW is determined by multiple precipitating fac-
tors and lowering the incidence is obviously a formidable challenge particu-
larly for resource-constrained developing countries. Improved dietary intake 
and micronutrient status before and during pregnancy are critically impor-
tant in the prevention of LBW. Benefit from a single intervention seems to 
be small and unlikely to reduce the LBW burden effectively. This suggests 
that a population-specific optimal mix of interventions needs to be identi-
fied and implemented. However available evidence is sufficient to support 
a package of interventions that promotes increased dietary energy intake 
including micronutrients and culturally appropriate nutrition education that 
can remove misconceptions related to dietary intake during pregnancy and 
enhance mobilization of household resources to support healthy pregnancy. 
It is well documented that LBW is perpetuated through intergenerational 
effects, and therefore is strong justification for sustained effective interven-
tions to improve maternal health and nutritional status for several genera-
tions. Thus household food security and intra-household food distribution 
issues with special emphasis on the diet of pregnant women require atten-
tion. Culturally appropriate nutrition education tools need to be developed, 
packaged and delivered to address the misconceptions related to diet, preg-
nancy and childbirth. While IUGR seem to respond well to intervention, pre-
term delivery is more complex and resilient to intervention and will require 
further research on the mechanistic aspects of this problem for identifying 
effective interventions. Prevention of LBW is an urgent public health prior-
ity not only for averting immediate adverse outcomes but also for preventing 
the impending global epidemic of diabetes, hypertension and cardiovascular 
diseases, which are negatively associated with size at b irth. 
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Discussion

Dr. Kalhan: I have two questions. The outcome measures we are looking at, 
birthweight, head circumference, for example, are complex functions of a very large 
number of factors which may be related to a single micronutrient or to an array of 
micronutrients. Therefore are we realistic when we say that supplementing with zinc 
alone will solve the problem of head circumference, for example? I always have prob-
lems with these data that supplementation assumes that the society has a state of 
insufficiency. My second question is, when the meta-analyses were done, were these 
studies assuming that there is a state of insufficiency or do they correct for the state 
of sufficiency versus insufficiency? Assuming that the mother has an adequate caloric 
intake, the question that arises is whether supplementing another 300 kcal of energy is 
going to resolve the problem? My intuitive feeling is that if I give 300 kcal in a Western 
society, that is already eating plenty, it is probably not going to have any effect.
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Dr. Alam: May I answer your second question first? The literature on food supple-
mentation does not contain any information on the adequacy of a woman’s usual diet, 
and therefore whether a 300-kcal/day supplementation would be sufficient to resolve 
the problem is hard to say. It has been observed that high protein supplementation in 
healthy women can even have a negative effect on birthweight. Of course while doing 
meta-analyses the authors set some criteria and they cannot go back. If the informa-
tion regarding adequacy is not provided by the authors of the individual publications, 
then it is impossible to find, and most of the publications lack that information. But 
from the food balance, food distribution or food consumption data, population groups 
in which the low birthweight (LBW) burden is high have diets which are inadequate in 
both macro- and micronutrients. Regarding your first question whether a single micro-
nutrient or single supplement could be effective in reducing the incidence of LBW: as 
you rightly mentioned it is a very complex issue. Evidence in the literature shows that 
an inadequacy of certain micronutrients coexists or is associated with a high preva-
lence of LBW and supplementation of women during pregnancy is often targeted to 
deal with micronutrient deficiency. LBW is a multifactorial outcome and just a single 
or multiple micronutrient intervention is not the full solution to the problem; probably 
a comprehensive package of interventions is required to reduce the burden.

Dr. Sesikaran: With iron and folic acid supplementation, most of the studies have 
shown benefit, haven’t they?

Dr. Alam: Prenatal iron and folic acid supplementation has so far not been shown 
to influence birthweight and LBW, although they have other maternal benefits like 
improved iron status in iron-deficient women and a reduced incidence of anemia. 
However, one very recent study in the United States reported that iron supplementa-
tion in iron-replete non-anemic women improved birthweight and reduced the inci-
dence of LBW [1].

Dr. De Curtis: I would like to know if in the studies in developing countries were 
carried out using regional neonatal growth charts or charts from developed countries? 
In Italy, for example, we have seen that there is a difference in birthweights between 
Italian newborns and those of families coming from developing countries. Moreover 
we have seen that in the last decades there has been a change in the percentage of 
SGA infants. I would like to underline that IUGR and SGA are not the same thing. An 
SGA newborn is an infant with a birthweight below the 10th percentile, while an IUGR 
baby is an infant who presents growth restriction during pregnancy which is detect-
able only with prenatal ultrasound. Therefore, I think that in developing countries it is 
perhaps better and easier to speak only of SGA.

Dr. Alam: I accept your comment. We reviewed studies which looked at LBW 
as the outcome. We didn’t take into account whether the LBW infants were SGA or 
appropriately grown. A normal birthweight infant may also be SGA. Use of a regional 
growth chart is a debated issue.

Dr. Rahman: You have shown us the positive effect of using these micronutrients 
in combination during pregnancy to prevent LBW. Would you like to tell us which 
period of gestation is best to give those micronutrients, what amount should be given, 
and for how long?

Dr. Alam: It is quite difficult to comment on the appropriate timing, choice of com-
bination of micronutrients, dose, and duration to have maximum benefits. Kramer’s 
[2] meta-analysis showed that maternal nutrition before entering pregnancy is a major 
determinant of LBW. So in my view, a lifecycle approach is more important than tar-
geting a narrow window during pregnancy with any combination of supplementation. 
The current pregnancy should not be neglected because a better outcome is needed 
to ensure a heavier and healthier baby, and this should continue to ensure healthier 
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babies in the next generation. The target of supplementation should not be making 
babies too big but ensuring optimal growth and development.

Dr. Agarwal: We published two national studies, one in the Indian Journal of 

Medical Research [3] and one in Indian Pediatrics [4]. There are two programs 
in India, one of which is integrated in the child development services. Two centers 
were chosen, in Hyderabad and Varanasi, to evaluate the impact of supplementation 
to pregnant women, and the final observations were analyzed on more than 6,000 
deliveries in Varanasi. The women selected were deprived and of lower socioeconomic 
status. Food supplementation showed two things: women gain a mean of 100 g weight 
and the birthweight gain was about 65 g. This worked very well. The second program 
is a controlled national anemia program. We also evaluated this program which was 
run at 5–6 centers in the country to see what the impact was. Iron folate supplemen-
tation worked, birthweight increased, maternal iron stores increased as assessed by 
ferritin, and C-reactive protein was reduced. We came to the conclusion that instead 
of 60 mg we should raise the supplement to 100 mg. So the Indian national iron pro-
phylaxis tablet contains 100 mg iron and 400 µg folate. All this work has been reported 
in the Indian Journal of Pediatrics and the Indian Journal of Medical Research. 
In 2003 and 2004 I surveyed maternal nutrition and anemia in 7 states of this country. 
To summarize in Himachal Pradesh the results were tremendously good, and what I 
learned from there is that a doctor will examine a pregnant women 3 times during 
pregnancy and delivery will be conducted by the doctor. Maternal mortality is lowest 
in Himachal Pradesh, there is no severe anemia, the anemia prevalence is low, and 
the LBW incidence in the Indian subcontinent is lowest in Himachal Pradesh. So the 
achievement is that during antenatal care, we only gave folate iron and it worked. A 
little more can be found on the internet about studies in the poor countries like ours.

Dr. Alam: Thank you for sharing this information. I used mostly a high-quality 
review level and some literature that was not included in those reviews. We should 
carefully look into these Indian experiences and evaluate the findings.

Dr. Christian: The meta-analysis that you showed on balanced protein energy 
supplementation, you said that it did not include the Gambia CC trial but in fact it 
does, the trial by Ceesay et al. [5], and it was highly weighted. Can you talk a little bit 
about the MINIMat trial from Bangladesh, and the lack of impact of food supplementa-
tion that you saw in that study? Given the high rates of LBW in that population and 
we know those women also had low BMIs and stunting, etc., why did you not see any 
benefit of food supplementation?

Dr. Alam: I accept your first comment, but the meta-analysis did not include the 
West Kiang trial which is what I meant. I will try to answer to your second question 
about the MINIMat [6] as I am also a part of the investigating team. Unfortunately we 
haven’t been able to publish the work yet. As you know, it was not intended as a sup-
plementation trial because the government program was distributing food, the equiva-
lent of 600 kcal made of rice powder, pulse powder and a little bit of molasses mixed 
together. It was distributed through community nutrition centers to malnourished 
pregnant women (BMI <18.5). What the ICDDLB study did was to modify the govern-
ment program a little bit. Some publications have shown that normally malnourished 
women cannot respond quickly to supplementation because they have a lot of deficit 
to replete, and maternal–fetal transfer only occurs when the maternal need has been 
satisfied. Pregnant women were identified by pregnancy testing in the community (<8 
weeks gestation) and were invited to the clinic where pregnancy was further con-
firmed by ultrasound. Then they were randomly allocated to food supplementation 
early (1st trimester) or usual (2nd trimester), and further randomly assigned to iron 
(60 or 30 mg) and folic acid (400 mg) or the UNICEF recommended multiple micronu-
trients mix [7]. As all women received both food and micronutrient supplements, we 
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did not have a true control group. In fact, there is evidence that women who attended 
the supplementation center shared this with their young children who loved the food 
more than the mothers actually did. We did not find any difference in energy intake 
as measured by repeated 24-hour dietary recall between supplemented and non-sup-
plemented subjects. So it means that even though they attended the clinic or received 
the supplement, it did not affect the amount of energy in the total diet of the women; 
so it is obvious that the effect might not be there. On the other hand, we looked at the 
correlation between energy intake and birthweight where we found a positive corre-
lation; it could be interpreted that the increased energy intake had a positive effect, 
although supplementation failed to show that. With respect to the multiple micronu-
trient and iron issue: as you did the first analysis from Nepal you know the results 
better than I, and we did not expect very much difference from that. Neither food 
supplementation nor micronutrient supplementation was associated with birthweight 
or the incidence of LBW.

Dr. Ganapathy: Just on iron and zinc, the micronutrient issue. There is an inter-
action between zinc and copper and zinc and iron. I think we should know about this 
as zinc can give rise to hypochromic microcytic anemia by blocking copper, and zinc 
can also prevent the absorption of iron. So it requires a very optimal ratio of iron to 
zinc if you want both of them to get into your system.

Dr. Kikafunda: You correctly said that the birthweight should, if possible, be 
kept around the median. That is good. However, although the lower limit of 2,500 g is 
strictly observed, I believe we should also set an upper limit and observe it. I fear that 
tomorrow somebody is going to come up with the theory that these bigger babies will 
have problems in the future. Especially in urban areas, the rate of cesarean births has 
greatly increased in recent times. I am not saying that cesarean births are the result of 
large babies, but I am sure that it is one of the factors.

Dr. Alam: Thank you very much for raising this issue that we should also look 
at the right side of the distribution; having too many big babies can cause not only 
perinatal problems, but may also cause some adverse health outcomes. Barker [8] and 
subsequent studies [9] have shown that there is a linear trend of a decreased risk of 
diabetes, cardiovascular disease and other health outcomes. But recent publications 
on diabetes show that there is a relationship between birthweight and type 2 diabetes, 
but the safer range is between 3,000 and 4,000 g [10], and an increased risk is associ-
ated with birthweight beyond that limit. So too a large baby is obviously an issue.

Dr. Prentice: I wonder if I could make a little comment here; I think there is a great 
deal of misunderstanding. Dr. Alam has just described the shape of the curve for birth-
weight and diabetes. If we look at the shape of the curve for birthweight versus neona-
tal mortality, which obviously would include a lot of those obstetric difficulties, then in 
fact if we set for any individual community at unity for a birthweight of 3,000–3,500 g 
then the odds of neonatal mortality continue to decrease as birthweight increases. As 
you go to 3,500–4,000 g it goes down to about 0.6; from 4,000 to 4,500 g it goes down 
to about 0.5, and you have to go up to very high birthweights before you start to see 
an increase in those neonatal mortality rates. Furthermore as Dr. Alam pointed out, 
the trials so far have shown no significant effect overall in the Cochrane analysis of 
increased head circumference. Perhaps head circumference is not the key measure, 
you may need to measure the chest circumference as well, but even in our trial where 
we have shown a significant increase, the increase was 0.3 cm, i.e. a diameter increase 
of 1 mm which I find difficult to imagine that that is going to increase any problems of 
CPD. And finally the thing we should concentrate on is that with any intervention trial 
we are trying not to promote abnormal growth, we are trying to prevent LBW.
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Dr. Polberger: I have a question about chorioamnionitis or placental inflammation 
which seems to be an emerging cause of LBW and preterm birth. Is this a worldwide 
problem?

Dr. Alam: Chorioamnionitis or placental insufficiency may cause preterm delivery, 
which has not been well investigated.

Dr. Polberger: I mean chorioamnionitis or inflammation.
Dr. Alam: Yes, it is a cause of prematurity. There are a lot of publications showing 

that bacterial vaginosis or even asymptomatic urinary tract infection can increase the 
risk of preterm delivery. But treatment of these conditions does not have any effect on 
preterm delivery. Also in the MINIMat trial in Bangladesh, a randomized trial with met-
ronidazole for those who had asymptomatic bacterial vaginosis and those who were 
symptomatic or syndromically classified as having bacterial vaginosis did not make 
any difference in preterm delivery.

Dr. Sesikaran: I think many of these studies have not taken the placental factors 
which could influence LBW into consideration. We have done a study where we com-
pared the medical termination of pregnancy in terms of mothers who are underweight 
compared with mothers who are normal weight, and we looked at the placenta. A lot 
of factors seem to play a role in causing placental insufficiency: villous density, the 
number of blood vessels per villi, and the number of syncytial strokes, and several fac-
tors take place in underweight mothers in trying to improve the placental circulation 
to the baby. So in many supplementation studies we are probably not succeeding. No 
one has really looked and seen whether there are any other factors which could inter-
fere with the full benefit of the supplementation, but rather blamed the supplementa-
tion that it did not work. So your point is very well taken and it needs to be looked into 
as far as placental function is concerned.
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Community-Based Approaches to 

Address Childhood Undernutrition and 

Obesity in Developing Countries

 Prakash Shetty

Institute for Human Nutrition, University of Southampton Medical School, 
Southampton, UK

 Abstract 

Community-based approaches have been the mainstay of interventions to address 
the problem of child malnutrition in developing societies. Many programs have been 
in operation in several countries for decades and originated largely as social welfare, 
food security and poverty eradication programs. Increasingly conceptual frameworks 
to guide this activity have been developed as our understanding of the complex nature 
of the determinants of undernutrition improves. Alongside this evolution, is the accu-
mulation of evidence on the types of interventions in the community that are effec-
tive, practical and sustainable. The changing environment is probably determining the 
altering scenario of child nutrition in developing societies, with rapid developmental 
transition and urbanization being responsible for the emerging problems of obesity 
and other metabolic disorders that are largely the result of the now well-recognized 
linkages between child undernutrition and early onset adult chronic diseases. This 
dramatic change is contributing to the double burden of malnutrition in developing 
countries. Community interventions hence need to be integrated and joined up to 
reduce both aspects of malnutrition in societies. The evidence that community-based 
nutrition interventions can have a positive impact on pregnancy outcomes and child 
undernutrition needs to be evaluated to enable programs to prioritize and incorporate 
the interventions that work in the community. Programs that are operational and suc-
cessful also need to be evaluated and disseminated in order to enable countries to 
generate their own programs tailored to tackling the changing nutritional problems of 
the children in their society.
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  Introduction

Three conceptual frameworks developed by international agencies have 
underpinned community-based approaches to improve child health and nutri-
tion in developing countries. These include the ‘life cycle approach to under-
nutrition’ presented by a commission set up by the UN’s Standing Committee 
on Nutrition [1] which underlines the importance of maternal and child nutri-
tion as being essential for growth and healthy physical and mental develop-
ment of children into adulthood and healthy old age, and to reduce the risk of 
premature morbidity and mortality due to adult-onset diseases. Secondly, the 
widely used ‘food-care-health conceptual framework’ developed by UNICEF 
[2] which explains the causes of malnutrition in society and their interactions 
at three levels: immediate (inadequate diet and infectious disease); underly-
ing (household food insecurity, inadequate maternal and child care and poor 
health services in an unhealthy environment), and basic (i.e. structural fac-
tors including social, economic and political) – a framework that has con-
siderable influence on approaches to remedial action and more recently has 
accorded recognition to the established links between child undernutrition 
and adult disease within this conceptual framework [3]. The ‘triple A process’, 
a framework again developed by UNICEF [2], is a cyclical and iterative par-
ticipatory decision-making process wherein the problem of undernutrition is 
assessed, its causes analyzed, followed by a decision to implement an appro-
priate mix of actions.

Paradoxically community-based programs initiated by governments, aid 
agencies and NGOs have long preceded the evolution of these conceptual 
frameworks although they now influence and contribute significantly to the 
development and implementation of community-based interventions and 
programs in much of the developing world. Many of the earlier community 
intervention programs which preceded the evolution of those concepts were 
based on either the simple conviction that poor maternal and child nutri-
tion is the result of inadequate intake of food thus resulting in programs that 
provide additional food supplements or are aimed more broadly at poverty 
reduction to alleviate food insecurity. The recognition of the high prevalence 
of nutritional deficiency diseases like anemia in pregnant women and children 
led to the development of community programs to supplement nutrients like 
iron and other micronutrients or reduce losses due to infections (malaria, 
worms, etc.) using treatment (e.g. deworming) or chemoprophylaxis. These 
interventions were expected to improve maternal nutrition during pregnancy 
and reduce maternal mortality, which in turn would have a beneficial impact 
on birth outcomes and child nutrition. Some of the community programs 
were national initiatives and were straightforward social welfare programs to 
improve overall nutrition or poverty reduction programs that were initiated 
for political reasons. In this chapter, the evidence from interventions through 
observational studies and well-designed trials will first be evaluated for their 
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impact on reducing child undernutrition and obesity in developing country 
settings. A sample of the various national or regional level community-based 
programs aimed at reducing child undernutrition that have been operational 
for some time will be discussed and evaluated. This chapter will also make an 
effort to highlight those intervention strategies that work and are beneficial 
and hence need to be incorporated into national or regional level programs to 
address the problems of child nutrition in developing societies.

Do Community-Based Interventions Work? What Is the 

Evidence?

An attempt is made here to evaluate community-based intervention trials 
in pregnant women (antenatal, intrapartum and postnatal) and in infants and 
children, focusing mainly on developing countries. The objective is to identify 
key behaviors and interventions for which the weight of evidence is sufficient 
to recommend their inclusion in community- or population-based programs 
aimed at improving child nutrition and reducing the risk of later adult-onset 
diseases. With an understanding of the lifecycle approach, it is evident that 
poor maternal nutrition will result in poor birth outcomes such as low birth-
weight (LBW), which increases the risk of obesity and chronic disease in 
later adult life. LBW infants are at increased risk of illness and mortality. 
Weight at birth is a good predictor of size in later adult life, and intrauterine 
growth-retarded (IUGR) infants demonstrate poor catch-up growth, thus the 
incidence of LBW is reflected in an increased prevalence of underweight chil-
dren. IUGR infants are also at greater risk of stunting during childhood and 
adolescence and, like other stunted children due to poor nutrition, end up as 
shorter adults [4]. It is also well documented that undernourished individuals 
show indications of an increased risk of obesity and metabolic abnormalities 
in childhood.

Maternal undernutrition manifested as small maternal size (short stat-
ure and underweight) at conception and low gestational weight gain are the 
principal attributable risk factors for IUGR and LBW [5], hence community 
interventions to improve birth outcomes will have to target pregnant women. 
Evidence for successful interventions that promote infant and child nutrition 
will also need to be evaluated in order to develop holistic community-based 
approaches to tackle child undernutrition and at the same time ward off the 
potential risk of childhood obesity and metabolic disorders. The evidence 
from well-designed intervention studies covering multifarious aspects will 
then have to be reviewed, analyzed and prioritized in order to facilitate their 
successful incorporation into community approaches and programs to further 
good nutrition in children and to prevent early adult-onset diseases. There 
have been several previous attempts to address the issues related to maternal 
nutrition, pregnancy outcomes and child malnutrition in the past [6–8].
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Nutrition Interventions to Promote Maternal Nutrition and Health to 

Improve Birth Outcomes

Maternal undernutrition and its consequent impact on fetal and infant 
nutrition are major problems in developing countries. A high proportion 
of births in developing countries fall into the category of LBW which is a 
major underlying risk factor for an increase in morbidity and mortality dur-
ing infancy and the increased risk of childhood malnutrition. A recent review 
evaluated the impact of nutrition interventions on pregnancy outcomes while 
highlighting the fact that few studies have addressed this problem in commu-
nity settings in developing countries [9]. The Cochrane Library’s pregnancy 
and childbirth database provides more evidence of the efficacy of interven-
tions to improve maternal nutrition, health and pregnancy outcomes in addi-
tion to other summaries of reports in the literature [8, 10].

Prenatal Food Supplementation

In the Cochrane review [11], maternal food supplements that provided bal-
anced protein and energy were the only interventions that improved preg-
nancy outcome measured as improved birthweight. Balanced protein-energy 
supplements provided <25% of the total energy content as protein. This 
review concluded that antenatal interventions with balanced protein-energy 
supplements significantly improved fetal growth, and reduced the risk of fetal 
and neonatal deaths. Fourteen trials were subjected to analysis and the inter-
vention was associated with modest increases in maternal weight gain during 
pregnancy (+21 g), a small but significant increase in birthweight (+32 g), a 
smaller nonsignificant increase in birth length and head circumference as well 
as a tendency to a reduction in the prevalence of small-for-gestational age 
(SGA) babies (–32%) [12]. The interventions had a more substantial effect 
on reducing IUGR (OR 0.68; 95% CI 0.57–0.80) and a significant reduction in 
preterm births (OR 0.83; 95% CI = 0.65–1.06) [13]. Table 1 summarizes the 
significant features of many of these intervention trials, which were largely 
conducted in developing countries and in some cases in poor inner-city com-
munities in industrialized countries.

It is important to note that the findings of the Cochrane review were 
largely biased by one recent large trial conducted in The Gambia [14]; exclud-
ing this study drastically alters the conclusions of this meta-analysis, leaving 
no demonstrable impact of antenatal interventions with food supplements. 
However, this trial provides a valuable example of an effective antenatal 
maternal intervention and has generated a resurgence of interest in this 
area of community interventions. This intervention trial showed remarkable 
increases in pregnancy outcomes: increase in birthweight (+136 g), decrease 
in LBW (–39%), increase in head circumference (+3.1 mm) with no changes 
in length or gestational age. Seasonal changes were also evident with even 
better outcomes when the intervention was in the hungry season. In addition 
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the antenatal food supplements were associated with a significant reduction 
in stillbirths and mortality of the newborn in the first 7 days.

As opposed to the interventions with balanced protein-energy supple-
mentation, the benefits of protein supplements during pregnancy have been 
shown to be negligible following meta-analysis of the available evidence [11]. 
In studies conducted on Asian women in the UK [15] and Chilean women [16], 
where the habitual energy intake was iso-calorically replaced with protein, 
there was no effect on pregnancy outcome; if any a trend to a reduction in 
birthweights was observed. Even higher intakes of protein (>25% of energy) 
in relatively well-nourished women failed to show any benefit on pregnancy 
outcomes and birthweight [17].

One could safely conclude that supplementation during pregnancy with 
balanced protein and energy was the only intervention that improved birth-
weight, while high levels of protein alone cannot be recommended as an ante-
natal intervention. Most of the evidence comes from efficacy trials conducted 
under intense supervision with the weight of evidence in the meta-analysis 
being driven by the single large trial from The Gambia. Additional field evalua-
tion is clearly required using available home diets or through dietary diversifi-
cation strategies, and only by targeted supplementation in at-risk populations.

Prenatal Micronutrient Supplementation

Prenatal micronutrient supplementation was not considered an important 
intervention strategy for improving birth outcomes until the 1990s despite 
the concern with the high prevalence of iron deficiency among women of 
reproductive age in developing countries. Some of the earlier intervention 
studies aiming to increase energy and protein often provided some micronu-
trients with the food supplements. Since then evidence has been accumulat-
ing that the mineral and vitamin status of the mother can have a major impact 
on birth outcomes. Table 2 summarizes data from several intervention trials 
of micronutrient supplements either singly or as multiple micronutrients pro-
vided during pregnancy.

Iron Supplementation. There seems to be a U-shaped relationship 
between maternal anemia and birthweight because both low and high hemo-
globin values are associated with increased risk of LBW [18, 19]. In devel-
oping countries, maternal iron deficiency is positively associated with LBW 
[20]. Meta-analysis of iron supplementation trials in the Cochrane collabora-
tion [21] showed no detectable effect on birth outcome despite a significant 
reduction in maternal anemia. Community-based iron supplementation tri-
als in developing countries have also failed to demonstrate any improvement 
in birthweights apart from a study in India [22], demonstrating a reduction 
in LBW rates with iron and folate supplementation from before 20 weeks 
of gestation, and another from rural Nepal where iron-folate supplementa-
tion slightly reduced the prevalence of LBW [23]. Oral iron supplementation 
may improve maternal anemia but has no clear impact on birth outcomes – a 
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conclusion that is drawn largely on a paucity of robust trials of iron supple-
mentation in community settings in developing countries.

Folate Supplementation. A study in South Africa in a tertiary hospital 
setting is the only one to show a significant decrease in the incidence of 
LBW births [24]. Along with iron supplements, folic acid has a demonstrable 
impact on improving maternal hemoglobin levels. The evidence is very strong 
that peri-conceptual folate supplementation reduces neural tube defects. 
However the impact on other beneficial birth outcomes resulting from folate 
supplementation during pregnancy is doubtful.

Zinc Supplementation. The potential for zinc supplementation to 
improve birthweight is largely based on a review of 17 studies which indicated 
an association between maternal indicators of zinc status and birthweight of 
the offspring [25]. An in-depth review of zinc supplementation trials showed 
that birthweight increased in 4 of 10 trials [26], although the Cochrane review 
on maternal zinc supplementation revealed no differences in birth outcome 
[27]. Evidence from other community-based studies summarized in table 2 
suggest that overall zinc supplementation failed to show any impact on birth-
weight. Interestingly, two of the studies did show a reduction in the incidence 
of infectious disease morbidity among LBW infants [28] and mortality among 
SGA infants [29] born to zinc-supplemented mothers. This obviously has 
enormous implications in reducing childhood malnutrition, particularly given 
that LBW infants are at increased risk.

Neither iodine nor vitamin A supplementation trials have demonstrated 
any benefit on birth outcomes, although there is little doubt that iodine sup-
plementation, even in mid-pregnancy, reduces deaths in infancy and early 
childhood while vitamin A supplementation reduces maternal mortality [8].

Multiple Micronutrient Supplementations. The benefits of multiple 
micronutrient supplements during pregnancy may be potentially high given 
the increased demand on nutrients for fetal growth. However, community-
based intervention trials have not provided clear-cut evidence from stud-
ies in developing countries as either data are limited or the programs under 
evaluation are so varied. In addition many of the trials are complicated by 
the provision of additional energy or protein or food supplements alongside 
the micronutrient supplements. A recent Cochrane review [30] has shown 
that multiple micronutrient supplementation during pregnancy resulted in a 
decrease in LBW (RR 0.83; 95% CI 0.76–0.91) and SGA infants (RR 0.92; 95% 
CI 0.86–0.99). There is also evidence emerging that multiple supplements are 
not that superior to iron-folate supplements alone [23] and a meta-analysis 
comparing multiple micronutrients with folic acid and iron alone reports a 
small increase in birthweight (pooled effect of 21.2 g) [30]. Iron-folate supple-
mentation alone also reduced LBW (RR 0.94; 95% CI 0.8–1.06) and SGA (RR 
1.04; 95% CI 0.93–1.17). A recent report highlights the fact that the effects of 
antenatal multiple micronutrient supplementations on the fetus persist into 
childhood with increases in both bodyweight and body size [31].
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Prevention of Maternal Infections

Maternal infections have an adverse impact on birth outcomes. The 
infections include malaria which greatly increases the risks of maternal 
anemia, preterm birth, LBW and neonatal mortality. The estimated popula-
tion-attributable risk of LBW among primigravidae with malaria is 10–40% 
[32]. Hookworm infections and the associated maternal anemia are another 
problem and so is maternal sexually transmitted diseases like HIV, syphilis 
and gonorrhea.

Malaria chemoprophylaxis of mothers has been the main option in malaria 
endemic areas, although its efficacy is uncertain compared to intermittent 
presumptive treatment. A review of 15 trials by the Cochrane collabora-
tion has shown that infants born to mothers on malaria chemoprophylaxis 
were heavier, especially so if they were born to primigravida [33]. In rural 
Uganda primigravidae on chloroquine had a significantly lower LBW rate 
(2% in treated vs. 9% in placebo group; p = 0.009) [34]. Other studies in 
Africa also support the findings of a benefit related to improved birthweights 
associated with malaria chemoprophylaxis during pregnancy. The increase 
in birthweight observed in almost all studies provides strong evidence for 
the beneficial effect of malaria chemoprophylaxis on birthweight in endemic 
areas. Compared to chemoprophylaxis, the use of insecticide-treated bed 
nets as a preventive measure had little impact on birthweights although they 
were effective in reducing mortality and morbidity from malaria [8].

Deworming is an accepted strategy to tackle helminthic infections like 
hookworm, which affect maternal health. The summary of evidence based 
on several small trials does favor deworming as being effective in reducing 
maternal anemia, improving maternal hemoglobin status and having some 
benefit in improving birthweights [8]. Maternal treatment of urinary tract 
infections and sexually transmitted diseases with antibiotics has also been 
shown to have benefits with regard to improving birth outcomes [8].

Other Interventions to Promote Maternal Health

Maternal Cessation of Smoking. Data on the effect of the cessation of 
smoking during pregnancy on birth outcomes are largely from industrialized 
countries and they seem to present mixed results on birth outcomes such as 
preterm birth or LBW rates. The important issue from a developing country 
perspective, i.e. the impact of the maternal environmental exposure to smoke 
and the beneficial effects of its reduction, has not been systematically exam-
ined in developing countries.

Interventions to Improve Diets and Weight Gain among Adolescent 

Mothers. Pregnant adolescents are at increased risk of inadequate gestational 
weight gain and micronutrient malnutrition due to inadequate intakes in 
their diets to support healthy fetal growth and promote good birth outcomes. 
Reviews of community interventions in developed societies show a predomi-
nance of medical models providing prenatal care with little emphasis on 
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nutrition education to alter the prenatal dietary behaviors of adolescents [35]. 
Positive effects on birth outcomes were evident when the approaches were 
driven by multidisciplinary teams supporting the nutritional and psychosocial 
needs of pregnant teenagers while individualized education and counseling 
encouraged optimal dietary intakes and appropriate gestational weight gain.

Interventions to Promote Initiation and Sustenance of Breastfeeding

Early initiation of breastfeeding is not a serious problem in developing 
countries as the initiation of breastfeeding is almost universal in the countries 
studied. However initiation rates remain low in many high income countries, 
particularly among the low income groups in their populations. A Cochrane 
collaboration report showed that the evaluation of all forms of breastfeeding 
education were effective in increasing breastfeeding initiation rates among 
low income groups in the USA [36].

Community-based intervention strategies to promote exclusive breast-
feeding of infants up to 6 months of age and to sustain continued breast-
feeding up to 12 months of age have also been evaluated. A Cochrane review 
that analyzed 34 trials of 29,385 mother–infant pairs in 14 countries provided 
evidence that any form of extra support increased the duration of both par-
tial and exclusive breastfeeding up to 6 months [37]. All forms of extra sup-
port affected the duration of exclusive breastfeeding significantly. A review of 
specific breastfeeding promotion showed that both individual counseling (OR 
1.93, 95% CI 1.18–3.15, p < 0.0001) and group counseling (OR 5.19, 95% CI 
1.90–14.15, p < 0.00001) substantially increased exclusive breastfeeding at 6 
months of age [13].

A Cochrane review of the potential benefits and drawbacks of exclusive 
breastfeeding for up to 6 months of age, based on trails and observational 
studies in both developed and developing country settings, showed no growth 
deficits in infant weight gain or increase in length [38]. The infants experi-
enced less morbidity due to gastrointestinal infection compared to partially 
breastfed infants. The review in addition provided evidence of lactational 
amenorrhea and postpartum weight loss in the mothers.

Nutrition Interventions to Promote Child Growth and Development 

and to Prevent Undernutrition

Behavior and Practices of Caregivers

Caregivers provide food, healthcare, psychosocial stimulation and the 
emotional support necessary for the healthy growth and development of chil-
dren [39]. The practices and the ways in which they are performed are criti-
cal for survival, optimum growth and proper development of children and in 
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the prevention of under- or malnutrition. Caregivers require time, energy and 
money to provide this important contributor of child health. A WHO review 
[40] concluded that interventions that incorporate care components are 
effective and identified the following conditions to maximize impact: inter-
ventions targeted to early life – both prenatally and in infancy; targeting chil-
dren in poor households, and employing several types of interventions with 
more than one delivery channel and a high level of parental involvement. The 
significance of care practices on the nutrition status of children was demon-
strated by a study in Ghana showing a close association of better scores for 
care practices with lower levels of stunting and underweight in children [41].

Complementary Feeding

Complementary feeding is the provision of foods and liquids along with 
continued breastfeeding of infants. Since the nutrient intake of an infant 
deteriorates when complementary foods start to be substituted for breast 
milk, many of the interventions that are central to complementary feeding 
include interventions with micronutrients and nutrition education [13].

Interventions that improve the intake of complementary foods by infants 
6–12 months of age in developing countries have been shown to have a posi-
tive impact on their growth and nutrition [42]. A review of all the studies 
conducted on complementary feeds in developing countries is summarized 
in a recent report [12] and is based on two other compilations of trials pub-
lished since 1988 in infants between 6 and 12 months of age [43, 44]. The 
trials varied in terms of the age of infant at intervention, the composition of 
the complementary food, and the extent of breastfeeding. Of the 14 trials 
reviewed, 3 demonstrated an increase in weight and length, and 2 showed 
only an increase in weight [12]. Nutrition education to improve complemen-
tary feeding in food-secure populations produced an increase in height for 
age Z scores compared to control groups [13], whereas in food-insecure popu-
lations educational interventions were of benefit only when combined with 
food supplements.

Community-Based Supplementary Feeding

Supplementary feeding implies the provision of extra food to children over 
and above the normal ration of their home diets. This intervention merits 
careful evaluation since several community-based programs have a compo-
nent of supplementary feeding to improve child health and nutrition and to 
promote optimum growth. A Cochrane review has addressed the evaluation 
of the effectiveness of supplementary feeding at the community level for 
promoting the physical growth of preschool children [45]. Four randomized 
control trials were reviewed but no firm conclusions could be drawn on the 
effectiveness of supplementary feeding in improving child nutrition. Universal 
and untargeted supplementary feeding programs seem to have contributed to 
the rise in overweight and obesity among children in Chile [46].
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Micronutrient Supplementation on Growth and Risk of 

Infections

Micronutrient supplementation either singly or as micronutrient mixes 
have been used as intervention strategies to improve child nutrition as well 
as to reduce the infectious disease burden which in turn has an impact on 
child undernutrition. Micronutrients have also been added to interventions 
with complementary foods or during supplementary feeding interventions 
in the community. Iron supplementation resulted in weight gain in anemic 
children but had a variable impact on improving heights [47] while the risk 
of diarrheal disease increased, demonstrating that iron supplementation in 
children has adverse effects on infectious diseases and no major gains with 
regard to growth [48]. Zinc supplementation or fortification of foods, on the 
other hand, reduces morbidity and mortality due to diarrheal disease and 
respiratory illness [49]. A meta-analysis of 25 studies provided evidence of 
an overall small but significant impact on the height of children with zinc 
supplementation, but only in children who had evidence of stunting [50]. 
The impact of vitamin A supplementation of infants is expected to reduce 
morbidity (and mortality) but the overall findings are largely variable with 
several randomized control trials failing to show any benefit on the risk of 
infections and growth [12]. Multiple micronutrient supplements also pro-
vide variable impact – improvements have been noted in stunted children 
in Vietnam and Mexico with no impact on growth in Peru and Guatemala 
[12].

Prevention and Treatment of Infections

Many of the interventions with micronutrient supplements have relevance 
on the prevention of infections in childhood and hence reduce the risk of 
child undernutrition. Treatment of infections and infestations also has a posi-
tive impact on child growth and nutrition. Deworming and use of anti-helmin-
thics is particularly effective in children. A systematic review of 25 studies 
has documented the impact of single and multiple doses of anti-helminthics 
on growth [51]. While a single dose was associated with an average 0.24 kg 
increase in weight and 0.14 cm increase in height, several doses over a year 
resulted in 0.10 kg increase in weight and 0.07 cm in height over that time. A 
recent Cochrane review provided data only on weight gain and showed a 0.34 
kg gain (95% CI 0.05–0.64) from 9 trials with a single dose while several doses 
over a year had no impact [52].

Other Interventions to Promote Infant and Child 

Nutrition

Interventions that promote hand washing, water quality treatment, sanita-
tion and health education also reduce the risk of diarrheal disease and thus 
have impacts on promoting child nutrition [13].
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Interventions to Prevent Childhood Obesity

The Cochrane database provides one review on the impact of interven-
tions for preventing obesity in children [53]. All the studies were conducted 
in industrialized societies and there are no studies reported in the literature 
on interventions to reduce childhood obesity in developing countries. The 
only studies from developing countries were two conducted in Cuba where 
the intervention was dietary restriction [54] and hence cannot be considered 
as a community-based intervention. The Cochrane collaboration reviewed 
22 studies: 10 considered long-term, i.e. at least 12 months duration, and 12 
short-term, i.e. 12 weeks up to 12 months. Nineteen of the intervention trials 
were school-based, one was a community-based intervention targeting low 
income families, and 2 were family-based interventions targeting non-obese 
children of obese/overweight parents. The interventions either focused on 
dietary change or were targeted to increase physical activity, and in some 
instances was a combination of both. As the interventions were heteroge-
neous in design and quality, target population and outcome measures, the 
review was unable to provide statistical analysis of the impact. The review 
concluded that the interventions employed to date have largely not had an 
impact on the weight status of children. A recent comprehensive multicenter, 
multifactorial behavioral change intervention carried out over 3 years has 
been unable to demonstrate any change in the weight status among American 
Indian children [55]. Despite the global epidemic of obesity, the prevalence 
of obesity in most developing countries is small and there is no evidence that 
well-designed intervention trials to deal with childhood obesity have been 
carried out or reported.

Summary of Community-Based Intervention Trials: What Works?

Strategies that aim to improve maternal nutrition and health are the most 
significant interventions that have the best possible pregnancy outcome. An 
adequate and diversified diet promotes weight gain in pregnancy and hence 
food supplements or balanced energy-protein supplementation may be used 
to target vulnerable groups such as undernourished low BMI pregnant women 
and adolescent mothers. Multi-vitamin supplements have been shown to be 
effective not only in improving maternal health and birth outcomes but also 
on subsequent infant growth and health. Promotion of exclusive breastfeed-
ing in early infancy followed by optimum complementary feeding in the pres-
ence of good hygienic practices diminishes risk of infections, promotes infant 
growth and prevents child undernutrition. Table 3 summarizes the most 
important interventions for good pregnancy outcomes and infant and child 
nutrition that are supported by evidence from community-based intervention 
studies and trials.
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Community-Based Intervention Programs: Country 

Experiences

Some of the important community programs [56] with nutritional objec-
tives and goals are summarized here. These are large district-wide or national 
programs that cover large sections of the population in developing countries 
– many of them ongoing even now. Many were initiated either by national gov-
ernments or by aid agencies and bilaterals with the collaboration and support 
of the state. Some of them have been evaluated and others have adopted and 
evolved as the evidence for what works emerges.

Table 3. Summary of interventions that have a positive impact on pregnancy out-
comes and infant and child nutrition

Comments

Interventions with evidence of positive impact on good birth outcomes, e.g. LBW

  Maternal supplementation of 
 balanced energy and protein 
 supplements/food supplements

Issues to be addressed: Should target 
 only low BMI mothers and adolescents? 
 Second or third trimester? Continue 
 during lactation? Benefit-cost ratio?

  Supplementation with iron-folate or 
 multiple micronutrients

Impact on maternal morbidity and 
 mortality

  Micronutrient fortification of food Fortification strategies cheaper than 
 supplementation

  Dietary diversification strategies Sustainable approach in the long-term
  Non-nutritional interventions: 

 increase age of marriage/
 conception; reduce physical 
 activity during pregnancy; malaria 
 prophylaxis and deworming; 
 cessation of smoking/reduce smoke 
 exposure

Interventions for better infant and child nutrition and growth

  Promotional strategies and support 
 for breastfeeding

Exclusive breastfeeding recommended 
 for first 6 months

  Educational strategies and support 
 for better and safe complementary 
 feeding

Breastfeeding to be continued when 
 complementary foods added

  Ensure adequate micronutrient 
 intakes during complementary 
 feeding

Evidence of positive impact of zinc, 
 vitamin A, iron. Multiple micronutrient 
 supplements and fortified foods 
 beneficial

  Prevent infections: hygienic 
 interventions, deworming

Hygienic interventions reduce 
 gastrointestinal infections which 
 predispose to malnutrition. Probiotics 
 also reduce risk
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Kenya – Applied Nutrition Project (ANP)

Started in 1983, the ANP covers 3 food-insecure divisions in Kenya. 
Although the main goals of this community-based project are related to 
food production, it also has nutrition and health objectives since nutrition 
education, promotion of breastfeeding and better weaning foods as well as 
improving water and sanitation are also objectives. Initially largely external 
aid driven, its long existence has institutionalized several components of the 
program with incorporation into existing community structures.

Madagascar – Expanded School and Community Food and Nutrition 

Surveillance and Education Program (SEECALINE)

Started in 1993 and funded by the World Bank, SEECALINE has been 
expanded nationally since 1998 and has received support from the state. 
The program has a supplementary feeding component with specific nutrition 
objectives. Data on growth monitoring indicate considerable improvement in 
child nutrition with between 8 and 15% reductions in underweight in 5 prov-
inces. It is, however, a top-down program with weak community participation.

Zimbabwe – Community Food and Nutrition Program (CFNP)

In existence since 1987, this national program evolved from an earlier 
supplementary feeding program. State funded, it has both food security and 
nutritional objectives and integrates both agricultural and nutritional activi-
ties in the community. Until the recent troubles in Zimbabwe, CFNP demon-
strated a reduction in both underweight and stunting in children.

Brazil – Child Pastorate Program

This large program in all 27 states of the country has been in existence 
since 1982 and is run by the Catholic Church with funding from the Ministry 
of Health. In addition to poverty reduction, the program has specific objec-
tives related to health and nutrition. The program has been very success-
ful with significant impact on maternal and child health. The achievements 
include: a reduction in underweight pregnant mothers; reduction in LBW 
(from 14% in 1988 to 5% in 2001); reduction in child malnutrition (18% in 
1988 to 4% in 2001), and a considerable reduction in maternal and child mor-
bidity and mortality. It is a politically popular and visible community program 
with strong support nationally and an interesting mixture of partners – the 
church, state, and NGOs.

Mexico – Education, Health and Nutrition Program (PROGRESA)

Started in 1997, PROGRESA is a large nationally funded initiative with 
broad objectives aimed at poverty reduction. This complex multi-sectoral 
program provides educational grants and food and income supplements. 
The food supplements provided were fortified with micronutrients and given 
to both to children and pregnant women and showed that supplemented 
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children had gains in stature and lower levels of undernutrition and better 
hemoglobin and vitamin A status. An evaluation report showed that children 
receiving PROGRESA supplements had improved growth and a reduced 
probability of stunting [57].

Chile – Supplementary Feeding Program (Programa Nacional 

Alimentacion Complementaria; PNAC)

This national program with universal coverage is financed by public and 
private sectors. PNAC targets all children below 6 years of age and preg-
nant women in Chile. Since 1983, it operates at two levels – one basic for all 
and the other enhanced targeting specific vulnerable groups. The program 
has demonstrated good nutritional outcomes and benefits, although more 
recently concern has been raised about the program contributing to the rise 
in overweight and obesity in Chilean children [46].

The Philippines – Program on Good Nutrition for Health (LAKASS)

LAKASS is a nationally funded program with aid from Japan, and has been 
operational since 1989. It has a high level and consistent support and claims 
significant improvements in the nutritional status of young children. The pro-
gram includes growth monitoring, micronutrient supplementation and sup-
plementary feeding and weaning food components as well as other broader 
community development projects. With the built-in community participation, 
this is a sustainable community program.

India – The Integrated Child Development Services Scheme (ICDS)

ICDS is the largest program for the promotion of maternal and child health 
and nutrition in India, and was launched in 1975 in pursuance of the National 
Policy for Children. It is a multi-sectoral program run by the national govern-
ment with the cooperation of the provincial governments. The beneficiaries 
are preschool children and women of reproductive age including those preg-
nant and lactating. ICDS provides an integrated approach to converge all the 
basic services for improved childcare, early stimulation and learning, health 
and nutrition, and water and environmental sanitation. Independent evalua-
tion has demonstrated an improvement in the nutrition of children under the 
scheme as compared to those with no access to the program [58, 59], while 
other evaluations of ICDS have found its impact on nutrition to be limited 
[12].

Tamil Nadu, India – Tamil Nadu Integrated Nutrition Project (TINP)

Initiated in 1980, TINP goes beyond supplementary feeding to focus on 
improving caring practices and has achieved significant success in reducing 
severe malnutrition among children in participating districts as compared to 
non-participating ones [60]. In 1991 the second TINP (TINP-II) was launched 
and aimed to move beyond the reduction of severe malnutrition and was 
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aimed at reducing the high prevalence of moderate undernutrition in chil-
dren. The completion report of TINP-II found that the project had been suc-
cessful in reducing severe undernutrition and infant mortality rates, but was 
less successful in reducing moderate undernutrition or LBW prevalence [61].

Bangladesh – Bangladesh Integrated Nutrition Project (BINP)

BINP is a large national program which evolved from its forerunner – the 
TINP in India and is an example of the pursuance of the food-care-health 
conceptual framework. It has been operational since 1995 funded largely by 
the World Bank with the overall aim to reduce malnutrition until it ceases 
to be a public health problem. This is an example of collaboration between 
an aid agency and national government. Among the various components of 
this program, the community-based elements, which consume most of the 
budget, are largely nutritional interventions including growth monitoring 
and supplementary feeding. BINP claims to have made a significant positive 
impact on the nutritional status of children and on the incidence of LBW, 
although doubts have been raised about the impact of this huge intervention 
program [62, 63].

The community-based programs summarized above are not exhaustive, 
and several programs with some degree of success have not been covered and 
include countries like Sri Lanka, Pakistan, Indonesia, Thailand, Cambodia and 
Vietnam in Asia. The success, effectiveness and impact of large scale nutri-
tion intervention programs depend on both contextual success factors, i.e. 
the macro-environment in which the program operates, and the program suc-
cess factors, i.e. the components, features and structure of the program itself 
[12, 56]. In addition the sustainability of the program depends on political will, 
the availability of resources (both monetary and human), community partici-
pation and involvement, and the level of institutionalization of the program 
that takes place over time. Table 4 provides a summary analysis of some of 
these features carried out by the Food and Agriculture Organization on some 
of the community-based intervention programs summarized above.

Community-based approaches can work if established as broad-ranging, 
multi-sectoral and integrated food and nutrition programs, often as part 
of poverty reduction and social welfare initiatives in developing countries. 
Because maternal and child undernutrition is the result of many factors, mul-
tiple sectors and strategies will have to bear on the objective of eradicating 
this problem. With child undernutrition and obesity and adult disease linked, 
as evident in the life cycle approach, and the consequent double burden of 
malnutrition manifesting in developing societies, tackling this emerging prob-
lem of malnutrition is a priority. Hence community-based approaches have 
to ensure a minimum package which addresses the ‘food-health-care’ triad 
recognizing the documented synergies in these approaches [12]. Thailand is 
often cited as an sterling example to demonstrate the success of community-
based approaches in dramatically reducing child undernutrition [1].
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Discussion

Dr. Mathur: In the theme of this conference, you showed the obesity interven-
tions in one slide but the focus has been on changing undernutrition. The successes 
and failures of the programs which you mentioned were mainly on undernutrition. 
In these societies where undernutrition and overnutrition coexist, can we give this 
country or any country a single package of nutrition as a policy? While we are tackling 
undernutrition we are looking at overnutrition also. The policymakers are confused on 
what would be an appropriate nutritional package. Undernutrition strategies aim at 
providing something extra, whereas overnutrition policies are restrictive. As a human 
behavior it is easier to take than to give up, and that is the challenge for all nutrition 
intervention trials. I suggest we look at some of the behavioral aspects and the new 
social determinants of health in tackling nutrition problems in coexisting societies.
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Dr. Shetty: I think that is a very apt comment. I must apologize because I knew I 
was the last speaker and the main focus of the symposium was childhood obesity and 
undernutrition. I have about 5 or 6 slides which deal with the whole issue of popu-
lation-based approaches and I wanted to highlight how, if you take this population-
based approach, you can actually use the success stories of Finland and Norway to 
show that if you make the sort of changes that are required you can address the prob-
lem of chronic diseases in the population. I don’t think I have the time to do that here. 
There are several lessons to be learned. Dr. Popkin spoke first at this meeting and I 
last, but we both believe that there are major macroeconomic and structural drivers of 
the changes happening in developing societies, which are contributing to the problem 
of obesity in these countries. Norway and Finland are two good examples of how they 
actually went about implementing policies that reduce coronary heart disease in a 
reasonably short period of time [1].

Non-communicable diseases are preventable. There is good evidence that popu-
lation-based prevention is cost-effective, and is an affordable option for major public 
health improvement with regard to both obesity and non-communicable diseases and 
can bring about major changes in disease burden in a relatively short time. We have 
to learn lessons from countries which have addressed this issue very seriously. Not all 
countries have done that. We have to have population-based approaches, we have to 
use the experience that they have used in changing their food and agricultural policies 
which have had an impact on the prevention of non-communicable diseases. Norway 
and Finland are very good examples. In the recent literature there are examples of 
economic and food policy analysis that implicate the US agricultural policies and farm 
subsidies from the 1950s in the epidemic of obesity [2, 3]. The European Union pro-
motes the increased consumption of fruits and vegetables; on the other hand it actu-
ally subsidizes farmers who are unable to sell their fruits and vegetables by providing 
what is called ‘withdrawal compensation’ for the destruction rather than promotion of 
the consumption of fruits and vegetables by making them available cheaply, particu-
larly to low income households [4]. That is a paradoxical policy and I highlight this 
only to emphasize that the health sector cannot achieve much unless it understands 
the whole situation at the national level and acts to influence and change opposing 
policies and deals with other economic interests to achieve it goals. There are several 
such examples from which we can learn, and we can learn from positive experiences, 
and also from negative experiences. The last point that I would like to address is that 
the health sector, i.e. the people concerned with obesity and non-communicable dis-
eases or undernutrition, has very little power within the system of governments. If 
you look at the health minister’s budget in most countries, it is a very small fraction 
compared to what is spent on everything else. And yet the health sector makes sev-
eral demands and recommendations for a healthy diet and lifestyles which end up 
having little impact. We in the health sector have to realize that we have to work 
with other people in other sectors while understanding their points of view and help 
influence policies that will be beneficial from a health perspective. We need to tem-
per our demands or do it in such a way that it does not antagonize the interests of 
other sectors and ensures that all sectors recognize that the health of the population 
is important because of the economic burden on the nation. The examples of Finland 
and Norway I provided earlier show how the involvement and close cooperation of 
other sectors are crucial to success. We also need to emphasize that when we make 
recommendations for dietary intakes or healthy body weights or BMIs, for example, 
with population-based approaches we are actually referring to the population mean or 
median, and our attempt is to shift the distribution so that the median shifts below the 
recommended level. If we progress towards shifting the distribution we will achieve a 
lot more in terms of public health benefit. If you shift the median of the distribution of 
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the risk factor, the incidence or burden of the disease is lowered [5]. In summary, we 
need the sort of approaches which take into consideration the macro changes within 
the food system that occur with economic development and the political will to imple-
ment the necessary policies to favor healthy diets and lifestyles.

Dr. Popkin: I just want to add a couple of things to Dr. Mathur’s comments 
because they are relevant. First, in many countries around the world, particularly in 
Latin America today, there are still pockets of undernutrition as you mentioned. In 
contrast, Mexico has effectively eliminated acute malnutrition except for tiny pock-
ets. In Asia and Sub-Saharan Africa we have larger numbers of acutely malnourished 
children. India is not at the point of Mexico. In South Asia the difficulty is we know 
what we need to do for children to deal with underweight and so much of it relates 
to birthweight and weaning foods in that critical period from prenatal to infants. But 
the difficulty we are facing in many countries is how to shift the lower end of the 
BMI distribution without much more rapidly shifting the upper end rightwards. This 
is where the complexity lies at the national level. We haven’t figured out how to do 
that and it is particularly worrisome for India because we are beginning to see IGT 
forming in rural areas, with low BMIs for women and men and so forth. So the ques-
tion of what BMI we need to shift to, and given this very unique etiology, is a complex 
one. Then we come to all the classic strategies. We clearly know breastfeeding can 
work for everyone. Once we move beyond that we usually deal with energy density 
issues for infant feeding, and we typically even think about protein density for preg-
nancy. But the complexity here is that very quickly, depending where you are in the 
spectrum, it creates negative things. Now Dr. Shetty mentioned a very small, not so 
well-done study in Chile showing that in programs dealing with undernutrition, when 
undernutrition improved and the –1 z score was changed for targeting children and 
preschoolers for food programs, and the children became overweight from those pro-
grams. PROGRESA is a huge study affecting 20 million people in Mexico, which is 
a much bigger country than Chile with over 100 million people, and the same thing 
has happened. In fact we just changed the whole PROGRESA program to move from 
whole milk to skim milk and a number of other things to try to deal with some of the 
programs in that country. In India where there is still so much undernutrition in rural 
areas; could you imagine for example moving to skim milk, it would be wonderful if 
you could even get some milk into children and infants in the rural areas. This is really 
a unique circumstance in South Asia, but in general it is not so different from what we 
faced in China. I could show the same kind of evidence for China as for Mexico and 
Chile. So we really have an issue in Asia. Africa is very different because there you 
have got either HIV in South Africa, or CHD. We have got two worlds presenting some 
extremely complex public health challenges related to body image. How do we reduce 
adult obesity while not making people think that adult has HIV/AIDS.

Dr. Ganapathy: Our patients visit a doctor when their child is thin and frail, under-
nourished as they call it. There is no awareness of obesity. Obesity is still a cosmetic 
problem and a storage issue. I think there is a need for the awareness that adipose tissue 
is an important endocrine system, a source of inflammatory cytokines that can give rise 
to chronic disease. Health education definitely plays a role. In rapid urbanization, chil-
dren skip breakfast and get packed lunches. With working parents, not even a single meal 
is shared by the family. Their sleep patterns are also messy; no proper sleep hygiene.

Dr. Sesikaran: When we were students in school in India, we used to have the 
National Cadet Corps which ensured regular physical activity of at least 1 h almost 
every alternate day. That has been stopped, and now in schools we are unable to bring 
in physical activity.

Dr. Sawaya: For the last 2 years at our centers, we have been treating both obese 
and malnourished children. Although the social problems might be slightly different 
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talking about slum children, it is true that at least 40% of the families have 1 malnour-
ished child and 1 obese adult in the same family. If you a good adequate diet is given, 
body mass, especially fat mass, decreases and lean mass increases, and there is also 
recovery from malnutrition. In our experience it is much more a social question, for 
example the way the mother cares for her child, if lunch and dinner are provided and 
the type of food eaten, thinking more of the environment in the context of the family. 
But in terms of nutrients and food, in our experience the treatment for obesity in chil-
dren and the treatment for malnutrition are practically the same.

Dr. Subramanian: In one of your slides you showed that there seems to be no 
evidence about the role of iodine in birth outcome, but the later slide includes salt 
iodization as part of the package for improving maternal and child nutrition. Why is 
iodine not considered important for birth outcome?

Dr. Shetty: I just looked at the evidence in the Cochrane review showing that 
iodine supplementation alone has no impact on birthweight, on pregnancy outcome. 
Iodine cannot be ignored because we know that there are periods with iodine defi-
ciency, and also that there are other ill effects of not having enough iodine. Therefore 
we want to ensure that there is enough iodine. But giving iodine alone has no impact, 
that is the paradox.

Dr. Subramanian: You mentioned the LAKASS program and made a good sum-
mary of all the strengths as well as some weaknesses of what make community-based 
programs successful. We want to call them area-based, starting from a good analysis of 
the situation in an area. The combination and presentation of the package of services 
need not be the same for different communities, even in the same country because 
of cultural and regional differences. What is really very important here is political 
commitment, good leadership. Especially in a country like ours where political exer-
cise happens more often than we desire. When there is a change in local leadership, 
we have to make sure that the program is sustained. Political participation is very 
important; how the program is run. When there is a change in local leadership and the 
people who run the government, surveillance is necessary. Local government needs 
feedback on what is happening, so that they continue to support the local programs.
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Concluding Remarks

I am going to summarize very briefly what I understood from the talks in 
the session which I shared with Bhaskar Raju. The first one was given by 
Andrew Prentice. It was a brilliant lecture, and he spoke of a number of 
things which I had always tried to understand, but I had never understood 
them before. Today I don’t have much difficulty actually putting this together. 
His talk was the evolutionary origins of obesity and the contribution of rapid 
nutritional transition. He stressed that the rapid increase in obesity has only 
been over the last few decades. Then he raised the question, ‘Are developing 
populations more susceptible? Do we have any indications in the evolutionary 
analysis?’ He discussed the thrifty gene hypothesis which proposes that the 
thrifty genes deposit more fat during food availability. These are positively 
selected when food is not available because these people are able to use their 
energy stores. He then raised the issue that all populations have faced, fam-
ine which is episodic rather than a long-term supply problem. By definition 
everyone alive today must carry the thrifty genes. He challenged the origi-
nal description that selection is related to viability and showed evidence that 
selection is more related to fertility. He quoted recent work from Cambridge 
on genetic syndromes of obesity. Almost all of them are related to the control 
of appetite in the hypothalamus, there is hardly any genetic syndrome related 
to an energy expenditure problem. We don’t have any experimental support 
for the thrifty genes. The recently describe FTO gene polymorphism has been 
replicated in the majority of European populations, but not in Africans., In 
Indians it is strongly related to diabetes, but weakly or not related to obesity. 
So in Indians it remains a diabetes gene but not an obesity gene. I interpret 
this to indicate a basic difference in Indians and Europeans about how obesity 
is related to diabetes. I think the geneticists have provided us with an exciting 
marker whose epigenetic regulation may reveal fundamental processes in this 
pathway. Dr. Prentice also thought that with the genome-wide search clever 
statisticians are going to provide us with some answers very soon.
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Parul Christian spoke on the prenatal origins of undernutrition and 
made the important point that the high prevalence of childhood stunting 
and wasting occurs in parts of the world where low birthweight is common. 
She showed that low birthweight increases the risk of stunting by 2–5 times. 
She then highlighted that IUGR rather than prematurity contributes to sub-
sequent stunting. She discussed factors which determine birthweight and 
IUGR. Intervention is possible for pre-gestational factors, e.g. maternal age, 
parity, inter-pregnancy interval, maternal size at the time of pregnancy and 
maternal education, and a number of gestational factors, such as weight gain, 
diet, physical activity, stress, toxins including tobacco. Clearly more research 
is needed and we had a lot of discussion on this. During the discussion I think 
we all agreed that rather than weight we need more refined measurements 
of size and body composition so that we can dissect these problems further. 
Animal models could be useful, and we discussed some of these models.

Marc-André Prost told us about postnatal origins and he showed us that, 
despite a lot of interest in obesity, nutritional deficiencies are still among 
the top 15 causes of mortality in the world. Nutritional problems lead to 
impaired physical growth, cognitive development, reduced economic pro-
ductivity, and increased morbidity and mortality. He also discussed the 
UNICEF scheme of undernutrition. He showed a graph, which I found very 
interesting, that length faltering starts much earlier than weight faltering. He 
stressed 3 factors which affect postnatal nutrition and postnatal growth, i.e. 
inadequate nutrition, infections, and problems related to care. He pointed 
out that mothers’ nutrition is important for the quality of the breast milk and 
that problems could arise by relatively early complementary feeding at the 
cost of breastfeeding. Iron and zinc are important for growth between 6 and 
23 months of age. He finally stressed the issue of societal care and its com-
ponents including the GDP of the country, safe water supply, sanitation and 
healthcare facilities.

Finally Anne-Lydia Sawaya made a brilliant presentation. She said that 
stunting in the slums of Brazil reflects both malnutrition and poverty which 
are inseparable, therefore any approach and intervention must tackle both. In 
her experience 70% of stunted children had low birthweight. She shared with 
us her experience with these children and stressed the team approach which 
makes a lot of difference to the results. The comprehensive approach includes 
dietary, educational, social support, and treatment of associated conditions. 
She also talked of her research on risks of stunting, which is associated with 
adiposity and metabolic risk factors. In her studies successful height recovery 
reverses the majority of these changes except blood pressure. Further inter-
vention studies are needed in this population.

Chittaranjan S. Yajnik
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We had a session on the mechanisms of metabolic damage or what we should 
be calling the mechanisms of injury. We started with an outstanding summary 
of genomic methylation and epigenetics from a geneticist perspective. It was 
important to learn that there is only a small group of genes that have been 
identified so far, so-called metastable epialleles which are sensitive to envi-
ronmental influences, and they undergo molecular changes such as methyla-
tion, acetylation, and that these changes remain permanent and for a lifetime. 
There was an important lesson to be learned from that. The second lesson was 
that the lifestyle of one generation can significantly influence the health of the 
next generation. The best example is that the intrauterine environment can 
influence growth of the embryo at multiple developmental stages.

Then Emma Whitelaw left us with the challenge: what the true transgen-
erational genetic inheritance of these traits is, is the embryo affected by the 
maternal environment or nutrient environment or whatever the other compo-
nents of the environment are. So far there is not a very good evidence to con-
firm the transgenerational inheritance of these traits in humans, and it will 
require a definitive confirmation with improved modern and newer technolo-
gies. I am not sure that we will find the answer because as we learned that 
the blastocyst goes through massive demethylation and all the methyls are 
lost, and the fertilized embryo becomes a pleuripotent stem cell from where 
all the tissue’s specific genes are expressed, and for example the liver cells 
become the liver and the brain cells become the brain. Then the question 
arises: what are these inheritable traits that are affecting the genome, and 
why they are surviving through that demethylation stage? This question has 
not been answered and is a challenge for the future.

In my own talk I tried to convey that methionine along with folate are 
the key methyl donors for a large number of methyltransferase reactions, 
there are a lot of methylation processes occurring on throughout the organ-
ism/and that every cell expresses the methionine cycle. Because methio-
nine metabolism requires several vitamins, B12, folate, pyridoxine, etc., and 
cofactors, it is regulated by a number of hormones, nutrient and environ-
ment changes can easily influence methionine metabolism and therefore the 
methylation status of the developing organism, and possibly cause perma-
nent effects and programming. The last part is a speculation which needs 
to be confirmed. There is experimental evidence showing that alteration in 
folate metabolism does cause some changes in the methylation status of the 
genome and this can be reversed by appropriate nutrient supplementation 
and interventions.

Then we heard from Eric Ravussin, and the highlight of his talk was the 
issue of calorie restriction. As we know from a lot of animal studies, calorie 
restriction has a favorable effect on a number of physiological, hormonal and 
biochemical parameters and biomarkers of longevity. The interest in the bio-
markers of longevity has to do with the changes in mitochondrial biogenesis 
particularly in the skeletal muscle, the change in the core temperature and 
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in overall energy metabolism. He discussed at length that, in the presence of 
increased mitochondrial biogenesis, the changes in energy metabolism were 
going somewhat in the opposite direction, which is a very interesting and 
challenging issue to address in the future.

Vidya Subramanian next convinced us that obesity induces a complex 
inflammatory state by both inter- as well as intracellular signaling pathways. 
There is infiltration of macrophages in the adipose tissue associated with sys-
temic metabolic responses such as the development of insulin resistance in 
the skeletal muscle, in the liver, through various cytokines and other molecu-
lar mechanisms. There is a whole corollary to this phenomena and she showed 
us evidence to support these concepts.

Finally Arthur McCullough introduced us to the consequences of atopic 
fat in the liver and non-alcoholic fatty liver disease, a rapidly emerging dis-
ease worldwide. We recognize it in Western societies with a rapidly increasing 
obesity, insulin resistance and inflammation. Ultimately it leads to hepato-
cellular degeneration, cirrhosis and other consequences. He showed us a 
number of intervention strategies, described the molecular mechanisms of 
fibrosis. Thus far the success of many of these interventions has been low. 
This particular syndrome is not necessarily confined to Western societies, it is 
rapidly increasing in emerging societies too.

Satish C. Kalhan

It is the end of a long day and a very fruitful meeting, so I will try to be 
rapid. We started our meeting by setting the scene for the later discussions. 
Barry Popkin gave us a lot of information that actually we are very well 
aware of, and we are well aware of it mostly due to Barry’s work and his writ-
ing about this and the infiltration into the mass media. Congratulations. He 
addressed the global juggernaut in terms of food policies, changes in the 
dietary supply, changes in transportation and all the issues that are associ-
ated with this enormous global transformation. This is the first time that any 
species has so radically changed its own environment in such a way as to 
profoundly change its pattern of lifestyle and ultimately its physiology. We 
want to use that to perhaps amend some of the changes that we can predict 
are going to occur in the emerging nations. We got a picture of that for China 
from Shi-an Yin, for India from Srinath Reddy and for Africa. What we saw 
was that although these regions are at very different stages of change, in fact 
if the underlying themes are examined there is a very strong unified story as 
to where we come from and where we are going. I guess the overall message 
is that because some continents, and I am thinking particularly of the US and 
then Europe, have gone there first, surely those of us who are later behind 
the malnutrition-demographic transition should be able to learn something 
from the mistakes that have gone before. Whether we are able to do that or 
not remains to be seen.
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In summarizing Session 4, there is again an underlying theme to all of the 
talks. I think it is possible to take away from any one of these talks something 
that we in the audience can do about the problem because that is ultimately 
what we are here for: to try to design interventions, be they in our pediatric 
clinic, be they in our special care baby unit, or wherever we work whether 
that is perhaps as a director of an institute of medical research or someone 
working in the private sector. We want to do something about this problem.

Ranjan Yajnik in his usual manner displayed his innovative thinking in 
the way that his research here in India has really lead the field. Obviously we 
have to give David Barker a great deal of credit for this, but I think Ranjan 

Yajnik is the one who is pushing the boundaries now and I think it is an 
immense credit that it is happening here in India, and congratulations to you 
and all your colleagues. What he told us was that diabetes is going to show 
a 300% predicted increase and we will have 18 million diabetics in India by 
2025. He told us very clearly that the preventative efforts are starting too late 
and they are far too costly; we already cannot afford them and if you project 
those numbers forward, then we definitely cannot afford to be treating these 
people who have already got all these obesity-related comorbidities. He also 
made the important point that it only postpones the problem anyway, and in 
fact a very interesting cost-effectiveness analysis was published a couple of 
months ago [1] showing that actually the aggregated costs of keeping people 
alive and treating their obesity and diabetes are in the end going to cost us 
more. The sad fact is that people who die are very cheap. Keeping people 
alive is going to cost a lot more if those people have the associated obesity 
and metabolic defects. It is not an argument that he actually used but I think 
it strengthens very strongly the argument that Ranjan Yajnik was making, 
that we have got to stop trying to look at these things in the post-reproduction 
phase because that brings no benefit to the offspring and therefore is really 
not investing in the future. We are just trying to put out fires as they exist at 
the moment. And so there is a very strong imperative to look at the life-course 
approach. That was the real essence of Ranjan Yajnik’s message. The situa-
tion is still confusing, a lot of it is an unfinished agenda, we don’t understand 
yet how best to tackle this, but work is in progress. Disharmonious growth 
was obviously a very important part of the problem, and we find ourselves in 
a sort of intellectual trap: if we can’t affect growth at any stage of the lifecycle 
without having problems downstream, then how can we do anything, and that 
is something that Ranjan Yajnik has written and talked about. The core of 
his interest at the moment relates to B12 and folate and the intriguing imbal-
ances between those and the fact that we really need to be very careful how 
we intervene, and there will be issues of course for discussions as to how 
extrapolatable that is.

Staffan Polberger gave us a micro example of interventions and what we 
could do. He described the necessity of dealing with very low birthweight 
babies and how in his particular special care baby unit they are trying to 
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individualize that. Very impressive work within that setting, there were 
controversy and arguments later as to whether that is affordable even in a 
Swedish special care baby setting. But clearly it points the way forward and 
ultimately this kind of individualized approach to nutrition is going to be 
something that will be affordable in many populations. We can add to that the 
possibility that we will know every individual’s genetic profile which will help 
form that argument also.

Dewan Alam gave us a wide ranging review of the factors that affect low 
birthweight, and the fact that some of these are modifiable, some of them are 
not. Most of his talk was really about supplementation. He warned us that 
there are many reasons why there may be limited effectiveness of supplemen-
tation, and then he gave us a summary of the effects of those supplements as 
we know them so far. He talked about balanced protein energy supplementa-
tion, really very modest effects. I totally accept the points that were made 
later about the fact that our Gambian trial really has major weighting in the 
Cochrane analysis and that if you take that out then there is a very minor 
effect altogether, and the cost-effectiveness of that is very dubious. Single 
micronutrient interventions showed surprisingly little evidence of positive 
effects. Many multiple micronutrient trials have been published recently. We 
are starting to get a much more informed evidence based on this, some of 
them showing benefits, some of them showing benefits over and above iron 
and folate, and some of them not. I guess if you came down and said what is 
interesting about the issue you would say actually it is difficult to shift birth-
weight by more than 50 g, and that is a very small effect on birthweight. So 
then we talk about increasing the left hand side of the birthweight distribu-
tion, and a lot of these programs are quite effective at reducing low birth-
weight, so that is good news.

Finally Prakash Shetty gave us a really comprehensive analysis of com-
munity-based intervention trials. There is evidence to suggest that interven-
tions to improve maternal nutrition and health are the most successful, which 
comes back to Ranjan Yajnik’s point about lifecycle approaches. Again if 
there is a theme coming out of this meeting, it is the huge importance of early 
intervention and lifecycle approaches. The nutrition transition definitely 
places new challenges and the need for a modification of programs. We have 
discussed the fact that we need to be looking at both ends of the spectrum 
of undernutrition and overnutrition. The new interventions need to be inte-
grated and joined up. They must start very early in life and must concentrate 
on both ends of the burden. It is very important that evaluation is conducted. 
A lot of programs must be scaled up if they are available, and sustainability 
requires political will, resources in terms of both money and people, and com-
munity involvement. When invited to give us other additional slides, he made 
some very pertinent comments about not just the community-based inter-
ventions but what we should be aiming for at the national level, and gave us 
examples of where there has been success.
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There are some final cross-cutting conclusions. It is critical to tackle the 
issues very early in the lifecycle. I think that has come out loud and clear from 
our meeting here. The evidence base on how to intervene is growing but there 
remain huge research questions. I know scientists are always saying we need 
more research money and there is more research to be done, and I genuinely 
think this is the case. In whom should we intervene, when, at what stages in 
the lifecycle should we intervene, and how do those interact with each other? 
How do we balance the short- and long-term benefits and risks? It seems that 
if we benefit one short-term endpoint, we may be harming a longer term end-
point, so we have to learn a lot about that. How do we disentangle the very 
complex matrix of possibly conflicting effects of interventions? The material 
we heard from Satish Kalhan in terms of the complexities of the methionine 
cycle and a rather overlapping complexity from Ranjan Yajnik in terms of 
the folate-B12 angle, just give us a little glimpse at some of the enormous com-
plexities of this. And finally, in the meantime how do we guide health profes-
sionals and governments; what as pediatricians can we do, and what do we 
tell our colleagues as a result of this meeting?

Andrew M. Prentice

Discussion

Dr. Prentice: I had a specific request from the audience for a final discussion: 
can we please talk about what messages we take back to our pediatric clinics and our 
colleagues? I think it would be especially useful if we could just spend a few minutes 
discussing that.

Anonymous: To me the topics that have been discussed during these 3 days have 
been very diverse. From the very depth of the presentations from the biomedical level 
to the community level, it is difficult to think who will take what kind of message 
home. Probably it depends on individual interests. As a pediatrician the message that I 
have taken from these presentations is that we should look into the totality of the mat-
ters, as far as the children are concerned, undernutrition is concerned, and obesity 
is concerned. Unless and until we take it as a total message, as a package and not in 
piecemeal fashion, and until we have sifted through the opportunities from the top to 
the bottom, it will be difficult to solve the problem.

Anonymous: The message that I as a pediatrician will take back would be first 
in all certainly prevent obesity in the child who was born low birthweight or SGA. 
We don’t know what is catch-up growth is, but we certainly must not allow them to 
become obese at any time during their lifecycle. The second message would be that in 
all these babies, regardless the diets we give them or what growth monitoring we do, 
they must be monitored for the metabolic syndrome early in their lives because that 
will really show us what is harmful or beneficial to the baby.

Anonymous: From my understanding of all that we have discussed today, I think 
we are actually looking at supervisory nutrition for everyone, from childhood to adult-
hood, and even in the case of the obese child. During supervisory nutrition, when the 
child is catching up it gets to the point where you know that at this age there should 
be some control of the child’s diet. With this supervisory nutrition you do not stop 
certain types of intervention and begin another type, and that is what I see in the 



Concluding Remarks

266

issue of catch-up growth in the young child. Then for the general population at large, 
I think we need to begin to look at the situation of population intervention, whereby 
the government is responsible for making some policies as we heard yesterday; poli-
cies to ensure that globally nutrition is apt in our countries, support for the resources 
available in each nation as far as agricultural products are concerned, and in the light 
of research, I think preventive measures are something that a bigger authority ought 
to be looking at. I find it very sad that, within the same household, some people are 
undernourished and some people are overnourished. We have to ensure supervisory 
nutrition for all with education for the household, knowing what is needed for the 
household. That is one of the message I would like to take home as a community 
nutritionist. Individuals in the household should know what is right to eat; adequate 
nutrition is the key in every household. At the government level, the authorities have 
control over the resources of the country, and they are responsible for supporting food 
agriculture, the nutrition of the people, and also to make information available to the 
people. With regard to catch-up growth, the child must be observed so that it will not 
suffer all the disease outcomes in adulthood.

Dr. Singhal: Can I just go back to an important point for pediatricians, the moni-
toring of follow-up of SGA babies in terms of the metabolic syndrome. There was a 
consensus statement published last year on the management of the SGA baby which 
states that you should not be monitoring for the metabolic syndrome [2] because pro-
gramming is based on populations an not on individuals. The positive predictive value 
of all programming factors is small for the individual. There is a difference between 
populations and individuals. Pediatricians are concerned with the individual for whom 
there is very little evidence of benefits of surveillance. Now regarding the question 
whether we promote growth fin SGA babies, I come back to the answer I gave early. 
It depends on the population you are interested in. The same consensus statement 
argues that in the West there is no indication for the promotion of catch-up growth in 
these babies [2].

Anonymous: I was actually very amazed by Finland where food habits changed 
and there was a major decrease in ischemic heart disease and diabetes by behavioral 
change. There the women definitely took the step. But what about the Third World; 
how do we communicate these things to our governments? It is difficult. I don’t see 
epidemiologists trying to communicate this to the government. What they did in 
Finland is an excellent thing, simply taking skim milk instead of a lot of soft drinks. 
About the food habits, this is also a matter of mass media. Mass media can also help 
us to spread this message especially in underdeveloped countries where education is 
another problem.

Dr. Prentice: In relation to your question, I think this comes back to what Dr. 
Shetty was saying that money speaks and governments listen when it is going to hurt 
them, when it is going to hurt their pockets or going to hurt them being reelected. One 
of the problems is that it is mostly going to hurt the pockets of governments five gov-
ernments ahead, so it is difficult to concentrate the mind of governments of today. In 
the UK our Prime Minister actually called in the head of National Westminster Bank to 
do a future analysis on this, and he made reports which really did paint a very gloomy 
picture of the future if we didn’t do anything about it, and now I think the UK is really 
moving and trying to do things and certainly it is suddenly taking the issue seriously. 
So I think this comes back to the point Dr. Shetty was saying about the necessity of 
cost analysis.

Dr. Chittal: This has been a wonderful experience, like standing in front of the 
Mona Lisa painting or the Taj Mahal. I am admiring, I am appreciative, but I am also 
baffled and I don’t know what I am admiring and I don’t know what I am taking back 
home. I can’t change government, I can’t even change the government’s opinion, but I 
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need to take something home for my patients. I look after small IUGR preterm babies, I 
encourage them to put on weight, but yet I need to warn them somewhere. Dr. Singhal 
says there is no point monitoring individual babies for the risk of type 2 diabetes; I 
need some marker, I need to monitor that. Is HOMA the marker or is insulin resistance 
the marker? I need one biochemical marker with which I can predict that this baby is 
going the wrong way. If I take that home, then yes, I have learned something.

Dr. Prentice: Let’s not lose sight of the certainties that we do have and one of 
those certainties was articulated in the very first point in this discussion which is, 
avoid obesity. Now how you measure that as a pediatrician is another issue, but I think 
let’s hang on to at least some of the things that we do know and then we know other 
things which Dr. Sawaya has been articulating about balanced diet and common sense, 
not losing sight of common sense. It may sound boring when related to the complexi-
ties of the methionine cycle, but we must not lose sight of those things as well.

Dr. Pandit: The last two and a half days have been like a movie which played in 
the Western world, in the developed world, at the end of the 19th century and early 
20th century, which exposed itself as diabetes and cardiovascular disease; in the mid 
1950s, it kind of slowed down in the West. Now this same movie is being shown in the 
East, in the developing countries. Only the characters have changed, there is a new 
character called affluence, otherwise it is the same movie. The West had an infant 
mortality of 200 per 1,000 at the end of 19th century which was also here some years 
ago and that resulted in diabetes hybridization in the 1950s in the West, and today we 
are facing the same. So it is a movie replayed with a new character, affluence.

Dr. Prentice: It is a movie, and when they do screen tests in Hollywood they ask 
the audience to chose between different endings. What we have got to do is to try and 
chose a happy ending.

Dr. Pandit: There is no micro-message that comes from this. I think we should 
get sensitized to the fact that government programs are basically research to be con-
ducted not on an individual child basis but looking at the associations, not a cause and 
effect relationship. What we have discussed for the last two and half days are associa-
tion paradigms, they are not cause and effect. Pediatricians like us came here to look 
at cause and effect, and it is not possible in two and half days.

Dr. Kikafunda: My message is to Africa. As was reported on the first day, there 
are limited data on the problem of obesity and its consequences in most African coun-
tries, particularly Sub-Saharan Africa. When there are no data, you believe there is 
no problem. But the problem is huge. Every 5 years demographic and health surveys 
are carried out. On nutrition, they only report on stunting, underweight, wasting and 
micronutrient deficiencies. The columns for overweight and obesity are left blank! So 
let us get data, and then we can face the problem.

Dr. Prentice: Because I was presenting the last session, it is only by accident that I 
am standing up here. Dr. Kalhan and Dr. Yajnik, do you want to make any closing com-
ments before we the conference is closed

Dr. Kalhan: My only comment is to look at the big picture. Biology has to move 
and we have to investigate all aspects of it. All these things that we have heard over 
the last two days, from basic sciences to genetics, to epidemiology, these are not 
mutually exclusive, they complement each other, we learn from these and create new 
paradigms and we tackle the problems.

Dr. Yajnik: I have to say that I enjoyed the last 3 days. Thanks to Nestlé for orga-
nizing this and thanks to everyone for your very active participation. I am taking home 
a number of new ideas to test in our studies. Thank you everybody.
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