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The biological differences between males and females are determined by a different set of genes and by a different reactivity
to environmental stimuli, including the diet, in general. These differences are further emphasized and driven by the exposure
to a different hormone flux throughout the life.

These differences have not been taken into appropriate consideration by the scientific community. Nutritional sciences are not
immune from this “bias” and when nutritional needs are concerned, females are considered only when pregnant, lactating
or when their hormonal profile is returning back to “normal,” i.e., to the male-like profile.

The authors highlight some of the most evident differences in aspects of biology that are associated with nutrition.

This review presents and describes available data addressing differences and similarities of the “reference man” vs. the
“reference woman” in term of metabolic activity and nutritional needs. According to this assumption, available evidences of
sex-associated differences of specific biochemical pathways involved in substrate metabolism are reported and discussed. The
modulation by sexual hormones affecting glucose, amino acid and protein metabolism and the metabolization of nutritional
fats and the distribution of fat depots, is considered targeting a tentative starting up background for a gender concerned

nutritional science.
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INTRODUCTION

There are evidences that both biochemistry and physiology
significantly differ between sexes!, not solely as determined by
the exposure to a specific and cyclic exposure to hormones flux.

Every cell of the body has a “sex” determined by the presence
of a specific set of sex chromosomes, and this sex is manifested
from the very beginning of fetal development in the womb as the
final result of the differential expression of specific sets of genes.
After birth significant prepubertal differences exist between the
structure and function of other organ system of boys and girls,
which are eventually further emphasized by hormone activity

! According to the recommendation endorsed by the World Health Organiza-
tion, throughout the text, the terms Sex and Gender, respectively identify males
and females and the biological and physiological characteristics that define
maleness and femaleness, the socially constructed roles, behaviors, activities,
and attributes that a given society considers appropriate for men and women
and the person’s self-representation, a uniquely human concept.

Address correspondence to Fabio Virgili, Agricultural Research Council -
Food and Nutrition Research Centre (C.R.A.-NUT) via Ardeatina 546, 00178
Rome, Italy. E-mail: fabio.virgili @entecra.it

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/bfsn

and driven by a sex-specific reactivity to environmental stimuli,
including nutrients and the diet in general.

These differences have not been taken into appropriate con-
sideration by the scientific community for a number of reasons,
including the sociological-cultural setting which does not sup-
port and favor women equal opportunities, but also as a conse-
quence some “strictly technical” reasons such as the searching
for the simplest experimental model. Until recently, most ba-
sic and clinical research either was performed exclusively in
male subjects or included both sexes but quite often did not
differentiate between males and females in the data analysis.

Whatever the underlying cause is, the final result is that men
and women are often considered “equivalent.” This assumption
is evidently not necessarily true.

Thanks to some recent recognition of important sex-based
differences in disease, there is now an increasing availability of
reports addressing sex-based differences in normal and patho-
logical functions and effects of sex steroid hormones on the
function of multiple organ systems in health and disease. In spite
of this, several field of science still underscore the importance of
sex and in particular nutritional sciences are not immune from
this flaw, which is likely to generate a bias in evaluating spe-
cific sex-associated needs (Miller and Hay, 2004). For instance,
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when nutritional advices are concerned (see Dietary Guidelines
for Americans, 2005) women are considered and mentioned
only when pregnant, lactating or when, after menopause, their
hormonal profile is returning back to “normal,” i.e., to the male-
like profile.

In this review, the current assumptions about the “reference
man” vs. the “reference woman” in term of metabolic activity
and nutritional needs will be presented and discussed. Available
evidences of sex-associated differences in specific biochemical
pathways involved in substrate metabolism will be described
with the aim to identify a tentative starting up background for
a nutrition that takes into proper account sex-associated differ-
ences together with the organizational and activational effects
of sex hormones on food assumption and energy storage in male
and female.

BODY COMPOSITION OF “REFERENCE” MAN
AND WOMAN AND SEX-SPECIFICITY OF BODY
FAT DISTRIBUTION

A very large part of the data presented in scientific literature
refers to a young (18-22 years), healthy, 70-kg Caucasian
males. In the majority of cases, data were obtained from the
army, athlete associations, or European medical students and
depending on the variable measured, the degree of overlap
between females and males could range from negligible to
complete. Under this premises, it appears very difficult to
assess whether they accurately reflect the occurrences of both
sexes, even within the same age and race (Huxley, 2007).

Starting from the pioneering work of Behnke and co-workers
(Behnke, 1953; 1963), several authors (Abe et al., 1998; Mascie-
Taylor and Goto, 2007; Peterson et al., 2008; Ritz et al., 2008)
attempted to define what reference men and women are, and
whether the difference, if any, are substantially due to a smaller
size only, rather than to a real difference in the specific compo-
sition of each gender.

On the basis of the classical body “compartments,” Lean
Body Mass (LBM) and Adipose Tissue (AT), it is possible to de-
fine a “minimal body weight” which is the minimal body weight
achievable without compromising LBM specific for women,
composed of sex-specific essential fat (EF) depots, muscle,
bones, and organs plus EF. This latter is defined as the fat in-
ternally stored in the bone marrow, and around the main organs
such as heart, lungs, liver, spleen, kidneys, intestine, muscles,
and the lipids rich tissues surrounding the central nervous sys-
tem (Heymsfield et al., 1997).

Even though the proportional amount of the “average” stor-
age fat in males and females is similar, accounting for about
12% and 15% body weight in men and women, respectively,
the total quantity of EF in females, which includes sex-specific
fat, is four times higher than in males accounting for 12% vs.
about 4% of total body weight. EF is important for childbearing
and hormone-related functions and required for normal physi-
ological functioning. In fact, reducing EF below some minimal

R. COMITATO ET AL.

amount, such as in the case of extreme dieting and strenuous ex-
ercise can significantly impair overall health (Westerterp et al.,
1992; Westerterp and Goran, 1997). In women, EF also includes
the “sex-specific fat,” usually accounting for about 5-9% of to-
tal body fat, which is specifically contained in breast and genital
regions, lower body subcutaneous fat, and intramuscular depots
(Kissebah and Krakower, 1994).

There are several indications that these differences are
trans-culturally maintained and common to different ethnicities
(Forbes, 2001; Rush et al., 2004; Stone et al., 2008; Rush et al.,
2009; Wulan et al., 2010) and, therefore, of biological origin
rather than the simple consequence of a different energy balance.

Besides total fat mass, it is evident that a striking differ-
ence between men (abdominal or “apple”) and women (gluteal-
femoral or “pear”) in the distribution of body fat depots exists
(Shi and Clegg, 2009).

Abdominal AT areas measured by imaging techniques such
as computed tomography or magnetic resonance imaging also
show a clear sex-related difference. In men, abdominal AT
tends to accumulate in the visceral area to a greater extent than
in women (Ross et al., 1994; Kuk et al., 2005) and for a similar
fat mass, men have on average a twofold higher visceral AT
accumulation compared to women (Lemieux et al., 1993). It is
generally accepted that sex-specific differences in body propor-
tions and fat distribution differences in adiposity, fat free mass,
and bone mass reflect, at least in part, differences in endocrine
status, (estrogens, androgens, growth hormone—GH, and
Insulin Growth Factor-1—IGF-1) that emerge starting from a
prepuberal stage (Mayes and Watson, 2004). The magnitude of
the difference between sexes are amplified with maturation, and
particularly from late puberty to early adulthood when males
gain a more android body shape and females a more gynoid
shape (Taylor et al., 2009) clearly suggesting an involvement
of sex hormones. Another apparent difference is in the ability
of women to protect visceral depots from fat accumulation up
to a certain degree of obesity, while men deposit excess fat
in this region in parallel with other depots (Bjorntorp, 1991).
suggesting that a smaller “available space” exists in male than
female AT.

Available data suggest that there is also a definite differ-
ence between sexes in age-related changes of whole-body fat
distribution, especially in the abdominal fat tissues, and that
the accumulation of visceral fat is markedly accelerated after
menopause (Toth et al., 2000; Poehlman, 2002; Shi et al., 2009).
In fact, after menopause, women tend to accumulate more fat
in the visceral depot in a “men fashion” pattern. Cross-sectional
studies indicate that the relative abdominal subcutaneous fat
volume decreases with age only in male subjects, being about
2.6 times larger in males than in premenopausal females. In
agreement with the hypothesis of an endocrine involvement of
fat distribution, postmenopausal females show the same trend
than male subjects (Kotani et al., 1994).

The mechanisms responsible for the sex-related differences
in body fat distribution could be attributable to differences
in fatty acid mobilization, oxidation, and storage between
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male and female subjects. In fact, it has been reported that
significant differences in fat metabolism exist between sexes
(Blaak, 2001). The next part of this paper will address the differ-
ences in regional fatty acid storage, mobilization, and oxidation
between men and women.

HOW DIFFERENCES IN BODY FAT
DISTRIBUTION ARISE?

Hormonal and behavioral differences, that surely have an
important role in determining differences in body composi-
tion, are difficult to evaluate. The major part of differences
in metabolism between men and women emerge and become
evident during puberty (Loomba-Albrecht and Styne, 2009).
Similarly, menopause is associated with significant changes in
energy metabolism (Poehlman and Tchernof, 1998; Poehlman,
2002) that reduce the differences between sexes. It is widely
accepted that sex steroid hormones play an important role to
the build up of sex-specific body composition. It has also been
proposed that specifically localized fat stores in women can be
necessary to achieve normal reproductive functions and, on the
other hand, significant aberration from a normal range of fat
stores is associated with the onset of puberty and with the repro-
ductive capacity (Frisch, 1984; de Ridder et al., 1990; Arslanian
and Suprasongsin, 1997; Bray, 1997; Roemmich and Rogol,
1999; Kiess et al., 2000; Vizmanos and Marti-Henneberg, 2000;
Klentrou and Plyley, 2003). In fact, it is known that obesity in-
duces a variety of alterations in the reproductive system and,
similarly, manipulations of the hypothalamic-pituitary-gonadal
axis produce changes in food intake, body weight, and fat dis-
tribution. Several hormones influence the amount and regional
distribution of AT during puberty. Cortisol and insulin promote
fat deposition both in experimental animals (Chan et al., 1982)
and in humans (Riccardi et al., 2004; Purnell et al., 2009) while
steroid hormones (Thakur and Paramanik, 2009) and GH stim-
ulate lipolysis (Sakharova et al., 2008). An altered sensitivity
of hypothalamic-pituitary-adrenal axis has been proposed to be
at the basis of obesity leading to an unbalance between the li-
pogenic effects of cortisol and insulin and the lipolytic effects
of sex steroids and GH (Roemmich and Rogol, 1999). In this
context leptin, which is secreted by AT in proportion relative
to the quantity of fat (Bluher and Mantzoros, 2007), acts as a
metabolic signal to the hypothalamic areas controlling satiety,
energy expenditure, and therefore, regulates cortisol, insulin,
sex steroid and GH release. In enlarged fat cells of obese sub-
jects, circulating levels of leptin are increased in proportion to
body fat stores (Beckers et al., 2009). In vitro studies indicate
that insulin and glucocorticoids directly act on AT to upregulate
in a synergistic manner leptin mRNA levels (Wabitsch et al.,
1996) and rates of leptin secretion in human AT over the long
term (Havel, 2001). These observations suggest that increased
leptin expression associated to obesity could originate, at least in
part, from the chronic hyperinsulinemia and increased cortisol
turnover (Fried et al., 2000).
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A relationship between body fat distribution and hormonal
profiles in the plasma of early pubertal girls has also been re-
ported. de Ridder and co-workers reported that body fat distri-
bution, rather than body fat mass, was associated to the total
concentrations of estrone, (178-E2), and testosterone. There-
fore, girls with fat predominantly localized on the hips had the
highest levels of sex steroids and gonadotropins as the result
of their elevated ovarian activity (de Ridder et al., 1990). Girls
with predominantly abdominal fat have been also found to be
more obese and with increased plasma levels of total estradiol
(E2) and a lower androgen to estrogen ratio in plasma. This as-
sociation suggests a reciprocal relationship involving body fat
distribution, plasma sex hormone levels, and availability of sex
steroids in early female puberty. These differences are possibly
due to an increased activity of aromatase (a cytochrome P450
enzyme—CYP19 that catalyzes the formation of aromatic C18
estrogens from C19 androgens), especially in abdominal AT.
According to this hypothesis, the metabolism of androgens in
AT has been reported to be affected by the regional distribution
of fat, as indicated by the fact that the upper body fat produces a
smaller ratio of estrogens to 5-«-reduced androgens than lower
body fat (Killinger et al., 1987; McTernan et al., 2002).

It might be interesting to briefly consider the sex-specific fat
distribution also under an historical-evolutionary gender per-
spective. Throughout the history of H. sapiens, periods of food
shortages have privileged individuals who could effectively save
up and store “extra” energy in times of surplus. Genetic traits
associated to fatness have, therefore, been selected because they
improve the chance of survival when food is scarce. The ability
to successfully counter food restriction took a pivotal impor-
tance in pregnancy and while breast feeding the offspring. As
mentioned above, females seem to possess a lower lipolytic ac-
tivity in peripheral body fat than men. Moreover, female body
fat level increases the life time of reproductive ability, due to the
association of an “optimal fatness” with regular menstrual cycle
and early onset of puberty. Under this perspective, at least in the
ancestral societies, fatness was possibly seen no only as a social
advantage, representing health and fertility, but also a “desir-
able” phenotype by the male counterparts, further encouraging
the selection of specific genetic traits. Within this “evolution-
ary” context, the usual range of human metabolic variation must
have produced many female individuals with a predisposition to
store energy and becoming obese. Whereas lower body or pe-
ripheral obesity has developed as an important survival element
for energy storage in those individual expected to be assigned
to somehow “sedentary” life style like prehistoric female for
childbirth and nursing, the prehistoric males needed abdomi-
nal fat. This fat localization, characterized by a high turnover
and, therefore, constituting a rapidly available energy store, may
have assumed an important role fulfilling the needs of women’s
highly active hunting partner (Kissebah and Krakower, 1994).
Howeyver, this “ancestral” attractiveness due to fat accumulation
was at least in part counterbalanced by a number of reproductive
problems associated to obesity and also with an increased risk
of generating an offspring affected in turn by an adult onset of
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obesity. On the other hand, in men, low weight to height ratio is
not associated with reduced fertility, while the excess body fat
leads to a decreased fatty acid availability and oxidation during
endurance exercise. This aspect was obviously a disadvantage
for our hunter-gatherer forefathers (Power and Schulkin, 2008).

Overall, it is clear that a complex network of behavioral
and biological aspects contributed to induce and consolidate
the differences in fat accumulation and distribution between
men and women and the underlying differences in substrate
metabolism associated to sex.

DIFFERENCES IN SUBSTRATE METABOLISM
Sex-Associated Differences in Fatty Acid Metabolism

Differential regulation of regional AT lipolysis could also
be an important factor contributing to the differences in body
fat distribution associated to sex. Available in vitro studies
performed on AT biopsies, indicate that the difference in
lipolysis mediated by catecholamine between upper body and
lower body fat depots are more pronounced in women than in
men (Richelsen, 1986). Similarly, Wahrenberg and coworkers
(Wahrenberg et al., 1989), in agreement with bioptic data men-
tioned above, observed that the lipolytic effect of noradrenaline
was stronger in abdominal adipocytes than in gluteal fat cells
and this regional difference was more pronounced in females
than in males. In the same study, a2-adrenoceptor density was
found similar in all regions, but in females the affinity of cloni-
dine, a specific «2-adrenergic agonist, was 10—15 times lower
in the abdominal fat cells than in gluteal cells. On the basis
of these observations, it can be concluded that regional differ-
ences in catecholamine-induced lipolysis are due to site-specific
variations in B-adrenoceptor density and that variations in the
affinity of a2-adrenergic receptor in females explain, at least in
part, the stronger lipolytic response induced by catecholamine
in women.

Also in agreement with these observations, Guo and co-
workers reported that in the lower extremities, catecholamine
mediated free fatty acid release is lower in women than in
men, while no significant differences between men and women
were observed in free fatty acid release from upper body depots
(Guo et al., 1997). Taken together, these reports suggest that in
women, lipolysis in lower body AT is less sensitive (or respon-
sive) to B-adrenergic stimulation than subcutaneous AT in the
upper body.

The rate of free fatty acid release by the upper body
subcutaneous fat depots after a meal has been observed to
be sex specific, and in particular, significantly higher in men
than in women. This difference indicates a higher resistance
to the antilipolytic effect of meal ingestion in the upper body
fat depots in men. In vivo studies (Jensen, 1995) indicated that
the systemic rate of fatty acids appearance is more strongly
negatively regulated by a meal in women than in men, and that
the upper body subcutaneous AT of non-obese men is more
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resistant to the antilipolytic effects of a meal ingestion. In a
different report, the same authors (Jensen et al., 1995) observed
that the increase of oxygen consumption after a mixed meal is
primarily localized in splanchnic tissues. These data contribute
to explain the frequent observation of a greater postprandial
response in men than in women, associated with larger fat
depots localized at visceral levels (Kuk et al., 2005).

Available data on resting fat oxidation are somehow con-
trasting. Basal fat utilization (adjusted for fat free mass) has
been reported to be lower in females than in males, thereby con-
tributing to a higher fat storage in women. Nagy and co-workers
(Nagy et al., 1996) found that both the absolute rate of basal fat
oxidation and the rate adjusted for differences in resting energy
expenditure are lower in women than in men. The authors also
report that fat oxidation is not increased in individuals with a
greater fat mass.

In agreement with this observation, Toth and co-workers
(Toth et al., 1998) reported that aged men in resting conditions
oxidized more fat than aged women. These differences were
not related to noradrenaline appearance rate, free fatty acid con-
centration, body composition, or aerobic capacity. The presence
of significant sex-associated differences in the elderly, when the
specific effect of played by sex steroid hormones is not any more
significant, indicate the presence of a real, estrogen-independent
sex dimorphism of postabsorptive fat metabolism.

In contrast to these observations, Horton and others
(Horton et al., 1998) observed no differences associated to sex
in substrate utilization in resting conditions. On the other hand,
the same study reports that during exercise, epinephrine, and
norepinephrine levels were significantly higher in men than in
women and that significant differences exist in substrate uti-
lization during physical exercise (see also below). In fact, in
their study, women obtained a higher proportion of the total en-
ergy expended from fat oxidation, whereas men utilized more
carbohydrate (Horton et al., 1998).

Postprandial fat storage in subcutaneous AT has been re-
ported to be higher in women than in men, whereas fat storage
in visceral AT has been hypothesized to be higher in men. In
both sexes, the concentration of fatty acids 24 h after the ad-
ministration of a test meal has been found significantly higher
in abdominal subcutaneous fat than in thigh AT, but within the
same localization, no differences were observed between men
and women (Romanski et al., 2000). In the same study, the
authors observed significant differences in blood flow between
sexes within specific regions of AT after meal ingestion, sug-
gesting that a greater fat storage in lower body depots occurs in
women (Romanski et al., 2000).

Sex-specific regional differences have also been shown in
triglyceride fatty acid uptake after a standard meal (Nguyen
et al,, 1996). Following the ingestion of small though fre-
quent feedings designed to achieve steady-state chylomicrone-
mia, chylomicron uptake in the splanchnic bed was significantly
and largely higher in men than in women (71 £ 15% of meal
triglyceride disappearance and 20 + 7% in women, respec-
tively). These differences may obviously reflect a different set
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up of the molecular machinery involved in fatty acids handling.
The expression of the mRNA encoding for the membrane bound
fatty acid transporter-1 FATP-1 has been reported to be signif-
icantly higher in lean women than in lean men (Binnert et al.,
2000). This observation suggests that the higher fatty acid stor-
age in females skeletal muscle, in both fasting and postprandial
conditions, can be due, at least in part, to a sex-specific increase
of the expression of fatty acid transport machinery.

All the observations mentioned above provide a robust back-
ground to explain the differences in net regional fat storage
between men and women. However, the number of in vivo stud-
ies on sex-related differences in fatty acid metabolism is very
limited and most findings still require confirmation.

Adipocytokines are a variety of biologically active
molecules, secreted by AT, that interact with metabolic, en-
docrine, and immune system. Among them, adiponectin is con-
sidered to be one of the most important factors in the patho-
genesis of metabolic and cardiovascular disease (Stefan and
Stumvoll, 2002; Ukkola and Santaniemi, 2002). Adiponectin
is abundantly detectable in the circulation (Arita et al., 1999)
and its activity has antidiabetic, antiatherogenic effects (Berg
et al., 2002) and anti-inflammatory effects (Ouchi et al., 1999).
In mice, adiponectin levels dynamically change throughout the
sexual maturation (Combs et al., 2003) and correlate with es-
trogens or testosterone levels (Nishizawa et al., 2002; Combs
et al., 2003).

The abrogation of androgen effects through neonatal cas-
tration led to increased adiponectin levels comparable to those
found in females, whereas ovariectomy does not interfere with
the pubertal increase of adiponectin (Combs et al., 2003).
Bottner and co-workers (Bottner et al., 2004) observed a similar
trend in human adolescent. In their study, a progressive decline
in adiponectin levels, strongly associated with androgen lev-
els and associated to physical and pubertal development was
observed in boys compared with girls.

Several authors investigated about sex-associated differences
in fat utilization during physical exercise and the effect of
training in substrate utilization. The effect of endurance training
on whole body substrate, glucose, and glycerol utilization
during 90 min of exercise at 60% peak of oxygen consumption
have been investigated by Carter and co-workers by using stable
isotope labeled substrates (Carter et al., 2001). The authors
found that the increase in peak oxygen consumption induced by
training was significantly higher in women than in men (22%
and 17%, respectively) while the respiratory exchange ratio (the
ratio of the amount of carbon dioxide produced to the amount
of oxygen consumed) was higher in men. These observations
indicate that females oxidize proportionately more lipid and less
carbohydrate during exercise compared with males both pre-
and posttraining. Higher lipid oxidation was accompanied by
a faster glycerol appearance and disappearance rate indicating
that lipolysis induced by exercise is higher in females than in
males. These differences can be accounted for by the lower cir-
culating levels of both norepinephrine and epinephrine observed
in females during exercise (Horton et al., 1998). In fact, the raise
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of levels of sympathetic hormones and pancreatic polypeptide
in response to exercise has been found significantly higher in
men than in women (Carter et al., 2001). Conversely, insulin
levels have been found to be higher at baseline in men and to fall
by a greater amount and reach levels similar to those observed
in women during exercise (Davis et al., 2000). Overall, these
studies indicate that men exhibit counter-regulatory responses
to exercise thank to a more reactive autonomic nervous system
(epinephrine, norepinephrine, and pancreatic polypeptide),
cardiovascular (systolic and mean arterial pressure), and
specific metabolic (carbohydrate oxidation) changes. On the
contrary, women show an increased lipolytic (glycerol and
nonesterified fatty acids) and ketogenic (B-hydroxybutyrate)
response suggesting that the decreased sympathetic nervous
system activity during exercise is possibly compensated by an
increased lipolytic responses (Davis et al., 2000).

Moreover, long-term endurance exercise training (6
months) is associated to an increases in the expression
of mRNA encoding for muscle lipoprotein lipase, peroxi-
some proliferator-activated receptor-y coactivator-1le, carnitine
palmitoyltransferase-18, and acid ceramidase in women, but not
men, suggesting that only in women endurance exercise plays an
important role in ceramide degradation. Accordingly, endurance
exercise led to reductions in the mRNA content of the lipogenic
factors sterol regulatory element binding protein-1c and serine
palmitoyl transferase in men but not in women (Smith et al.,
2009). These data suggest that the adaptations to long-term
endurance exercise training is sex-specific as concerning the ex-
pression of critical lipid metabolism genes in overweight and
obese, middle-aged subjects.

Finally, there are evidences indicating that young, normal
weight, healthy women have higher levels of plasma free
fatty acids and intramyocellular triglycerides content than men,
matched by nutritional and lifestyle habits and insulin sensitiv-
ity (Perseghin et al., 2001). It can be concluded that nonobese,
healthy, young women have an insulin sensitivity similar to men,
even though they show higher levels of postabsorptive circulat-
ing and tissue-stored fatty acids.

As mentioned above, sex steroids have an important role in
the generation of the sexually dimorphic distribution of AT and
in the regulation of adiposity and distribution of fat depots in
humans. In particular, E2 has been shown to regulate adipocyte
metabolism and regional fat distribution. It is know that ER-
a and -8 are expressed in adipocytes of rodents and humans,
where a delicate balance between the activity of these receptors
regulates lipoprotein lipase activity (the rate-limiting enzyme
controlling lipid-storage process) and lipolysis and modulate
preadipocyte proliferation (Wade and Gray, 1978; Cooke and
Naaz, 2004; Dieudonne et al., 2004).

In human AT, E2 promotes leptin expression and regulates
mRNA expression and the catalytic activity of lipoprotein
lipase (Machinal-Quelin et al., 2002). Finally, E2 increases
human preadipocyte proliferation in vitro and the size of mature
adipocytes by affecting lipolysis and lipogenesis (Price and
Tisdale, 1998). Mature adipocytes express both ERe and ERS,
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and their levels are not significantly different between subcu-
taneous and intra-abdominal AT localizations. Even though
no sex-associated difference in ERo expression have been
reported in AT, ERf levels are higher in women than in men
(Dieudonne et al., 2004). However, it cannot be excluded that a
different pattern of expression for nuclear receptor cofactors in
AT between men and women can be one of the molecular basis
of the sexual dimorphism of body fat distribution as indicated
by the observation that ERae gene knockout mice develop
obesity, whereas ER knockout mice have a normal amount of
AT (Heine et al., 2000; Ohlsson et al., 2000).

One important regulator of local E2 activity in extra-hepatic
sites is the enzyme estrogen sulfotransferase (EST). An interest-
ing study by Khor and co-workers (Khor et al., 2008) indicates
that EST expression in AT is sex specific and that the expression
of EST in both AT and liver is differentially regulated in males
and females. In mice, EST is expressed in the white fat tissue
of male but not of females and its expression is regulated by
testosterone. In fact, castration is associated with a lack of EST
expression in epididymal fat, whereas the replacement of testos-
terone restores its expression. Accordingly, EST expression can
be artificially induced in females by exogenous testosterone.
Similarly, the expression and regulation of P-450 aromatase,
the enzyme responsible for the conversion of androgens to es-
trogens, has been reported to be different in the brain, and in the
AT of men and women (McTernan et al., 2002). Testosterone
treatment leads to a decrease of adipocyte size of subcutaneous
abdominal and gluteal depots in female-to-male trans-sexuals.
In these subjects, basal lipolysis was significantly increased in
abdominal fat but not in gluteal AT (Elbers et al., 1999). A fur-
ther indication for an involvement of androgen in the regulation
of body fat distribution is provided by androgen receptor (AR)
knockout mice that develop a late onset of obesity characterized
by a visceral localization (Sato et al., 2003; Fan et al., 2005).

Different studies examined adipocyte cell size, lipoprotein li-
pase, and lipolytic activities after androgen treatment in humans,
concluding that the effect of androgens is essentially antiadi-
pogenic. Both in rats (Dieudonne et al., 2000) and in mice (Singh
etal., 2006), the androgens testosterone and dihydrotestosterone
(DHT) inhibit preadipocyte differentiation. Moreover, castra-
tion increases the differentiation of preadipocytes obtained from
perirenal fat depot (Lacasa et al., 1993) and inhibits the differ-
entiation of epididymal preadipocytes (Lacasa et al., 1997). The
same study indicates that, in rats, castration causes an increase
of the activity of mitogen-activated protein kinase in prolifer-
ating preadipocytes. This increase provides a mechanism ex-
plaining the enhanced preadipocytes proliferation induced by
androgens. The responsiveness to androgens has been found to
be more pronounced in deep visceral fat depots in comparison
to subcutaneous adipose compartments (Lacasa et al., 1997;
Dieudonne et al., 2000). The presence of a higher ARs activity
in visceral preadipocytes than in subcutaneous preadipocytes
in both rats and humans could be one of the possible reasons
underlying the observed site-specific regulation of adipogenesis
(Dieudonne et al., 1998; Rodriguez-Cuenca et al., 2005) and
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the associated differences between fat deposition rate and shape
between sexes.

Low plasma sex-hormone binding globulin levels (Tchernof
et al., 1995; Couillard et al., 2000; Garaulet et al., 2000) and
5-Dehydroepiandrosterone (5-DHEA)(Tchernof et al., 2004),
have been found to be negatively associated with visceral obe-
sity and visceral fat accumulation significantly correlated with
low plasma testosterone concentrations (Seidell et al., 1990).
In agreement with these observations, women with polycystic
ovary syndrome and hyperandrogenism have been reported
to be affected by abdominal obesity and hyperinsulinemia
(Dunaif, 1997). Similarly, elevated plasma testosterone (total
or free) has been found to be associated with abdominal obesity
in women (Pedersen et al., 1995). Elbers and co-workers
have shown that testosterone administration in female-to-male
trans-sexuals is associated with changes in body fat distribution
toward a more android pattern and an increase in visceral fat
(Elbers et al., 1997).

Sex- Associated Differences in Carbohydrate Metabolism

There are indication that the prevalence of disturbances in
glucose homeostasis and tolerance differs between men and
women. In general, women have lower fasting glucose levels
and higher post load glucose (Pomerleau et al., 1999). Avail-
able population studies indicated that even though women are
usually more frequently diagnosed for diabetes than men (Shaw
et al., 1999; Qiao et al., 2003), the prevalence of early abnor-
malities of glucose metabolism is three times higher in men
than in women (Kuhl et al., 2005). A number of evidences
suggest that E2 modulates insulin sensitivity and is involved
in glucose homeostasis (Godsland, 2005). E2 plays an impor-
tant role in glucose homeostasis. In fact, insulin resistance is
frequently present in different diseases such as gestational di-
abetes mellitus and polycystic ovarian syndrome, which are
characterized by disturbances in female gonadal hormones. In
these cases, insulin resistance is accompanied by disturbed car-
bohydrate metabolism and compromised glucose homeostasis
and by defects in glucose transporter expression (Okuno et al.,
1995; Livingstone and Collison, 2002).

Several studies reported that also 5S-DHEA, the most abun-
dant human adrenal steroid hormone, which is more elevated in
male than in female, modulates glucose uptake in human fibrob-
lasts and rat adipocytes (Nakashima et al., 1995; Kajita et al.,
2000). Moreover, the external administration of 5-DHEA to ge-
netically diabetic db—/db— mice induces the remission of hyper-
glycemia and improves insulin resistance (Coleman et al., 1982).
Similarly, the same treatment protects against visceral obesity
and muscle insulin resistance in normal rats fed a high-fat diet
(Hansen et al., 1997). Others (Aoki et al., 2000) reported that
5-DHEA supplementation decreases the elevated expression of
the gene encoding for glucose-6-phosphatase, (G6Pase), a key
enzyme involved in the homeostatic regulation of blood glu-
cose, in db—/db— mice, suggesting that this enzyme is a specific
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target of the hypoglycemic effect of 5-DHEA (Aoki et al., 2000).
Among the hepatic gluconeogenic enzymes, 5-DHEA directly
suppresses the enzyme activity, mRNA level and protein ex-
pression of G6Pase in the human hepatoma cell line (HepG2).
In the same study, the authors observed a down regulation of
phosphoenolpyruvate carboxykinase, another key enzyme in-
volved in gluconeogenesis, indicating that this enzyme may
be another molecular target for the insulin-sensitizing effect of
DHEA.

Finally, the uptake of glucose has been frequently reported to
be strongly affected by sex hormones, even though the molec-
ular mechanisms of this activity still remain scarcely known.
Facilitate Glucose transporter (Glut) are a group of structurally
related proteins that are encoded by a family of genes and ex-
pressed in a tissue-specific manner (Lienhard et al., 1992). Many
years ago, some authors reported that the hormonal regulation
of Gluts is organ-dependent and that, at least in rats, in specific
sex organs, glucose uptake is modulated by estrogen in females
and by DHT in males, respectively (Mills and Spaziani, 1968;
Meier and Garner, 1987). Accordingly, Hart and co-workers re-
ported significant sex-associated differences in glucose uptake
and the effects of sex hormones on glucose transport, suggest-
ing that this process may also be involved in the sexual dimor-
phism in specific organ (lung) development (Hart et al., 1998).
The same authors have also demonstrated that in lung explants
from male and female rats, 24 h treatment with estrogen signif-
icantly increases glucose uptake, Glut 1 protein expression, and
Glut-1 mRNA levels. In contrast, 24 h treatment with DHT sig-
nificantly decreases glucose uptake, Glut 1 protein, and Glut-1
mRNA levels (Hart et al., 1998). In addition to exhibiting higher
basal glucose uptake, female rat lung was also more responsive
than male lung to E2 treatment (Hart et al., 1998). The molec-
ular basis underlying this difference is not clear: it is possible
to hypothesize a sex-specific regulation at the transcriptional,
posttranscriptional, or receptor activity level. Additionally, it
has been demonstrated that androgens reduce cyclic adenosine
monophosphate generation by lung fibroblast and inhibit the
production of epidermal growth factor (EGF) which is an im-
portant stimulus for glucose uptake (Catterton et al., 1979).
Conversely, E2 has been reported to increase the production
of EGF and IGF-1, a second important factor involved in the
stimulation of glucose uptake in fetal lung (Simmons et al.,
1993).

Barros and co-worker (Barros et al., 2009) suggested that
Estrogen Receptor-§ (ERB) opposes the effect of Estrogen
Receptor-o (ERa) on glucose tolerance, and that an unbalanced
activity of ERp ligands may be diabetogenic as indicated by a
substantial reduction of Glut-4 expression in Aromatase knock-
out mice treated with 2,3-bis(4-hydroxyphenyl)propionitrile
(DPN), a selective ERg ligand. It is well-known that Glut-4
plays a crucial role in glucose homeostasis, and it is a limiting
step in insulin-induced glucose uptake in skeletal muscle. Thus,
the treatment with the ERf ligand DPN, by reducing Glut4,
should lead to a decrease of glucose tolerance (Barros et al.,
2009).
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In parallel with Gluts, trans-cellular glucose trafficking is per-
formed by Sodium-glucose cotransporters (SGLTs), a family of
glucose transporter found in the intestinal mucosa (SGLT1) and
in the proximal tubule of the nephron (SGLT2 and SGLT1).
Saboli¢ and coworkers (Sabolic et al., 2006) showed that, in
castrated rat, the expression of SGLTs is exclusively affected
by androgens, whereas E2 and progesterone have no effect. The
same authors also found that, at least in rats, the gene encoding
for SGLT1 has two androgen receptor elements. According to
these observations, providing a background the effects of sexual
hormones on glucose metabolism, glucose intolerance, insulin
resistance, and diabetes have been reported to display a stronger
phenotype in males than in females in different rodent mod-
els (Zierath et al., 1997) The interplay between endocrine and
metabolic systems and the pivotal role exerted by adiponectin
is illustrated in Fig. 1.

Sex-Associated Differences in Protein and Amino
Acid Metabolism

Plasma concentrations of large neutral amino acids (LNAAs)
is not tightly regulated and fluctuates in response to food con-
sumption and hormone secretion (Wurtman et al., 1968). It
is also affected by several pathological conditions such as
liver and renal disease (DeFronzo and Felig, 1980), diabetes
(Halliday et al., 1981), obesity (Caballero et al., 1988), and in
response to stress (Imai et al., 1984).

Significant differences have been described in the plasma
concentration of several AA between young adult males and fe-
males (Armstrong and Stave, 1973) and a significant increase of
all LNAAs, with the exception of tryptophan, occurs in ageing
women, but not in men (Caballero et al., 1991). However, no
major differences in plasma AA concentrations have been ob-
served between males and females (Armstrong and Stave, 1973;
Gregory et al., 1986) indicating that sex-related differences de-
velop after adolescence, as the hormonal differences are more
marked.

Another aspect that has been proposed to be associated to
sex is the AA handling system. Several isoforms of Na-coupled
neutral AA transporters (SNAT), have been described in detail
such as SNAT1, SNAT2, and SNAT4 all having a “system A”
transport activity (Sugawara et al., 2000; Varoqui et al., 2000;
Yao et al., 2000). Many studies have shown that SNAT2 gene
expression is induced by E2 but not by progesterone in cul-
tured breast cancer cell (Shennan et al., 2003; Shennan et al.,
2004) and in rat mammary gland (Lopez et al., 2006) and that
the induction of “system A” by E2 in breast cancer cell lines
only occurs in cell lines expressing ER«. In addition, due to
the rapid induction of SNAT2 by E2 in the mammary gland ex-
plants, there is the possibility that this effect could be mediated
by a nongenomic action of the estrogen receptor (Lopez et al.,
2006). Some experimental evidences indicate that both in vivo
and in vitro administration of estrogen reduces proline transport
in ovariectomised rats and in R3230AC mammary carcinoma
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Figure 1 Simplified scheme illustrating some of major differences in fat metabolism associated to gender (see text for more details). Left panel: In males, the
relative abundance of circulating android hormone is associated with central body fat depots, usually characterized by small size mature adipocytes expressing high
levels of ERB and high levels of Aromatase. In this setting, adipocytes secrete lower levels of adiponectin and leptin which in turn modulate endocrine system and
metabolic rate. Central body fat distribution is usually also characterized by more reactive autonomic nervous system (epinephrine, norepinephrine, and pancreatic
polypeptide), cardiovascular (systolic and mean arterial pressure), and specific metabolic (carbohydrate oxidation) changes. Right panel: in women, high levels of
circulating Estradiol are associated to lower body fat deposition which is in general characterized by larger size mature adipocytes expressing lower levels of ERB
and higher levels of Aromatase, in comparison to males. Adiponectin and leptin secretion are upregulated. In lower body adipose tissue, lipolysis is less sensitive
(or responsive) to f-adrenergic stimulation than subcutaneous adipose tissue in the upper body. Women usually show an increased lipolytic response to exercise
in the presence of a lower affinity of adrenergic receptors. SHPB = Steroid hormone binding protein. Alb = Albumin. T = Testosterone. E2 = Estradiol.

(Hissin and Hilf, 1979) respectively. These experimental obser-
vations suggest a specificity to the action of E2 on “system A”
and that SNAT?2 gene expression could be regulated by hormonal
changes occurring in female and male during puberty.

A marked sex dimorphism has been reported in the levels of
the essential AA, L-Arginine (Arg) in plasma, kidney, and skele-
tal muscle (Ruzafa et al., 2003). Arg enters in the urea cycle,
and serves as a precursor for the synthesis of a number of impor-
tant biological molecules including Nitric oxide, and guanidine
(Reyes et al., 1994; Wu and Morris, 1998; Wu and Meininger,
2002). Dietary Arg restriction induces a marked decrease of
plasma and tissues Arg that almost equalizes the sexual dimor-
phism found in the normal levels of this AA (Morris, 2002).
The interaction between dietary Arg and hormone activity is
suggested by the observation that Arg dietary restriction affects
the activities of enzymes related to the metabolism of Arg and or-
nithine that are regulated by sex hormones (Ruzafa et al., 2003).
Moreover, Arg restriction induces a significant decrease of both
body and renal weights in males, but not in females probably
due to an interaction between Arg and the mechanism of action
of testosterone. This possibility is also supported by the finding
that the renal enzyme ornithine decarboxylase, a well-known

target of androgen action in the kidney (Berger, 1989), was dra-
matically decreased in the kidney of male Arg-deficient mice
but not in females. A tentative mechanism for the interaction
between Arg and testosterone has been suggested by Cremades
and coworker (Cremades et al., 2004) who, based on previously
observation (Rosenfeld, 1994), proposed that Arg acts as a scav-
enger of GH and insulin both in humans and in other mammals.
Finally, Arg urinary excretion has been reported to be higher
in women than in men (Forte et al., 1998) probably due to es-
trogen effects (Weiner et al., 1994). Moreover, sex hormones
(e.g., estrogen and testosterone) may play an important role in
determining gender differences in Arg metabolism as suggested
by the observation that, arginase activity is stimulated by testos-
terone explaining the lowered Arg levels observed in male mice
(Kumar and Kalyankar, 1984).

Differently to Arg, the effects of sex on leucine (Leu)
metabolism and kinetics is still controversial. During exercise,
male subjects oxidize more Leu and have a lower rate of nonox-
idative leucine disposal than females (Lamont et al., 2001), but
no differences associated to sex have been reported on Leu
or lysine kinetics in subjects studied in postabsorptive, resting
state. The metabolic mechanism(s) responsible for the lower
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Table 1 Some of the more relevant differences in human metabolism associated to sex

Female vs. male

References

Higher postprandial response associated to visceral fat

Lower basal fat oxidation

Lower epinephrine and norepinephrine during exercise

Higher proportion of energy expended from fat during exercise

Lower catecholamine mediated free fatty acid release in lower estimates
Higher postprandial fat storage in subcutaneous adipose tissue

Higher blood flow and fat storage in lower body depots

Lower chylomicron uptake in splancnic bed and hyperexpression of fatty acid transporter

Higher utilization of fat and lower utilization of carbohydrates during exercise

Lower reactive nervous system, cardiovascular response, and carbohydrate oxidation during exercise

Higher lipolitic and ketogenic response
Lower fasting glucose levels and higher postload glucose

Higher glucose uptake in specific sex organs a result of sex hormones regulation of the expression of specific

glucose transporters (Glut-1), IGF-1, and EGF
Lower large rental amino acids plasma concentration
Higher expression Na-coupled neutral amino acid transporter
Higher protein turnover

(Kuk et al., 2005)
(Toth et al., 1998); (Nagy et al., 1996)
(Horton et al., 1998)
(Horton et al., 1998)
(Guo et al., 1997)
(Romanski et al., 2000)
(Nguyen et al., 1996)
(Binnert et al., 2000)
(Carter et al., 2001)
(Davis et al., 2000)
(Davis et al., 2000)
(Poehlman et al., 1993)
(Hart et al., 1998)

(Caballero et al., 1991)
(Shennan et al., 2003; Shennan et al., 2004)
(Luiking et al., 2004)

Leu oxidation and protein catabolism in exercising woman also
remains scarcely known, but could be related to the observation
that women derive more of their needs of energy for exercise
from fat, thereby sparing carbohydrate, amino acid, and protein.

Finally, a number of differences in other AA and protein
metabolism associated to sex are available in the literature (Volpi
et al., 1998), which strongly suggest an implication of sex hor-
mones (Tipton, 2001). It has been estimated that the contribution
of protein turnover to the resting metabolic rate is approximately
20% (Welle and Nair, 1990). Thus, it is possible that differences
in protein metabolism significantly contribute to the observed
differences in energy consumption between women and men. In
mice, protein turnover has been reported to be higher in female
than in male (Luiking et al., 2004). In basal postabsorptive state,
protein oxidation is lower in women than in men, independently
on body composition (Volpi et al., 1998). Unfortunately,
available literature still reports controversial effects of sex
hormones on protein metabolism (Lariviere et al., 1994; Mauras
et al., 1994). Burd and co-workers point out that sex-based
differences in protein turnover related to exercise exist in young
men and women, but these differences are minor. By contrast,
older women develop an anabolic resistance to both feeding and
exercise, but the reasons are still unknown (Burd et al., 2009).

Overall, the absence of an apparent difference between males
and females on either whole body protein synthesis or break-
down suggests that protein turnover, is not different between
women and men. Some of the more relevant differences in hu-
man metabolism associated to sex are listed in Table 1.

POLYMORPHISMS

A wide spectrum of diseases, if not all, results from the com-
bined effects of a number of genetic variants and environmental
factors. The risk of contracting common diseases is likely to
be influenced by genetic variants that are relatively common in
populations. Variations in DNA sequences can potentially af-

fect the risk to develop diseases and to respond to pathogens,
chemicals, drugs, vaccines, and other agents.

At present, available data to evaluate the generality of this as-
sociation are still scarce but more and more widely distributed
genetic variants associated with common diseases are being
discovered. On the basis of the analysis of the genome of a
sample of 269 individuals, the HapMap project selected sev-
eral million well-defined SNPs, genotyped the individuals for
these SNPs, and published the results (International HapMap
Consortium 2005). The goal of the Project was to provide a
tool to be used in association studies, where the haplotypes
in individuals with a disease are compared to those of a com-
parable group of individuals without a disease. If a specific
haplotype occurs more frequently in affected individuals than
in controls, a gene influencing the disease may be located within
or near that haplotype. More recently the 1000 Genomes Project
(www.1000genomes.org), an international research effort to es-
tablish by far the most detailed catalogue of human genetic
variation was launched in January 2008 with the objective to
sequence the genomes of at least one thousand anonymous par-
ticipants from a number of different ethnic groups. At present,
data simulations suggest that European populations harbor an
estimated 19-20 million SNPs, including eight million SNPs
with an allele frequency greater than one percent, six million
SNPs at between 0.1 and 1% frequency, and 2.5 million single-
tons. Roughly half of the alleles appear to be specific for each
population, pointing to a total estimated of 60 million SNPs.

Specific allelic variants (single nucleotide polymorphisms,
SNP), associated with risk factors for disease and substrate ki-
netics has been often reported to be sex specific (Halsall et al.,
2000; Galluzzi et al., 2001; Talmud and Humphries, 2001). Un-
fortunately, at present, information about the real penetrance
into the pathological phenotype and the specific prevalence in
males and females are still scarce.

However, this field is in continuous expansion and a signif-
icant number of SNPs are identified and filed in public access
databases almost daily. We can foresee that in the near future
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more precise information will be available allowing the assess-
ment of a sex-specific exposure to disease risk on the basis of
presence of a given either a single or a combination of SNPs. In
this part of the paper we will briefly mention some of the known
association between sex and SNP related to disease risk. Most
probably, in the near future this aspect of individual genetic
profile will gain more and more relevance and it is not difficult
to foresee that will be considered as a major determinant in
assessing the so called “personalized nutrition.”

There are two possible explanations at the basis of a sex-
specific association of SNP concerning the relationship between
nutrition and health:

1. The incidence of an SNP within a specific population can
be higher in one sex than in the other. This is the case of
the hormone-sensitive lipase (HSL) gene (Hoffstedt et al.,
2001), which translated for an enzyme that catalyzes the
rate-limiting step for lipolysis in fat cells, specifically the
breakdown of triglycerides. Magre and co-workers identified
a polymorphism of a dinucleotide repeat including 16 alleles
localized within intron 6 of the HSL gene (HSLi6) associated
with obesity and diabetes (Magre et al., 1998). The difference
in the lipolysis rate between genotypes, and in particular the
one associated to allele 5 of the HSLi6 polymorphism, has
been found more pronounced in men than in women leading
to a more marked decrease in the lipolytic rate of abdominal
fat cells. The frequency of allele 5 has been found higher in
male than in female (0.68 vs. 0.52). HSLi6 polymorphism is
a very important factor in lipolysis and its expression is asso-
ciated with decreased catecholamine-stimulated lipolysis in
abdominal subcutaneous AT. This is more apparent in men
than in women. The reason underlying this difference is un-
known. However, given the well-known difference in body
fat distribution between men and women, it is not surprising
that sex-related factors (e.g., sex hormones) may also interact
with the genotype and cause different phenotypic effects in
men and women.

2. Alternatively, the incidence of an allelic variant could be
similar in both genders, but present a preferentially higher
“penetrance” into the phenotype in one sex than in the other.
We will briefly provide an example of both cases related to
the risk of CVD.

A number of studies have shown that the prevalence and
onset of coronary heart disease (CHD) is sex-dependent and
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that CHD prevalence is lower in women than in men at all
ages (Perez-Lopez et al., 2010). Furthermore, women’s age of
CHD onset appears on average about 10 years later. This is
widely attributed to the fact that men have less favorable CHD
risk factors (e.g., plasma lipid profile) compared to women.
Mean levels of protective high-density lipoprotein cholesterol
are lower, while triglyceride levels are higher in men than in
women.

It is possible that number of genes involved in lipid
metabolism, such as Apolipoprotein (Apo) E, as well as
their SNP, may be expressed in a sexually dimorphic manner
(Kolovou et al., 2009). It has recently been reported that sex-
specific polymorphisms exist, associated to lipid metabolism
and adiponectin activity (Ordovas, 2007; Anagnostopoulou
et al., 2009; Kallio et al., 2009). Some of these differences asso-
ciated to sex are probably not directly related to the activity sex
hormones, as suggested by the fact that their effects have been
also observed in postmenopausal women (Perez-Lopez et al.,
2010).

Among the polymorphisms that have been reported to have
sex-specific characteristics, few are of particular nutritional in-
terest such as the allelic variants encoding for Cholesteryl ester
transfer protein (CETP, TaqIB, and 1405V)(Anagnostopoulou
et al., 2009), Lipoprotein Lipase (LPL, S447X) (Anag-
nostopoulou et al., 2009), peroxisome proliferator-activated
receptor-y coactivator-la (PGC-1e, Gly482Ser) (Okauchi
et al., 2008), Insulin-like growth factor binding protein 5
(IGFBPS, rs9341234, rs3276, and rs11575134) (Kallio et al.,
2009), Apolipoprotein A1 (APOA1), and Apolipoprotein E
(APOE)(Kolovou et al., 2009).

The real penetrance of these allelic variant in sex-specific
risk of disease is still controversial. An illustrative example is
PGC-1la, which was first identified as a coactivator of PPARy a
transcription factor involved in the regulation of adaptive ther-
mogenesis (Puigserver et al., 1998) and other aspects related to
energy metabolism, such as the control mitochondrial biogen-
esis, the oxidative breakdown of energy substrates and glucose
homeostasis (Soyal et al., 2006). In particular, the Gly482Ser
polymorphism of PGC-1« has been found to be associated with
type 2 diabetes, obesity, and hypertension. The strength of this
association has been reported to be significantly sex-dependent
(Esterbauer et al., 2002; Andersen et al., 2005). It has been
reported that the Gly482Ser variant of PGC-lo gene affects
plasma adiponectin levels in men, but not in women (Okauchi
et al., 2008). In this study, no differences in adiponectin levels
were observed between women bearing the Gly482Ser allele and

Table 2  Allelic variants having either a different penetrance or a different prevalence between sexes

Gender genes SNP References

Hormone sensitive lipase HSLi6 (Hoffstedt et al., 2001), (Magre et al., 1998)
Apolipoprotein E el, €2, €3 (Kolovou et al., 2009)

Cholesterylester transfer protein (CTEP) TaqlIB, 150V (Anagnostopoulou et al., 2009)

Lipoprotein lipase (LPL) S447X (Anagnostopoulou et al., 2009)

Insulin-like growth factor binding protein 5 (IGFBPS5) 1s9341234, rs3276, rs11575134 (Kallio et al., 2009)

Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1w) Gly482Ser (Okauchi et al., 2008)
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those bearing the “wild type.” On the other hand, a significant
influence of Gly482Ser polymorphism on plasma adiponectin
level in men, was observed and in particular, the Ser variant
was associated with lower adiponectin levels. Even though the
Gly482Ser variant is present at the approximately same fre-
quency in men and in women, its effects are only expressed
in men. This might indicate either a role for hormones or the
involvement of a Y-chromosome-linked modulation. A similar
gender-specific effect has been observed for other SNPs includ-
ing a male-specific association of the APOE2 and APOEA4 alleles
with cardiovascular disease (Lahoz et al., 2001). Some of the
allelic variants having either a different penetrance or a different
prevalence between sexes are listed in Figure 2.

In conclusion, the effect of specific polymorphisms could
be the result of a complex interaction involving genes, envi-
ronmental factors and sex hormones. Unfortunately, in spite of
some clear evidence, available data addressing sex-specific ef-
fects of polymorphisms involved in metabolism and disease risk
are scarce and do not allow a robust evaluation of this aspect.

CONCLUSIONS

Men and women are different in many ways besides their ob-
vious roles in reproduction. Differences clearly exist, related to
a differential expression of specific genes acting throughout the
whole life and to the drifting effect of sexual hormones, mainly
acting from sexual development to menopause. This review con-
sidered the large number of evidences indicating significant
sex-related differences in energy and macronutrient metabolism
within many tissues and organs resulting in a distinct metabolic
profile associated with different risk of disease and possibly with
sex-specific nutritional requirements. Despite these indications
we propose that the lack of a specific sex-oriented approach has
significantly affected and probably biased nutritional sciences.

The striking difference between sexes clearly appears to be
not only the expression of cultural and behavioral bias, but also
the effect of significant differences at biochemical and physio-
logical level. In spite of this evidence, nutritional sciences seem
so far to have underestimated the effect of sex in biochemical
and physiological mechanisms related to nutrient utilization. As
consequence of this weakness, nutritional, and educational poli-
cies addressing the optimal nutrition for the reduction of disease
risk that are very rarely gender-oriented and are usually limited
to pregnant and lactating women.

Throughout this review, we have tried to highlight some of
the aspects related to nutrient metabolism and affected by sex,
either specifically concerning the effect of sex hormones or
determined by sex-specific differences in metabolic pathways
independent on their activity.

Some of the major aspects concerning the involvement of
sexual hormones in many of these differences have been con-
sidered and in particular the metabolization of nutritional fats
and in the distribution of fat depots, glucose homeostasis, and
amino acid transport and protein metabolism. Moreover, in some
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of these sex specific events and in the nutrition-health relation-
ship, also the effect of epigenetic response to environmental and
nutritional factors and genetic variants (SNPs) and having either
a different penetrance or a different prevalence between sexes
are probably involved.

We hope that some nutritional aspect associated with the
complexity of the biological system “female” together with the
scarcity of data in the literature, clearly emerged.

Further investigations on the potential role of gender with
the final target of improving human health are warranted.
High throughput methodologies in association with “Omic” and
system biology approaches will obviously play a pivotal role in
this context, providing a tool to carry over a “problem driven”
research, taking into account the combined complexity of the in-
teraction between gender-associated differences in the genome,
nutrition and health.

ACKNOWLEDGMENTS

The authors’ responsibilities were as RC and FV. All the
other authors equally contributed to writing and editing the
manuscript. The authors declare that there are no potential con-
flicts of interest. The authors thank Dr. D. Ciarapica for her
contribution with ideas and discussion about gender differences
in body composition under an evolutionary perspective.

FUNDING

Author RC is supported by the grant of the Italian Ministry of
Agricultural, Nutritional Policies and Forestry (NUME). Author
CA is supported by the grant of the Italian Ministry of Agricul-
tural, Nutritional Policies, and Forestry (Palingenio-Qualifu).

REFERENCES

Abe, T., Brechue, W. F., Fujita, S. and Brown, J. B. (1998). Gender differences
in FFM accumulation and architectural characteristics of muscle. Med. Sci.
Sports Exerc. 30:1066—1070.

Anagnostopoulou, K. K., Kolovou, G. D., Kostakou, P. M., Mihas, C., Hatzige-
orgiou, G., Marvaki, C., Degiannis, D., Mikhailidis, D. P. and Cokkinos, D.
V. (2009). Sex-associated effect of CETP and LPL polymorphisms on post-
prandial lipids in familial hypercholesterolaemia. Lipids Health Dis. 8:24.

Andersen, G., Wegner, L., Jensen, D. P., Glumer, C., Tarnow, L., Drivsholm,
T., Poulsen, P., Hansen, S. K., Nielsen, E. M. and Ek, J. (2005). PGC-
lalpha Gly482Ser polymorphism associates with hypertension among Danish
whites. Hypertension 45:565-570.

Aoki, K., Kikuchi, T., Mukasa, K., Ito, S., Nakajima, A., Satoh, S., Okamura, A.
and Sekihara, H. (2000). Dehydroepiandrosterone suppresses elevated hepatic
glucose-6-phosphatase mRNA level in C57BL/KsJ-db/db mice: Comparison
with troglitazone. Endocr. J. 47:799-804.

Arita, Y., Kihara, S., Ouchi, N., Takahashi, M., Maeda, K., Miyagawa, J., Hotta,
K., Shimomura, I., Nakamura, T. and Miyaoka, K. (1999). Paradoxical de-
crease of an adipose-specific protein, adiponectin, in obesity. Biochem. Bio-
phys. Res. Commun. 257:79-83.

Armstrong, M. D. and Stave, U. (1973). A study of plasma free amino acid
levels. II. Normal values for children and adults. Metabolism 22:561-569.



238

Arslanian, S. and Suprasongsin, C. (1997). Testosterone treatment in adolescents
with delayed puberty: Changes in body composition, protein, fat and glucose
metabolism. J. Clin. Endocrinol. Metab. 82:3213-3220.

Barros, R. P., Gabbi, C., Morani, A., Warner, M. and Gustafsson, J. A.
(2009). Participation of ERalpha and ERbeta in glucose homeostasis in
skeletal muscle and white adipose tissue. Am. J. Physiol. Endocrinol. Metab.
297:E124-133.

Beckers, S., Zegers, D., Van Gaal, L. F. and Van Hul, W. (2009). The role of
the leptin-melanocortin signalling pathway in the control of food intake. Criz.
Rev. Eukaryot. Gene. Expr. 19:267-287.

Behnke, A. R. (1953). Lean body weight in relation to basal (standard)
metabolism. Trans. N. Y. Acad. Sci. 15:74-75.

Behnke, A. R. (1963). Anthropometric evaluation of body composition through-
out life. Ann. N. Y. Acad. Sci. 110:450-464.

Berg, A. H., Combs, T. P. and Scherer, P. E. (2002). ACRP30/adiponectin:
An adipokine regulating glucose and lipid metabolism. Trends Endocrinol.
Metab. 13:84-89.

Berger, F. G. (1989). Assignment of a gene encoding ornithine decarboxylase
to the proximal region of chromosome 12 in the mouse. Biochem. Genet.
27:745-753.

Binnert, C., Koistinen, H. A., Martin, G., Andreelli, F., Ebeling, P., Koivisto, V.
A., Laville, M., Auwerx, J. and Vidal, H. (2000). Fatty acid transport protein-
1 mRNA expression in skeletal muscle and in adipose tissue in humans. Am.
J. Physiol. Endocrinol. Metab. 279:E1072-1079.

Bjorntorp, P. (1991). Adipose tissue distribution and function. Int. J. Obes.
15(Suppl. 2):67-81.

Blaak, E. (2001). Gender differences in fat metabolism. Curr. Opin. Clin. Nutr.
Metab. Care 4:499-502.

Bluher, S. and Mantzoros, C. S. (2007). Leptin in reproduction. Curr. Opin.
Endocrinol. Diabetes Obes. 14:458-464.

Bottner, A., Kratzsch, J., Muller, G., Kapellen, T. M., Bluher, S., Keller, E.,
Bluher, M. and Kiess, W. (2004). Gender differences of adiponectin levels
develop during the progression of puberty and are related to serum androgen
levels. J. Clin. Endocrinol. Metab. 89:4053—4061.

Bray, G. A. (1997). Obesity and reproduction. Hum. Reprod. 12(Suppl.
1):26-32.

Burd, N. A, Tang, J. E., Moore, D. R. and Phillips, S. M. (2009). Exercise
training and protein metabolism: Influences of contraction, protein intake
and sex-based differences. J. Appl. Physiol. 106:1692-1701.

Caballero, B., Finer, N. and Wurtman, R. J. (1988). Plasma amino acids and
insulin levels in obesity: Response to carbohydrate intake and tryptophan
supplements. Metabolism 37:672-676.

Caballero, B., Gleason, R. E. and Wurtman, R. J. (1991). Plasma amino
acid concentrations in healthy elderly men and women. Am. J. Clin. Nutr.
53:1249-1252.

Carter, S. L., Rennie, C. and Tarnopolsky, M. A. (2001). Substrate utilization
during endurance exercise in men and women after endurance training. Am.
J. Physiol. Endocrinol. Metab. 280:E898-907.

Catterton, W. Z., Escobedo, M. B., Sexson, W. R., Gray, M. E., Sundell, H.
W. and Stahlman, M. T. (1979). Effect of epidermal growth factor on lung
maturation in fetal rabbits. Pediatr. Res. 13:104-108.

Chan, C. P, Koong, L. J. and Stern, J. S. (1982). Effect of insulin on fat and
protein deposition in diabetic lean and obese rats. Am. J. Physiol. 242:E19-24.

Coleman, D. L., Leiter, E. H. and Schwizer, R. W. (1982). Therapeutic ef-
fects of dehydroepiandrosterone (DHEA) in diabetic mice. Diabetes 31:830—
833.

Combs, T. P, Berg, A. H., Rajala, M. W., Klebanov, S., Iyengar, P., Jimenez-
Chillaron, J. C., Patti, M. E., Klein, S. L., Weinstein, R. S. and Scherer, P. E.
(2003). Sexual differentiation, pregnancy, calorie restriction, and aging affect
the adipocyte-specific secretory protein adiponectin. Diabetes 52:268-276.

Cooke, P. S. and Naaz, A. (2004). Role of estrogens in adipocyte development
and function. Exp. Biol. Med. (Maywood) 229:1127-1135.

Couillard, C., Gagnon, J., Bergeron, J., Leon, A. S., Rao, D. C., Skinner, J.
S., Wilmore, J. H., Despres, J. P. and Bouchard, C. (2000). Contribution of
body fatness and adipose tissue distribution to the age variation in plasma

R. COMITATO ET AL.

steroid hormone concentrations in men: The HERITAGE Family Study. J.
Clin. Endocrinol. Metab. 85:1026-1031.

Cremades, A., Ruzafa, C., Monserrat, F., Lopez-Contreras, A. J. and Penafiel,
R. (2004). Influence of dietary arginine on the anabolic effects of androgens.
J. Endocrinol. 183:343-351.

Davis, S. N., Galassetti, P., Wasserman, D. H. and Tate, D. (2000). Effects
of gender on neuroendocrine and metabolic counterregulatory responses to
exercise in normal man. J. Clin. Endocrinol. Metab. 85:224-230.

DeFronzo, R. A. and Felig, P. (1980). Amino acid metabolism in uremia: Insights
gained from normal and diabetic man. Am. J. Clin. Nutr. 33:1378-1386.

de Ridder, C. M., Bruning, P. F., Zonderland, M. L., Thijssen, J. H., Bonfrer, J.
M., Blankenstein, M. A., Huisveld, I. A. and Erich, W. B. (1990). Body fat
mass, body fat distribution, and plasma hormones in early puberty in females.
J. Clin. Endocrinol. Metab. 70:888-893.

Dietary Guidelines for Americans, 2005. Di United States. Dept. of Health and
Human Services, United States. Dept. of Agriculture.

Dieudonne, M. N., Leneveu, M. C., Giudicelli, Y. and Pecquery, R. (2004).
Evidence for functional estrogen receptors alpha and beta in human adipose
cells: Regional specificities and regulation by estrogens. Am. J. Physiol. Cell
Physiol. 286:C655-661.

Dieudonne, M. N., Pecquery, R., Boumediene, A., Leneveu, M. C. and
Giudicelli, Y. (1998). Androgen receptors in human preadipocytes and
adipocytes: Regional specificities and regulation by sex steroids. Am. J. Phys-
iol. 274:C1645-1652.

Dieudonne, M. N., Pecquery, R., Leneveu, M. C. and Giudicelli, Y. (2000).
Opposite effects of androgens and estrogens on adipogenesis in rat
preadipocytes: Evidence for sex and site-related specificities and possi-
ble involvement of insulin-like growth factor 1 receptor and peroxisome
proliferator-activated receptor gamma2. Endocrinology 141:649-656.

Dunaif, A. (1997). Insulin resistance and the polycystic ovary syndrome: Mech-
anism and implications for pathogenesis. Endocr. Rev. 18:774-800.

Elbers, J. M., Asscheman, H., Seidell, J. C. and Gooren, L. J. (1999). Effects of
sex steroid hormones on regional fat depots as assessed by magnetic resonance
imaging in transsexuals. Am. J. Physiol. 276:E317-325.

Elbers, J. M., Asscheman, H., Seidell, J. C., Megens, J. A. and Gooren, L. J.
(1997). Long-term testosterone administration increases visceral fat in female
to male transsexuals. J. Clin. Endocrinol. Metab. 82:2044-2047.

Esterbauer, H., Oberkofler, H., Linnemayr, V., Iglseder, B., Hedegger, M., Wolf-
sgruber, P., Paulweber, B., Fastner, G., Krempler, F. and Patsch, W. (2002).
Peroxisome proliferator-activated receptor-gamma coactivator-1 gene locus:
Associations with obesity indices in middle-aged women. Diabetes 51:1281—
1286.

Fan, W., Yanase, T., Nomura, M., Okabe, T., Goto, K., Sato, T., Kawano, H.,
Kato, S. and Nawata, H. (2005). Androgen receptor null male mice develop
late-onset obesity caused by decreased energy expenditure and lipolytic ac-
tivity but show normal insulin sensitivity with high adiponectin secretion.
Diabetes 54:1000-1008.

Forbes, G. B. (2001). On the matter of ethnic differences in body composition.
Am. J. Clin. Nutr. 74:555.

Forte, P, Kneale, B. J., Milne, E., Chowienczyk, P. J., Johnston, A., Benjamin, N.
and Ritter, J. M. (1998). Evidence for a difference in nitric oxide biosynthesis
between healthy women and men. Hypertension 32:730-734.

Fried, S. K., Ricci, M. R., Russell, C. D. and Laferrere, B. (2000). Regulation
of leptin production in humans. J. Nutr. 130:3127S-3131S.

Frisch, R. E. (1984). Body fat, puberty and fertility. Biol. Rev. Camb. Philos.
Soc. 59:161-188.

Galluzzi, J. R., Cupples, L. A., Meigs, J. B., Wilson, P. W., Schaefer, E. J. and
Ordovas, J. M. (2001). Association of the Ala54-Thr polymorphism in the
intestinal fatty acid-binding protein with 2-h postchallenge insulin levels in
the Framingham Offspring Study. Diabetes Care 24:1161-1166.

Garaulet, M., Perex-Llamas, F., Fuente, T., Zamora, S. and Tebar, F. J.
(2000). Anthropometric, computed tomography and fat cell data in an
obese population: Relationship with insulin, leptin, tumor necrosis factor-
alpha, sex hormone-binding globulin and sex hormones. Eur. J. Endocrinol.
143:657-666.



SEX HORMONES AND MACRONUTRIENT METABOLISM

Godsland, I. F. (2005). Oestrogens and insulin secretion. Diabetologia
48:2213-2220.

Gregory, D. M., Sovetts, D., Clow, C. L. and Scriver, C. R. (1986). Plasma
free amino acid values in normal children and adolescents. Metabolism
35:967-969.

Guo, Z., Johnson, C. M. and Jensen, M. D. (1997). Regional lipolytic responses
to isoproterenol in women. Am. J. Physiol. 273:E108-112.

Halliday, D., Madigan, M., Chalmers, R. A., Purkiss, P, Ell, S., Bergstrom, J.,
Furst, P., Neuhauser, M. and Richards, P. (1981). The degree of conversion
of alpha-keto acids to valine and phenylalanine in health and uraemia. Q. J.
Med. 50:53-62.

Halsall, D. J., Martensz, N. D., Luan, J., Maison, P., Wareham, N. J., Hales,
C. N. and Byrne, C. D. (2000). A common apolipoprotein B signal pep-
tide polymorphism modifies the relation between plasma non-esterified
fatty acids and triglyceride concentration in men. Atherosclerosis 152:
9-17.

Hansen, P. A., Han, D. H., Nolte, L. A., Chen, M. and Holloszy, J. O. (1997).
DHEA protects against visceral obesity and muscle insulin resistance in rats
fed a high-fat diet. Am. J. Physiol. 273:R1704-1708.

Hart, C. D., Flozak, A. S. and Simmons, R. A. (1998). Modulation of glucose
transport in fetal rat lung: A sexual dimorphism. Am. J. Respir. Cell Mol. Biol.
19:63-70.

Havel, P. J. (2001). Peripheral signals conveying metabolic information to the
brain: Short-term and long-term regulation of food intake and energy home-
ostasis. Exp. Biol. Med. (Maywood) 226:963-977.

Heine, P. A., Taylor, J. A., Iwamoto, G. A., Lubahn, D. B. and Cooke, P. S.
(2000). Increased adipose tissue in male and female estrogen receptor-alpha
knockout mice. Proc. Natl. Acad. Sci. U S A 97:12729-12734.

Heymsfield, S. B., Wang, Z., Baumgartner, R. N. and Ross, R. (1997). Hu-
man body composition: Advances in models and methods. Ann. Rev. Nutr.
17:527-558.

Hissin, P. J. and Hilf, R. (1979). Effects of estrogen to alter amino acid transport
in R3230AC mammary carcinomas and its relationship to insulin action.
Cancer Res. 39:3381-3387.

Hoffstedt, J., Arner, P., Schalling, M., Pedersen, N. L., Sengul, S., Ahlberg, S.,
Tliadou, A. and Lavebratt, C. (2001). A common hormone-sensitive lipase i6
gene polymorphism is associated with decreased human adipocyte lipolytic
function. Diabetes 50:2410-2413.

Horton, T. J., Pagliassotti, M. J., Hobbs, K. and Hill, J. O. (1998). Fuel
metabolism in men and women during and after long-duration exercise. J.
Appl. Physiol. 85:1823-1832.

Huxley, V. H. (2007). Sex and the cardiovascular system: The intriguing tale
of how women and men regulate cardiovascular function differently. Adv.
Physiol. Educ. 31:17-22.

Imai, T., Katoh, S., Hasegawa, A. and Fujita, T. (1984). [Changes in plasma
amino acids in the septic hyperdynamic state]. Masui 33:814-822.

International HapMap Consortium. (2005). A haplotype map of the human
genome. Nature 437:1299-1320.

Jensen, M. D. (1995). Gender differences in regional fatty acid metabolism
before and after meal ingestion. J. Clin. Invest. 96:2297-2303.

Jensen, M. D., Johnson, C. M., Cryer, P. E. and Murray, M. J. (1995). Thermo-
genesis after a mixed meal: Role of leg and splanchnic tissues in men and
women. Am. J. Physiol. 268:E433-438.

Kajita, K., Ishizuka, T., Miura, A., Ishizawa, M., Kanoh, Y. and
Yasuda, K. (2000). The role of atypical and conventional PKC
in dehydroepiandrosterone-induced glucose uptake and dexamethasone-
induced insulin resistance. Biochem. Biophys. Res. Commun. 277:361-367.

Kallio, P., Tolppanen, A. M., Kolehmainen, M., Poutanen, K., Lindstrom, J.,
Tuomilehto, J., Kuulasmaa, T., Kuusisto, J., Pulkkinen, L. and Uusitupa,
M. (2009). Association of sequence variations in the gene encoding insulin-
like growth factor binding protein 5 with adiponectin. Int. J. Obes. (Lond)
33:80-88.

Khor, V. K., Tong, M. H., Qian, Y. and Song, W. C. (2008). Gender-specific ex-
pression and mechanism of regulation of estrogen sulfotransferase in adipose
tissues of the mouse. Endocrinology 149:5440-5448.

239

Kiess, W., Muller, G., Galler, A., Reich, A., Deutscher, J., Klammt, J. and
Kratzsch, J. (2000). Body fat mass, leptin and puberty. J. Pediatr. Endocrinol.
Metab. 13(Suppl. 1):717-722.

Killinger, D. W., Perel, E., Daniilescu, D., Kharlip, L. and Lindsay, W. R.
(1987). The relationship between aromatase activity and body fat distribution.
Steroids 50:61-72.

Kissebah, A. H. and Krakower, G. R. (1994). Regional adiposity and morbidity.
Physiol. Rev. 74:761-811.

Klentrou, P. and Plyley, M. (2003). Onset of puberty, menstrual frequency, and
body fat in elite rhythmic gymnasts compared with normal controls. Br. J.
Sports Med. 37:490-494.

Kolovou, G., Damaskos, D., Anagnostopoulou, K. and Cokkinos, D. V. (2009).
Apolipoprotein E gene polymorphism and gender. Ann. Clin. Lab. Sci.
39:120-133.

Kotani, K., Tokunaga, K., Fujioka, S., Kobatake, T., Keno, Y., Yoshida, S.,
Shimomura, I., Tarui, S. and Matsuzawa, Y. (1994). Sexual dimorphism of
age-related changes in whole-body fat distribution in the obese. Int. J. Obes.
Relat. Metab. Disord. 18:207-202.

Kuhl, J., Hilding, A., Ostenson, C. G., Grill, V., Efendic, S. and Bavenholm,
P. (2005). Characterisation of subjects with early abnormalities of glucose
tolerance in the Stockholm Diabetes Prevention Programme: The impact of
sex and type 2 diabetes heredity. Diabetologia 48:35—40.

Kuk, J. L., Lee, S., Heymsfield, S. B. and Ross, R. (2005). Waist circumference
and abdominal adipose tissue distribution: Influence of age and sex. Am. J.
Clin. Nutr. 81:1330-1334.

Kumar, A. N. and Kalyankar, G. D. (1984). Effect of steroid hormones on
age dependent changes in rat arginase isoenzymes. Exp. Gerontol. 19:191—
198.

Lacasa, D., Agli, B., Mur, B., Dieudonne, M. N. and Giudicelli, Y. (1993).
Protein kinase in rat adipocytes: Influence of androgenic status and regional
fat distribution. J. Endocrinol. 138:493-501.

Lacasa, D., Garcia, E., Agli, B. and Giudicelli, Y. (1997). Control of rat
preadipocyte adipose conversion by ovarian status: Regional specificity and
possible involvement of the mitogen-activated protein kinase-dependent and
c-fos signaling pathways. Endocrinology 138:2729-2734.

Lahoz, C., Schaefer, E. J., Cupples, L. A., Wilson, P. W., Levy, D., Osgood, D.,
Parpos, S., Pedro-Botet, J., Daly, J. A. and Ordovas, J. M. (2001). Apolipopro-
tein E genotype and cardiovascular disease in the Framingham Heart Study.
Atherosclerosis 154:529-537.

Lamont, L. S., McCullough, A. J. and Kalhan, S. C. (2001). Gender differences
in leucine, but not lysine, kinetics. J. Appl. Physiol. 91:357-362.

Lariviere, F., Moussalli, R. and Garrel, D. R. (1994). Increased leucine flux and
leucine oxidation during the luteal phase of the menstrual cycle in women.
Am. J. Physiol. 267:E422-428.

Lemieux, S., Prud’homme, D., Bouchard, C., Tremblay, A. and Despres, J. P.
(1993). Sex differences in the relation of visceral adipose tissue accumulation
to total body fatness. Am. J. Clin. Nutr. 58:463—467.

Lienhard, G. E., Slot, J. W., James, D. E. and Mueckler, M. M. (1992). How
cells absorb glucose. Sci. Am. 266:86-91.

Livingstone, C. and Collison, M. (2002). Sex steroids and insulin resistance.
Clin. Sci. (Lond) 102:151-166.

Loomba-Albrecht, L. A. and Styne, D. M. (2009). Effect of puberty on body
composition. Curr. Opin. Endocrinol. Diabetes Obes. 16:10-15.

Lopez, A., Torres, N., Ortiz, V., Aleman, G., Hernandez-Pando, R. and Tovar, A.
R. (2006). Characterization and regulation of the gene expression of amino
acid transport system A. (SNAT2) in rat mammary gland. Am. J. Physiol.
Endocrinol. Metab. 291:E1059-1066.

Luiking, Y. C., Hallemeesch, M. M., Vissers, Y. L., Lamers, W. H. and Deutz,
N. E. (2004). In vivo whole body and organ arginine metabolism during
endotoxemia (sepsis) is dependent on mouse strain and gender. J. Nutr.
134:2768S-2774S; discussion 2796S-2797S.

Machinal-Quelin, F., Dieudonne, M. N., Leneveu, M. C., Pecquery, R. and
Giudicelli, Y. (2002). Proadipogenic effect of leptin on rat preadipocytes in
vitro: Activation of MAPK and STAT3 signaling pathways. Am. J. Physiol.
Cell. Physiol. 282:C853-863.



240

Magre, J., Laurell, H., Fizames, C., Antoine, P. J., Dib, C., Vigouroux, C., Bou-
rut, C., Capeau, J., Weissenbach, J. and Langin, D. (1998). Human hormone-
sensitive lipase: Genetic mapping, identification of a new dinucleotide repeat,
and association with obesity and NIDDM. Diabetes 47:284-286.

Mascie-Taylor, C. G. and Goto, R. (2007). Human variation and body mass
index: A review of the universality of BMI cut-offs, gender and urban-rural
differences, and secular changes. J. Physiol. Anthropol. 26:109-112.

Mauras, N., Haymond, M. W., Darmaun, D., Vieira, N. E., Abrams, S. A.
and Yergey, A. L. (1994). Calcium and protein kinetics in prepubertal boys.
Positive effects of testosterone. J. Clin. Invest. 93:1014-1019.

Mayes, J. S. and Watson, G. H. (2004). Direct effects of sex steroid hormones
on adipose tissues and obesity. Obes. Rev. 5:197-216.

McTernan, P. G., Anderson, L. A., Anwar, A.J., Eggo, M. C., Crocker, J., Bar-
nett, A. H., Stewart, P. M. and Kumar, S. (2002). Glucocorticoid regulation of
p450 aromatase activity in human adipose tissue: Gender and site differences.
J. Clin. Endocrinol. Metab. 87:1327-1336.

Meier, D. A. and Garner, C. W. (1987). Estradiol stimulation of glucose transport
in rat uterus. Endocrinology 121:1366-1374.

Miller, V. and Hay, M. Eds. (2004). Principles of Sex-Based Differ-
ences in Physiology: Advances in Molecular and Cell Biology. Elsevier,
London.

Mills, T. M. and Spaziani, E. (1968). The influence of testosterone on penetration
of alpha-aminoisobutyric acid and 2-deoxyglucose in male rat sex accessory
tissues. Biochim. Biophys. Acta 150:435-445.

Morris, S. M., Jr. (2002). Regulation of enzymes of the urea cycle and arginine
metabolism. Annu. Rev. Nutr. 22:87-105.

Nagy, T. R., Goran, M. I., Weinsier, R. L., Toth, M. J., Schutz, Y. and Poehlman,
E. T. (1996). Determinants of basal fat oxidation in healthy Caucasians. J.
Appl. Physiol. 80:1743-1748.

Nakashima, N., Umeda, F., Yanase, T. and Nawata, H. (1995). Insulin resis-
tance associated with substitution of histidine for arginine 252 in the alpha-
subunit of the human insulin receptor: Trial of insulin-like growth factor I
injection therapy to enhance insulin sensitivity. J. Clin. Endocrinol. Metab.
80:3662-3667.

Nguyen, T. T., Hernandez Mijares, A., Johnson, C. M. and Jensen, M. D. (1996).
Postprandial leg and splanchnic fatty acid metabolism in nonobese men and
women. Am. J. Physiol. 271:E965-972.

Nishizawa, H., Shimomura, I., Kishida, K., Maeda, N., Kuriyama, H., Nagare-
tani, H., Matsuda, M., Kondo, H., Furuyama, N. and Kihara, S. (2002). Andro-
gens decrease plasma adiponectin, an insulin-sensitizing adipocyte-derived
protein. Diabetes 51:2734-2741.

Ohlsson, C., Hellberg, N., Parini, P., Vidal, O., Bohlooly, Y. M., Rudling, M.,
Lindberg, M. K., Warner, M., Angelin, B. and Gustafsson, J. A. (2000).
Obesity and disturbed lipoprotein profile in estrogen receptor-alpha-deficient
male mice. Biochem. Biophys. Res. Commun. 278:640-645.

Okauchi, Y., Iwahashi, H., Okita, K., Yuan, M., Matsuda, M., Tanaka, T., Miya-
gawa, J., Funahashi, T., Horikawa, Y. and Shimomura, I. (2008). PGC-1alpha
Gly482Ser polymorphism is associated with the plasma adiponectin level in
type 2 diabetic men. Endocr. J. 55:991-997.

Okuno, S., Akazawa, S., Yasuhi, 1., Kawasaki, E., Matsumoto, K., Yamasaki, H.,
Matsuo, H., Yamaguchi, Y. and Nagataki, S. (1995). Decreased expression of
the GLUT4 glucose transporter protein in adipose tissue during pregnancy.
Horm. Metab. Res. 27:231-234.

Ordovas, J. M. (2007). Gender, a significant factor in the cross talk between
genes, environment, and health. Gend. Med. 4(Suppl. B):S111-122.

Ouchi, N., Kihara, S., Arita, Y., Maeda, K., Kuriyama, H., Okamoto, Y., Hotta,
K., Nishida, M., Takahashi, M. and Nakamura, T. (1999). Novel modula-
tor for endothelial adhesion molecules: Adipocyte-derived plasma protein
adiponectin. Circulation 100:2473-2476.

Pedersen, S. B., Borglum, J. D., Brixen, K. and Richelsen, B. (1995). Relation-
ship between sex hormones, body composition and metabolic risk parameters
in premenopausal women. Eur. J. Endocrinol. 133:200-206.

Perez-Lopez, F. R., Larrad-Mur, L., Kallen, A., Chedraui, P. and Taylor, H.
S. (2010). Gender differences in cardiovascular disease: Hormonal and bio-
chemical influences. Reprod. Sci. 17:511-531.

R. COMITATO ET AL.

Perseghin, G., Scifo, P., Pagliato, E., Battezzati, A., Benedini, S., Soldini, L.,
Testolin, G., Del Maschio, A. and Luzi, L. (2001). Gender factors affect fatty
acids-induced insulin resistance in nonobese humans: Effects of oral steroidal
contraception. J. Clin. Endocrinol. Metab. 86:3188-3196.

Peterson, L. R., Soto, P. F., Herrero, P., Mohammed, B. S., Avidan, M. S.,
Schechtman, K. B., Dence, C. and Gropler, R. J. (2008). Impact of gender
on the myocardial metabolic response to obesity. JACC Cardiovasc. Imaging
1:424-433.

Poehlman, E. T. (2002). Menopause, energy expenditure, and body composition.
Acta Obstet. Gynecol. Scand. 81:603-611.

Poehlman, E. T., Goran, M. 1., Gardner, A. W., Ades, P. A., Arciero, P. J.,
Katzman-Rooks, S. M., Montgomery, S. M., Toth, M. J. and Sutherland, P.
T. (1993). Determinants of decline in resting metabolic rate in aging females.
Am. J. Physiol. 264:E450-455.

Poehlman, E. T. and Tchernof, A. (1998). Traversing the menopause: Changes
in energy expenditure and body composition. Coron. Artery. Dis. 9:799-803.

Pomerleau, J., McKeigue, P. M. and Chaturvedi, N. (1999). Relationships of
fasting and postload glucose levels to sex and alcohol consumption. Are
American Diabetes Association criteria biased against detection of diabetes
in women? Diabetes Care 22:430-433.

Power, M. L. and Schulkin, J. (2008). Sex differences in fat storage, fat
metabolism, and the health risks from obesity: Possible evolutionary origins.
Br. J. Nutr. 99:931-940.

Price, S. A. and Tisdale, M. J. (1998). Mechanism of inhibition of a tumor lipid-
mobilizing factor by eicosapentaenoic acid. Cancer Res. 58:4827-4831.

Puigserver, P., Wu, Z., Park, C. W., Graves, R., Wright, M. and Spiegelman,
B. M. (1998). A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell 92:829-839.

Purnell, J. Q., Kahn, S. E., Samuels, M. H., Brandon, D., Loriaux, D. L. and
Brunzell, J. D. (2009). Enhanced cortisol production rates, free cortisol, and
11beta-HSD-1 expression correlate with visceral fat and insulin resistance in
men: Effect of weight loss. Am. J. Physiol. Endocrinol. Metab. 296:E351—
357.

Qiao, Q., Hu, G., Tuomilehto, J., Nakagami, T., Balkau, B., Borch-Johnsen, K.,
Ramachandran, A., Mohan, V., Iyer, S. R., Tominaga, M. et al. (2003). Age-
and sex-specific prevalence of diabetes and impaired glucose regulation in 11
Asian cohorts. Diabetes Care 26:1770-1780.

Reyes, A. A., Karl, I. E. and Klahr, S. (1994). Role of arginine in health and in
renal disease. Am. J. Physiol. 267:F331-346.

Riccardi, G., Giacco, R. and Rivellese, A. A. (2004). Dietary fat, insulin sensi-
tivity and the metabolic syndrome. Clin. Nutr. 23:447-456.

Richelsen, B. (1986). Increased alpha 2- but similar beta-adrenergic receptor
activities in subcutaneous gluteal adipocytes from females compared with
males. Eur. J. Clin. Invest. 16:302-309.

Ritz, P, Vol, S., Berrut, G., Tack, 1., Arnaud, M. J. and Tichet, J. (2008). Influence
of gender and body composition on hydration and body water spaces. Clin.
Nutr. 27:740-746.

Rodriguez-Cuenca, S., Monjo, M., Proenza, A. M. and Roca, P. (2005). Depot
differences in steroid receptor expression in adipose tissue: Possible role
of the local steroid milieu. Am. J. Physiol. Endocrinol. Metab. 288:E200—
207.

Roemmich, J. N. and Rogol, A. D. (1999). Hormonal changes during puberty
and their relationship to fat distribution. Am. J. Hum. Biol. 11:209-224.

Romanski, S. A., Nelson, R. M. and Jensen, M. D. (2000). Meal fatty acid
uptake in adipose tissue: Gender effects in nonobese humans. Am. J. Physiol.
Endocrinol. Metab. 279:E455-462.

Rosenfeld, R. G. (1994). Circulating growth hormone binding proteins. Horm.
Res. 42:129-132.

Ross, R., Shaw, K. D., Rissanen, J., Martel, Y., de Guise, J. and Avruch,
L. (1994). Sex differences in lean and adipose tissue distribution by mag-
netic resonance imaging: Anthropometric relationships. Am. J. Clin. Nutr.
59:1277-1285.

Rush, E. C., Freitas, I. and Plank, L. D. (2009). Body size, body composition
and fat distribution: Comparative analysis of European, Maori, Pacific Island
and Asian Indian adults. Br. J. Nutr. 102:632-641.



SEX HORMONES AND MACRONUTRIENT METABOLISM

Rush, E., Plank, L., Chandu, V., Laulu, M., Simmons, D., Swinburn, B. and
Yajnik, C. (2004). Body size, body composition, and fat distribution: A com-
parison of young New Zealand men of European, Pacific Island, and Asian
Indian ethnicities. N. Z. Med. J. 117 U1203.

Ruzafa, C., Monserrat, F., Cremades, A. and Penafiel, R. (2003). Influence of
dietary arginine on sexual dimorphism of arginine metabolism in mice. J.
Nutr. Biochem. 14:333-341.

Sabolic, I., Skarica, M., Gorboulev, V., Ljubojevic, M., Balen, D., Herak-
Kramberger, C. M. and Koepsell, H. (2006). Rat renal glucose transporter
SGLT1 exhibits zonal distribution and androgen-dependent gender differ-
ences. Am. J. Physiol. Renal. Physiol. 290:F913-926.

Sakharova, A. A., Horowitz, J. F., Surya, S., Goldenberg, N., Harber, M. P,
Symons, K. and Barkan, A. (2008). Role of growth hormone in regulating
lipolysis, proteolysis, and hepatic glucose production during fasting. J. Clin.
Endocrinol. Metab. 93:2755-2759.

Sato, T., Matsumoto, T., Yamada, T., Watanabe, T., Kawano, H. and Kato, S.
(2003). Late onset of obesity in male androgen receptor-deficient (AR KO)
mice. Biochem. Biophys. Res. Commun. 300:167-171.

Seidell, J. C., Bjorntorp, P., Sjostrom, L., Kvist, H. and Sannerstedt, R. (1990).
Visceral fat accumulation in men is positively associated with insulin, glucose,
and C-peptide levels, but negatively with testosterone levels. Metabolism
39:897-901.

Shaw, J. E., de Courten, M., Boyko, E. J. and Zimmet, P. Z. (1999). Impact of
new diagnostic criteria for diabetes on different populations. Diabetes Care
22:762-766.

Shennan, D. B., Thomson, J., Barber, M. C. and Travers, M. T. (2003). Func-
tional and molecular characteristics of system L in human breast cancer cells.
Biochim. Biophys. Acta 1611:81-90.

Shennan, D. B., Thomson, J., Gow, 1. F., Travers, M. T. and Barber, M. C.
(2004). L-leucine transport in human breast cancer cells (MCF-7 and MDA-
MB-231): Kinetics, regulation by estrogen and molecular identity of the
transporter. Biochim. Biophys. Acta 1664:206-216.

Shi, H. and Clegg, D. J. (2009). Sex differences in the regulation of body weight.
Physiol. Behav. 97:199-204.

Shi, H., Seeley, R. J. and Clegg, D. J. (2009). Sexual differences in the control
of energy homeostasis. Front Neuroendocrinol 30:396-404.

Simmons, R. A., Flozak, A. S. and Ogata, E. S. (1993). Glucose regulates glut 1
function and expression in fetal rat lung and muscle in vitro. Endocrinology
132:2312-2318.

Singh, R., Artaza, J. N., Taylor, W. E., Braga, M., Yuan, X., Gonzalez-Cadavid,
N. F. and Bhasin, S. (2006). Testosterone inhibits adipogenic differentiation
in 3T3-L1 cells: Nuclear translocation of androgen receptor complex with
beta-catenin and T-cell factor 4 may bypass canonical Wnt signaling to down-
regulate adipogenic transcription factors. Endocrinology 147:141-154.

Smith, 1. J., Huffman, K. M., Durheim, M. T., Duscha, B. D. and Kraus, W.
E. (2009). Sex-specific alterations in mRNA level of key lipid metabolism
enzymes in skeletal muscle of overweight and obese subjects following en-
durance exercise. Physiol. Genomics 36:149-157.

Soyal, S., Krempler, F., Oberkofler, H. and Patsch, W. (2006). PGC-1alpha: A
potent transcriptional cofactor involved in the pathogenesis of type 2 diabetes.
Diabetologia 49:1477-1488.

Stefan, N. and Stumvoll, M. (2002). Adiponectin—its role in metabolism and
beyond. Horm. Metab. Res. 34:469—474.

Stone, M. A., Williams, L., Chatterjee, S., Davies, M. J. and Khunti, K. (2008).
Ethnic differences in body composition in adolescents. Prim. Care Diabetes
2:55-57.

Sugawara, M., Nakanishi, T., Fei, Y. J., Huang, W., Ganapathy, M. E., Leibach,
F. H. and Ganapathy, V. (2000). Cloning of an amino acid transporter with
functional characteristics and tissue expression pattern identical to that of
system A. J. Biol. Chem. 275:16473-16477.

Talmud, P.J. and Humpbhries, S. E. (2001). Genetic polymorphisms, lipoproteins
and coronary artery disease risk. Curr. Opin. Lipidol. 12:405-4009.

Taylor, R. W., Grant, A. M., Williams, S. M. and Goulding, A. (2009). Sex
Differences in Regional Body Fat Distribution From Pre- to Postpuberty.
Obesity (Silver Spring).

241

Tchernof, A., Desmeules, A., Richard, C., Laberge, P., Daris, M., Mailloux,
J., Rheaume, C. and Dupont, P. (2004). Ovarian hormone status and ab-
dominal visceral adipose tissue metabolism. J. Clin. Endocrinol. Metab.
89:3425-3430.

Tchernof, A., Despres, J. P., Belanger, A., Dupont, A., Prud’homme, D., Moor-
jani, S., Lupien, P. J. and Labrie, F. (1995). Reduced testosterone and adrenal
C109 steroid levels in obese men. Metabolism 44:513-519.

Thakur, M. K. and Paramanik, V. (2009). Role of steroid hormone coregulators
in health and disease. Horm. Res. 71:194-200.

Tipton, K. D. (2001). Gender differences in protein metabolism. Curr. Opin.
Clin. Nutr. Metab. Care 4:493-498.

Toth, M. J., Gardner, A. W., Arciero, P. J., Calles-Escandon, J. and Poehlman,
E. T. (1998). Gender differences in fat oxidation and sympathetic nervous
system activity at rest and during submaximal exercise in older individuals.
Clin. Sci. (Lond) 95:59-66.

Toth, M. J., Tchernof, A., Sites, C. K. and Poehlman, E. T. (2000). Menopause-
related changes in body fat distribution. Ann. N. Y. Acad. Sci. 904:502—
506.

Ukkola, O. and Santaniemi, M. (2002). Adiponectin: A link between excess
adiposity and associated comorbidities? J. Mol. Med. 80:696-702.

Varoqui, H., Zhu, H., Yao, D., Ming, H. and Erickson, J. D. (2000). Cloning and
functional identification of a neuronal glutamine transporter. J. Biol. Chem.
275:4049-4054.

Vizmanos, B. and Marti-Henneberg, C. (2000). Puberty begins with a charac-
teristic subcutaneous body fat mass in each sex. Eur. J. Clin. Nutr. 54:203—
208.

Volpi, E., Lucidi, P., Bolli, G. B., Santeusanio, F. and De Feo, P. (1998). Gender
differences in basal protein kinetics in young adults. J. Clin. Endocrinol.
Metab. 83:4363-4367.

Wabitsch, M., Jensen, P. B., Blum, W. F,, Christoffersen, C. T., Englaro, P.,
Heinze, E., Rascher, W., Teller, W., Tornqvist, H. and Hauner, H. (1996).
Insulin and cortisol promote leptin production in cultured human fat cells.
Diabetes 45:1435-1438.

Wade, G. N. and Gray, J. M. (1978). Cytoplasmic 17 beta-[3H]estradiol binding
in rat adipose tissues. Endocrinology 103:1695-1701.

Wahrenberg, H., Lonnqvist, F. and Arner, P. (1989). Mechanisms underlying
regional differences in lipolysis in human adipose tissue. J. Clin. Invest.
84:458-467.

Weiner, C. P, Lizasoain, 1., Baylis, S. A., Knowles, R. G., Charles, I. G. and
Moncada, S. (1994). Induction of calcium-dependent nitric oxide synthases
by sex hormones. Proc. Natl. Acad. Sci. U S A 91:5212-5216.

Welle, S. and Nair, K. S. (1990). Relationship of resting metabolic rate to body
composition and protein turnover. Am. J. Physiol. 258:E990-998.

Westerterp, K. R. and Goran, M. 1. (1997). Relationship between physical ac-
tivity related energy expenditure and body composition: A gender difference.
Int. J. Obes. Relat. Metab. Disord. 21:184—188.

Westerterp, K. R., Meijer, G. A., Kester, A. D., Wouters, L. and ten Hoor, F.
(1992). Fat-free mass as a function of fat mass and habitual activity level. Int.
J. Sports Med. 13:163-166.

Wu, G. and Meininger, C. J. (2002). Regulation of nitric oxide synthesis by
dietary factors. Annu. Rev. Nutr. 22:61-86.

Wu, G. and Morris, S. M., Jr. (1998). Arginine metabolism: Nitric oxide and
beyond. Biochem. J. 336(Pt 1):1-17.

Waulan, S. N., Westerterp, K. R. and Plasqui, G. (2010). Ethnic differences in
body composition and the associated metabolic profile: A comparative study
between Asians and Caucasians. Maturitas 65:315-319.

Waurtman, R. J., Rose, C. M., Chou, C. and Larin, F. F. (1968). Daily rhythms in
the concentrations of various amino acids in human plasma. N. Engl. J. Med.
279:171-175.

Yao, D., Mackenzie, B., Ming, H., Varoqui, H., Zhu, H., Hediger, M. A. and
Erickson, J. D. (2000). A novel system A isoform mediating Na+/neutral
amino acid cotransport. J. Biol. Chem. 275:22790-22797.

Zierath, J. R., Houseknecht, K. L., Gnudi, L. and Kahn, B. B. (1997). High-fat
feeding impairs insulin-stimulated GLUT4 recruitment via an early insulin-
signaling defect. Diabetes 46:215-223.



