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Summary
With current ‘one-size-fits-all’ obesity prevention and management strategies prov-
ing largely ineffective, the focus has shifted towards a more tailored, individualized
approach. However, investigation of the mechanisms underlying inter-individual
variability in metabolic profile and response to intervention often yield conflicting
results. Indeed, it is perhaps surprising that despite at least a century of recognition
that sex hormones influence metabolism, firm conclusions regarding the effects of
the menstrual cycle, hormonal contraception and menopause on many aspects of
energy expenditure and substrate utilization remain to be drawn. In this review,
we examine current evidence relating to gender-specific considerations in the pro-
motion of physical activity, thermogenesis and fat oxidation for body-weight regu-
lation, including the relationship between sex hormone status and non-exercise
activity thermogenesis – an energy expenditure compartment that is often
overlooked in favour of traditional exercise/sport physical activities yet presents a
viable target in the search for effective weight management.

Keywords: Energy expenditure, sexual dimorphism, substrate utilization, weight
regulation.

Introduction

Our modern obesogenic environment is a key determinant
in the development of cardiometabolic diseases. Yet despite
exposure to the same environmental conditions, rates of fe-
male obesity now exceed those of men in all World Bank re-
gions (1). While it could be argued that obesity alone is not
of particular concern, alarmingly, the prevalence of obesity-
related comorbidities in women, particularly those of child-
bearing age, is also increasing disproportionally compared
with men. This is perhaps best illustrated using data col-
lected through the large NHANES population surveys in
the USA – which showed a relative increase in the preva-
lence of metabolic syndrome in women aged 20–39 years
of 56% between NHANES III (1988–1994) and NHANES
1999–2006, in contrast to the 28% increase observed in
men of the same age (2). Furthermore, the presence of any

of the components of metabolic syndrome appears to pose
a much greater risk to health in women than in men. Indeed,
(i) obesity increases inflammatory markers and is a more
prominent risk factor for type 2 diabetes in women than
in men (3); (ii) type 2 diabetes confers a much higher risk
of cardiovascular-related mortality and is more frequently
characterized by postprandial hyperglycaemia in women
than in men (4,5) and (iii) low insulin sensitivity indepen-
dently predicts longitudinal change in blood pressure in
women but not in men (6).
Coupled with an increasing prevalence and risk of cardio-

metabolic comorbidities, current obesity management and
prevention strategies are proving to be largely ineffective
in women, with more women than men actively trying to
lose weight (7,8), yet women having more difficulty and
generally losing less weight during weight management
programmes (9,10). As such, understanding this gender
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disparity is key to the effective management and prevention
of obesity and cardiometabolic disease in women. However,
despite this, and funding bodies mandating the consider-
ation of sex as a biological variable (11), many cardiometa-
bolic studies continue to exclude females or overlook
female-specific variables (such as the natural hormonal
cycling associated with the menstrual cycle, pregnancy,
menopause or oral contraceptive pill use). Furthermore,
from a health perspective, studies have largely investigated
the impact of energy intake on body-weight management
while the influence of both resting and non-resting energy
expenditure (EE) compartments has been understated.

In this context, the present paper will review existing evi-
dence of gender disparity in EE and substrate utilization and
the implications of this disparity in terms of obesity man-
agement. It should be noted that in doing so, while sex dif-
ferences will be discussed, we have chosen to use the term
‘gender’ to include the social and cultural milieu and reflect
that in the majority of the studies discussed, participants
self-identified their gender rather than undergoing a biolog-
ical classification of sex (e.g. chromosomes, sex organs and
endogenous hormonal profiles).

Disparity in metabolic response to physical
activity

Volitional physical activity

Volitional EE relates to structured physical activities
(exercises and sports), which can be defined by their nature,
duration, intensity and modality. Volitional exercises are
commonly prescribed by professionals as they act as a
physiological regulator for weight management, primarily
in increasing EE and fat oxidation, but also by enabling a
tighter coupling between EE and energy intake in energy
balance regulation (12). While physical activity guidelines
and recommendations make no differentiation between the
genders, sex/gender differences in compensatory behaviours
(energy intake and spontaneous physical activity) in response
to volitional activity may exist (13), and gender dimorphism
inmetabolic adaption during exercise is well documented. As
such, these aspects should be considered when promoting
volitional exercise in the context of obesity management.

It is likely that men and women display different maximal
aerobic capacities and thus a similar absolute exercise inten-
sity leads to discrepancy in its energy cost. However, the ma-
jority of studies exploring gender differences in energy cost
during exercise have focused on performance rather than
body-weight regulation per se. In addition to energy cost
specificities, substrate oxidation during exercise is also
sex/gender-dependent. Indeed, while both men and women
are susceptible to obesity, differences in the deposition, activ-
ity, mobilization and utilization of fat between men and
women dictate that the way in which this obesity develops,

the health risk it poses and, conversely, the way in which
obesity may be prevented also differ (14), with many reviews
and book sections pooling studies to illustrate a lower respi-
ratory exchange ratio in women than in men during similar
relative submaximal exercise – indicative of a higher relative
rate of fat oxidation, and lesser contribution of carbohydrate
oxidation to total EE in women (e.g. (15,16)). Regarding
specifically maximal fat oxidation during exercise, while
higher absolute values are observed in men compared with
women, results expressed relative to fat-free mass suggest a
greater maximal fat oxidation in women than men (17). It
is thus relevant to take into account confounding variables
(e.g. age, training and fitness level and body composition)
and data expression (e.g. absolute, relative and net) when in-
vestigating gender dimorphism in submaximal and maximal
fat oxidation during volitional exercise.

During the last decades, researchers have been concerned
with exercise modalities other than moderate-intensity con-
tinuous exercise to promote weight management (18). As
such, high-intensity interval training (HIIT; characterized
by brief, intermittent burst of vigorous activity interspersed
by periods of rest or low-intensity exercise) is receiving in-
creasing interest in the field of health (19), with many studies
emphasizing similar, or even greater, physiological adapta-
tions in healthy or diseased individuals following even a
small volume of HIIT (19,20). The observation of a greater
aerobic contribution in women compared with men during
a 30-s sprint (21) raises the question as to whether or not
the metabolic response to HIIT is gender-dependent.
However, well-controlled studies to determine gender
dimorphism in substrate responses to HIIT are still lacking.
Although current studies, not designed specifically to assess
gender dimorphism, have not observed any difference in
metabolic responses to HIIT between men and women (e.g.
(22)). Similarly, recreationally men and women showed
similar fat oxidation changes (assessed as change in respira-
tory exchange ratio during 30 min of submaximal exercise)
following 6 days of low-volume HIIT (23). Interestingly, in
a recent study investigating the impact of 12 weeks of sprint
interval training on body composition, VO2max and
maximal fat oxidation rates in healthymen andwomen from
the general population (24), gender dimorphism was
observed for fat mass loss and VO2max improvement, but
maximal fat oxidation rates (normalized to total body mass
and to lean mass) were similar in men and women.

One point to consider when discussing substrate utiliza-
tion during exercise is the considerable inter-individual var-
iability in fat oxidation rates (25). For instance, Helge et al.
observed respiratory exchange ratios ranging from 0.83 to
0.95 in 21 relatively homogenous men (healthy and un-
trained) exercising at 55% of VO2max (26). As several fac-
tors other than sex are likely to affect substrate oxidation
during exercise (such as age, physical fitness and physical
activity level, weight and nutritional status), results in fuel
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metabolism are dependent on normalization and further
studies are needed in order to clarify the most appropriate
way to compare results between individuals.

Different factors are likely to explain gender dimorphism
in substrate utilization (Fig. 1). Indeed, the total body fat
mass and its localization, muscle fibre typology, lipolytic ac-
tivity and free fatty acid (FFA) availability, intramyocellular
triglyceride content and ovarian hormone concentrations
(in particular oestrogen) have been discussed in the scientific
literature (15,27). Despite some controversial conclusions, it
is generally recognized that gender dimorphism is mainly
due to differences at both the skeletal muscle and hormonal
level (15,28).

Effect of the menstrual cycle on fat oxidation during
exercise
As mentioned earlier, specific metabolic studies in women
are scarce, owing mainly to the difficulty in standardizing
hormonal status. Indeed, women experience hormonal fluc-
tuation from puberty through to menopause due to the
menstrual cycle. However, there are conflicting findings re-
lated to the effect of the menstrual cycle on fuel metabolism
during exercise. While some authors reported a greater fat
oxidation during the luteal compared with the follicular

phase, others did not observe any difference in fat oxidation
across the menstrual cycle (29), with these discrepancies
mainly attributed to methodological differences (e.g. phase
timing, exercise modalities, fitness and nutritional status).
Considerable research in this area is therefore warranted.

Effect of hormonal contraceptives on fat oxidation during
exercise
In order to prevent pregnancy or for other reasons (e.g. for
premenstrual symptoms or to control timing of menstrua-
tion), many women choose to use hormonal contraception.
In Western Europe, approximately 37.5% of women are
using oral contraception, and it remains one of the most
popular forms of birth control (30). Similarly, in the USA,
>70% of all women aged 15–44 years reported ever having
used the oral contraceptive pill (31). Thus highlighting the
importance of considering the potential metabolic influence
of the synthetic hormones contained within these pills when
studying women. However, as with the studies pertaining to
the effects of the menstrual cycle, when investigating the role
of oral contraception on substrate metabolism during voli-
tional exercise, controversies are observed (32–35). Once
again, this has largely been attributed to methodological dif-
ferences, with the considerable and continued evolution of

Figure 1 Some exogenous and endogenous factors contributing to gender dimorphism in terms of relative fat oxidation during similar relative submax-
imal exercise (expressed as %VO2max). The total body fat mass and its localization, muscle fibre typology, free fatty acid availability, intramyocellular tri-
glyceride content and sex hormones are likely to explain the greater relative fat oxidation rates in women compared with men at the same relative
submaximal exercise. ANP, atrial natriuretic peptide; EE, energy expenditure; FFA, free fatty acids; GH, growth hormone; IMCL, intramyocellular triglycer-
ides; TG, triglycerides.
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the nature and dose of synthetic hormones contained within
the contraceptive pills also making both inter-study and
intra-study comparisons difficult. However, it is also worth
noting that a trend is emerging towards low-dose contracep-
tive pills (containing ≤35 μg of ethinyl oestradiol) and con-
traceptive implants, about which the metabolic effects have
been even less investigated. Nevertheless, it appears that oral
contraception leads to a greater lipolytic activity with no dif-
ference in fat oxidation rates during submaximal exercise
(32–35). Interestingly, when investigating maximal lipid ox-
idation rates during a specific exercise protocol, Isacco et al.
found women using oral contraception displayed greater
maximal fat oxidation rates elicited at higher exercise inten-
sity compared with women not using oral contraception
(36). Thus, there is a need to consider a woman’s hormonal
status when recommending an exercise protocol to maxi-
mize fat oxidation and therefore affect body composition.

Effect of pregnancy on fat oxidation during exercise
Historically, pregnancy is not considered a time duringwhich
excess weight gain should be targeted. Recent evidence, how-
ever, suggests that not only are the rate of pre-pregnancy
overweight and obesity increasing but so too is weight gain
during pregnancy –with themajority of pregnant women ex-
ceeding weight gain recommendations, particularly those
with a higher pre-pregnancy body mass index (BMI) (37).

In contrast to the historical view, recent evidence high-
lights the importance of regular physical activity during
pregnancy, with significant benefits for mother and fetus.
As such, today, regular activity is extensively advised in
healthy pregnant women or those displaying metabolic
complications or disease (e.g. excess body-weight gain,
gestational diabetes and hypertension) (38,39). However,
in spite of this shift, studies investigating the impact of voli-
tional exercise on substrate oxidation during pregnancy are
limited, and due to confounding variables in respiratory
quotient assessment (40) and discrepancies in the timing of
measurements (i.e. weeks of gestation), it remains very diffi-
cult to draw any firm conclusions. In this regard, a study of
Byrne et al. (41), which investigated the changes in meta-
bolic cost of walking and self-selected walking speed in
obese women during pregnancy, reported a decrease in
self-selected walking speed and in metabolic cost of walking
between weeks 15 and 30 of gestation (41). These results
demonstrate that obese pregnant women are able to
adjust the energy cost of physical activity through both
behavioural and biological compensation. Similarly, the ob-
servation that even undernourished pregnant women main-
tained a certain percentage of fat mass (42), coupled with a
failure to observe increases in energy intake or decreases in
EE sufficient to account for the increase in fat mass rou-
tinely observed during the first trimester of pregnancy
(43), indicates that not only is pregnancy a plastic metabolic
state but also that alterations to the regulation of fat

oxidation and storage must be occurring. However, to our
knowledge, no study has specifically investigated the influ-
ence of pregnancy, compared with pre-pregnancy, on fat
oxidation during exercise, with studies instead focused on
changes across gestation, and the possible adverse effects
of maternal exercise on pregnancy outcome, e.g.

• During 30 min of walking, a typically physical practice
recommended in pregnant women, no significant
difference was observed in respiratory exchange ratio
between 22, 33 weeks of gestation and 14 weeks after
delivery (44).

• In 1995, Bonen et al. reported that prenatal exercise
classes do not alter substrate metabolism and could
be thus prescribed without expecting repercussion on
the pregnancy progress (45).

Studies on the influence of pregnancy on substrate metabo-
lism during exercise are therefore warranted.

The effect of menopause on fat oxidation during exercise
The decline in oestrogen levels occurring at menopause
leads to an increase in total and central body fat mass
(46). These body composition modifications are often
associated with a decrease in physical activity level, and to-
gether, these factors contribute to a worsening of metabolic
and cardiovascular profiles (46). Menopause is thus consid-
ered as a vulnerable time with regard to susceptibility to
obesity. Furthermore, the increasing average population
age further encourages the study of age-related metabolic
changes, in order to optimize population health manage-
ment. In this context, some authors have questioned
whether or not the hormonal disruption at menopause
impacts on substrate metabolism during exercise.

Interestingly, Abildgaard and collaborators (47) found
that postmenopausal women showed decreased fat oxida-
tion and EE during 45 min cycling at 50% of VO2max

compared with premenopausal women; these authors have
proposed that the decrease in whole body oxidation rates
after menopause is associated with body composition
modifications and specifically a lower fat-free mass (47).
Similarly, Johnson et al. (48) reported lower fat oxidation
during exercise in postmenopausal women compared with
younger women. However, 12 weeks of endurance training
(300 min a week at 65% of VO2max) led to an improvement
in fat mobilization and utilization in postmenopausal
women, albeit to a lesser extent than in younger women
(48). Such observations have led to the suggestion that the
decrease in ovarian hormones associated with menopause,
and specifically in oestrogen, may blunt the gender dimor-
phism in fat oxidation. In agreement, in their investigation
of the impact of gender in fat oxidation rates in older indi-
viduals (men were aged of 70 ± 4 years and women were
aged of 66 ± 4 years) during 30 min of cycling at 45% of
VO2max, Toth et al. (49) observed no gender dimorphism
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in FFA appearance and fat utilization. Conversely, Numao
et al. (50) compared substrate oxidation during 40 min of
cycling at 50% of VO2max in obese men and postmeno-
pausal obese women and found that despite similar
oestrogen concentrations, the respiratory exchange ratio
was lower and fat oxidation adjusted for fat-free mass was
higher in women than men (50). It is relevant to note that
obese and normal-weight postmenopausal women appear
to show a different exercise response in terms of substrate
utilization and that hormone replacement therapy, used to
control menopausal symptoms, can also alter exercise-
induced fat oxidation due to its action on lipolytic
hormones (51). It is therefore vital that such therapies be
considered when studying postmenopausal women.

Non-exercise activity thermogenesis

While the influence of sex hormone status on metabolic re-
sponse to moderate-to-vigorous physical activities has been
widely explored – albeit largely in the context of sporting
performance – there is scarce data concerning the relation-
ship between hormonal status and response to lower level
physical activities. Yet the low-intensity activities associated
with daily-life (non-exercise activity thermogenesis, includ-
ing occupational, leisure and spontaneous physical activi-
ties) present an important target for the promotion of
thermogenesis and fat oxidation for body-weight regulation.

Daily-life physical activities generally increase EE no
more than four times that of resting and represent a feasible
alternative to sedentary behaviour (52), being of an inten-
sity low enough to maximize compliance but still capable
of enhancing fat oxidation (53). However, the metabolic
response to such low level activity is often overlooked in
preference for activities in the higher intensity zone.

A number of such activities have recently been investi-
gated, with no difference found in terms of either energy
cost or substrate utilization between men and women
during posture maintenance (54,55) or low-power cycling
(56). However, an important difference in terms of substrate
oxidation in response to a standardized low-intensity iso-
metric leg press was observed (53) – with men increasing
both fat and carbohydrate oxidation during the activity,
but women only increasing fat oxidation while maintaining
carbohydrate oxidation at baseline, resting levels. There
was no difference in terms of energy cost between the two
genders. While the underlying mechanisms of this disparity
have yet to be deciphered, it is of interest particularly in
terms of optimizing fat oxidation for obesity prevention
and/or management.

Gender differences in the energy cost of walking
Walking presents an interesting tool for promoting thermo-
genesis and fat oxidation and can be considered as either a
volitional or spontaneous physical activity depending on

the context in which it is performed. Nevertheless, regard-
less of context, walking (slowly) has been shown to increase
EE in the order of three times the resting metabolic rate and
is composed of both isometric and dynamic work (57).
Gender differences in the energy cost of walking remain

controversial – while some studies reported a greater energy
cost of walking in men compared with women, others
observed higher values in women or no differences (58). Dis-
crepancies can be assigned mainly to oxygen consumption
expression and normalization (i.e. net vs. gross, absolute
vs. relative to body mass or fat-free mass). Step and stride
length have also been reported to partially explain this gen-
der dimorphism (59), with the normalization of energy cost
to body mass and dimensions eliminating the gender differ-
ences observed in adults (58). In addition, due to the excess
body weight to be supported and the specific body fat mass
localization (abdominal vs. peripheral), obesity appears as
a confounding factor in the gender dimorphism of walking
energy cost. In 2006, Browning et al. (60) reported that both
obesity and gender affect the net metabolic cost of walking
per kilogram of body mass. While fat mass localization
was not a statistical factor, total body fat mass accounted
for 45% of the observed variance in net metabolic rate
(60). Accordingly, the effect of gender on the energy cost of
walking is likely due, at least in part, to the differences in
body weight and/or fat mass rather than gender per se.
Interestingly, Kaneda and collaborators investigated the

effect of gender on the energy cost of walking in water
(61). Indeed, exercise in an aquatic environment is gaining
popularity in health management as the reduced gravita-
tional stress may favour subject compliance and increases
accessibility to exercise in those with reduced mobility. Ac-
cording to the authors, absolute intensity (oxygen consump-
tion [VO2] and EE) were similar between men and women
at the three speeds tested, while the VO2 and EE relative
to weight were higher in women compared with men. The
authors suggested that this difference may be due to the
greater height of men and thus the need to generate a
smaller propulsive force than women.
In addition to the energy cost, research has also been un-

dertaken exploring the effect of gender on substrate
utilization during walking. Bogdanis and collaborators de-
termined the relative walking speed that elicits the maximal
fat oxidation rates in inactive and overweight men and
women (28). While absolute maximal fat oxidation rates
were higher in men than women, no gender difference was
observed when expressed per unit of fat-free mass. How-
ever, the authors emphasized that obesity may have blunted
the gender specific hormonal responses to exercise (e.g.
ovarian hormones and catecholamines). Moreover, the ho-
mogeneity of the population in terms of aerobic fitness
may also explain, partly, the similar relative maximal fat ox-
idation rates that were observed (62). A further study aimed
at determining the intensity at which fat oxidation rates are
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maximal in obese men and women (63) and showed that, as
previously reported by Bogdanis et al. (28), there were no
differences in maximal fat oxidation relative to lean body
mass between obese men and women. To corroborate the
hypothesis of Bogdanis and collaborators, the fat oxidation
rates were associated with aerobic capacity and fat-free
mass in obese subjects. Other authors have observed that
during walking at a self-selected pace, absolute fat oxida-
tion rates were not significantly different between normal-
weight men and women whereas women relied more on
fat oxidation relative to total EE than men (64). As
highlighted by these authors, while most of the studies
assessed the gender difference in substrate oxidation during
an imposed intensity of exercise, walking at a self-selected
pace is a valuable practice in terms of health strategies to
optimize individual compliance (64). Moreover, it leads to
improved fitness and it is well-perceived by the individual,
suggesting this modality as a realistic long-term physical ac-
tivity (65). However, in a 2017 study, Grams and collabora-
tors observed that women should exercise at greater
intensity than men to maximize fat oxidation rates during
self-paced activities regardless of their weight status (66).

Engagement in physical activity
The evidence presented earlier indicates that women may
benefit more than men in terms of fat utilization during ex-
ercise and that this could be further amplified or exploited
by considering contraceptive pill use, certain periods of the
menstrual cycle and menopause status. However, it has
been repeatedly demonstrated that women are less physi-
cally active than men, regardless of the definition of physical
activity or the methodology used to measure it (67). More-
over, this difference has been shown to persist across the
lifespan – present as early as during gestation and at birth
(68), and continuing into old age (67). While the underlying
reasons and mechanisms for this gender dimorphism are be-
yond the scope of this review and discussed elsewhere (e.g.
(69)), this begs the question as to whether or not disparities
exist within the compartments of EE that are beyond
voluntary control, and in particular, in basal metabolic rate
(BMR), sleeping EE and diet-induced thermogenesis.

Disparity in resting compartments of energy
expenditure

Basal metabolic rate

It is widely assumed that BMR differs across a women’s
menstrual cycle, as a function of fluctuations in endogenous
hormone concentrations, and this is often cited as the rea-
son for which women have been historically excluded from
participating in metabolic studies. However, rather surpris-
ingly, compelling evidence in support of this dogma is some-
what lacking, with research showing either no change in

BMR across the menstrual cycle (70,71) or increases in
BMR during the luteal phase relative to the follicular (72).
While sleeping EE adjusted for fat and fat-free mass has
been shown to be the same between men and women in
the preovulatory phase (73), premenstrual increases in
sleeping EE in the order of 8% have been noted (73), with
elevated progesterone considered as the most likely cause
(71,72), mirroring changes in basal body temperature. Con-
sequently, when total EE is considered across 24 h, an aver-
age overall increase of 90–280 kcal day�1 (2.5–11.5%) is
observed during the luteal phase (73), which may well be
compensated in part by the commonly reported premen-
strual increase in energy intake (74). Others have proposed
that the lack of postovulatory increase in EE in postmeno-
pausal women could amount to a reduction in annual EE
of ~15,000–20,000 kcal and may partially explain the in-
creasing prevalence of female obesity in the postmenopausal
period (75). Indeed, pharmacological suppression of sex
hormones for 5 months in healthy, premenopausal women
has been shown to decrease resting and sleeping EE – with
the former reversed upon oestradiol replacement (76). One
might therefore argue that the suppression of follicular de-
velopment and subsequent ovulation that results from the
use of hormonal contraceptive agents may result in a similar
metabolic rate deficit. However, while no cyclical variation
has been observed in the BMR of women taking the oral
contraceptive pill (77), when analysed to take into account
differences in body weight and composition, oral contracep-
tive pill users have been shown to have a BMR on average
5% higher than non-users (78). This is in contrast to a pro-
spective study of five women who were measured twice,
once without oral contraception and once with, which re-
ported a 12% decrease in resting EE in women when using
the combined contraceptive pill (79). Furthermore, despite
considerable evidence from both animal and human studies
of a metabolic stimulation by progesterone (80), direct evi-
dence concerning the effects of progesterone-only contra-
ception is also mixed, with no effect on EE reported in the
short term (81), but other authors showing an increase in
BMR at 12 months follow-up (82). A recent systemic review
found little evidence for an effect of progesterone-only con-
traceptive use on body weight (83). Curiously, of the studies
that did report a body-weight effect (two of 16 reviewed),
both observed greater fat mass rather than fat-free mass in
hormonal contraceptive users, in apparent contrast to the
potential anabolic action of progesterone. Likewise, despite
anecdotal evidence of the contrary, available evidence is in-
sufficient to show any association between combined
(oestrogen + progesterone) oral contraceptive use and
body-weight gain (84). With so much contradiction in the
current literature, and the continued reformulation of
hormonal contraceptive agents, it is hoped that the drive to-
wards increased inclusion of women in metabolic studies
(11) will address these fundamental knowledge gaps.
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Diet-induced thermogenesis

In addition to the stimulation of thermogenesis and fat oxi-
dation through physical activity, diet may also be consid-
ered as a target for EE stimulation, with modifications in
diet composition and the presence of certain bioactive food
ingredients capable of altering thermogenesis and substrate
utilization (85). Furthermore, with the major part of the
modern day 24-h cycle usually spent in the postprandial
state, maximizing energy expended and minimizing energy
stored during this state could have a considerable impact
on both fat storage and fat mass.

When the overall increase in EE following a meal is
considered (i.e. the thermic effect of feeding), the results
are mixed, most likely due to inconsistencies in the
normalization/adjustment of the thermic effect relative to
body and/or fat mass, but tend to indicate a lower thermic
effect of feeding in women compared with men. Interest-
ingly, Gougeon and colleagues conducted a study in 30
healthy, weight-stable individuals and found a 20% de-
crease in the thermic effect of a standardized 406 kcal
meal in women compared with men (86). However, the
authors were able to raise the thermic effect of the meal
to that found in men by the administration of adrenergic
amines extracted from Citrus aurantium, suggesting a
diminished sympathetic nervous system response may un-
derlie any observed gender difference in the overall thermic
effect of a meal.

Following a meal, FFA release from adipose tissue has
also been demonstrated to be lower in women than men
(15), and conversely, men have been reported to oxidize a
greater percentage of ingested fat than women, with lower
postprandial fatty acid uptake into the upper body subcuta-
neous and lower body adipose tissue depots (87). These dif-
ferences have been attributed to the metabolic effects of
oestrogen – largely due to the results obtained from various
oestrogen therapy studies (88). However, as discussed by
Wu et al. (43), the metabolic effects of synthetic oestrogens
may differ from those of the endogenous hormone. There-
fore, such generalized assumptions are questionable but
are supported by the study of Melanson et al. (89), which
showed a reduced capacity to oxidize dietary fat, and in-
creased fat deposition, in older as compared with younger
women. One might infer from these studies that use of the
oestrogen-containing oral contraceptive pill may increase
fat mass by decreasing fat oxidation, increasing fatty acid
uptake into adipose tissue. However, as mentioned earlier,
evidence for a direct effect of oral contraceptive pill use on
body weight and/or fat mass is lacking (84). As a hyper-
oestrogen state, pregnancy presents an opportunity to inves-
tigate the effect of endogenous oestrogen on postprandial
fat metabolism, but studies are limited and conflicting
(90,91). Furthermore, no evidence of a change in postpran-
dial EE or substrate oxidations have been found between

the two main phases of the menstrual cycle (follicular vs.
luteal), despite clear differences in endogenous oestrogen
concentrations between the two (70).
Approaches to investigate the effect of sex hormone status

on postprandial EE and substrate utilization have been fo-
cused on a comparison of the effect of a single, standardized
meal. However, over recent years, there has been consider-
able interest in the manipulation of macronutrient content
to optimize its thermic effect. It is in this context that dietary
protein has received considerable attention. However, in-
triguingly, it appears that sex hormone status may modify
our metabolic response to this macronutrient manipulation.
In particular, a recent study investigating the metabolic re-
sponse to a high protein meal showed that an absence of
the greater thermic effect of high-protein (24% total energy
from protein) versus normal-protein (11%) in women
taking the combined, monophasic oral contraceptive pill
(92) – an important finding in the context of macronutrient
recommendations for body-weight control.

Perspectives

The research discussed earlier has a number of implications
for current weight management guidelines and practices,
and the direction of future research. In particular

1. Gender-specific weight management approaches

Over recent years, a number of published reviews have
described gender differences related to obesity risk but have
largely focused on behaviour and lifestyle disparities (93),
with little reference to potential differences in the underlying
metabolic physiology. Conversely, explorations of energy
metabolism and substrate utilization in relation to sex
and/or gender have largely focused on the optimization of
physical performance in a sporting context (e.g. (94)). How-
ever, by bringing together these two research areas and in-
vestigating potential differences in the metabolic response
to lifestyle factors, such as low-intensity physical activity,
we stand to gain enormously in terms of our ability to
recalibrate existing diet/lifestyle recommendations in a
gender-specific manner, which may increase both efficacy
and adherence (Fig. 2). In doing so, in women, this tailored
approach will improve not only the health of women but
also the well-being of generations to come through epige-
netic inheritance. Despite these potential gains, there is cur-
rently a lack of clear, direct evidence in support of such
tailored intervention. In fact, to our knowledge, only one
study has been conducted in which a weight-loss interven-
tion was designed to target and moderate the metabolic
effects of the menstrual cycle. Notwithstanding a high drop-
out rate, study completers who participated in the 6-month
tailored programme achieved an additional weight loss of
~5 kg than achieved by individuals following a more tradi-
tional diet and lifestyle intervention (95).
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In sum, considering the aforementioned evidence, one
might hypothesize that

1. Women may benefit more than men from recommen-
dations that promote low-intensity isometric physical
activities;

2. Manipulation of dietary protein content may be less
effective in women using the combined oral contra-
ceptive pill;

3. Volitional exercise recommendations should focus on
a more individualized approach (e.g. consideration
of hormonal status when prescribing exercise to
maximize fat oxidation).

Such hypotheses require careful testing – taking into
account both endogenous and exogenous hormonal profiles
at the individual level.

2. Specific consideration of the transgender population

It is also important to note that while it is difficult to esti-
mate the size of both the transgender population and the
proportion that desires medical assistance to transition from
one sex to another, this community deserves consideration
when investigating the effects of sex hormone status on
body-weight regulation. Indeed, cross-sex hormone treat-
ment presents an interesting research paradigm to investi-
gate the effects of both sociocultural constructs and
hormonal manipulation on metabolic profile. Despite a lack
of research in the area, whatever research exists clearly
indicates the effect synthetic hormones used during cross-
sex hormone treatment have on body composition – with
healthy, young non-obese male-to-female transgender

individuals treated with ethinyl oestradiol plus cyproterone
acetate (n = 18) experiencing significant increases in BMI,
total body fat (+38%), abdominal subcutaneous fat area
(+54%) and visceral fat area (+17%), coupled with a wors-
ening of insulin and lipid profiles following 12 months of
hormone treatment. Female-to-male transgender individ-
uals (n = 15) treated with testosterone exhibit no change
in BMI but increases in both lean body mass (+9%) and
visceral fat area (+18%) and decreases in total body fat
(�24%) and abdominal subcutaneous fat area (�18%)
(96). Furthermore, recent studies have shown transgender
individuals to be less physically active than cisgender indi-
viduals (97), and at greater risk of adopting unsafe weight
management behaviours (98). However, physical activity
levels were increased in transgender individuals undergoing
cross-sex hormone therapy (97). Therefore, with transgen-
der individuals more likely to be either underweight or
obese compared with cisgender individuals (99), it is of both
interest and considerable importance that the cardiometa-
bolic effects of synthetic hormones be thoroughly investi-
gated in this at-risk and underserved population.
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Figure 2 Physiological factors specific to women (menstrual cycle, pregnancy and menopause) are superimposed on the baseline metabolic factors
common to both gender. These factors should be considered in the design and interpretation of (cardio) metabolic studies and could play a role in tailored
weight management strategies. HPG axis dysfunction, hypothalamic–pituitary–gonadal axis dysfunction.
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