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Human beings are susceptible to sustained weight gain in the modern environment. Although both men and women can get fat, they get fat in
different ways, and suffer different consequences. We review differences between men and women in the incidence of obesity, fat deposition pat-
terns, fat metabolism, and the health consequences of obesity, and examine potential evolutionary explanations for these differences. Women gen-
erally have a larger proportion of body mass as fat, and are more likely to deposit fat subcutaneously and on their lower extremities; men are more
likely to deposit fat in the abdominal region. Excess adipose tissue in the abdominal region, especially visceral fat, is associated with more health
risks. Women have higher rates of reuptake of NEFA into adipose tissue; however, they also have higher rates of fat oxidation during prolonged
exercise. Oestrogen appears to underlie many of these differences. Women bear higher nutrient costs during reproduction. Fat and fertility are
linked in women, through leptin. Low leptin levels reduce fertility. Ovarian function of adult women is associated with their fatness at birth.
In our evolutionary past food insecurity was a frequent occurrence. Women would have benefited from an increased ability to store fat in
easily metabolisable depots. We suggest that the pattern of central obesity, more commonly seen in men, is not adaptive, but rather reflects
the genetic drift hypothesis of human susceptibility to obesity. Female obesity, with excess adiposity in the lower extremities, reflects an exag-

geration of an adaptation for female reproductive success.

Adipose tissue: Visceral fat: Subcutaneous fat: Fat oxidation: Leptin: Insulin

There is a growing worldwide epidemic of obesity. It affects
men and women, young and old. For example, under the cur-
rent US military’s recommended enlistment standard for BMI
(defined as weight in kilograms divided by the square of
height in meters) 40 % of young women and 25 % of young
men in the USA are not eligible due to being overweight(”.
Women of reproductive age have been especially susceptible.
In 1999-2002, 62 % of US women aged 20 years or older
were overweight (defined as having a BMI > 25kg/m?) and
one-third were obese (BMI = 30kg/m*)*?. Obesity in ado-
lescence also is an increasing concern; 15% of girls aged
12—19 years were overweight (defined as having a BMI =
the 95th percentile for age according to the Centers for
Disease Control growth charts)®.

What is amazing, and frightening, is how quickly this
change in human body weight is occurring. Within a few gen-
erations the bell-curve of human-weight distribution has
shifted and become skewed toward greater weight. The

median-weight individual of today would have been con-
sidered to be heavier than average only a short time ago and
there are more extremely obese individuals. This trend
would appear to be continuing®. The rapidity with which
the incidence of obesity has increased worldwide suggests
that genetic change on a population level is an unlikely
cause, although assortative mating, the increased probability
that individuals are more likely to marry other individuals
with similar BMI, could play some role, both genetic and
environmental®. Technological change, culture and socio-
economic factors certainly play important roles in the
change in human adiposity. However, whatever underlying
genetic and biological factors that are contributing to signifi-
cant numbers of individuals to be obesity-prone in the
modern environment probably have been extant in our species
for a considerable time.

Although men and women are both susceptible to obesity,
the incidence and health consequences differ between the

Abbreviation: 113-HSD1, 11B-hydroxysteroid dehydrogenase type 1.

* Corresponding author: Dr Michael L. Power, fax +1 202 554 4346, email mpower@ ACOG.ORG

ssa.d Ansseniun abpriquied Aq auljuo paysiiqnd LE£€S8L0S L LL000S/LLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114507853347

MS British Journal of Nutrition

932 M. L. Power and J. Schulkin
sexes. Men and women differ in the patterns of fat depo- or
sition, fat mobilisation, utilisation of fat as a metabolic
fuel, and the consequences of both excess and insufficient 50 1
fat stores. Many of these differences may reflect evolved
adaptive differences that stem from the differences in male __dor
and female reproductive costs. Reproduction is more nutri- 8
tionally expensive for women than it is for men. The E 5l
costs of gestation and lactation dwarf male reproductive '§
effort. This asymmetry in reproductive cost is reflected in @ 20|
the asymmetry in fat storage and in the utilisation of fat
as fuel.

In the present review we examine differences in fat storage or
and metabolism between men and women and the ways in

0

which those differences might underlie the differences in inci-
dence and types of obesity experienced by men and women.
This topic has been recently reviewed by others®~". The
novel aspect of our paper is that we approach these topics
from the perspective of evolutionary biology. We hypothesise
that many of the characteristics that predispose individuals to
weight gain derive from adaptive forces in our past. Other
characteristics may have been selectively neutral, due to the
infrequency with which the obesity phenotype was expressed
in the past, and thus may have accumulated in our lineage
via genetic drift. We propose that modern obesity can be
explained as evolutionary adaptive (or neutral) responses
that in the modern environment result in maladaptive physio-
logical responses. We further propose that many of the differ-
ences between men and women in the propensity to obesity
and the associated health consequences are reflections of the
different adaptive pressures that have shaped male and
female biology.

Sex differences in adiposity

Women and men differ in the proportion of body fat and in
how that fat is distributed. These differences begin early in
life, and are further strengthened during puberty. These differ-
ences stem from metabolic and hormonal differences between
the sexes, and contribute to differences between women and
men in health risks attributable to obesity.

Women have greater adipose stores than men, even after
correcting for BMI. This is true for all races and all cultures.
Indeed, the mean percentage of body fat for normal-weight
women (BMI 18—-25kg/m?) is similar to the percentage body
fat of men who are classified as obese (BMI >30kg/m?)
(Fig. 1) ® This sex difference in adiposity is present at birth.
Female babies have more subcutaneous fat than do male
babies for all gestational ages(9). Prepubertal girls have more
fat in their legs and pelvis than do prepubertal boys(m).

Body fat is distributed differently between men and women
(Figs. 1 and 2). Women have greater adipose stores in thighs
and buttocks®; men tend to be more likely to have significant
amounts of abdominal fat, and to be more susceptible to
abdominal adiposity(s). Women have larger stores of subcu-
taneous fat; men are more likely to have visceral fat'D, All
of this is a matter of degree. Obese women will have large
amounts of visceral fat (Fig. 2); obese men will have large
amounts of subcutaneous fat on their legs (Fig. 1).

Waist circumference is a significant risk factor for the co-
morbidities of obesity. Waist circumference in men and
women is significantly associated with abdominal subcutaneous

Normal-weight Obese Normal-weight Obese
women women men men

Fig. 1. Women have both higher total percentage body fat and a greater pro-
portion of fat in legs than do men at all BMI values. Normal-weight men and
women, BMI < 25kg/m?; obese men and women, BMI > 30kg/m2. (W), Leg
fat; (0J), other fat. Data from Nielson et al.®.

and visceral fat; however, the relationships differ significantly
between the sexes. The regression lines of waist circumference
against subcutaneous abdominal fat for men and women are
parallel; however, women have on average 1-8 kg more subcu-
taneous abdominal fat than men for any given waist circumfer-
ence''?. In contrast, the slope of the regression line of waist
circumference against visceral fat is significantly greater for
men than for women"?. Age and menopausal status also
have significant effects on the relationships between waist
circumference and visceral fat. Older men and women have
significantly higher regression slopes than do their younger
counterparts. The slopes of the regression lines for men are
greater than for women standardised to any age; however, the
standardised slope for 40-year-old women is the same as
the standardised slope for 25-year-old men. The slope for meno-
pausal women is greater than the slope for premenopausal
women, and approaches the male pattern“z).
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Normal-weight Obese Normal-weight Obese
women women men men

Fig. 2. Women have a greater proportion of their abdominal fat in subcu-
taneous depots compared with men; men have significantly more visceral fat
at all values of BMI. Obese men and women, BMI > 30 kg/m?. (M), Visceral
fat area; (OJ), abdominal subcutaneous fat area. Data from Nielson et al.®.
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Central v. peripheral obesity

‘Not all fat is alike’®. Central or abdominal obesity, excess
adipose tissue in the abdominal area, is associated with higher
risks of co-morbid disease states, such as type 2 diabetes,
hypertension, dyslipidaemia and CVD in both men and
women'*~17_ For example, abdominal obesity was found to
be the strongest predictor of insulin resistance among men
and women aged over 50 years'. Lower body adiposity is
associated with a less unhealthy metabolic profile. Overweight
and obese women and obese men who had a higher proportion
of fat in subcutaneous thigh adipose tissue were significantly
less likely to display symptoms of the metabolic syndrome'?.
Obese individuals with mostly peripheral fat, distributed in
subcutaneous depots in the glutealfemoral region, are at
lower risk of the common co-morbidities of obesity than are
obese individuals with a large proportion of their fat in
intra-abdominal depots"'®.

Although the accumulation of subcutaneous fat in the lower
body might represent a healthier regulation of fat stores com-
pared with abdominal fat, excess adipose tissue is still associ-
ated with poor health outcomes. Metabolically healthy obese
individuals may be less at risk than other obese individuals,
but they still appear to be more at risk than the general popu-
lation"”.

Abdominal fat mainly consists of visceral and subcutaneous
adipose tissue; the proportions of fat between these depots
differ between men and women, and also differ among
racial and ethnic groups. The metabolic and health conse-
quences appear to differ as well. Visceral fat is associated
with a greater likelihood of adverse health conditions(m’”),
although excess subcutaneous abdominal fat has been impli-
cated in poor glucose regulation'®'?.

Visceral fat is found within the peritoneal cavity. Many
authors have suggested that visceral adipose tissue differs
from subcutaneous fat in ways that increase the health risks
of obesity. Excess visceral fat is a significant risk factor for
the metabolic and health complications of obesity'*!"*?.
About 20% of obese men and women have metabolically
healthy profiles. These individuals generally have significantly
smaller proportion of adipose tissue as visceral fat"'”’. There
are also men and women who exhibit the opposite phenotype:
normal in weight but exhibiting a metabolically ‘obese’ pro-
file. These individuals have a higher fat mass than would be
predicted from their BMI, but also a higher proportion of adi-
pose tissue as visceral fat'”. A higher proportion of fat as
visceral adipose tissue was a significant risk factor for the
metabolic syndrome (insulin resistance, dyslipidaemia and
hypertension) in older men and women, even among those
of normal weight'*.

There are two main, non-exclusive hypotheses why visceral
fat has more unhealthy consequences. One suggests that adi-
pokine (for example, leptin, IL-1, IL-6, TNF-«, or adiponec-
tin) secretion by visceral fat differs from subcutaneous fat,
and that these differences underlie the different risks to
health"”. Although the secretion of some adipokines has
been shown to differ between visceral and subcutaneous fat
(for example, less leptin from visceral fat) there are few
data to assess the health consequences. The other hypothesis
is based on the fact that NEFA released by much (but not
all) visceral fat go directly into the portal vein. Thus large

amounts of visceral fat will result in the liver being exposed
to a greater concentration of NEFA than would be predicted
from systemic NEFA availability. The contribution of visceral
adipose tissue to hepatic NEFA delivery increases with the
amount of visceral fat in both men and women®. Liver fat
has been shown to be associated with poor glucose control
and higher concentrations of NEFA®V. Visceral fat is
suggested to play a significant role in hepatic insulin resist-
ance “”’; however, some have questioned its importance for
overall systemic insulin resistance, noting that visceral adipose
tissue contributes a small proportion of total systemic NEFA.
These authors point to abdominal subcutaneous fat as the
major source of circulating NEFA!8:19:23)

Interestingly, not only do men on average have a greater
proportion of fat as visceral fat, it would appear that turnover
of visceral fat is higher in men compared with women. Men
have consistently been shown to have greater rates of both
fatty acid release (lipolysis) and fatty acid uptake (lipogenesis)
in visceral fat compared with women®. Adrenergic stimu-
lation increases splanchnic fatty acid release in men but not
in women®®. Thus, not only are men more susceptible to
excess visceral fat, the effects of visceral fat on health may
differ between the sexes as well.

Visceral fat is associated with dysregulation of cortisol pro-
duction and metabolism. Cushing’s syndrome, in which there
is adrenal hypersecretion of cortisol, is associated with
increased visceral fat. Conversely, women with visceral obes-
ity (but not suffering from Cushing’s syndrome) are more sen-
sitive to a corticotropin-releasing hormone challenge than are
normal-weight women or obese women with excess glutealfe-
moral fat as opposed to visceral obesity(zs). Urinary excretion
of cortisol and its metabolites is increased in women with
excessive visceral adipose tissue®.

There appear to be racial differences in the susceptibility
to acquiring visceral fat. Asians have higher percentage
body fat for any given BMI than do Caucasians or individ-
uals of sub-Sahara African descent®®, with a greater pro-
portion of fat in visceral adipose tissue®”’*®. Obese
postmenopausal African-American women have less visceral
fat for any given BMI than do postmenopausal Caucasian
women, but a higher proportion of subcutaneous abdominal
fat>*39, Young African-American men and women have
less visceral adipose tissue on average than do their Caucasian
counterparts, despite African-American women generally
having higher total fat®D. Interestingly, African-Americans
and Caucasians differ in their susceptibility to different
aspects of the metabolic syndrome, with Caucasians more
likely to express dyslipidaemia (for example, unfavou-
rable cholesterol pattern and high TAG) while African-
Americans appear more susceptible to dysregulation of
glucose metabolism®?.

Fat metabolism

Fat metabolism in women and men differs in a number of ways
consistent with the differences in body fat percentage and distri-
bution between men and women. Women appear to be metabo-
lically inclined to store fat more so than are men. Interestingly,
women also appear to utilise fat as an energy substrate during
periods of sustained exertion more so than do men.
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At rest, women shunt more circulating NEFA into re-ester-
ification pathways than do men®?. Women have higher
VLDL-TAG production rates than men, but similar circulating
concentrations”. This is further evidence that women have
higher rates of re-esterfication and thus reuptake of NEFA
into adipose tissue than do men. In the basal condition,
women are physiologically adapted to store fat more so than
are men.

The rates of fatty acid uptake and release depend on the
type of adipose tissue as well as differing between men and
women, and this is reflected in the differing patterns of fat
deposition between men and women. Women have higher
rates of fat uptake into leg fat depots than do men®?.
Rates of fatty acid release from abdominal adipose tissue
are higher in women than men, but they are lower from glu-
teal or femoral adipose tissue®. After feeding, fatty acid
uptake is higher in abdominal adipose tissue relative to glu-
teal or femoral in both men and women. However, in
women the majority of fatty acid uptake in abdominal adipose
tissue is into subcutaneous fat, while in men a larger pro-
portion goes into visceral fat‘”. These findings are consistent
with women being more likely to store fat subcutaneously and
preferentially in the gluteal and femoral regions compared
with men.

Women have higher rates of fat oxidation than men during
sustained bouts of increased energy expenditure, such as
endurance training. Men are more likely to up regulate glucose
and amino acid metabolism during sustained exercise
bouts®**>. The difference is associated with oestrogen.
Giving exogenous oestrogen to males decreases carbohydrate
and amino acid metabolism during exercise, and increases
fat oxidation®®. Thus it would appear that women are more
physiologically geared to use fat as a metabolic fuel under
conditions of sustained increased demand, while men rely
more on glucose and protein metabolism.

Effects of sex hormones on fat deposition and metabolism

The gonadal hormones affect adipose tissue metabolism, and
appear to play significant roles in the resulting distribution
and consequences of stored fat. Testosterone acts to increase
lipolysis, inhibit lipoprotein lipase activity, and decrease

TAG accumulation in adipose tissue. Lowering circulating
testosterone levels in healthy young men increases total adi-
pose tissue, with the largest percentage increase occurring in
subcutaneous adipose tissue; raising circulating testosterone
decreases total adipose tissue®”. Oestrogens play multiple
roles in the regulation of adipose tissue, in both men and
women. Oestradiol has direct effects on adipose tissue, and
also acts centrally to affect food intake and energy expendi-
ture. Androgens appear to block proliferation and differen-
tiation of preadipocytes(38). Oestradiol enhances proliferation
of preadipocytes from both men and women in vitro®®. The
effect was greater in preadipocytes from females compared
with those from males.

Oestradiol favours the deposition of subcutaneous fat; lack
of oestrogen in women leads both to weight gain, and a larger
proportion of fat gain in visceral fat. Menopausal women have
higher visceral fat mass than do premenopausal women for the
equivalent percentage body fat“”. Qestradiol-treated postme-
nopausal women have lower lipoprotein lipase activity(‘“).

Adipose tissues express both androgen and oestrogen recep-
tors. Visceral fat has higher levels of androgen and oestrogen
receptors than does subcutaneous fat, and this is true for both
men and women®. Both the a and B oestrogen receptors are
found in adipose tissue™?. In subcutaneous fat, oestradiol acts
through the « receptor to up regulate a2A-adrenergic recep-
tors which results in decreased lipolysis. In contrast, oestradiol
does not appear to affect the concentration of a2A-adrenergic
receptors in adipocytes from visceral fat“". Subcutaneous adi-
pocytes from premenopausal women have higher a2A-adre-
nergic receptor density and lower lipolytic activity in
response to adrenaline than do subcutaneous adipocytes
from men“?).

Adipose tissue as an endocrine organ

Adipose tissue is far more metabolically active than was once
believed®. Adipose tissue serves as an endocrine organ, pro-
ducing leptin and many other regulatory peptides (Table 1).
Adipose tissue is a source of steroids, either stored or metabo-
lically converted from precursors. For example, oestrone
is converted to oestradiol and androstendione is converted to
testosterone in adipose tissue (Table 1). Indeed, most if not

Table 1. A partial list of fat-derived peptides and steroid hormone-converting enzymes

Hormone Function Changes in obesity

Leptin Effects on food intake, onset of Circulating leptin increased
puberty, bone development, immune function

TNFa Represses genes involved in uptake and Adipose tissue expression of TNFa is increased
storage of NEFA and glucose

Adiponectin Enhances insulin action Circulating adiponectin lowered

IL-6 Involved in regulation of insulin signalling; Circulating IL-6 is increased; expression of
central effects on energy metabolism IL-6 greater in visceral fat

Resistin Effects on insulin action; linked with Serum resistin is elevated in rodent
insulin resistance obesity models

Aromatase Converts androgens to oestrogens No change, but increased fat mass

17B-Hydroxysteroid hydrogenase
to testosterone

3a-Hydroxysteroid hydrogenase

5a-Reductase

11B-Hydroxysteroid dehydrogenase type 1

Inactivates cortisol

Converts oestrone to oestradiol and androstendione
Inactivates dihydrotestosterone

Converts cortisone to cortisol

results in greater total conversion
Same as aromatase

Activity increased in liver
Increased activity in adipose tissue
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all circulating oestradiol in postmenopausal women comes
from their adipose tissue®®. Interestingly, in rats adipose
tissue from males had higher concentrations of testosterone,
but did not differ in oestrogen concentration compared with
adipose tissue from females“”. Thus adipose tissue appears
to regulate the local oestrogen environment somewhat inde-
pendently from the gonads.

Adipose tissue expresses 11B-hydroxysteroid dehydrogen-
ase type 1 (113-HSD1), which converts cortisone to cortisol
and Sa-reductase enzymes which convert cortisol to Sa-tetra-
hydrocortisol. Thus adipose tissue regulates the local concen-
trations of glucocorticoids, and contributes to metabolic
clearance of glucocorticoids(45’46).

Obesity is associated with both increased adrenal gluco-
corticoid production and higher glucocorticoid metabolic
clearance, which appears to result in normal plasma concen-
trations. In obese individuals, 113-HSD1 activity is reduced
in liver and the inactivation of cortisol by Sa-reductase is
enhanced®~*”. However, 113-HSD1 activity is enhanced
in adipose tissue of both obese men and women“®*®. Thus,
obese individuals have increased hepatic inactivation of corti-
sol, which is generally balanced by increased regeneration of
cortisol in adipose tissue. Production of cortisol from corti-
sone via 113-HSD1 can make a significant contribution to
both local and circulating cortisol concentrations“®. The
effect appears stronger in women compared with men“®,
possibly due to the higher fat mass in women for a given BMI.

Leptin and insulin

To date, the only circulating hormones that meet the criteria to
be an adiposity signal are leptin and insulin. Basal circulating
concentrations of both insulin and leptin are in proportion to
fat mass. Both are transported across the blood—brain barrier,
and act centrally to regulate appetite, reduce food intake, and
possibly increase energy metabolism®.

Leptin and insulin differ in important ways; circulating
levels of leptin and insulin appear to reflect different fat
depots. Leptin concentration is more reflective of subcu-
taneous fat, and insulin is more reflective of visceral fat.
Because of the differences between men and women in
the proportion of visceral to subcutaneous fat, in general
leptin is better correlated with total adipose mass in women
and insulin is more highly correlated to total adipose mass
in men®.

Normal-weight men and women differ in the responses to
central insulin and leptin. Men are more sensitive to central
insulin, and women are more sensitive to central leptin. Intra-
nasal administration of insulin led to weight loss, and specifi-
cally fat loss, in men; it resulted in weight gain, primarily
extracellular water, in women. Intranasal insulin reduced feel-
ings of hunger in men but not in women“”. The same results
have been obtained in rats. Male rats are more sensitive to
central insulin, female rats to central leptin(so).

These differences appear to stem from effects of the gona-
dal hormones. Male rats given exogenous oestrogen are more
sensitive to the effects of central leptin than are control
males®". Oestrogen appears to blunt the effects of central
insulin; intact male and ovariectomised female rats reduced
food intake after central administration of insulin. Intact
female rats and male rats given exogenous oestrogen did not.

Interestingly, castrated male rats without exogenous oestrogen
also showed no effect of central insulin on food intake, imply-
ing that testosterone also affects central insulin signalling®".

Increased fatness, whether measured by BMI, waist:hip
ratio, waist circumference, or actual measures of body fat, is
associated with a reduction in peripheral insulin sensitivity.
Men and women differ in this regard. Despite having a greater
amount of body fat than do men, insulin sensitivity in women
appears to be less affected by the amount of body fat.
Increases in body fat among women are associated with smal-
ler decreases in insulin sensitivity compared with men®?.
Visceral fat and subcutaneous fat differ in their responses to
insulin, both metabolically and in the synthesis and secretion
of adipokines®®. Excess visceral fat is associated with insulin
resistance"*'”. Thus the fat distribution differences between
men and women have metabolic, endocrine and health
consequences.

Serum leptin concentration displays some persistent sex
differences that begin even before birth. Circulating serum
leptin is higher in pregnancies where the fetus is a girl®®.
Women have higher leptin levels than do men, even at birth,
and this difference persists throughout life. These differences
do not simply reflect the differences in total adipose tissue
between men and women (Fig. 3); women have higher circu-
lating leptin for any given amount of fat mass®> % In vitro
spontaneous secretion of leptin was greater in adipose tissue
samples from women compared with samples from men.
Oestradiol and glucocorticoids induced leptin secretion in
the adipose tissue samples from women, but not in those
from men®?.

These differences appear to reflect a difference between
men and women in the importance of fat v. carbohydrate
and protein in metabolism. Women appear to be more adapted
to use and respond to fat.

Fat, leptin and reproduction

Fat is intimately tied to reproduction through leptin. Leptin
has significant effects on many aspects of reproduction. The
leptin-deficient obese mice were also infertile, both males
and females. Adding back leptin reversed the infertility®?.

35

Plasma leptin concentration
(ng/ml)

5 10 15 20 25 30 53
Fat mass (kg)

Fig. 3. Plasma leptin concentration increases exponentially with fat mass;
women (—) have higher plasma leptin concentrations than do men (- —) for
any fat mass. The equations for the curves are from Saad et al.*®.
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The reproductive functions of leptin include an association
with the onset of puberty, a role in fertility for males and
females, a role in ovarian folliculogenesis, and in implan-
tation of the fertilised ovum. Leptin is expressed by the pla-
centa, the umbilical cord, and other fetal membranes as well
as by fetal adipose tissue®’®®. Leptin receptors are wide-
spread in fetal tissues, and leptin is suggested to play a
role in fetal development®®. Spermatozoa secrete leptin®.
Leptin appears to have many functions beyond any potential
‘lipostatic’ function.

Leptin is important in regulating the transition through pub-
erty. Giving leptin to mice resulted in their attaining sexual
maturity at a significantly earlier age(GO). The age of menarche
has shown a consistent decline over time in the USA®”, par-
alleling the increase in overweight and obesity among adoles-
cent girls. Girls with higher BMI from early life on average
begin menstruating at an earlier age®”. It is reasonable to
hypothesise that the on-average higher BMI of today’s
young girls are associated with higher on-average levels of cir-
culating leptin, and that this is one possible mechanism behind
the decrease in the age at menarche.

Because leptin is strongly associated with a measure of
maternal nutritional status (fat mass), it is a plausible candi-
date for being an important metabolic signal for the mainten-
ance and duration of pregnancy. Low leptin levels are
associated with pregnancy loss in humans. Placental leptin
synthesis may be abnormally high in pregnancies complicated
by conditions such as diabetes mellitus and pre-eclampsia(m).
Although the evidence does not indicate that leptin is a pri-
mary signal for either puberty or pregnancy, the evidence
does imply that it may function as one, among many, meta-
bolic signals that maternal condition is satisfactory for
reproduction.

Placental weight is correlated with placental leptin mRNA®®),
Cord serum leptin is correlated with placental leptin mRNA,
maternal serum leptin, and with fetal mass®®. In humans,
maternal serum leptin concentration is highest at mid-ges-
tation, and then declines®”. Pregnancy is considered to be
a state of hyperleptinaemia with leptin resistance; i.e. high
maternal leptin does not decrease food intake. Maternal circu-
lating leptin levels drop precipitously at parturition®*®”, as
do neonatal concentrations®”, providing further evidence
that placental leptin contributes to circulating levels in both
mother and fetus.

Leptin is associated with insulin, insulin-like growth factor,
and growth hormone, but appears to be an independent predic-
tor of fetal size in humans. Large-for-gestational-age fetuses
have higher than normal leptin, small-for-gestational-age
fetuses have lower leptin. In twin pregnancies, the larger
twin has higher circulating leptin®. In humans, cord-blood
leptin is associated with both length and head circumference
of neonates. Evidence supports the hypothesis that fetal
leptin is of both fetal adipose tissue and of placental
origin®”. Leptin is suspected of having endocrine, autocrine
and paracrine effects in placental and fetal tissues. Leptin
receptors are found in placenta. Human data are lacking, but
in rodents leptin receptors are found in many if not most
fetal tissues (for example, besides adipocytes also in hair
follicles, cartilage, bone, lung, pancreatic islets cells, kidney,
testes, and so forth). Leptin receptors are found in the baboon
fetal lung tissue, and markedly increase at the end of

gestation'”". It is hypothesised that leptin has important func-
tions in regulating fetal growth and development'®®.

Adaptation or genetic drift?

The propensity to obesity among groups of individuals in the
modern world reflects a complex interaction among genetics,
environment, culture and socio-economics. This complexity
in part explains the rather low success at identifying genetic
underpinnings of the obesity epidemic. In addition, however,
the large number of metabolic pathways that could be
involved in predisposing individuals to gain weight suggests
that even on a genetic level there will be a large number of
candidate genes. There are many paths to weight gain.

Although a genetic propensity to obesity could be thought
maladaptive in the modern, developed world with easy and
reliable access to plentiful food, it is unclear what, if any,
adaptive consequences polymorphisms that affected the devel-
opment, regulation, and metabolism of fat stores would have
had in our past. The advantages of storing energy obtained
from episodic conditions of plentiful food probably out-
weighed the long-term health consequences associated with
the rare possibility of becoming obese. In the past there was
an asymmetry in selective advantage such that genes that pre-
disposed an individual to fatness were more likely to survive
than lean genes. It is only under the modern milieu that
these thrifty gene variants result in less than optimal health.

Many authors have suggested that obesity results from a
mismatch between our evolved, adaptive responses to past
conditions in which obtaining food required extensive physical
effort and food scarcity was common with the modern con-
dition of easy access to plentiful, energy-dense foods. Many
of the arguments have focused on survival during famines as
an evolutionary force behind what are now obesity-prone
traits among humans'’?.

We do not dispute these arguments, though in many cases
they appear somewhat weak, and have been criticised. On
close examination, famine in our past may not have provided
a sufficiently strong selective force to favour an obesity-prone
genotype(72’73). However, evolutionary success depends on
reproductive success, which includes more than survival. We
argue that the effects of even milder (and probably quite
common) conditions of food insecurity in our past would
have had significant consequences on female fertility and
reproductive success, and led to an adaptive advantage for
genes that enabled females to store body fat in readily metab-
olisable depots.

Fat and reproduction are intimately linked in women.
Leptin, the molecule of ‘fat homeostasis’, has direct effects
on female fertility and fetal growth and development®”.
Women with low body fat (or low leptin for any reason)
have decreased fertility. This does not appear to be the case
for men. Fertility in men is largely unaffected by BMI of
15-26 kg/mz, but declines with further increases of BMI
(Fig. 4) “®_ Thus men and women differ in the reproductive
consequences of low body fat.

The association between fatness and reproductive success in
women may start at birth. Circulating leptin levels are higher
in female compared with male infants, and the levels are cor-
related with infant adiposity(54) . A high ponderal index at birth
(birth weight divided by the cube of birth length) in female
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Fig. 4. Risk of male infertility relative to a BMI of 20—22 kg/m?, adjusted for
age, smoking, alcohol use, and solvent and pesticide exposure. Values are
OR, with the lower 95% CI represented by the vertical bars. There is no
statistical difference for male infertility for all BMI < 26kg/m®. Data from
Sallmén et al."*,
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infants is associated with both higher oestradiol levels
resistance to oestradiol suppression by activity as adults
Thus a measure of fatness at birth is associated with ovarian
function as an adult. These data suggest that in our past
women producing lean, low-leptin, female babies would have
been selectively at a disadvantage.

However, much of the genetic variability among individuals
in the propensity to gain weight probably did not arise through
adaptation. There appears to be substantial variation among
individuals in the propensity to deposit fat and where that
fat gets deposited. Some of this variation is associated with
geographic regions of origin, and hence possibly reflects
long-standing genetic differences. For example, individuals
from the Indian subcontinent appear to have higher adiposity
at any particular BMI than do Caucasians or sub-Saharan
Africans, and a greater propensity to central adiposity®®.
African-American women tend to have less visceral fat but
more subcutaneous fat than do Caucasian women”. How-
ever, African-American women tend to have higher total
fat®?. Caucasian women appear to have a greater capacity
to switch metabolism to fat oxidation when given a high-fat
meal than do African-American women(77), which may
in part explain the higher susceptibility to obesity among
African-American women eating a Western diet.

These differences may or may not reflect adaptive changes.
Indeed, we hypothesise that many polymorphisms among
human beings that make them susceptible to obesity and to
the negative health consequences of excess weight in the
modern milieu may have been selectively invisible in our
past. In our past, external constraints (food availability, preda-
tion pressure, competition between and within species) on the
amount of body fat individuals could attain were at least as
important as internal constraints (mechanisms of energy
homeostasis and ‘lipostatic’ mechanisms). As a species, we
probably favoured a ‘thrifty’ genotype and phenotype in our
past just to maintain a BMI of 181<g/m2 or higher. External
constraints made attaining a BMI above 25kg/m” very unli-
kely. Thus subtle variation in the propensity to store fat in
different depots may not have had much if any adaptive
significance.

Speakman(n) has produced a model that shows how
random, genetic drift acting on multiple gene targets, coupled
with the proposed asymmetry between the dangers of becom-
ing lean v. fat in our past when obesity was rare, could pro-
duce genetic subpopulations with ‘set points’ for higher
BMI than could have actually been achieved. In other
words, individuals that in our past could not achieve their
physiologically determined BMI due to external factors
(for example, lower food abundance and greater energy expen-
diture) are now expressing that previously invisible genetic
potential. He hypothesises that changes in behaviour (tool
use, fire, social behaviour) decreased our ancestors’ risk of
predation and led to a relaxation of selection on the upper
limit to body fat. This created an asymmetry whereby selec-
tion against extremely low BMI was still in force while selec-
tion against higher BMI was relaxed. Of course the extremely
high BMI seen today were invisible to selection because they
could not be obtained. Thus, some of the genetic differences
among humans that predispose some to gain weight in the
modern era may have had no evolutionary significance in
our past. The number of genes involved, and the number of
variants, is probably very large.

Although obesity was not adaptive, the physiology, metab-
olism and behaviour that can lead to obesity in today’s world
may still have conferred adaptive advantages. The female pat-
tern of adiposity, with predominantly lower body, subcu-
taneous adipose stores, appears to be a healthier pattern than
the male pattern of more visceral fat. It is associated with
fewer co-morbidities. The liver will be exposed to lower con-
centrations of NEFA than for equivalent amounts of visceral
fat. The metabolic costs of storing fat are lower, and the
advantages for reproduction, at least in the past, significant.
The costs of female reproduction would provide a potent adap-
tive force driving adipose tissue metabolism in women.
In addition, the ability to produce ‘fatter’ female infants and
children (within the context of our past, and not at the level
of fatness today) may have had reproductive benefits in
terms of earlier age at menarche and more resilient ovarian
function for these offspring as adults (increased total repro-
ductive life span).

Again, we are not arguing that obesity in women was adap-
tive. Indeed, maternal obesity is associated with a number of
reproductive problems, including decreased fertility, increased
early pregnancy loss, increased risk of birth dystocia, and
increased risk of birth defects”’®8”. Maternal obesity is
also associated with an increased risk of later adult obesity
in the offspring, possibly due to fetal programming of physi-
ology(so). This leads to the spectre of obese mothers passing
on to their daughters characteristics that will increase the like-
lihood that those daughters will be obese, and who will sub-
sequently have obesity-prone offspring in turn.

Obesity does not confer a reproductive fitness advantage to
either men or women. However, a sexual dimorphism in adi-
posity is understandable given the potential benefits to sustain-
ing reproduction (for example, fertility, lactation, age at
menarche) in women, and a lack of such adaptive pressures
in men. Low BMI does not appear to reduce male fertility
(Fig. 4). However, excess body fat in men is associated
with decreased fatty acid availability and oxidation during
endurance exercise; this would not have been an advantage
to our hunter—gatherer forefathers.
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Men are more susceptible to central adiposity. Central adipose
tissue deposits are more resistant to mobilisation. There would
appear to be little adaptive advantage to storing visceral fat.
We suggest that the pattern of central obesity, more commonly
seen in men, and associated with greater co-morbidity, reflects
the genetic drift hypothesis of human susceptibility to obesity.
Under conditions common in our past few individuals would
have been able to remain in positive energy balance long
enough for significant visceral adipose tissue to accumulate.

The differing fat storage patterns between men and women
and the metabolic differences in how they meet sustained
energy demands reflect their asymmetrical costs of reproduc-
tion. In the past, fat was more important to the reproductive
success of women. We propose that the female pattern of
excess adiposity in the lower extremities in obesity reflects
an exaggeration of an adaptation for female reproductive suc-
cess. The modern environment allows the adaptive pattern to
go beyond its evolved function, and into pathology.
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