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Introduction: the obesity epidemic

Almost 20 years ago, the World Health Organization (WHO) 
declared the problem of rising levels of obesity a ‘global epi-
demic’,1 yet the prevalence of overweight (body mass index 
(BMI; a ratio of weight to height commonly used to catego-
rise weight status) ⩾ 25 kg/m2) and obesity (BMI ⩾ 30 kg/m2) 
has continued to rise.2,3 In 2016, more than 1.9 billion adults 
(39% of the world’s adult population) were affected by over-
weight, of whom over 650 million (13%) had obesity,4 with 
obesity rates surpassing 50% in many countries.3 A high 
number of children and adolescents are also affected: in 
2016, some 41 million children under the age of 5 years and 
340 million (18%) of those aged 5–19 years had developed 
overweight or obesity.4 While the increase in obesity preva-
lence in developed countries appears to have slowed down 
over recent years, developing countries are catching up rap-
idly and no country has been successful in reversing the epi-
demic.3 Modelled estimates have forecasted a further 33% 
increase in obesity prevalence by 2030.5

What’s more, the distribution of BMI has shifted, so 
although people across the weight spectrum have become 
heavier, the change has been greatest at the upper end. In a 
landmark paper6 that compared data collected from US 

adults aged 20–74 years between 1976–1980 and 1999–2004 
as part of the National Health and Nutrition Examination 
Survey (NHANES), it was clear to see not only that the dis-
tribution of BMI has shifted to the right over recent decades, 
but that the change has been greater at the upper centiles of 
the distribution. This indicates that the distribution has 
become more skewed. In addition to the twofold increase in 
the rate of obesity in the adult population (from 15.0% in 
1976–1980 to 32.9% in 2003–2004), the proportion with a 
BMI in the range considered morbidly obese (BMI ⩾ 40 kg/
m2) has more than tripled (from 1.4% in 1976–1980 to 5.1% 
in 2003–2004).6 Similar changes have also been observed in 
the United Kingdom7 and other high-income countries.8,9 
Statistical forecasts suggest that the prevalence of morbid 
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obesity will continue to increase rapidly, with a 130% rise in 
prevalence projected between 2010 and 2030.5 An increase 
in obesity is not just limited to westernised countries. For 
example, in 2015, China and India had the highest numbers 
of children with obesity globally and China, along with the 
United States, had the highest number of adults with  
obesity.10 The fastest growth rates in the prevalence of over-
weight and obesity have been observed in Africa and Asia.11

The recent increase in obesity prevalence has made under-
standing what causes obesity even more important. At the 
simplest level, a person can only develop obesity when their 
energy intake exceeds their energy expenditure over a long 
period, creating chronic positive energy balance. Two key 
factors that influence energy balance are food consumption 
(i.e. the energy density and quantity of food consumed) and 
physical activity (i.e. the type, intensity and frequency of 
activities carried out). Weight gain occurs when there is a 
greater consumption of energy (calories) than expenditure. 
Understanding the extent to which genes and the environment 
influence these factors, and as a result, contribute to the ongo-
ing global obesity epidemic, is important for informing inter-
vention, policy and practice. This review provides a summary 
of the current evidence, weighing up the relative importance 
of nurture and nature in the development of obesity. Given 
the breadth of the literature and differences in environments 
across high-, middle- and low-income countries, we focus 
here on the predominance of literature from high-income 
countries. For more information on middle- and low-income 
countries we recommend the review by Ford et al.12

Nurture: the contribution of 
environmental influences on obesity

The obesity epidemic is often attributed to the ‘obesogenic’ 
modern environment, which imposes a wide range of barri-
ers to maintaining a healthy weight.13,14 A growing body of 
evidence highlights the substantial influence of environmen-
tal factors on energy intake and energy expenditure that pro-
mote positive energy balance.

Energy intake and obesity

Energy intake (the calories from fat, carbohydrate, protein 
and alcohol in food and drink consumed) has increased sig-
nificantly in adults15–18 in developed countries worldwide 
since the 1970s. Evidence on changes in energy intake in 
children and adolescents is less consistent.16,19–22 A key 
driver is the changing environment.

In the developed world, there is easy access to large quan-
tities of low-cost, high-calorie, high-fat foods. Recent dec-
ades have seen a dramatic change in the foodscape, with 
developments in food production, processing, storage and 
preparation making highly palatable and energy-dense foods 
cheaper and more accessible.23 The nutritional transition to 
processed foods and high-calorie diets24 has been driven in 

large part by an increase in the total number of food outlets, 
in particular those providing fast food. For example, a study 
in the United Kingdom showed the total number of food out-
lets increased by ~80% between 1980 and 2000.25 Importantly, 
exposure to takeaway food outlets in home, work and com-
muting environments combined has been found to be associ-
ated with greater consumption of takeaway food, higher BMI 
and increased risk of obesity.26

In addition to increases in the availability of processed 
and high-calorie foods, there has been a dramatic increase in 
portion sizes.27–29 Because many people find it difficult to 
regulate their food intake,30 this can have a considerable 
impact on energy intake. Experimental studies have shown 
that people consume more when they are offered larger por-
tions; a finding consistently observed across meals,31–33 
snacks34 and non-alcoholic beverages,35 and in adults35,36 and 
children.35,37 A meta-analytic review concluded that dou-
bling the portion size increases consumption by 35%.36

Increased exposure to food cues may also contribute to 
the rise in energy intake. Food advertising is prominent in 
modern society, with a strong focus on less healthy foods. 
One study carried out in the United States38 found that food 
advertising now accounts for nearly half of all commercial 
messages on children’s programmes. An average hour 
included 11. The majority of foods adverts directed to chil-
dren are for high-calorie, low-nutrient food products that 
should not be part of a regular diet.38 Exposure to unhealthy 
snack foods, such as at supermarket checkouts39 or in vend-
ing machines,40 may also serve to increase energy intake.

Socioeconomic disadvantage is also an important influ-
ence on energy intake and obesity. In developed countries, 
there is a well-established socioeconomic gradient in obe-
sity, with the highest prevalence seen in groups with the low-
est levels of education and income and in the most deprived 
areas.41–44 This appears to be particularly pronounced in 
childhood.44–47 What’s more, while overall trends for increas-
ing prevalence of overweight and obesity have slowed or 
levelled off in many countries since the turn of the century, 
they have continued to rise among children and adolescents 
with greater social disadvantage, exacerbating socioeco-
nomic disparities.45,46,48 Data show that individuals from 
lower socioeconomic groups tend to be less likely than those 
from middle and higher socioeconomic groups to have a 
healthy diet.42,49 The food environment likely plays a role, 
with affordable healthy foods less accessible but unhealthy 
convenience foods readily available in more deprived 
communities.50,51

On a global level, technological advances and changes in 
the regulatory environment have seen food systems in low- 
and middle-income countries change substantially over the 
past few decades. Globalised distribution of technology 
related to food production, transportation and marketing 
have seen traditional food markets replaced by large super-
markets which offer increased access to cheaper, processed 
foods that are high in fat, sugar and salt.52 World Trade 
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Organization regulation has reduced barriers to food trade, 
allowing greater access to global commodities. These 
changes have led to diets in low- and middle-income coun-
tries becoming increasingly westernised, with higher intakes 
of refined carbohydrates, added sugars, fats and animal-
source foods, and lower intakes of legumes, vegetables and 
grains.52 These changes to the food environment have been 
hypothesised to explain the rapid increases in both obesity 
and metabolic diseases observed in countries in transition.

Studies reporting substantial increases in body weight in 
people who are genetically prone to obesity who migrate 
from a less to more obesogenic environment clearly demon-
strate the impact that a changing food environment can have 
on obesity risk.53,54 Tackling these changes in the food envi-
ronment to help people more effectively manage their energy 
intake presents an ongoing challenge. Evidence is accumu-
lating on strategies that may be put in place to reduce  
energy consumption,55 such as better food labelling15 and 
limiting the proximity of fast food restaurants to schools and  
workplaces.56 In the United States, some progress has been 
made in ‘detoxifying’ the environment, for example, by 
introducing calorie/nutrition labelling on menus, regulating 
food ingredients (e.g. trans fats), and in some regions, 
restricting food advertising and introducing a tax on sugar-
sweetened beverages.55 In the United Kingdom, a childhood 
obesity plan aims to remove foods high in sugar, fat and salt 
from the checkouts of supermarkets and impose a ban on 
advertising of these foods on TV before 9 p.m.57

Measures such as these may help to reduce the risk of 
obesity both in the current population and future generations. 
There is evidence to suggest that even the food environment 
a person is exposed to before birth may influence energy 
intake and, as a result, risk of obesity later in life. Both 
under- and over-nutrition in utero appear to produce perma-
nent alterations in neural circuits that control appetite, in par-
ticular, relating to leptin (a hormone linked to satiety).58,59 
Animal models suggest that infants born to mothers who 
experience malnutrition during pregnancy are born with 
lower levels of leptin, resulting in a more avid appetite – 
potentially with the purpose of promoting ‘catch-up’ 
growth.58,59 This, when combined with an obesogenic envi-
ronment, can increase risk of obesity. For infants who are 
overnourished in utero and born large, their hypothalamus is 
resistant to high levels of circulating leptin which reduces 
their satiety sensitivity and may also lead to obesity.58,59

Energy expenditure and obesity

Energy expenditure is the sum of the basal metabolic rate 
(the amount of energy expended while at complete rest), the 
thermic effect of food (the energy required to digest and 
absorb food) and the energy expended in physical activity. 
The environment is an important influence on the latter com-
ponent of this equation by facilitating or limiting opportunity 
for physical activity.

Limited literature exists on secular trends in physical 
activity over recent decades, because reliable measures to 
monitor population levels of free-living physical activity 
have only recently been introduced.60 However, what litera-
ture does exist suggests that there has been a reduction in 
several domains of physical activity. For example, a large-
scale study of adults in Finland observed a decline in occu-
pational physical activity, with the proportion of men and 
women in physically demanding work decreasing from 60% 
to 38% and 47% to 25%, respectively, between 1972 and 
2002.61 Daily commuting physical activity also decreased 
over the same time period, from 30% to 10% in men and 
from 34% to 22% in women.61 However, reductions were 
not universally observed across all domains of physical 
activity; there was an increase in the proportion engaging in 
leisure-time physical activity, from 66% to 77% in men and 
from 49% to 76% in women.61 Data from US surveys have 
shown similar trends, with substantial reductions in occupa-
tional, transportation and home-based physical activity and 
an increase in sedentary time contributing to an overall 
reduction in total physical activity, despite a small increase 
in leisure-time physical activity.62 While limited data exist 
on secular trends in physical activity, prevalence data are 
available. In 2016, the lowest levels of physical activity 
were in men from Oceania (12.3%), East and Southeast Asia 
(17.6%), and sub-Saharan Africa (17.9%).63 Prevalence of 
physical activity in 2016 was more than twice as high in 
high-income countries (36.8%) as in low-income countries 
(16.2%).63 Such data provide further support that obesity is 
a global epidemic.

A key contributor to the decline in physical activity has 
been the development of new technologies that have facili-
tated the automation of industry and increased leisure-time 
sedentary behaviour. In the early 1960s, almost half of jobs 
in private industry in the United States required at least mod-
erate-intensity physical activity; today it is less than one in 
five.64 As a result, the estimated mean daily energy expendi-
ture attributable to work-related physical activity has fallen 
by more than 100 calories.64 Given that people of working 
age typically spend the majority of their waking hours at 
work, the decline in occupational energy expenditure is 
unlikely to be offset by the small increase in leisure-time 
physical activity that has been observed.61,62

The recent and widespread surge in the availability of 
screen-based leisure activities (e.g. television, computer, 
video games) has also contributed to obesity by encouraging 
greater sedentary leisure time.65,66 It is important to note that 
sedentary behaviour is not simply the absence of physical 
activity, and in fact does not appear to displace time in physi-
cal activity.67 Rather, sedentary behaviour encompasses 
activities where sitting or reclining is the dominant mode of 
posture and energy expenditure is very low. Accumulating 
evidence supports a causal relationship between time spent 
in sedentary activities and the development of obesity, at 
least in childhood and adolescence.66–68
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Another aspect of the changing environment thought to 
contribute to obesity through a reduction of physical activ-
ity is urban sprawl. This is the expansion of human popula-
tions away from central urban areas into low-density, 
monofunctional and usually car-dependent communities. 
In other words, it is the spread of an urban area into what 
used to be countryside. The rate of urban sprawl has 
increased in recent decades,69 likely owing to an increas-
ing global population. Importantly, urban sprawl has been 
shown to be associated with negative health outcomes for 
those residing in such areas including an increase in over-
weight and obesity.70,71 This may be a consequence of 
reduced physical activity for those residing in such areas, 
for example, resulting from a dependency on motorised 
transport to access common destinations (e.g. work, 
school, shops).70 Multi-country studies have shown that 
low- and middle-income countries with greater levels of 
urbanisation and economic development tend to have 
lower levels of physical activity.72,73

Linked to urban sprawl, there has also been a substantial 
increase in car use. For example, in the United Kingdom, 
there are over 2.5 million new car registrations annually, with 
an estimated 470 cars per 1000 people.74 The proportion of 
households with at least one car increased from 14% in 1951 
to 78% in 2008.74 Car use increased from an average of 429 
trips per person in 1976 to 613 in 2009.74 Replacing car 
travel with more active modes (e.g. walking/cycling) could 
significantly improve physical activity rates and have a 
resultant impact on overweight and obesity.75 It should be 
noted that increasing car ownership and use is not just lim-
ited to Westernised countries. For example, in China, car 
ownership per capita has grown in the 2000s at a compound 
rate of approximately 21% per annum.76 Moreover, there are 
currently more new cars being sold annually in China 
(21.1 million) than in either the European Union (14.3 mil-
lion) or North America (9.2 million).77

Overall, there is agreement that net physical activity is 
less than it was 50 years ago, and that this contributes to posi-
tive energy imbalance and the development of obesity. 
Evidence points to clear health benefits of physical activity 
for people with overweight and obesity, even in the absence 
of clinically significant weight loss.78 For a detailed review 
of the literature on physical activity and health, see Fletcher 
et  al.79 Research is now exploring aspects of the physical 
environment that could be manipulated to increase popula-
tion levels of physical activity. For example, greater acces-
sibility to common destinations (e.g. parks, shops), new 
infrastructure for active travel (walking, cycling) and public 
transport, and land use mix have all been shown to encour-
age higher levels of physical activity.80

Considering the range of forces acting to reduce physical 
activity and increase energy intake, it is little wonder that a 
large proportion of the population has developed overweight 
and obesity. Indeed, James81 described the obesity epidemic 
as a ‘normal population response to the dramatic reduction in 

the demand for physical activity and the major changes in 
the food supply of countries over the last 40 years’.

Nature: the contribution of genetic 
influences on obesity

The obesogenic environment goes some way towards 
explaining the rapid increase in obesity prevalence over 
recent decades, but environmental factors are less good at 
explaining why some people develop obesity while others 
maintain a moderate body weight with relative ease, when 
exposed to similar environments. Genetic factors are hypoth-
esised to explain a large proportion of the variation in sus-
ceptibility to obesity. The concept of genetic contribution to 
obesity has long been acknowledged, with evidence of the 
tendency towards obesity to vary between families reported 
as early as 1923.82 Over recent decades, the extent of genetic 
influence on BMI has been estimated using twin studies, 
which compare monozygotic (MZ, identical) twins, who 
share 100% of their genes, with dizygotic (DZ, non-identi-
cal) twins, who share on average 50% of their segregating 
genes. Greater similarity in BMI between the MZ twin pairs 
compared with the DZ twin pairs points to a genetic contri-
bution to BMI. The proportion of variation in BMI is quanti-
fied with a ‘heritability’ statistic, which ranges from 0% 
(indicating genetic variation plays no role in explaining the 
variability in BMI) to 100% (indicating genetic variation 
entirely explains the variability in BMI). Using this method, 
twin studies have provided a wealth of evidence for high her-
itability of BMI across the life course. A large meta-analysis 
of 31 twin studies (n = 140,525) showed that for adults, herit-
ability estimates of BMI range from 47% to 90%.83 Similarly, 
another meta-analysis of 45 twin studies conducted in chil-
dren (n = 175,564) observed consistently high heritability 
estimates for BMI across childhood and adolescence (range: 
41%–85%), with heritability increasing from mid-childhood 
(~42%) to the onset of adulthood (75%).84 These results indi-
cate that genetic factors play a major role in the variation of 
BMI among populations of different ethnicities exposed to 
different environmental factors related to obesity.

Identifying the genes that explain this variation provides 
an ongoing challenge. In 2007, a breakthrough was made by 
Frayling et al.,85 who reported consistent associations between 
variants of the fat mass and obesity-associated gene (FTO) 
and adiposity in adults and children. Compared with those 
who carry two copies of the low-risk variant, adults who 
carry one copy of the high-risk variant are on average 1.2 kg 
heavier, and those who carry two copies of the high-risk vari-
ant are on average 3 kg heavier. The discovery of FTO was an 
important advance in understanding the genetic drivers of 
obesity for two reasons: (1) around half of the population car-
ries at least one of the high-risk variants, and (2) the effect 
size was large enough for researchers to explore its mecha-
nisms. Since the link between body weight and FTO was 
identified, genome-wide meta-analyses have identified close 
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to 1000 single nucleotide polymorphisms that are reliably 
associated with BMI.86 Nevertheless, these variants are only 
able to account for 6% of the variance in BMI; a tiny propor-
tion of the amount thought to be explained by genes.86 The 
remaining genetic variance is thought to be due to rare genes, 
a very large number of common genes of very small effect, 
and gene–gene and gene–environment interactions.

Nature and nurture: interplay between 
genes and the environment

A key question that researchers have been trying to answer 
is how genes confer differential obesity risk in the context of 
the modern obesogenic environment. There is convincing 
evidence that, in fact, obesity develops from a complex 
interaction between genetic susceptibility and exposure to a 
obesogenic environment,87 or as Bray88 famously stated, 
‘Genes load the gun, the environment pulls the trigger’. 
Such an interaction is suggested by the trends in obesity 
prevalence. While absolute numbers of individuals with 
overweight and obesity have risen notably over recent years 
(evidence of the increasingly obesogenic environment), the 
distribution of BMI has become increasingly skewed such 
that the proportion of individuals at the heavier end of the 
spectrum – that is, those with severe obesity – has risen dis-
proportionately.6,7,89 This suggests that people at higher 
genetic risk of obesity are particularly susceptible to the 
modern obesogenic environment.

The basis of this gene–environment interaction has 
received a great deal of attention in recent years. One explan-
atory theory with a growing evidence base is that of behav-
ioural susceptibility for obesity.90 Proposed in 2007 by the 
late Professor Jane Wardle, behavioural susceptibility theory 
(BST) of obesity hypothesises that genetic susceptibility to 
obesity operates via appetitive mechanisms. The key idea is 
that individuals who inherit a more avid appetite are more 
likely to overeat in response to the opportunities offered by 
the current food environment and to develop obesity – that is, 
obesity results partly from genetic susceptibility to overeating 
in the context of an obesogenic environment (Figure 1).90,92 
The appetitive traits of food responsiveness (i.e. a person’s 
tendency to want to eat in response to the sight, smell or taste 
of palatable food) and satiety responsiveness (the extent to 
which a person eats when they are hungry and stops when 
they are full) are thought to be of particular importance. 
Individuals who are genetically predisposed to be highly 
responsive to food cues are more likely to overeat in an envi-
ronment in which highly palatable food is promoted aggres-
sively and readily available. Those predisposed to weaker 
satiety signals are more likely to overeat in response to larger 
portion sizes and multiple opportunities to eat.

BST has gained traction because it is supported by several 
study designs. Many of the BMI-associated common genetic 
variants are located in or near genes that are involved in the 
central control of energy balance and, in particular, appetite 

regulation.93 For example, gene expression studies have 
shown enrichment in the hypothalamus, pituitary gland (both 
are key structures involved in the regulation of hunger and 
satiety), hippocampus and limbic system, suggesting that a 
range of neuropsychological processes that influence eating 
behaviour may be involved, such as emotion, cognition, 
learning and memory.93

Large population-based studies have also demonstrated sub- 
stantial variation in appetite which is (1) moderately to highly 
heritable during infancy,94 childhood95,96 and adulthood;97–99 
and (2) both associated with measured genetic risk of obesity in 
childhood100 and adulthood,101–104 and mediates part of the 
genes-BMI association. Variation in appetite also predicts rates 
of prospective weight gain from infancy to toddlerhood.105–107 
Findings in children and adults have been mixed, and suggest  
a more complex bidirectional relationship that is moderated 
by other psychosocial factors such as cognitive restraint over  
eating and depression.108–112 Taken together, these studies  
suggest that there are large individual differences in appetite 
regulation that have a genetic basis, and have the potential  
to influence weight gain through exposure to an environ- 
ment with increased opportunity to eat – that is, an ‘obeso-
genic’ environment.

In line with this, a wealth of studies have shown that 
genetic influence on weight is stronger in samples exposed to 
a more ‘obesogenic’ environment, indexed at the macro level, 
as well as the level of the community/home environment, and 
on an individual basis. In particular, twin study estimates of 
the heritability of BMI are higher in samples drawn from 
countries with a higher gross domestic product (GDP),113 in 
populations with a higher average BMI,113 in families of 

Figure 1.  Behavioural susceptibility theory: how appetite 
mediates the interaction between genetic susceptibility to obesity 
and environmental exposure. Individuals who inherit a set of 
genes that bestow greater responsiveness to external food cues 
and/or lower sensitivity to satiety are more likely to overeat 
in response to an ‘obesogenic’ food environment, and to gain 
excessive weight. Obesity, therefore, results from a combination 
of genetic susceptibility to overeating and exposure to an 
‘obesogenic’ food environment.
Source: Reproduced from Llewellyn and Fildes91 with permission from the 
authors.



6	 SAGE Open Medicine

lower socioeconomic status and educational attainment,114–116 
and in samples with a later year-of-birth who have spent a 
greater proportion of their lifespan living in an ‘obesogenic’ 
environment.117 In keeping with twin findings, molecular 
genetic studies have also reported stronger associations 
between measured genetic risk of obesity and BMI in cohorts 
with a more recent year of birth,118 and among children and 
adults of lower socioeconomic status.119,120 In a large study of 
120,000 older adults from the UK Biobank, carrying an addi-
tional 10 BMI-increasing genetic variants was associated 
with less increased weight for those in the top versus the bot-
tom 50% of socioeconomic position (2.9 vs 3.8 kg).120 A 
rather intriguing observation is the large increase in the herit-
ability of BMI from early childhood (41%) to the onset of 
adulthood (75%), and a corresponding diminishing of the 
shared family environmental influence, from an analysis of 
45 twin cohorts from 20 countries (87,782 twin pairs; nearly 
400,000 BMI measurements).84 Associations between BMI 
and measured genetic risk also strengthen after early  
childhood,121–126 suggesting, somewhat paradoxically, that as 
individuals gain increasing exposure to the obesogenic envi-
ronment, genetic influence on weight increases. However, 
inherent in BST is the idea that ‘obesity genes’ cannot be fully 
expressed unless an individual has the freedom and oppor-
tunity to consume as much and as often as they wish; a privi-
lege that develops with age. The increasing age-related 
heritability of BMI during childhood may therefore reflect 
children’s growing autonomy to act in line with their geneti-
cally influenced appetitive traits. This phenomenon has been 
termed ‘gene–environment correlation’ – the notion that indi-
viduals actively interact with their environment in ways that 
reflect their genetic predispositions.

At the more proximal community or home environment 
level, a large twin study showed that the heritability of BMI 
was substantially lower among children living in a ‘healthy’ 
versus ‘obesogenic’ environment (39% vs 86%), character-
ised by the structural and social aspects of the home food, 
media and physical activity environments.127 Among adults, 
heritability of BMI was lower among those living in an envi-
ronment that provided greater opportunity for physical activ-
ity (‘walkability’).128

At the individual micro-level, undertaking more physical 
activity mitigates both the genetic propensity towards a 
higher BMI128–130 and weight gain,131 as estimated from twin 
studies. Numerous studies of measured genetic risk have con-
verged with these twin findings, reporting a more pronounced 
association between BMI-associated genetic variants and 
BMI among physically inactive individuals.132,133 In particu-
lar, a large-scale meta-analysis of 218,166 adults showed that 
being physically active attenuates the BMI-increasing effect 
of variants in the FTO gene by ~30%.134 The large UK 
Biobank study found that a composite score of the individual-
level ‘obesogenic’ environment (which included physical 
activity, sedentary behaviour, time spent watching television, 
and Westernised diet) moderated genetic predisposition to be 

of a higher or lower BMI.120 When components were exam-
ined individually, higher levels of physical activity and fewer 
hours spent watching television were the behaviours that 
partly offset genetic predisposition to higher BMI.120 The 
protection conferred by physical activity from genetic sus-
ceptibility to obesity may partly reflect the role that habitual 
physical activity is thought to play in optimising appetite 
regulation (by upregulating satiety sensitivity).135,136

Limitations

This review summarises the literature on genetic and envi-
ronmental influences on body weight. Given the broad 
scope, a narrative approach was favoured over a systematic 
literature search. While this has benefits in permitting a 
breadth of evidence to be included, the absence of a system-
atic search strategy introduces potential for biased selection 
of studies. There is a substantial literature on this topic and 
we recommend reading widely to gain a fuller picture of the 
different approaches that have been taken to study the causes 
of the obesity epidemic and the various strategies that have 
been proposed (and undertaken) in an effort to curtail the 
problem.55,78,137

Conclusion

The aetiology of obesity is complex and multifactorial. 
While there is growing consensus that the rapid rise in obe-
sity prevalence has been driven by changes to the environ-
ment, it is evident that biology plays a central role in 
determining who develops obesity and who remains lean. In 
particular, genetically predetermined appetitive traits may 
have an important influence on the extent to which the cur-
rent ‘obesogenic’ environment maximises genetic expres-
sion of body weight. The interaction between genetic 
susceptibility to obesity and the ‘obesogenic’ environment is 
a growing area of research that is starting to yield important 
insights for public health initiatives. Obesity is not simply a 
lifestyle choice; rather it results from a complex interaction 
between genetic susceptibility and exposure to an environ-
ment that encourages positive energy balance. The individu-
als who are at greatest risk are those who are both at high 
genetic susceptibility and are living in an environment that 
makes ‘healthy choices’ more difficult, such as those living 
in deprived areas. Thus, as is typically the case in debates of 
genetic versus environmental contribution to any phenotype, 
when it comes to the obesity epidemic, it is not nature or 
nurture; rather, it is nature via nurture.

The gene–environment interplay in the aetiology of obe-
sity has implications for public health policy and clinical 
practice. In terms of policy, the evidence base overwhelm-
ingly suggests that greater regulation of the wider food envi-
ronment and creating more opportunity for physical activity 
would offset obesity risk both for individuals at high genetic 
susceptibility to obesity and for those living in deprivation. 
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There is a need for further research into initiatives that can 
bring about meaningful change in the food and physical activ-
ity environments that will protect individuals who are at high 
genetic susceptibility to environmental pressures. In terms of 
practice, clinicians should be provided with training to assess 
and effectively counsel patients on lifestyle factors that con-
tribute to obesity. However, they should be advised to main-
tain an awareness that body weight is influenced by a broad 
range of factors, many of which are outside of personal con-
trol, and bear this in mind when recommending weight loss 
to patients. The simple ‘eat less and move more’ mantra is 
unhelpful and does not take into account that weight-related 
behaviours are highly context-dependent and are influenced 
by a large number of biopsychosocial factors.138

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Ethical approval

Ethical approval was not sought for the present study because this 
is a review of existing literature.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

Informed consent

Informed consent was not sought for the present study because this 
is a review of existing literature.

ORCID iD

Sarah E Jackson  https://orcid.org/0000-0001-5658-6168

References

	 1.	World Health Organization. Obesity: preventing and manag-
ing the global epidemic (World Health Organization Technical 
Report Series 894). Geneva: WHO, 2000.

	 2.	Abarca-Gómez L. Worldwide trends in body-mass index, 
underweight, overweight, and obesity from 1975 to 2016: a 
pooled analysis of 2416 population-based measurement stud-
ies in 128·9 million children, adolescents, and adults. Lancet 
2017; 390390(10113): 2627–2642.

	 3.	Ng M, Fleming T, Robinson M, et al. Global, regional, and national 
prevalence of overweight and obesity in children and adults dur-
ing 1980–2013: a systematic analysis for the Global Burden of 
Disease Study 2013. Lancet 2014; 384(9945): 766–781.

	 4.	World Health Organization. Obesity and overweight, http://
www.who.int/news-room/fact-sheets/detail/obesity-and-over-
weight (accessed 27 November 2018).

	 5.	Finkelstein EA, Khavjou OA, Thompson H, et al. Obesity and 
severe obesity forecasts through 2030. Am J Prev Med 2012; 
42(6): 563–570.

	 6.	Ogden CL, Yanovski SZ, Carroll MD, et al. The epidemiology 
of obesity. Gastroenterology 2007; 132(6): 2087–2102.

	 7.	Wardle J and Boniface D. Changes in the distributions of 
body mass index and waist circumference in English adults, 
1993/1994 to 2002/2003. Int J Obes 2008; 32(3): 527–532.

	 8.	Ministry of Health. Tracking the obesity epidemic: New 
Zealand 1977–2003. Wellington, New Zealand: Ministry of 
Health Wellington, 2004.

	 9.	Walls HL, Wolfe R, Haby MM, et al. Trends in BMI of urban 
Australian adults, 1980–2000. Public Health Nutr 2010; 
13(5): 631–638.

	 10.	The GBD 2015 Obesity Collaborators. Health effects of over-
weight and obesity in 195 countries over 25 years. N Engl J 
Med 2017; 377(1): 13–27.

	 11.	World Health Organization. UNICEF-WHO-The World Bank: 
joint child malnutrition estimates: levels and trends. Geneva: 
WHO, 2019, http://www.who.int/nutgrowthdb/estimates/en/ 
(accessed 8 January 2020).

	 12.	Ford ND, Patel SA and Narayan KMV. Obesity in low- and 
middle-income countries: burden, drivers, and emerging chal-
lenges. Annu Rev Public Health 2017; 38: 145–164.

	 13.	Swinburn B, Egger G and Raza F. Dissecting obesogenic envi-
ronments: the development and application of a framework for 
identifying and prioritizing environmental interventions for 
obesity. Prev Med 1999; 29(6 Pt. 1): 563–570.

	 14.	Kirk SFL, Penney TL and McHugh T-LF. Characterizing the 
obesogenic environment: the state of the evidence with direc-
tions for future research. Obes Rev 2010; 11(2): 109–117.

	 15.	Silventoinen K, Sans S, Tolonen H, et  al. Trends in obesity 
and energy supply in the WHO MONICA project. Int J Obes 
Relat Metab Disord 2004; 28(5): 710–718.

	 16.	Briefel RR and Johnson CL. Secular trends in dietary intake in 
the United States. Annu Rev Nutr 2004; 24: 401–431.

	 17.	Ford ES and Dietz WH. Trends in energy intake among adults 
in the United States: findings from NHANES. Am J Clin Nutr 
2013; 97(4): 848–853.

	 18.	Centers for Disease Control and Prevention (CDC). Trends 
in intake of energy and macronutrients: United States, 1971-
2000. MMWR Morb Mortal Wkly Rep 2004; 53(4): 80–82.

	 19.	Poti JM and Popkin BM. Trends in energy intake among US 
children by eating location and food source, 1977-2006. J Am 
Diet Assoc 2011; 111(8): 1156–1164.

	 20.	Alexy U, Sichert-Hellert W and Kersting M. Fifteen-year time 
trends in energy and macronutrient intake in German children 
and adolescents: results of the DONALD study. Br J Nutr 
2002; 87(6): 595–604.

	 21.	Cavadini C, Siega-Riz AM and Popkin BM. US adolescent 
food intake trends from 1965 to 1996. Arch Dis Child 2000; 
83(1): 18–24.

	 22.	Nielsen SJ, Siega-Riz AM and Popkin BM. Trends in energy 
intake in U.S. between 1977 and 1996: similar shifts seen 
across age groups. Obes Res 2002; 10(5): 370–378.

	 23.	Swinburn BA, Sacks G, Hall KD, et  al. The global obesity 
pandemic: shaped by global drivers and local environments. 
Lancet 2011; 378(9793): 804–814.

	 24.	Hruby A and Hu FB. The epidemiology of obesity: a big pic-
ture. Pharmacoeconomics 2015; 33(7): 673–689.

	 25.	Burgoine T, Lake AA, Stamp E, et al. Changing foodscapes 
1980-2000, using the ASH30 Study. Appetite 2009; 53(2): 
157–165.

	 26.	Burgoine T, Forouhi NG, Griffin SJ, et  al. Associations 
between exposure to takeaway food outlets, takeaway food 

https://orcid.org/0000-0001-5658-6168
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/nutgrowthdb/estimates/en/


8	 SAGE Open Medicine

consumption, and body weight in Cambridgeshire, UK: popu-
lation based, cross sectional study. BMJ 2014; 348: g1464.

	 27.	Steenhuis I and Poelman M. Portion size: latest developments 
and interventions. Curr Obes Rep 2017; 6(1): 10–17.

	 28.	Benton D. Portion size: what we know and what we need to 
know. Crit Rev Food Sci Nutr 2015; 55(7): 988–1004.

	 29.	Young LR and Nestle M. The contribution of expanding por-
tion sizes to the US obesity epidemic. Am J Public Health 
2002; 92(2): 246–249.

	 30.	Teixeira PJ, Carraca EV, Marques MM, et  al. Successful 
behavior change in obesity interventions in adults: a systematic 
review of self-regulation mediators. BMC Med 2015; 13: 84.

	 31.	Diliberti N, Bordi PL, Conklin MT, et  al. Increased portion 
size leads to increased energy intake in a restaurant meal. Obes 
Res 2004; 12(3): 562–568.

	 32.	Rolls BJ, Morris EL and Roe LS. Portion size of food affects 
energy intake in normal-weight and overweight men and 
women. Am J Clin Nutr 2002; 76(6): 1207–1213.

	 33.	Rolls BJ, Roe LS, Meengs JS, et al. Increasing the portion size 
of a sandwich increases energy intake. J Am Diet Assoc 2004; 
104(3): 367–372.

	 34.	Rolls BJ, Roe LS, Kral TVE, et  al. Increasing the portion 
size of a packaged snack increases energy intake in men and 
women. Appetite 2004; 42(1): 63–69.

	 35.	Hollands GJ, Shemilt I, Marteau TM, et al. Portion, package 
or tableware size for changing selection and consumption 
of food, alcohol and tobacco. Cochrane Database Syst Rev 
2015; (9): CD011045, https://www.cochranelibrary.com/cdsr/
doi/10.1002/14651858.CD011045.pub2/abstract (accessed 6 
March 2019).

	 36.	Zlatevska N, Dubelaar C and Holden SS. Sizing up the effect 
of portion size on consumption: a meta-analytic review. J 
Mark 2014; 78(3): 140–154.

	 37.	McConahy KL, Smiciklas-Wright H, Mitchell DC, et al. Portion 
size of common foods predicts energy intake among preschool-
aged children. J Am Diet Assoc 2004; 104(6): 975–979.

	 38.	Stitt C and Kunkel D. Food advertising during children’s tel-
evision programming on broadcast and cable channels. Health 
Commun 2008; 23(6): 573–584.

	 39.	Thornton LE, Cameron AJ, McNaughton SA, et al. The avail-
ability of snack food displays that may trigger impulse pur-
chases in Melbourne supermarkets. BMC Public Health 2012; 
12: 194.

	 40.	Park S, Sappenfield WM, Huang Y, et al. The impact of the 
availability of school vending machines on eating behav-
ior during lunch: the Youth Physical Activity and Nutrition 
Survey. J Am Diet Assoc 2010; 110(10): 1532–1536.

	 41.	McLaren L. Socioeconomic status and obesity. Epidemiol Rev 
2007; 29(1): 29–48.

	 42.	Drewnowski A. Obesity, diets, and social inequalities. Nutr 
Rev 2009; 67(Suppl. 1): S36–S39.

	 43.	Devaux M and Sassi F. Social inequalities in obesity and 
overweight in 11 OECD countries. Eur J Public Health 2013; 
23(3): 464–469.

	 44.	Shrewsbury V and Wardle J. Socioeconomic status and adi-
posity in childhood: a systematic review of cross-sectional 
studies 1990-2005. Obesity 2008; 16(2): 275–284.

	 45.	Stamatakis E, Wardle J and Cole TJ. Childhood obesity and 
overweight prevalence trends in England: evidence for grow-
ing socioeconomic disparities. Int J Obes 2010; 34(1): 41–47.

	 46.	Frederick CB, Snellman K and Putnam RD. Reply to Gao 
et al: racial composition does not explain increasing class gaps 
in obesity. Proc Natl Acad Sci 2014; 111(22): E2238–E2238.

	 47.	Sundblom E, Petzold M, Rasmussen F, et al. Childhood over-
weight and obesity prevalences levelling off in Stockholm but 
socioeconomic differences persist. Int J Obes 2008; 32(10): 
1525–1530.

	 48.	Singh GK, Siahpush M and Kogan MD. Rising social ine-
qualities in US childhood obesity, 2003–2007. Ann Epidemiol 
2010; 20(1): 40–52.

	 49.	Craig R and Mindell J. Health survey for England: 2006, CVD 
and risk factors for adults, obesity and risk factors for chil-
dren. NHS Digital, https://digital.nhs.uk/data-and-information/
publications/statistical/health-survey-for-england/health-sur-
vey-for-england-2006-cvd-and-risk-factors-for-adults-obesity-
and-risk-factors-for-children (accessed 7 March 2019).

	 50.	Black C, Moon G and Baird J. Dietary inequalities: what is 
the evidence for the effect of the neighbourhood food environ-
ment. Health Place 2014; 27: 229–242.

	 51.	Block JP, Scribner RA and DeSalvo KB. Fast food, race/eth-
nicity, and income: a geographic analysis. Am J Prev Med 
2004; 27(3): 211–217.

	 52.	Popkin BM, Adair LS and Ng SW. Global nutrition transition 
and the pandemic of obesity in developing countries. Nutr Rev 
2012; 70(1): 3–21.

	 53.	Delavari M, Sonderlund AL, Mellor D, et al. Migration, accul-
turation and environment: determinants of obesity among 
Iranian migrants in Australia. Int J Environ Res Public Health 
2015; 12(2): 1083–1098.

	 54.	Delavari M, Sonderlund AL, Swinburn B, et al. Acculturation 
and obesity among migrant populations in high income coun-
tries: a systematic review. BMC Public Health 2013; 13: 458.

	 55.	Lavie CJ, Laddu D, Arena R, et al. Healthy weight and obesity 
prevention: JACC health promotion series. J Am Coll Cardiol 
2018; 72(13): 1506–1531.

	 56.	Davis B and Carpenter C. Proximity of fast-food restaurants 
to schools and adolescent obesity. Am J Public Health 2009; 
99(3): 505–510.

	 57.	Department of Health and Social Care: Global Public Health 
Directorate: Obesity, Food and Nutrition. Childhood obesity: 
a plan for action, chapter 2. GOV.UK, 2018, https://www.gov.
uk/government/publications/childhood-obesity-a-plan-for-
action-chapter-2 (accessed 7 March 2019).

	 58.	Gluckman PD and Hanson MA. Developmental and epige-
netic pathways to obesity: an evolutionary-developmental per-
spective. Int J Obes 2008; 32(Suppl. 7): S62–S71.

	 59.	Ross MG and Desai M. Developmental programming of 
appetite/satiety. Ann Nutr Metab 2014; 64(Suppl. 1): 36–44.

	 60.	Hallal PC, Andersen LB, Bull FC, et al. Global physical activ-
ity levels: surveillance progress, pitfalls, and prospects. Lancet 
2012; 380(9838): 247–257.

	 61.	Borodulin K, Laatikainen T, Juolevi A, et  al. Thirty-year 
trends of physical activity in relation to age, calendar time 
and birth cohort in Finnish adults. Eur J Public Health 2008; 
18(3): 339–344.

	 62.	Brownson RC, Boehmer TK and Luke DA. Declining rates of 
physical activity in the United States: what are the contribu-
tors. Annu Rev Public Health 2005; 26: 421–443.

	 63.	Guthold R, Stevens GA, Riley LM, et al. Worldwide trends 
in insufficient physical activity from2001 to 2016: a pooled 

https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD011045.pub2/abstract
https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD011045.pub2/abstract
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2006-cvd-and-risk-factors-for-adults-obesity-and-risk-factors-for-children
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2006-cvd-and-risk-factors-for-adults-obesity-and-risk-factors-for-children
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2006-cvd-and-risk-factors-for-adults-obesity-and-risk-factors-for-children
https://digital.nhs.uk/data-and-information/publications/statistical/health-survey-for-england/health-survey-for-england-2006-cvd-and-risk-factors-for-adults-obesity-and-risk-factors-for-children
https://www.gov.uk/government/publications/childhood-obesity-a-plan-for-action-chapter-2
https://www.gov.uk/government/publications/childhood-obesity-a-plan-for-action-chapter-2
https://www.gov.uk/government/publications/childhood-obesity-a-plan-for-action-chapter-2


Jackson et al.	 9

analysis of 358 population-based surveys with 1·9 million 
participants. Lancet Glob Health 2018; 6(10): e1077–e1186.

	 64.	Church TS, Thomas DM, Tudor-Locke C, et al. Trends over 5 
decades in U.S. occupation-related physical activity and their 
associations with obesity. PLoS ONE 2011; 6(5): e19657.

	 65.	Pearson N, Braithwaite RE, Biddle SJH, et al. Associations 
between sedentary behaviour and physical activity in chil-
dren and adolescents: a meta-analysis. Obes Rev 2014; 15(8): 
666–675.

	 66.	Must A and Tybor DJ. Physical activity and sedentary behav-
ior: a review of longitudinal studies of weight and adiposity in 
youth. Int J Obes 2005; 29(Suppl. 2): S84–S96.

	 67.	Rey-Lopez JP, Vicente-Rodriguez G, Biosca M, et  al. 
Sedentary behaviour and obesity development in children 
and adolescents. Nutr Metab Cardiovasc Dis 2008; 18(3): 
242–251.

	 68.	De Rezende LF, Rodrigues Lopes M, Rey-Lopez JP, et  al. 
Sedentary behavior and health outcomes: an overview of sys-
tematic reviews. PLoS ONE 2014; 9(8): e105620.

	 69.	Laursen L. How future urban sprawl maps out. Nat News, 
http://www.nature.com/news/how-future-urban-sprawl-maps-
out-1.11426 (accessed 5 February 2019).

	 70.	Ewing R, Schmid T, Killingsworth R, et  al. Relationship 
between urban sprawl and physical activity, obesity, and mor-
bidity. Am J Health Promot AJHP 2003; 18(1): 47–57.

	 71.	Lopez R. Urban sprawl and risk for being overweight or obese. 
Am J Public Health 2004; 94(9): 1574–1579.

	 72.	Guthold R, Ono T, Strong KL, et al. Worldwide variability in 
physical inactivity a 51-country survey. Am J Prev Med 2008; 
34(6): 486–494.

	 73.	Atkinson K, Lowe S and Moore S. Human development, occu-
pational structure and physical inactivity among 47 low and 
middle income countries. Prev Med Rep 2016; 3: 40–45.

	 74.	Douglas MJ, Watkins SJ, Gorman DR, et al. Are cars the new 
tobacco? J Public Health 2011; 33(2): 160–169.

	 75.	Edwards P and Tsouros AD. Healthy city is an active city: 
a physical activity planning guide. Geneva: World Health 
Organization, 2008, http://www.euro.who.int/en/health-top-
ics/disease-prevention/physical-activity/publications/2008/
healthy-city-is-an-active-city-a-a-physical-activity-planning-
guide (accessed 5 February 2019).

	 76.	Vehicle Technologies Office. FOTW #1050, October 8, 2018: 
vehicles per thousand people in China in 2016 was similar to 
the United States in 1923. Office of Energy Efficiency and 
Renewable Energy, 2018, https://www.energy.gov/eere/vehi-
cles/articles/fotw-1050-october-8-2018-vehicles-thousand-
people-china-2016-was-similar (accessed 8 January 2020).

	 77.	Le Vine S, Wu C and Polak J. A nationwide study of factors 
associated with household car ownership in China. IATSS Res 
2018; 42(3): 128–137.

	 78.	Swift DL, McGee JE, Earnest CP, et al. The effects of exercise 
and physical activity on weight loss and maintenance. Prog 
Cardiovasc Dis 2018; 61(2): 206–213.

	 79.	Fletcher GF, Landolfo C, Niebauer J, et al. Promoting physical 
activity and exercise: JACC Health Promotion Series. J Am 
Coll Cardiol 2018; 72(14): 1622–1639.

	 80.	Karmeniemi M, Lankila T, Ikaheimo T, et al. The built envi-
ronment as a determinant of physical activity: a systematic 
review of longitudinal studies and natural experiments. Ann 
Behav Med 2018; 52(3): 239–251.

	 81.	James WPT. The fundamental drivers of the obesity epidemic. 
Obes Rev 2008; 9(Suppl. 1): 6–13.

	 82.	Davenport CB. Body-build and its inheritance. 1923. Obes 
Res 1994; 2(6): 606–623.

	 83.	Elks CE, den Hoed M, Zhao JH, et al. Variability in the her-
itability of body mass index: a systematic review and meta-
regression. Front Endocrinol 2012; 3: 29.

	 84.	Silventoinen K, Jelenkovic A, Sund R, et  al. Genetic and 
environmental effects on body mass index from infancy to 
the onset of adulthood: an individual-based pooled analy-
sis of 45 twin cohorts participating in the COllaborative 
project of Development of Anthropometrical measures in 
Twins (CODATwins) study. Am J Clin Nutr 2016; 104(2): 
371–379.

	 85.	Frayling TM, Timpson NJ, Weedon MN, et  al. A common 
variant in the FTO gene is associated with body mass index 
and predisposes to childhood and adult obesity. Science 2007; 
316(5826): 889–894.

	 86.	Yengo L, Sidorenko J, Kemper KE, et  al. Meta-analysis of 
genome-wide association studies for height and body mass 
index in 700000 individuals of European ancestry. Hum Mol 
Genet 2018; 27(20): 3641–3649.

	 87.	Walley AJ, Asher JE and Froguel P. The genetic contribution 
to non-syndromic human obesity. Nat Rev Genet 2009; 10(7): 
431–442.

	 88.	Bray GA. Contemporary diagnosis and management of obe-
sity. Newtown, PA: Handbooks in Health Care, 1998.

	 89.	Flegal KM and Troiano RP. Changes in the distribution of 
body mass index of adults and children in the US population. 
Int J Obes Relat Metab Disord 2000; 24(7): 807–818.

	 90.	Carnell S and Wardle J. Measuring behavioural suscepti-
bility to obesity: validation of the child Eating Behaviour 
Questionnaire. Appetite 2007; 48(1): 104–113.

	 91.	Llewellyn CH and Fildes A. Behavioural susceptibility theory: 
Professor Jane Wardle and the role of appetite in genetic risk 
of obesity. Curr Obes Rep 2017; 6(1): 38–45.

	 92.	Llewellyn C and Wardle J. Behavioral susceptibility to obe-
sity: gene-environment interplay in the development of 
weight. Physiol Behav 2015; 152(Pt. B): 494–501.

	 93.	Locke AE, Kahali B, Berndt SI, et al. Genetic studies of body 
mass index yield new insights for obesity biology. Nature 
2015; 518(7538): 197–206.

	 94.	Llewellyn CH, van Jaarsveld CH, Johnson L, et al. Nature and 
nurture in infant appetite: analysis of the Gemini twin birth 
cohort. Am J Clin Nutr 2010; 91(5): 1172–1179.

	 95.	Dubois L, Diasparra M, Bedard B, et al. Genetic and environ-
mental influences on eating behaviors in 2.5- and 9-year-old 
children: a longitudinal twin study. Int J Behav Nutr Phys Act 
2013; 10: 134.

	 96.	Carnell S, Haworth CMA, Plomin R, et al. Genetic influence 
on appetite in children. Int J Obes 2008; 32(10): 1468–1473.

	 97.	Tholin S, Rasmussen F, Tynelius P, et al. Genetic and envi-
ronmental influences on eating behavior: the Swedish Young 
Male Twins Study. Am J Clin Nutr 2005; 81(3): 564–569.

	 98.	Sung J, Lee K, Song Y-M, et  al. Heritability of eating 
behavior assessed using the DEBQ (Dutch Eating Behavior 
Questionnaire) and weight-related traits: the healthy twin 
study. Obesity 2010; 18(5): 1000–1005.

	 99.	Keskitalo K, Tuorila H, Spector TD, et al. The Three-Factor 
Eating Questionnaire, body mass index, and responses to 

http://www.nature.com/news/how-future-urban-sprawl-maps-out-1.11426
http://www.nature.com/news/how-future-urban-sprawl-maps-out-1.11426
http://www.euro.who.int/en/health-topics/disease-prevention/physical-activity/publications/2008/healthy-city-is-an-active-city-a-a-physical-activity-planning-guide
http://www.euro.who.int/en/health-topics/disease-prevention/physical-activity/publications/2008/healthy-city-is-an-active-city-a-a-physical-activity-planning-guide
http://www.euro.who.int/en/health-topics/disease-prevention/physical-activity/publications/2008/healthy-city-is-an-active-city-a-a-physical-activity-planning-guide
http://www.euro.who.int/en/health-topics/disease-prevention/physical-activity/publications/2008/healthy-city-is-an-active-city-a-a-physical-activity-planning-guide
https://www.energy.gov/eere/vehicles/articles/fotw-1050-october-8-2018-vehicles-thousand-people-china-2016-was-similar
https://www.energy.gov/eere/vehicles/articles/fotw-1050-october-8-2018-vehicles-thousand-people-china-2016-was-similar
https://www.energy.gov/eere/vehicles/articles/fotw-1050-october-8-2018-vehicles-thousand-people-china-2016-was-similar


10	 SAGE Open Medicine

sweet and salty fatty foods: a twin study of genetic and envi-
ronmental associations. Am J Clin Nutr 2008; 88(2): 263–271.

	100.	Llewellyn CH, Trzaskowski M, van Jaarsveld CHM, et  al. 
Satiety mechanisms in genetic risk of obesity. JAMA Pediatr 
2014; 168(4): 338–344.

	101.	Cornelis MC, Rimm EB, Curhan GC, et al. Obesity suscepti-
bility loci and uncontrolled eating, emotional eating and cog-
nitive restraint behaviors in men and women. Obesity 2014; 
22(5): E135–E141.

	102.	Konttinen H, Llewellyn C, Wardle J, et  al. Appetitive traits 
as behavioural pathways in genetic susceptibility to obesity: 
a population-based cross-sectional study. Sci Rep 2015; 5: 
14726.

	103.	De Lauzon-Guillain B, Clifton EA, Day FR, et al. Mediation 
and modification of genetic susceptibility to obesity by eating 
behaviors. Am J Clin Nutr 2017; 106(4): 996–1004.

	104.	Jacob R, Drapeau V, Tremblay A, et  al. The role of eating 
behavior traits in mediating genetic susceptibility to obesity. 
Am J Clin Nutr 2018; 108(3): 445–452.

	105.	Quah PL, Chan YH, Aris IM, et al. Prospective associations 
of appetitive traits at 3 and 12 months of age with body mass 
index and weight gain in the first 2 years of life. BMC Pediatr 
2015; 15: 153, https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4603814/ (accessed 6 March 2019).

	106.	Van Jaarsveld CH, Boniface D, Llewellyn CH, et al. Appetite 
and growth: a longitudinal sibling analysis. JAMA Pediatr 
2014; 168(4): 345–350.

	107.	van Jaarsveld CH, Llewellyn CH, Johnson L, et al. Prospective 
associations between appetitive traits and weight gain in 
infancy. Am J Clin Nutr 2011; 94(6): 1562–1567.

	108.	Steinsbekk S and Wichstrom L. Predictors of change in BMI 
from the age of 4 to 8. J Pediatr Psychol 2015; 40(10): 1056–
1064.

	109.	Van Strien T, Konttinen H, Homberg JR, et  al. Emotional 
eating as a mediator between depression and weight gain. 
Appetite 2016; 100: 216–224.

	110.	Mallan KM, Nambiar S, Magarey AM, et al. Satiety respon-
siveness in toddlerhood predicts energy intake and weight sta-
tus at four years of age. Appetite 2014; 74: 79–85.

	111.	Savage JS, Hoffman L and Birch LL. Dieting, restraint, and 
disinhibition predict women’s weight change over 6 y. Am J 
Clin Nutr 2009; 90(1): 33–40.

	112.	Chaput J-P, Leblanc C, Perusse L, et al. Risk factors for adult 
overweight and obesity in the Quebec Family Study: have we 
been barking up the wrong tree. Obesity 2009; 17(10): 1964–
1970.

	113.	Min J, Chiu DT and Wang Y. Variation in the heritability of 
body mass index based on diverse twin studies: a systematic 
review. Obes Rev 2013; 14(11): 871–882.

	114.	Dinescu D, Horn EE, Duncan G, et al. Socioeconomic modi-
fiers of genetic and environmental influences on body mass 
index in adult twins. Health Psychol 2016; 35(2): 157–166.

	115.	Silventoinen K, Huppertz C, van Beijsterveldt CE, et al. The 
genetic architecture of body mass index from infancy to adult-
hood modified by parental education. Obesity 2016; 24(9): 
2004–2011.

	116.	Silventoinen K, Jelenkovic A, Latvala A, et al. Parental edu-
cation and genetics of body mass index from infancy to old 
age: a pooled analysis of 29 twin cohorts. Obesity 2019; 27: 
855–865.

	117.	Rokholm B, Silventoinen K, Tynelius P, et  al. Increasing 
genetic variance of body mass index during the Swedish obe-
sity epidemic. PLoS ONE 2011; 6(11): e27135.

	118.	Walter S, Mejia-Guevara I, Estrada K, et al. Association of a 
genetic risk score with body mass index across different birth 
cohorts. JAMA 2016; 316(1): 63–69.

	119.	Foraita R, Günther F, Gwozdz W, et al. Does the FTO gene 
interact with the socioeconomic status on the obesity devel-
opment among young European children? Results from the 
IDEFICS study. Int J Obes 2015; 39(1): 1–6.

	120.	Tyrrell J, Wood AR, Ames RM, et al. Gene-obesogenic envi-
ronment interactions in the UK Biobank study. Int J Epidemiol 
2017; 46(2): 559–575.

	121.	Loos RJF and Yeo GSH. The bigger picture of FTO: the first 
GWAS-identified obesity gene. Nat Rev Endocrinol 2014; 
10(1): 51–61.

	122.	Elks CE, Loos RJF, Sharp SJ, et al. Genetic markers of adult 
obesity risk are associated with greater early infancy weight 
gain and growth. PLoS Med 2010; 7(5): e1000284.

	123.	Sovio U, Mook-Kanamori DO, Warrington NM, et  al. 
Association between common variation at the FTO locus and 
changes in body mass index from infancy to late childhood: 
the complex nature of genetic association through growth and 
development. PLoS Genet 2011; 7(2): e1001307.

	124.	Warrington NM, Howe LD, Paternoster L, et al. A genome-
wide association study of body mass index across early life 
and childhood. Int J Epidemiol 2015; 44(2): 700–712.

	125.	Llewellyn CH, Trzaskowski M, Plomin R, et al. From mod-
eling to measurement: developmental trends in genetic 
influence on adiposity in childhood. Obesity 2014; 22(7): 
1756–1761.

	126.	Rzehak P, Scherag A, Grallert H, et al. Associations between 
BMI and the FTO gene are age dependent: results from the 
GINI and LISA birth cohort studies up to age 6 years. Obes 
Facts 2010; 3(3): 173–180.

	127.	Schrempft S, van Jaarsveld CHM, Fisher A, et al. Variation in 
the heritability of child body mass index by obesogenic home 
environment. JAMA Pediatr 2018; 172(12): 1153–1160.

	128.	Horn EE, Turkheimer E, Strachan E, et  al. Behavioral and 
environmental modification of the genetic influence on body 
mass index: a twin study. Behav Genet 2015; 45(4): 409–426.

	129.	McCaffery JM, Papandonatos GD, Bond DS, et  al. Gene X 
environment interaction of vigorous exercise and body mass 
index among male Vietnam-era twins. Am J Clin Nutr 2009; 
89(4): 1011–1018.

	130.	Mustelin L, Silventoinen K, Pietiläinen K, et  al. Physical 
activity reduces the influence of genetic effects on BMI and 
waist circumference: a study in young adult twins. Int J Obes 
2009; 33(1): 29–36.

	131.	Heitmann BL, Kaprio J, Harris JR, et  al. Are genetic deter-
minants of weight gain modified by leisure-time physical 
activity? A prospective study of Finnish twins. Am J Clin Nutr 
1997; 66(3): 672–678.

	132.	Ahmad S, Rukh G, Varga TV, et al. Gene × physical activity 
interactions in obesity: combined analysis of 111,421 individ-
uals of European ancestry. PLoS Genet 2013; 9(7): e1003607.

	133.	Li S, Zhao JH, Luan J, et al. Physical activity attenuates the 
genetic predisposition to obesity in 20,000 men and women 
from EPIC-Norfolk prospective population study. PLoS Med 
2010; 7(8): e1000332.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4603814/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4603814/


Jackson et al.	 11

	134.	Kilpelainen TO, Qi L, Brage S, et al. Physical activity attenu-
ates the influence of FTO variants on obesity risk: a meta-anal-
ysis of 218,166 adults and 19,268 children. PLoS Med 2011; 
8(11): e1001116.

	135.	Beaulieu K, Hopkins M, Blundell J, et al. Does habitual physical 
activity increase the sensitivity of the appetite control system? A 
systematic review. Sports Med 2016; 46(12): 1897–1919.

	136.	Stensel D. Exercise, appetite and appetite-regulating hor-
mones: implications for food intake and weight control. Ann 
Nutr Metab 2010; 57(Suppl. 2): 36–42.

	137.	Archer E, Lavie CJ and Hill JO. The contributions of ‘diet’, 
‘genes’, and physical activity to the etiology of obesity: con-
trary evidence and consilience. Prog Cardiovasc Dis 2018; 
61(2): 89–102.

	138.	The British Psychological Society. Psychological perspectives on 
obesity: addressing policy, practice and research priorities, 2019, 
https://www.bps.org.uk/sites/bps.org.uk/files/Policy/Policy 
%20-%20Files/Psychological%20Perspectives%20on%20 
Obesity%20-%20Addressing%20Policy%2C%20Practice 
%2C%20and%20Research%20Priorities.pdf

https://www.bps.org.uk/sites/bps.org.uk/files/Policy/Policy%20-%20Files/Psychological%20Perspectives%20on%20Obesity%20-%20Addressing%20Policy%2C%20Practice%2C%20and%20Research%20Priorities.pdf
https://www.bps.org.uk/sites/bps.org.uk/files/Policy/Policy%20-%20Files/Psychological%20Perspectives%20on%20Obesity%20-%20Addressing%20Policy%2C%20Practice%2C%20and%20Research%20Priorities.pdf
https://www.bps.org.uk/sites/bps.org.uk/files/Policy/Policy%20-%20Files/Psychological%20Perspectives%20on%20Obesity%20-%20Addressing%20Policy%2C%20Practice%2C%20and%20Research%20Priorities.pdf
https://www.bps.org.uk/sites/bps.org.uk/files/Policy/Policy%20-%20Files/Psychological%20Perspectives%20on%20Obesity%20-%20Addressing%20Policy%2C%20Practice%2C%20and%20Research%20Priorities.pdf



