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besity causes or exacerbates many health

problems, both independently and in

association with other diseases'. In particular,

it is associated with the development of type 2

diabetes mellitus, coronary heart disease
(CHD), an increased incidence of certain forms of cancer,
respiratory complications (obstructive sleep apnoea) and
osteoarthritis of large and small joints. The Build and
Blood Pressure Study has shown that the adverse effects of
excess weight tend to be delayed, sometimes for ten years
or longer”. Life-insurance data and epidemiological studies
confirm that increasing degrees of overweight and obesity
are important predictors of decreased longevity’. In the
Framingham Heart Study, the risk of death within 26 years
increased by 1% for each extra pound (0.45 kg) increase in
weight between the ages of 30 years and 42 years, and by
2% between the ages of 50 years and 62 years®. Despite this
evidence, many clinicians consider obesity to be a self-
inflicted condition of little medical significance. Here I will
review the epidemiology and factors influencing obesity
and the health consequences of excessive body fat.

In clinical practice, body fat is most commonly and simply
estimated by using a formula that combines weight and
height. The underlying assumption is that most variation in
weight for persons of the same height is due to fat mass, and

Box 1
Defining obesity

the formula most frequently used in epidemiological studies
is body-mass index (BMI). Box 1 details the practical meth-
ods used in clinical practice to assess body fatness. A graded
classification of overweight and obesity using BMI values
provides valuable information about increasing body
fatness. It allows meaningful comparisons of weight status
within and between populations and the identification of
individuals and groups at risk of morbidity and mortality. It
also permits identification of priorities for intervention at
an individual or community level and for evaluating the
effectiveness of such interventions. It is important to appre-
ciate that, owing to differences in body proportions, BMI
may not correspond to the same degree of fatness across
different populations. Nor does it account for the wide
variation in the nature of obesity between different individ-
uals and populations. A World Health Organization
(WHO) expert committee has proposed the classification of
overweightand obesity thatapplies to both men and women
andto alladult age groups (Table 1)*°.

Defining a ‘healthy weight’ for a particular society
presents problems. First, the definition is based on total
mortality rates, which can be misleading. People frequently
lose weight as a consequence of illness, which may go unrec-
ognized at the time of survey, but results in death. This
implies a higher mortality among those with lower weights
and is referred to as reverse causation. A second major
concern is the confounding factors, such as smoking, that

Method Definition Advantages/limitations
BMI Weight in kilograms divided by square of the height BMI correlated strongly with densitometry measurements of fat mass;
in metres main limitation is that it does not distinguish fat mass from lean mass

Waist circumference Measured (in centimetres) at midpoint between lower

border of ribs and upper border of the pelvis

Waist circumference and waist-to-hip ratio provide measures for
assessing upper body fat deposition; neither provide precise estimates of
intra-abdominal (visceral) fat

Skinfold thickness Measurement of skinfold thickness (in centimetres)
with callipers provides a more precise assessment if

taken at multiple sites

Measurements are subject to considerable variation between
observers, require accurate callipers and do not provide any information
on abdominal and intramuscular fat

Bioimpedance Based on the principle that lean mass conducts
current better than fat mass because it is primarily an
electrolyte solution; measurement of resistance to a
weak current (impedance) applied across extremities
provides an estimate of body fat using an empirically
derived equation
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Devices are simple and practical but neither measure fat nor predict
biological outcomes more accurately than simpler anthropometric
measurements
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Table 1 Cut-off points proposed by a WHO expert committee for the
classification of overweight

BMI* (kg m) WHO classification Popular description

<18.5 Underweight Thin

18.5-24.9 — ‘Healthy’, ‘normal’, ‘acceptable’
25.0-29.9 Grade 1 overweight Overweight

30.0-39.9 Grade 2 overweight Obesity

>40.0 Grade 3 overweight Morbid obesity

*BMlis the weight in kilograms divided by the square of the height in metres.

The data presented in Tables 1 and 2 reflect knowledge acquired largely from epidemiological
studies in developed countries. Preliminary information from developing nations indicates that
lower cut-off levels for both BMI and waist circumference (see Table 2) are necessary for certain
populations who are at particular risk from comparatively modest degrees of overweight.

may distort the association between body weight and mortality. The
Nurses Health Study, which prospectively studied 116,000 women in
the United States during a 17-year period, shows a U-shaped
relationship between mortality and BMI in an overall age-adjusted
analysis. However, the relationship becomes a simple positive associ-
ation when reverse causation isaccounted for and the analysislimited
to those who had never smoked”.

Despite these shortcomings in the calculation, there is a close
relationship between BMI and the incidence of several chronic
conditions caused by excess fat (Fig. 1), including type 2 diabetes,
hypertension, CHD and cholelithiasis. This relationship is approxi-
mately linear for a range of BMI indexes less than 30 (kg m™), but all
risks are greatly increased for those subjects with a BMI above 29,
independent of gender®’.

Waist circumference correlates with measures of risk for CHD
such as hypertension or blood lipid levels. The choice of cut-off
points on the waist circumference continuum involves a trade-off
between sensitivity and specificity similar to that for BMI. Gender-
specific cut-off points for waist circumference may be of guidance in
interpreting values for adults: proposed cut-off levels are shown in
Table 2, withlevel 1 beingintended to alert clinicians to potential risk,
whereas level 2 should initiate therapeutic action .

Obesity can be defined as a disease in which excess body fat has
accumulated such that health may be adversely affected. Conserva-
tive estimates of the economic costs of obesity in developed countries
are between 2 and 7% of the total health costs, which represents a
significant expenditure of national health-care budgets''. It is highly
beneficial to be able to estimate prevalence and secular trends in
obesity in order to identify those at risk and assist policy makers and
public-health planners. The major health consequences of obesity
are predictable from an understanding of the pathophysiology
of increasing body fat. Obese individuals with excess fat in
intra-abdominal depots are at particular risk of negative health
consequences, with certain ethnic populations carrying different
levels of risk'’. To make true comparisons of the burden of obesity
between countries it is necessary to compare population-based data
on measured height and weight that followed identical protocols for
measurement and collection during the same time period.

The range of BMI of a population varies significantly according to
the stage of economic transition and associated industrialization of a

Table 2 Waist circumference predicts risk of metabolic complications

Increased risk
294 cm >102 cm
288 cm 288 cm

Gender-specific waist circumferences are presented that denote ‘increased risk’ (level 1) and
‘substantially increased risk’ (level 2) of metabolic complications associated with obesity in
Caucasians. Level 1 is intended to alert clinicians to potential risk for CHD whereas level 2 should
initiate therapeutic action.

Substantially increased risk

Men
Women
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Figure 1 Relation between BMI up to 30 and the relative risk of type 2 diabetes,
hypertension, CHD and cholelithiasis. a, Relations for women, initially 30 to 55 years
old, who were followed up for 18 years. b, Relations for men, initially 40 to 65 years
old, who were followed up to ten years. Courtesy of the authors in ref. 9, and the editor,
New England Journal of Medicine.

country (such as a shift from dietary deficit to one of dietary excess).
Asthe proportion of the population with alow BMI decreases there is
an almost symmetrical increase in the population with a BMI above
25. This indicates the tendency for a population-wide shift as socio-
economic conditions improve, with overweight replacing thinness.
In the first stages of the transition, wealthier sections of society show
an increase in the proportion of people with a high BMI, whereas
thinness remains the main concern among the less wealthy. The
distribution of BMI tends to change again in the later phases of
transition with an increasing prevalence of high BMI among the
poor. Importantly, changes in adult prevalence of obesity are reflect-
ed by a striking increase in childhood and adolescent weight in both
industrialized and developing countries. The early onset of obesity
leads to an increased likelihood of obesity in later life as well as an
increased prevalence of obesity-related disorders'>",

Obesity (defined as a BMI above 30) is a common condition in
every continent (Fig. 2). The most comprehensive information in
Europe derives from data collected between 1983 and 1986 for the
MONICA study”. On average, 15% of men and 22% of women were
obese, with overweight also being more common among women
than men. More than half the adult population between 35 and 65
years of age in Europe were either overweight or obese. In England
and Wales the most recent health survey has confirmed an increase in
the prevalence of obesity in adults from 6% in men and 8% in women
in 1980 to 17% of men and 20% of women in 1997'¢. National surveys
in the United States have shown a marked increase in prevalence of
obesity over time. The striking increase in prevalence between 1980
and 1994 confirms that population-wide increases in overweight and
obesity may occur over a short period of time. The most recent data
from the United States, derived from the third National Health and
Nutrition Examination Survey (1988-94), shows ~20% of US men
and ~25% of US women are obese'’. Detailed sub-analysis shows
African-American women and other minority populations to be
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Figure 2 Historic, current and projected obesity prevalence rates (BMI > 30 kg m) for
the United States, England and Wales, Mauritius, Australia and Brazil from 1960 to
2025. Courtesy of the International Obesity Task Force.

particularly susceptible. Obesity is also prevalent in Latin America
and a particular problem in the Caribbean®.

But the increasing prevalence of obesity is not confined merely to
Europeand the Americas. In Southeast Asiaa marked riseis being seen
in all populations, and in Japan and China a pronounced increase in
the prevalence of overweight and obesity has been observed during
the pasttwo decades". Obesity isnow more prevalent in Malaysia than
undernutrition in both urban and rural communities, but the most
striking figures come from the Pacific region. In urban Samoa the
prevalence of obesity is estimated as greater than 75% of adult women
and 60% of adult men®. High prevalence rates also occur in the
Middle East. In the United Arab Emirates obesity is recognized as a
major public-health problem that may be important in the increasing
occurrence of other chronic diseases’".

Obesity is not a single disorder but a heterogeneous group of
conditions with multiple causes. Body weight is determined by an
interaction between genetic, environmental and psychosocial factors
acting through the physiological mediators of energy intake and
expenditure. Although genetic differences are of undoubted impor-
tance, the marked rise in the prevalence of obesity is best explained by
behavioural and environmental changes that have resulted from
technological advances (Fig. 3).

Fatness runs in families but the influence of the genotype on the
aetiology of obesity may be attenuated or exacerbated by nongenetic
factors. Apart from rare obesity-associated syndromes, the genetic
influences seem to operate through susceptibility genes. Such genes
increase the risk of developing a characteristic but are not essential
for its expression or, by themselves, sufficient to explain the develop-
ment of a disease. The susceptible-gene hypothesis is supported by
findings from twin studies in which pairs of twins were exposed to
periods of positive and negative energy balance®. The differences in
the rate of weight gain, the proportion of weight gained and the site of
fat deposition showed greater similarity within pairs than between
pairs. This suggests differences in genetic susceptibility within a
population determine those who are most likely to become obese in
any given set of environmental circumstances.

A candidate gene is defined as that part of the DNA molecule that
directs the synthesis of a specific polypeptide chain closely associated
with a particular disease. The search for obesity genes requires a mul-
tifaceted approach that involves studies of potential candidate genes
derived from animal models, human obesity syndromes and a
genome-wide search using microsatellites covering the human
genome. Candidate genes for obesity can be chosen for their possible
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effects on body fat composition, anatomical distribution of fat, food
intake and energy expenditure.

Monogenic rodent models of obesity are all characterized by early
onset of obesity, hyperinsulinaemia and insulin resistance. The
genetic aetiology of obesity in the laboratory-bred ob mouse is well
defined. The ob gene is positioned on chromosome 6 and expressed
exclusively in adipose tissue in normal mice. The gene product,
which is called leptin (derived from Greek leptos, meaning thin), is
nonfunctional in mice that are homozygous for the ob mutation®™.
Replacement of leptin by intraperitoneal injections in these animals
leads to a reduction in body weight, body fat, food intake and serum
insulin. Leptin introduced into the lateral or third ventricle of the
brain is effective in reducing weight, indicating a probable central
effect’. By contrast, the administration of leptin to the db/db mouse
(an obese mice characterized by high leptin levels) has no effect on
appetite, body weight or body fat. These mice have a mutation of the
leptin-receptor gene, which gives rise to a nonfunctioning leptin
receptor. The initial hypothesis that obesity in humans results from a
relative or absolute deficiency of leptin has not been borne out. Para-
doxically, most obese humans have high circulating levels of leptin
that are raised in proportion to fat mass™, whereas only a handful of
individuals with severe obesity have been identified either with
congenital deficiency or a mutation in the leptin-receptor gene.
Detailed observations of a child with severe, early-onset obesity
treated with subcutaneous injections of leptin has demonstrated
significant and impressive weight loss without any alteration in
energy expenditure over a 24-hour period — a reduction in basal
metabolic rate was counterbalanced by an increase in physical
activity’®. The main effect of leptin in inducing weight loss was
mediated by its suppressive effect on food intake. These findings raise
important questions about the primary role of leptin in humans
and demonstrate the complexity of human hypothalamic function
compared to rodents.

Several candidate genes have been associated with human obesity
or its metabolic complications. They include receptors that are
important in mechanisms of thermogenesis (for example, 3;-adren-
ergic-receptor gene and the family of uncoupling proteins) as well as
those involved in appetite regulation.

Obesity is a consistent finding in many single-gene disorders
of humans. One example is Prader-Willi syndrome (PWS), which
is characterized by upper-body obesity, short stature, mental
retardation and hypogonadism. The condition is seen in approxi-
mately 1 in 25,000 births, may occur ‘sporadically’, but usually is
associated with a familial inheritance: it is caused by a deletion of the
paternal segment of chromosome 15. A second, less common
disorder is Bardet—Biedl syndrome. Although sharing many charac-
teristics with PWS, studies of affected families have identified several
different chromosomal loci (chromosomes 16, 11, 3 and 15)
responsible for the syndrome, which confirms the heterogeneity of
the condition.

Theadvent of marker libraries covering the entire human genome
is providing an opportunity for random genome-wide search
for candidate genes contributing to human obesity through the study
of large numbers of individuals within defined populations or
families. These approaches are considered in the review by
Barsh etal., pp. 644-651.

Implicit to the susceptible-gene hypothesisis the role of environmen-
tal factors that unmask latent tendencies to develop obesity.
Predictions about possible interactions between genes and the envi-
ronment are difficult because there may be a delay in an individual’s
exposure to an ‘obesogenic’ environment, and/or alteration in
lifestyle related to living circumstances and uncertainty about the
precise timing of the onset of weight gain.

The most variable component of energy
expenditure is physical activity, representing 20-50% of total
energy expenditure. The analysis of the level of physical activity is
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similar in groups of subjects with a BMI of <20, 20-25 and 25-35,
which indicates similar levels of habitual activity. The measurement
of energy expenditure within the home, using doubly labelled water,
also shows comparable values between obese and lean subjects when
corrected for different body sizes”.

A defect in metabolic mechanisms that control energy expendi-
ture has not been described in human obesity. Longitudinal studies
of Pima Indians indicate that the risk of 10-kg weight gain during a
4-year follow-up is sevenfold higher in those in the lowest tertile of
relative resting metabolic rate (RMR) compared with those in the
highest tertile”®. Nevertheless, even in this population, which is
predisposed to obesity, this predicts only 40% of the weight gain. No
association has been observed between RMR and 10-year weight gain
in a Dutch population and results from other studies have also
questioned the validity of this putative association®.

Cross-cultural studies of physical activity and BMI demonstrate a
sevenfold increased risk of overweight (BMI > 25) in those with a
physical activity level ratio (total energy expenditure/RMR) of <1.8
(ref. 30). In developed countries there is a relationship between low
levels of physical activity and obesity. A longitudinal Finnish study
found that those reporting physical exercise three or more times each
week had on averagelost weight since a preceding survey. By contrast,
those who undertook little physical activity gained weight and
had twice the risk of gaining 5 kg or more”'. In Finland, a decline in
physical activity at work and in transport during the past 10 years has
been accompanied by a significant increase in leisure time. Among
children in the United States, the relative risk of obesity is 5.3 times
greater for children who watch television for 5 h or more each day
compared with those children who watch for less than 2 h, even after
correcting for a wide range of socioeconomic variables™.

In the United Kingdom, a study combining data on energy intake
and physical activity in relation to the secular increase in adult
obesity shows no relationship between total energy intake or fat con-
sumption and the prevalence of obesity, but a close relationship
between proxy measures of physical activity (television viewing and
car ownership)™.

Itis surprising that no direct correlation has been report-
ed between the prevalence of obesity and increased energy intake in
developed nations, given the ready availability of highly palatable
foods. The understanding of the role of energy intake in the aetiology
of obesity is confounded by failure to report food intake accurately.
Under-reporting is widely recognized as a feature of obesity, with
comparisons of energy intake and expenditure in obese subjects
showing a consistent shortfall in self-reported food intake of approxi-
mately 30% of the energy requirements**. There is good evidence
that individual macronutrients (protein, fat and carbohydrate) exert
differing effects on eating behaviour predominantly as a result of their
effects on satiety. Fat has a weak satiating capacity, particularly when
compared with protein, and subjects in experimental situations
readily overeat when presented with high-fat foods™.

It seems likely that environmental influences act through increas-
ing energy intake and/or decreasing energy expenditure. There is
some evidence that high-fat diets are associated with an increased
risk of obesity within populations, but cross-cultural dietary studies
have failed to show any consistent relationship between nutritional
factors and relative weights”.

Evidence for the critical role of environmental factors in
the development of obesity comes from migrant studies and the
‘westernization’ of diet and lifestyles in developing countries. The
pronounced increase in age-standardized prevalence of obesity
(>60% in men and women) in the Naurians in Micronesia and
Polynesians in Western Samoa is closely paralleled by alterations in
diet and lifestyle®. A marked change in BMI is frequently witnessed
in migrant studies, where populations with a common genetic
heritage live under new and different environmental circumstances.
Pima Indians, for example, living in the United States are on average
25 kg heavier than Pima Indians living in Mexico™. A similar trend is
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Figure 3 Factors influencing the development of obesity.

seen for Africansliving in the United States. In Nigeria the mean BMI
formenandwomenis21.7 and 22.6, respectively; in the United States
the average BMI for Nigerian men and women is 27.1 and 30.8,
respectively®. This increasing prevalence of obesity is associated with
adverse health consequences. The prevalence of hypertension in
adult Nigerians living in Africa is 15%, whereas it is as high as 30%
among those living in United States.

Inboth men and women the prevalence of overweight and obesity
increases with age until 50 to 60 years; it is particularly apparent
between the ages of 20 and 40 years. There are large, usually unex-
plained variations between ethnic groups — this is particularly
apparent in US women with the rapidity of change occurring with
increasing affluence of particular lower economic groups (22% of
Caucasian women are obese, 30% of African-American women and
34% of Mexican-American women)"’. In industrialized countries, a
higher prevalence of overweight and obesity is observed in those with
lower educational attainments and low income, although the reverse
may be seen in developing countries. There is a tendency for
overweight to increase after marriage and with increasing parity.
Dietary intake and physical activity are crucially important factors in
increasingly affluent societies.

Analysis of the prevalence of obesity by socioeconomic status in
England and Wales demonstrates a strong gradient related to social
class, especially in women, ranging from 10.7% in social class 1 (high)
to 25% in social class V (low). Interestingly, this is accompanied by
marked differences in measures of physical activity with social classes
IV and V spending significantly more time watching television and
being more likely to define themselves as inactive compared with
thoseinsocial class 1 (ref. 41).

Evidence indicates that undernutrition of the fetus
during intrauterine development may determine the later onset of
obesity, hypertension and type 2 diabetes independent of genetic
inheritance. Such a phenomenon suggests the possibility of long-
term programming of genetic expression as a consequence of altered
intrauterine growth*. Barker has hypothesized that an adverse nutri-
tional environment in utero causes defects in the development of
body organs leading to a ‘programmed’ susceptibility that interacts
with later diet and environmental stresses to cause overt disease many
decades later. In support of the hypothesis is the finding of an inverse
relationship between birthweight and systolic blood pressure in both
men and women in later life, with the highest mean systolic blood
pressures being observed in those with the lowest birthweight and
highest current weight*.

Central to the (‘thrifty phenotype’) hypothesis is the view that a
predisposition to type 2 diabetes and other conditions, including
adult obesity, is an adaptation to malnutrition by the developing
fetus. Low birthweight is a proxy for a variety of intrauterine influ-
ences but predominantly is caused by maternal malnutrition. It is
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Box 2
Obesity and type 2 diabetes
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suggested that the fetus adapts its growth and metabolism to the
expectation of poor availability of nutrition postnatally. This may
have survival advantages in utero by targeting available nutrients to
essential organs and, in later life, by increasing the ability to store
energy as fat to provide energy reserves for use when food is scarce.
These adaptations are detrimental when there is a constant supply of
nutrition. Studies of adult subjects with documented low birth-
weights have indicated that they are almost seven times more likely to
have either impaired glucose tolerance or type 2 diabetes at age 64
years compared with those born the heaviest*. Importantly, the
highest blood glucose concentrations are found in men who were
lightest at one year of age but who had the highest BMI when aged 64
years. There are anumber of mechanisms through which the hypoth-
esis could work. These include a deficiency of insulin production by
pancreatic -cells and alterations in placental vasculature resulting
in poor maternal transfer of nutrients. Fetal and early life are critical
periods for pancreatic B-cell development because about half
the adult mass of B-cells is present by one year of age. In addition,
animal studies have shown that maternal protein restriction
during pregnancy can markedly reduce pancreatic vascularization in
the offspring.

Thereare reports showingan inverse correlation between abdom-
inal fatness and birthweight but none which have examined the effect
of size at birth and the subsequent incidence of obesity. Nevertheless,
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the study of cohorts born around the time of the time of the Dutch
famine during the winter of 1944-1945 provide some of the most
convincing evidence that both early and late gestation are critical
periods for the subsequent development of obesity. Compared with a
control group not exposed to famine during pregnancy, the preva-
lence of obesity was significantly higher in those adults whose fetal
exposure to famine coincided with the first two trimesters of
pregnancy. In contrast, the prevalence of obesity was significantly
lower in those whose exposure to famine occurred in the third
trimester or shortly after birth®. These findings are consistent with
an appetite rebound after the famine when mothers were able to eat
normally towards the end of pregnancy at the critical time of fetal fat
accumulation.

Increasing body fatness is accompanied by profound changes in
physiological function. These changes are, to a certain extent, depen-
dent on the regional distribution of adipose tissue. Generalized
obesity results in alterations in total blood volume and cardiac
function, whereas the distribution of fataround the thoracic cageand
abdomen restricts respiratory excursion and alters respiratory
function. The intra-abdominal visceral deposition of adipose
tissue, which characterizes upper body obesity, isa major contributor
to the development of hypertension, elevated plasma insulin
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Box 3
Cardiovascular function in obesity

Schematic illustration of the
physiological changes in
cardiovascular function that
accompany progressive weight
gain. Increasing body weight is
associated with an increase in both
lean and fat mass and in surface
area. This, and the associated
increase in total blood volume, is in
turn accompanied by an increase in
stroke volume and cardiac output.
The increase in circulatory preload
and afterload lead to left ventricular
(LV) dilatation and eccentric
hypertrophy. An increase in

Increased stroke volume and cardiac
output (@amount of blood ejected during
ventricular (systolic) contractions)

systemic vascular resistance seen
in some obese individuals results in
a sustained rise in blood pressure
(hypertension) and concentric LV
hypertrophy. In time the atria and
ventricles begin to fail with the
development of heart failure.

Obesity

Increasing body
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total body oxygen
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circulating blood volume
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vascular resistance
(constriction of arterial
blood vessels)

Increase in blood pressure

causes LV concentric
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of both muscle walls X-

concentrations and insulin resistance, diabetes mellitus and
hyperlipidaemia.

Obesity is characterized by elevated fasting plasma insulin and an
exaggerated insulin response to an oral glucose load*. Overall
fatness and the distribution of body fat influence glucose
metabolism through independent but additive mechanisms.
Increasing upper body obesity is accompanied by a progressive
increase in the glucose and insulin response to an oral glucose
challenge with a positive correlation being observed between
increasing upper body obesity and measures of insulin resistance.
Post-hepatic insulin delivery is increased in upper body obesity
leading to more marked peripheral insulin concentrations that, in
turn, lead to peripheral insulin resistance (Box 2).

Different fat depots vary in their responsiveness to hormones that

640

Increased preload (blood volume
returning to heart) causes left
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Increased afterload (systemic
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(incomplete emptying of ventricles and atria)

Heart failure

regulate lipolysis and this also varies according to fat distribution®’.
In both men and women, the lipolytic response to noradrenaline is
more marked in abdominal than gluteal or femoral adipose tissue*.
Cortisol may also contribute to this enhanced lipolysis by further
inhibiting the antilipolytic effect of insulin. These factors contribute
to an exaggerated release of free fatty acids (FFAs) from abdominal
adipocytes into the portal system*’. FFAs have a deleterious effect on
insulin uptake by the liver and contribute to the increased hepatic
gluconeogenesis and hepatic glucose release observed in upper body
obesity. Insulin insensitivity is confined not only to adipocytes—the
process being accentuated by insulin resistance of skeletal muscle.
The elevation in plasma FFA concentration, particularly post-
prandially when they are usually suppressed by insulin, leads to an
inappropriate maintenance of glucose production and an impair-
ment of hepatic glucose utilization (impaired glucose tolerance).
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Box 4
Sleep-breathing abnormalities in obesity
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Schematic illustration of the changes in
respiratory function during sleep that result
from a progressive increase in body weight.
Respiratory function is compromised in
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Reduced hepatic clearance of insulin leads to increased peripheral
(systemic) insulin concentrations and to a further downregulation of
insulin receptors.

In the initial phases of this process, the pancreas can respond
by maintaining a state of compensatory hyperinsulinaemia
with gross decompensation of glucose tolerance being prevented.
With ever increasing plasma concentrations of FFAs, the insulin-
resistant individual cannot continue to maintain this state of
compensatory hyperinsulinaemia, and hyperglycaemia prevails.
Hyperinsulinaemia and insulin resistance are both significant
correlates of a dyslipoproteinaemic state and contribute to the
characteristic alterations of plasma lipid profile associated with
obesity: elevated fasting plasma triglyceride concentration, reduced
high-density lipoprotein—cholesterol, marginal elevations of
cholesterol and low-density lipoprotein—cholesterol concentrations,
and increased number of apo-B-carrying lipoproteins™.

Prospective population studies confirm a close association
between increasing body fatness and type 2 diabetes. In the Nurses
Cohort Study, BMI was the dominant predictor of the risk of diabetes
after adjustment for age®'. The risk of diabetes increased fivefold for
those with a BMI of 25, 28-fold for those with BMI of 30, and 93-fold
for those women with a BMI of 35 or greater, compared with women
with a BMI of less than 21. Women who gained 8-10.9 kg in weight
during the period of study had a 2.7-fold increased risk of diabetes
compared with women of stable weight. Similarly, the risk of diabetes
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Poor sleep
(restlessness and
frequent waking)

in men increases for all BMI levels of 24 or above. Compared with
menwithaBMI ofless than 21, the risk of diabetes, adjusted for age, is
increased 2.2-fold for a BMI between 25 and 26.9, 6.7-fold for a BMI
between 29 and 30, and 42-fold for those with a BMI of 35 or greater™.
The distribution of fat tissue is also associated independently with
diabetes: a waist circumference of >40 inches (102 cm) increases the
risk of diabetes 3.5-fold even after controlling for BMI™.

The effects of increased body fatness on cardiovascular function
are predictable (Box 3). Total body oxygen consumption is
increased as a result of an expanded lean tissue mass as well as the
oxidative demands of metabolically active adipose tissue, and this
is accompanied by an absolute increase in cardiac output.
However, the values are within the normal range when they are
normalized to body surface area®. The total blood volume in
obesity is increased in proportion to body weight. This increase in
blood volume contributes to an increase in the left ventricular
preload and an increase in resting cardiac output™. The increased
demand for cardiac output is achieved by an increase in stroke
volume while the heart rate remains comparatively unchanged.
The obesity-related increase in stroke volume results from an
increase in diastolic filling of the left ventricle®. The volume
expansion and increase in cardiac output lead to structural
changes of the heart, and the increase in left ventricular filling
results in an increase in the left ventricular cavity dimension and
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an increase in wall stress. As left ventricular dilatation is
accompanied by myocardial hypertrophy, the ratio between
ventricular cavity radius and wall thickness is preserved, and this
thickening of the wall with dilatation results in eccentric
hypertrophy. Left ventricular mass increases directly in proportion
to BMI or the degree of overweight”. The blood pressure is a
function of cardiac output and systemic vascular resistance (the
vascular resistance against which the blood is pumped). An
elevated cardiac output is common with moderate obesity but not
all obese patients are hypertensive. However, in those subjects
where systemic resistance is increased, the combination of
hypertension and obesity results in an increase of ventricular wall
dimensions disproportionate to the chamber radius and this leads,
in time, to concentric hypertrophy™.

The cardiovascular adaptation to the increased intravascular vol-
ume of obesity may not completely restore normal haemodynamic
function. Marked systolic dysfunction occurs when the ventricle can
no longer adapt to volume overload. Dilatation of the left ventricle
cavity radiusleads to a decline in ventricular contractility. Despite an
elevation of cardiac output, obese individuals have been shown to
have depressed myocardial contractility proportional to excess
weight™. With left ventricular hypertrophy, reduced ventricular
compliance alters the ability of the chamber to accommodate an
increased volume during diastole and this results in diastolic
dysfunction. A combination of systolic and diastolic dysfunction
progresses to clinically significant heart failure. Body weight,
independent of several traditional risk factors, was directly related to
the development of congestive cardiac failure in the Framingham
Heart Study®.

In addition to congestive cardiac failure, the presence of left
ventricular hypertrophy has been associated with a greater risk of
morbidity and mortality from CHD and sudden death, as well as
abnormal heart rhythms (or arrhythmias). In the Nurses Cohort
Study the risk of CHD increased twofold for women with a BMI
between 25 and 28.9, and 3.6-fold for a BMI >29, compared with
women with a BMI ofless than 21 (ref. 61). In the Framingham Heart
Study, the 26-year incidence of CHD in women and men was related
proportionately to excess weight. In this study the incidence of CHD
increased by a factor of 2.4 in obese women and by a factor of 2.0 in
obese men under the age of 50 years®. The independent risk of CHD
attributed to obesity in multivariate analysis may reflect other
important mediators such as upper body fat, altered rheology and
haemostasis, hyperinsulinaemia or sleep apnoea.

An increased amount of fat in the chest wall and abdomen has a
predictable effect on the mechanical properties of the chest and
the diaphragm and leads to an alteration of respiratory excursions
during inspiration and expiration, reducing lung volume and
altering the pattern of ventilation to each region. In addition, the
increased mass of fat leads to a decrease in compliance of the
respiratory system as a whole. All of these changes are significantly
exaggerated when an obese person lies flat. The mass loading
effect of fat requires an increased respiratory muscle force to
overcome the excessive elastic recoil and an associated increase in
the elastic work of breathing. The obesity-related changes in
respiratory function are most important during sleep®™® (Box 4).

During rapid eye movement (REM) sleep, there are decreases in
voluntary muscle tone with reduced arterial oxygen saturation and a
rise in carbon dioxide. These changes affect all individuals but are
especially marked in obese subjects. Irregular respiration and
occasional apnoeic episodes often occur in lean people during REM
sleep, but obesity, with its influence on respiratory mechanics,
increases their frequency and may result in severe hypoxia with resul-
tant cardiac arrhythmias. Studies of obese men and women have
demonstrated that the obstruction occurs in the larynx and is associ-
ated with loss of tone of the muscles controlling tongue movement.
Relaxation of the genioglossus muscle allows the base of the tongue to
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fall back against the posterior pharyngeal wall occluding the
pharynx. This results in a temporary cessation of breathing (apnoea)
and associated transient fall in arterial oxygen saturation concentra-
tion (hypoxia). Itis not uncommon to observe low oxygen saturation
values during REM sleep in some obese men while their awake
arterial gases are normal®. By contrast, premenopausal obese
women show relatively minor alterations during sleep with a
decrease in arterial oxygen saturation of less than 7% without
apnoea. After the menopause, the changes seen in obese women
become more marked with the reduction in oxygen saturation dur-
ing sleep being >7% and being accompanied by apnoeic episodes®. A
minority of obese patients develop a situation characterized by a
marked depression in both carbon dioxide (hypercapnic) and
hypoxic respiratory drives, accompanied by abnormal and irregular
pattern of breathing during sleep and (eventually) in the waking
state®®. Characteristically, such individuals show frequent and
prolonged episodes of sleep apnoea: sleep is disturbed with frequent
awakening related to the resumption of breathing after an apnoeic
episode. Daytime somnolence soon intervenes and is accompanied
by persistent hypoxia/hypercapnia, pulmonary hypertension
(superimposed upon an increased circulatory volume) and right-
sided cardiac failure. Such changes constitute the clinical manifesta-
tion of the obesity—hypoventilation syndrome (formerly known as
the Pickwickian syndrome).

In the Swedish Obesity Subjects study, which examined 3,034
subjects with a BMI above 35, over 50% of men and one-third of
women reported snoring and apnoea. In contrast, 15.5% of Swedish
men of comparable age were self-reported habitual snorers®.

Several groups have reported an increased risk of myocardial
infarction and stroke in sleep apnoea. Snoring is a strong risk factor
for sleep-related strokes, whereas symptoms of sleep apnoea increase
therisk for cerebral infarction®.

It is noticeable, working in east London, how the current generation
of teenage Asians is much taller and more sturdily built compared
with their parents. This observation is explained largely by improved
nutrition. In contrast, Asian parents are becoming obese, a situation
not seen 10 years ago, and are paying a serious medical penalty as a
consequence. This change in population anthropometry is not
restricted to east London or to a particular ethnic group, but reflectsa
major global shift in body size. A sudden disproportionate rise in the
number of people who are seriously obese is observed as the
mean weight of a population rises®; a situation now faced by most
developed and many developing nations.

The accompanying reviews in this Nature Insight on Obesity
confirm the identity of several genes involved in the development of
obesity in animal models and describe central neural pathways
concerned in the regulation of energy balance. Such genes and neural
pathways are likely to be important in the genesis of human obesity
but they should not detract from the importance of environmental
factors — the epidemic of obesity witnessed during the past 20 years
has emerged from a relatively constant genetic pool. For the future,
priority must be given for achieving a better understanding of
susceptible genotypes for obesity and identifying different obese
phenotypes. The latter should enable particular treatments to be
targeted at appropriate individuals who are at specific medical risk.

The identification of major and minor genes involved in the
aetiology and pathogenesis of obesity remains critically important
for the immediate future. Nevertheless, the development and imple-
mentation of effective programmes that successfully encourage
increased physical activity and healthy eating across populations
remain paramount for the prevention of obesity and its associated
diseases — this will require the active engagement of individuals and
their governments. O
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