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ABSTRACT

The menopausal transition is characterized by numerous physiological changes associated with the
hormonal modifications that occur during this period, such as increased body weight and visceral body
fat, reduced energy expenditure and fat oxidation rates, and increased risk of cardiometabolic disorders.
While the influence of ovarian hormones on the regulation of energy balance has been widely
investigated, the effects of the menopausal transition, also called perimenopause, on the different
compartments of energy expenditure (i.e. resting, sleeping, thermic effect of food and physical activity
energy expenditure) are less described. Furthermore, substrate metabolism adaptations to the
menopausal transition are also poorly described despite their significant influence on health. To address
this knowledge gap, this narrative review considers the energetic adaptations of the resting and
non-resting components during the menopausal transition, as well as central and peripheral
estrogen-associated cellular mechanisms that may play a role. Although research on energetic adaptations
during the menopausal transition remains limited, current evidence indicates declines in resting and
sleeping energy expenditure and fat oxidation, as well as physical activity energy expenditure and peak
fat oxidation. These alterations appear to result from central and peripheral adaptations triggered by the
menopausal decline in estrogen and the concomitant rise in follicle stimulating hormone (FSH).

PLAIN LANGUAGE SUMMARY

During the menopausal transition, a number of physiological changes are observed, including weight gain
and an increase in abdominal fat, which can lead to an increased risk of cardiometabolic disorders. Energy
balance (i.e. the balance between energy intake and expenditure) may influence these changes. Although
the influence of ovarian hormones on the regulation of energy balance is well understood, the effect of
the menopausal transition (also known as perimenopause) on the various components of energy
expenditure (at rest, during sleep, digestion and physical activity) is not. Furthermore, the process by
which the body uses nutrients (e.g. carbohydrates and lipids) to produce energy remains poorly
understood, despite its influence on health. This narrative review therefore examines the energy adaptations
(energy expenditure and substrate oxidation) of resting and non-resting components during the
menopausal transition, as well as the central and peripheral cellular mechanisms associated with estrogens
that may be involved. Current evidence indicates that menopause-related hormonal changes may reduce
most components of energy expenditure and limit lipid utilization as an energy source. These alterations
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result from central and peripheral adaptations to the decline in estrogen during menopause.

Introduction

From puberty, woman’s health is influenced by ovarian hor-
mone fluctuations in association with the menstrual cycle,
the menopausal transition and menopause. The menopausal
transition, also known as perimenopause, is characterized by
the gradual loss of oocytes, decreased responsiveness to
gonadal steroid feedback, wide fluctuations in ovarian hor-
mone levels and irregular menstrual cycles [1]. In association
with the declining levels of ovarian steroids during the
menopausal transition, women experience significant changes
in energy metabolism such as decreased total energy expen-
diture (EE) and 24-h fat oxidation that lead to changes in

body weight and composition [2], including increased total
and visceral fat mass [3]. EE, fat oxidation and lean body
mass are important determinants of energy balance, helping
with both weight loss and healthy-weight maintenance [4,5].

The role of ovarian hormones, specifically estrogen, on the
regulation of energy balance has been widely investigated
[6,7]. Accordingly, premenopausal women are considered to
be somewhat protected against weight gain and the devel-
opment of cardiometabolic diseases compared with
age-matched males [8]. The effects of decreased estrogen
levels during the menopausal transition on resting EE is well
documented [9,10]. However, little is known regarding the
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influence of reduced estrogen concentrations on other com-
partments of daily EE in women, namely the sleeping meta-
bolic rate (SMR), thermic effect of food (TEF) and physical
activity energy expenditure (PAEE). Substrate metabolism
dynamics (e.g. carbohydrate and fat mobilization and utiliza-
tion) are also less well described despite their significant
influence on health. Some studies suggest that changes in
ovarian hormone concentrations during the menopausal
transition and menopause may potentially shift energy
metabolism away from a lipid-based preference toward car-
bohydrate predominance [11]. Poor fat oxidation capacity has
been associated with fat mass gain and altered cardiometa-
bolic health, such as impaired insulin signaling [10,12,13]. To
our knowledge, despite the importance of understanding the
underlying mechanisms of lowered ability to oxidize fat, few
researchers have examined the effects of estrogen deficiency
on this aspect of energy metabolism during the menopausal
transition. Thus, this review aims to provide an overview of
the existing literature investigating the resting and non-resting
components of energy metabolism during the menopausal
transition.

Resting energy metabolism and menopausal
transition

In the current article, resting energy metabolism will com-
prise the resting metabolic rate (RMR), the SMR and the TEF
[14]. Non-resting EE will comprise volitional EE related to
structured physical activities and non-exercise activity ther-
mogenesis EE.

Resting metabolic rate

Energy expenditure

The RMR refers to the energy required to maintain the phys-
iological functions essential for life in a resting state, and
accounts for 60-70% of daily EE [15]. The RMR represents the
largest proportion of daily EE, likely explaining why it is the
most studied component in the context of the menopausal
transition. In this review, articles reporting the RMR were
identified that used a number of different techniques, includ-
ing ventilated hood indirect calorimetry [13,16-20], open cir-
cuit indirect calorimetry [9,10] and a metabolic chamber [2]
on awakening after a 12-h overnight fast.

The RMR decreases with age in both men and women
independent of changes in fat-free mass (FFM) and adiposity
[21], with menopause thought to contribute to reduced
EE and the associated changes in body composition [22].
In keeping with this, a study showed that FFM determined by
hydro-densitometry did not differ with age, but that the RMR
adjusted to fat mass (FM) and FFM was 10% lower in seden-
tary postmenopausal compared with sedentary premeno-
pausal women [13]. Other studies have shown that FFM
decreases by 4% per decade and accounts for 72% of the
variance observed in the RMR in sedentary postmenopausal
women [19]. Hodson et al. also demonstrated a significant
decrease in absolute RMR in postmenopausal compared with
premenopausal women evaluated by dual-energy X-ray
absorptiometry, with the RMR adjusted for FFM removing

these differences, suggesting that FFM may be a predictor of
RMR in postmenopausal women [10]. This finding is consis-
tent with previous studies reporting that FFM may be a strong
predictor of the RMR and tends to eliminate the effect of age,
sex differences and weight status (i.e. individuals with obesity
vs. normal weight) [23]. In contrast, an observational study
using data collected from four separate studies reported that
chronological age, but not menopausal status, is inversely
associated with the RMR, whether absolute or FFM-adjusted
[17]. Further, neither estrogen nor other sex hormone concen-
trations (i.e. FSH, testosterone and sex hormone-binding glob-
ulin) were significantly associated with RMR [17]. Collectively,
these findings suggest that aging, menopause and decreased
FFM may be predictors of the RMR. However, given the inher-
ent difficulty in separating the effects of age and ovarian hor-
monal status, these study findings should be interpreted
accordingly.

In an attempt to isolate the effect of estrogen on the RMR, a
study assessed the RMR both before and after chronic adminis-
tration (5months) of a gonadotropin-releasing hormone (GnRH)
agonist (leuprolide) to chemically induce menopause and
suppress ovarian function in premenopausal women of repro-
ductive age (20-49years) [18]. Participants were subsequently
randomized to receive sequential transdermal 17B-estradiol
(0.075mg/day) and oral medroxyprogesterone (5mg/day), or a
placebo patch for 5months. The absolute RMR was decreased
with GnRH inhibition, an effect that was attenuated with
17B-estradiol administration [18]. These findings are consistent
with other study findings in obese postmenopausal women
demonstrating greater weight loss and increased thermogenesis
after taking combined hormone therapy for 21days compared
with women not taking combined therapy, but without changes
in the RMR [24]. Taken together, these studies support the pos-
tulate that estrogen favorably, and estrogen deficiency unfavor-
ably, modulate RMR in women.

In contrast to the effects of hormone therapy, the effects
of the menopausal transition per se are less clear. For exam-
ple, no significant change [16] or an increased [9] absolute
RMR across the menopausal transition have been reported.
One study observed an increase in the absolute RMR at
2years following the onset of menopause [9]. Another study
did not report any significant differences in absolute RMR
between premenopausal, perimenopausal and postmeno-
pausal women [16]. Reasons for discrepancy in the effects of
estrogen on the RMR are unclear, but the differences in
results may be explained by the fact that these studies focus
on different groups of women at different stages of the
menopausal transition, and thereby likely with different hor-
monal profiles.

Fat oxidation

Poor fat oxidation capacity is associated with impaired car-
diometabolic health (e.g. lipid accumulation and altered insu-
lin signaling) [25]. Compared with menopause, study findings
of fat oxidation across the menopausal transition are few and
also demonstrate inconsistencies. A 4-year longitudinal study
showed that absolute 24-h fat oxidation decreased by 32% in
premenopausal women who became postmenopausal during
follow-up, but did not change in those who remained



premenopausal [2]. In contrast, acute studies demonstrate no
difference in substrate oxidation rates at rest after, at least,
an 8-h fast in perimenopausal versus premenopausal women
[16]. In this latter study, the perimenopausal women dis-
played ~17% higher concentrations of salivary 17(3-estradiol
than the premenopausal women. The authors hypothesized
that this may have contributed to the similar substrate oxida-
tion rates in both groups [16]. Discrepancy in the observed
findings may be explained, in part, by a difference in the
design of the study (longitudinal vs. cross-sectional) and in
the methods used to assess hormone levels (salivary vs.
blood test).

Overall, as presented in Table 1, some studies suggest that
the menopausal transition or estrogen deficiency [10,13] or
estrogen suppression [18] may be associated with a decrease
in RMR and resting fat oxidation rates. However, due to
equivocal findings, these associations remain unclear.

Sleeping metabolic rate

The SMR corresponds to the EE generated during sleep [26].
While it is well established that EE is lower following the onset
of sleep and during sleep episode when compared to arousal
[27], few studies have focused on changes in sleeping EE and
substrate metabolism during the menopausal transition.

Energy expenditure

A 4-year longitudinal study of initially premenopausal women
evaluated changes in EE as women moved from premeno-
pausal to perimenopausal or postmenopausal status [2]. The
study findings showed that the absolute SMR, measured in a
metabolic chamber for one night, decreased significantly with
increasing age [2]. However, this decrease was 1.5-fold greater
in women who became postmenopausal compared with
those women who remained in the premenopausal state
(7.9 vs. —5.3%), suggesting that there may be an interaction
between the decrease in ovarian hormones and chronological
aging [2]. Consistent with this, GnRH agonist administration
for 5months in premenopausal women aged 20-49years
decreased the absolute SMR measured by whole-room indi-
rect calorimetry [18]. However, administration of transdermal
173-estradiol (0.075mg/day) did not normalize the SMR, with
no significant differences observed in SMR between women
taking estradiol replacement 0.075mg/day and placebo, even
after adjusting for FFM and FM [18]. The reasons for this dis-
crepancy are unclear, but the methodological challenges of
assessing SMR in a non-ecological environment (acclimation
to sleeping in the unfamiliar setting of the room calorimeter)
may play a role [18].

Disrupted sleep with night-time awakenings is commonly
reported during the menopausal transition, with more nightly
awakenings being associated with lower estradiol and higher
FSH levels [28]. It is estimated that sleep disturbances affect
between 40 and 69% of women across the menopausal tran-
sition [29]. These disturbances are indicated to be indepen-
dent of age [30,31], and are suggested to contribute per se to
changes in EE during sleep due to periods of wakefulness
associated with sleep disturbances [18].
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Fat oxidation

Grant et al. investigated sleep fragmentation, (assessed by
polysomnography), estrogen suppression (induced by the
GnRH agonist leuprolide acetate) and their combined effect
on EE and substrate oxidation in women aged between 21
and 45years [32]. The authors showed that both sleep frag-
mentation and GnRH suppression independently, and with-
out synergic effect, led to decreased fasting fat oxidation at
rest without any effect on EE. These results give some insights
into the association between FM gain during the menopausal
transition, suggesting that menopause-related sleep fragmen-
tation, estrogen deficiency and/or changes in other hor-
mones, such as FSH, may independently contribute to FM
gain due to reduced fat oxidation [32].

Overall, most [2,18,33] but not all [32] studies suggest a
decrease in the SMR during natural menopause or chemically
induced menopause via administration of a GnRH antagonist
(Table 1). Fat oxidation may also be decreased during sleeping
[32]. Given the importance of the quantity and quality of sleep
for cardiometabolic health [34] and considering the indepen-
dent influence of estrogen withdrawal and sleep disturbances
on substrate oxidation at rest under basal conditions on awak-
ening during the menopausal transition [32], assessment of
the SMR and substrate metabolism pattern during menopausal
transition should be encouraged in future studies.

Thermic effect of food

The TEF, also known as post-absorptive thermogenesis or post-
prandial thermogenesis, is the amount of energy expended
while absorbing and digesting food after a meal, and accounts
for 10-15% of total daily EE [15]. Factors reported to affect the
TEF include meal size and its composition, the nature of diet
during the days preceding the test, the individual’s physical
activity level, the realization of exercise preceding a meal and
the presence of chronic diseases and aging [35]. Few studies
have investigated the effects of the menopausal transition on
the TEF. However, a 5-year longitudinal study assessed the TEF
in premenopausal women (aged 49years at study entry) across
the menopausal transition [9]. The study observed a signifi-
cantly lower absolute TEF (assessed for 3h after a breakfast
containing 575kcal, with 57% carbohydrates, 13% protein and
30% lipids) between 4 and 3years preceding menopause, and
was significantly higher at year +1 relative to menopause onset
[9]. Conversely, a clinical study in premenopausal and post-
menopausal women reported similar absolute TEF, assessed for
6h after a liquid formula breakfast (10ml/kg FFM; 53% carbo-
hydrates, 30% lipids and 17% protein), when expressed as a
percentage of the energy content of the meal [36]. Similarly,
Melanson et al. showed no significant changes in TEF in healthy
premenopausal women (aged 20-49years) assessed for 4h post
breakfast after having completed a 4-day controlled diet (rest-
ing EE [kcal/day]x 1.5; 20% protein, 30% lipids and 50% carbo-
hydrates) both before and after 5months of GnRH agonist
therapy, and with and without estradiol therapy replacement
[18]. Adjustment for changes in FM and FFM did not alter the
study findings [18]. Taken together, the evidence suggests that
TEF does not appear to be the main compartment responsible
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Table 1. Evolution of resting energy metabolism parameters (basal metabolic rate, sleeping metabolic rate, thermic effect of food and fat oxidation) during the
menopausal transition.

Resting energy expenditure compartment evolution during the menopausal transition

Authors and  Study design Number of Population Assessment Absolute Adjusted to FFM  Substrate
publication participants characteristics @ oxidation
date

Basal metabolic rate®

Poehlman et al. Cross-sectional n=183 Healthy women: Indirect calorimetry N RMR ? ?
1993 [19] age 44+17 (ventilatory particularly

hood) after 51years

Karppinen Cross-sectional Age: classification:  Age groups: Indirect calorimetry N RMR with age, N Adjusted RMR N Fat oxidation
et al. 2023 with group Group |, n=26 Group |, age (ventilatory but not with age, but at rest
[17] comparison Group Il, n=35 19.8+1.1; BMI hood) menopausal not menopausal

Group lll, n=59 23.7£35 status status
Menopause Group I, age:
classification: 28.2+4.3; BMI
PRE/PERI, n=19 23.6+2.0
MHT, n=10 Group Il
POST, n=30 53.8+3.5; BMI
24.7+3.1
Menopause
groups:
PRE/PERI, age
50.7+4.3; BMI
245%3.2
MHT, age:
55.1+1.7; BMI
25.7+4.2
POST, age:
55.3+1.9; BMI
245+2.7

Van Pelt et al.  Cross-sectional Sedentary women:  Sedentary women: Indirect calorimetry ? N Adjusted RMR ?
1997 [13] with group PRE, n=12 PRE, age 29+ 1; (ventilatory with age and

comparison POST, n=15 BMI 22.6+1.3 hood) menopausal
POST, age: 61+1; status (POST vs.
BMI 27.0£1.0 PRE)

Hodson et al. ~ Cross-sectional PRE, n=25 Metabolic healthy Indirect calorimetry N in POST @ differences ?

2014 [10] with group POST, n=26 women (GEMNutrition compared to between PRE
comparison PRE, age 41+0.6; Ltd) PRE and POST
BMI 25.0+£0.7
POST, age 58+0.5;
BMI 24.8+0.5

Melanson et al. Randomized GnRHAG+PL, n=21 GnRHAG+PL, age: Whole room N RMR in the N Adjusted RMR ?
2015 [18] single-blinded GnRHAG+E2, n=24 34+9; BMI indirect GnRHAG +PL in the

26.8+6.2 calorimetry group (ovarian GnRHAG+PL

GnRHAG +E2, age: suppression) group (ovarian
37+8; BMI suppression)
273+6.2

Duval et al. Longitudinal n=102 at baseline At baseline: Indirect calorimetry 2 RMR at ? ?
2013 [9] (5years) Age 49.9+1.9 (Deltatrac Il +2years

BMI 23.3+2.2 metabolic cart) following the
onset of
menopause

Gould et al. Cross-sectional PRE, n=24 PRE, age: 39.7+3; Indirect calorimetry @ differences ? @ differences
2022 [16] with group PERI, n=24 BMI 25.25+5.06 (ventilatory between between

comparison POST, n=24 PERI, age 49.9+3; hood) groups groups
BMI 26.48 +5.44
POST, age 55.1+3;
BMI 26.42+5.24

Sleeping energy expenditure®

Grant et al. Longitudinal Baseline, =20 Healthy women: Indirect calorimetry @ differences in ? Sleep
2022 [32] Estrogen All participants, (VMAX Encore SMR before fragmentation

suppression, age 304+6.3; Metabolic cart, and after and estrogen
n=9 BMI 25.8+4.0 CareFusion, CA) treatment suppression
Estradiol independently
suppression, N resting fat
age 27.9+4.3; oxidation
BMI 26.5+3.9

Klausen et al. ~ Observational n=235 Women aged Metabolic chamber ? N Adjusted SMR ?
1997 [33] between 15 with age

and 64years: (marginal
Age 36.4+11; BMI difference)

25.39+6.6

(Continued)
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Resting energy expenditure compartment evolution during the menopausal transition

Authors and  Study design Number of Population Assessment Absolute Adjusted to FFM  Substrate
publication participants characteristics ¢ oxidation
date

Lovejoy et al.  Longitudinal n=156 at baseline Healthy women at Metabolic chamber N SMR for all ? 24-h fat oxidation
2008 [2] (4years) baseline: women (POST N (32%) in

PRE, age 46.2+0.3 ++) women who
PERI, age 47.6+0.2 became POST
POST, age

48.1+0.3

Melanson et al. Randomized GnRHAG+PL, n=21 GnRHAG+PL, age Whole room N SMR in both N Adjusted SMR ?

2015 [18] single-blinded GnRHAG+E2, n=24 34+9; BMI indirect group in both groups
26.8+6.2 calorimetry
GnRHAG+E2, age
37+8; BMI
27.3%6.2

Thermic effect of food

Armellini et al. Cross-sectional PRE, n=82 PRE, age 34+9.7; Indirect calorimetry ¢> TEF between ? ?
2000 [36] with group POST, n=27 BMI 38+5.6 MMC Horizon all groups

comparison POST, age: 58+5.7; System 6
BMI 37£5.6

Duval et al. Longitudinal n=102 at baseline At baseline: Indirect calorimetry A TEF for all ? ?

2013 [9] (5years) Age 49.9+1.9 (Deltatrac Il groups
BMI 23.3+2.2 metabolic cart)
Melanson et al. Randomized GnRHAG+PL, n=21 GnRHAG+PL. age: Whole room <> in both group ? ?
2015 [18] single-blinded GnRHAG+E2, n=24 34+9; BMI indirect
26.8+6.2 calorimetry
GnRHAG+E2, age:
37+8; BMI
27.3%6.2

aAge (years) and body mass index (BMI) (kg/m?).

b\ in absolute RMR with age; and with menopausal transition independently. No consensus and lack of information regarding adjusted for FFM RMR. Lack of

information about fat oxidation.

N in SMR during menopausal transition or in estrogen deficiencies. N in sleeping and fasting fat oxidation.

d¢> in TEF during menopausal transition. Few and often controversial results.

2, improvement; <>, maintenance; N, decrease; @, absence of differences. FFM, fat-free mass; GhnRHAG + E2, gonadotropin releasing hormone agonist + estrogen
add back; GnRHAG +PL, gonadotropin releasing hormone agonist+ placebo; MHT, menopausal hormone therapy; PERI, perimenopausal women; POST, postmeno-
pausal women; PRE, premenopausal women; RMR, resting metabolic rate; SMR, sleeping metabolic rate; TEF, thermic effect of food.

for the decrease in 24-h EE during the menopausal transition
[9]. In contrast, age is known to be inversely associated with
the TEF [37]. Both the total TEF (kcal/4h) and the TEF expressed
as a percentage of meal size have been shown to be signifi-
cantly lower in older (aged 60years) versus younger adults
aged 18-35years, even after adjustment for FFM, total FM and
subcutaneous FM [38]. Decreased TEF with aging is thought to
contribute, in part, to lower daily EE in older adults [38], but
may contribute more significantly from 60years of age onward
(Table 1). However, further studies are needed to confirm this
postulate. Additionally, there are no available studies on sub-
strate oxidation in the postprandial period during the meno-
pausal transition.

Consideration of all compartments of the resting compo-
nents of EE results suggest that the menopausal transition
may be associated with decreased absolute RMR, SMR and
fat oxidation [2,10,13,18,20,32], without significant change in
the absolute TEF [18,36] (Figure 1). While EE and fat oxidation
during resting states are important energetic features to con-
sider during the menopausal transition, non-resting compo-
nents of EE represents the most variable energetic factor.
These components are discussed in the following.

Non-resting energy expenditure and menopausal
transition

Non-resting EE is divided into volitional EE related to struc-
tured physical activities/exercises and non-exercise activity

thermogenesis which includes low-level physical activities
such as postural maintenance and fidgeting [14]. To our
knowledge, there are no studies on the evolution of
non-exercise activity thermogenesis during menopausal tran-
sition, and, as such, only PAEE will thus be discussed in the
following. For the purposes of this review, PAEE will be
defined as volitional EE related to structured physical
activities.

Physical activity energy expenditure

Several research groups have hypothesized that a decrease
in daily EE during the menopausal transition could be
explained by a decrease in PAEE [2,9]. In a longitudinal study
of premenopausal women (~49years of age) followed for
5years, Duval et al. showed that the time spent in moderate
physical activity was higher at 3years preceding menopause,
and decreased until the onset of menopause [9]. Also, at
2years after menopause onset, time spent in moderate
physical activity intensity tended to decrease, and time
spent in sedentary behaviors increased, compared with
study entry [9]. Women who became postmenopausal after
5years showed a significant decrease in PAEE [9]. In keeping
with these findings, another longitudinal study showed that
the physical activity level decreased significantly 2years
before menopause and remained low through 2years after
menopause onset, leading to a decrease in PAEE, with the
greatest decrease in women who transitioned to menopause



6 C. MARCANTEI ET AL.

/

RMR
) d

\t_:\

EE {4

Substrate

\ oxidation

J Fat Ox

RESTING ENERGY METABOLISM

SMR TEF

o Z
A Az
o

[~ ]

\’
{ Fat Ox

{ Decreased

Figure 1. Influence of menopause on resting energy metabolism.

~ Stable ? Lack of data

EE, energy expenditure; Fat Ox, fat oxidation; PERI, perimenopausal status; POST, postmenopausal status; RMR, resting metabolic rate; SMR, sleeping metabolic rate; TEF, thermic effect

of food.

[2]. In a cross-sectional study, Hodson et al. reported a ten-
dency for a lower PAEE in postmenopausal compared to
premenopausal women [10]. Melanson et al. showed that
the absolute, or adjusted for FM and FFM, PAEE decreased
~8.4% in premenopausal women using GnRH agonist only
for 5months but not in premenopausal women using GnRH
agonist plus 17B3-estradiol [18]. In contrast, a randomized
control trial study that administered a GnRH agonist for
24 weeks to eumenorrheic, premenopausal women (n=11;
aged 40-54years) reported increased total, leg and trunk
FM and decreased FFM yet found no significant differences
in any component of free-living EE, including free-living
PAEE, when compared to premenopausal women not taking
a GnRH agonist [39]. Differences in PAEE estimation and
sample sizes in this study [39] compared with other studies
[2,9] may have contributed in part to differences in study
findings.

Substrate oxidation during exercise

In addition to PAEE, studies have also investigated the
effects of structured exercise on substrate utilization in
women across the menopausal transition. A cross-sectional
study observed that postmenopausal women demonstrate
~19% lower absolute EE and ~33% lower absolute fat oxi-
dation during an acute bout of 45-min cycle ergometry
exercise performed at 50% of VO,,,,, when compared with
premenopausal women [40]. Circulating concentrations of
FSH were negatively correlated with fat oxidation and EE
during exercise in postmenopausal women, suggesting
that FSH and estrogen changes during the menopausal
transition could be involved in the modification of sub-
strate utilization during exercise [40]. Interestingly, FFM
was also positively correlated with fat oxidation and EE
during exercise [40]. After adjusting for FFM, the differ-
ences in whole-body fat oxidation between premeno-
pausal and postmenopausal women reduced from 33% to
23%, but remained significant, whereas the difference in
EE between groups was no longer significant [40]. In

contrast, a cross-sectional study reported no significant
differences in absolute or relative to FFM peak fat oxida-
tion, and no correlations between FSH, progesterone, tes-
tosterone and peak fat oxidation in premenopausal/
perimenopausal (n=7) and postmenopausal (n=26)
women [25]. The small sample size for the premenopausal/
perimenopausal group (n=7) and also pooling the pre-
menopausal and perimenopausal women were recognized
as possible contributing factors to the inconsistent find-
ings of this study [25].

Metabolic adaptations during exercise after the meno-
pausal transition may also be influenced by weight status
and/or metabolic health [41]. Indeed, studies show that post-
menopausal women with overweight/obesity and an
unhealthy metabolic phenotype demonstrate lower fat oxida-
tion during moderate intensity exercise ranging between 50
and 70% of VO, compared to healthy, age-matched post-
menopausal women with obesity [42].

Collectively, in addition to the increase in sedentary life-
styles during the menopausal transition [2,9], studies support
a role for estrogen deficiency in decreased PAEE and fat oxi-
dation during the menopausal transition [18,40] (Table 2 and
Figure 2), giving potential insight into metabolic factors that
could contribute to weight gain and increased risks in meta-
bolic diseases that are often observed during this period
[41,43-45]. As FFM seems to be a significant factor influenc-
ing fat oxidation and EE during exercise [2,40], strategies to
preserve FFM during the menopausal transition and after the
menopause onset may help to limit impairment to the met-
abolic profile.

Estrogenic mechanism involved in changes in EE
and fat oxidation during the menopausal transition

The role of estrogen in energy homeostasis involves both
central and peripheral regulation and has been detailed in
several reviews [46,47]. Estrogen-mediated cellular action is
primarily elicited by the binding of estrogen to the estrogen
receptors, estrogen receptor a (ERa) and ER( [48]. Both are



Table 2. Evolution of non-resting energy metabolism parameters (physical acti
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vity energy expenditure and substrate oxidation) during menopausal transition.

Non-resting energy expenditure compartment evolution during menopausal transition

Authors and

publication Number of Population PAEE adjusted to Substrate
date Study design participants characteristics® PAEE assessment Absolute PAEE FFM oxidation
Physical activity energy expenditure®
Melanson Randomized GnNRHAG+PL, GnRHAG+PL, Whole room indirect N PAEE only in N Adjusted PAEE ?
et al. 2015 single-blinded n=21 age: 34+9; calorimetry GnRHAG +PL only in
[18] GnRHAG +E2, BMI 26.8+6.2 group GnRHAG +PL
n=24 GnRHAG +E2, group
age: 37+8;
BMI 27.3+6.2
Duval et al. Longitudinal n=102 at At baseline: Indirect calorimetry N PAEE ? ?
2013 [9] (5years) baseline Age, 49.9+1.9 (Deltatrac Il
BMI, 23.3+2.2 metabolic cart)
Lovejoy et al. Longitudinal n=156 at Healthy women  Metabolic chamber N PAEE for all ? 24-h fat
2008 [2] (4years) baseline at baseline: women (POST oxidation
PRE, age ++) (32%) in
46.2+0.3 women who
PERI, age became POST
47.6+0.2
POST, age
48.1+0.3
Gavin et al.  Cross-sectional with N=41 Premenopausal Indirect calorimetry @ differences in @ differences in ?
2020 [39] group women PAEE before and adjusted PAEE
comparison approaching after treatment before and after
menopause: treatment
Age 46+3
BMI 26.3+4.8
Abildgaard Cross-sectional with PRE, n=19 PRE, n=19 Indirect calorimetry N PAEE in POST N Adjusted PAEE in N Fat oxidation
et al. 2013 group PERI, n=8 PERI, n=8 (Quark b? Cosmed) POST in post
[40] comparison POST, n=14 POST, n=14
Hodson et al. Cross-sectional with PRE, n=25 Metabolic healthy Indirect calorimetry N PAEE in POST ? ?
2014 [10] group POST, n=26 women: (GEMNutrition Ltd) (tendency)
comparison PRE, age 41+0.6;
BMI 25.0+£0.7
POST, age
58+0.5; BMI
24.8+0.5
Karppinen Cross-sectional with PRE/PERI, n=7 Age groups: Indirect calorimetry  ? ? @ differences in
et al. 2022 group POST, n=22 PRE/PERI, age (ventilatory hood) absolute and
[25] comparison HT, n=9 54.9+1.5; BMI adjusted peak
25.1+238 fat oxidation
POST, age during
55.6+1.6; BMI exercise
244424
HT, 55.4+1.4; BMI
24.8+3.2

aAge (years) and body mass index (BMI) (kg/m?).

N in PAEE during menopausal transition. N in fat oxidation during exercise during menopausal transition. Linked with an increase in sedentary lifestyle -
increase in physical activity level during menopausal transition should be encouraged.

21, improvement; <>, maintenance; N, decrease; @, absence of differences. FFM, fat-free mass; GhnRHAG + E2, gonadotropin releasing hormone agonist + estrogen
add back; GnRHAG+PL, gonadotropin releasing hormone agonist+ placebo; HT, hormonal treatment; PAEE, physical activity energy expenditure; PERI, perimeno-

pausal women; POST, postmenopausal women; PRE, premenopausal women.

transcription factors that are involved in the regulation of
many complex physiological processes [49]. It has been
clearly demonstrated that the decrease in estrogen levels
during menopause is associated with a drop in ERa receptor
expression in many tissues, including adipose tissue and skel-
etal muscle [50]. A summary of the cellular mechanisms of E2
on EE during menopause is shown in Figure 3.

Central effect of estrogen on energy expenditure

Energy homeostasis is tightly regulated by the central ner-
vous system, with the hypothalamus acknowledged as being
the primary center of energy homeostasis regulation [51].
ERa is expressed in the hypothalamus, with ERa signaling in
the ventromedial nucleus of the hypothalamus (VMH) being
recognized to contribute to energy homeostasis by

regulating thermogenesis and modulating physical activity
[52]. Estrogenic actions, mediated by ERa in the arcuate
nucleus pro-opiomelanocortin neurons in the hypothalamus,
also suppress food intake [52]. The central mechanisms of the
effects of estrogen on energy balance thus include thermo-
genesis, EE and energy intake. Two central mechanisms have
been identified regarding the effects of estrogens on EE:
effects on brown adipose tissue (BAT) thermogenesis; and
modulation of spontaneous physical activity. Both are
discussed in the following.

BAT is a thermogenic organ which principal functions to
convert nutrients to heat [53]. Its activity is controlled by nerve
fibers, with the brown adipocytes being dependent on ade-
quate delivery of oxygen and substrate (lipids) via the capillar-
ies surrounding each cell [53]. Central activation of the estrogen
pathway may indirectly increase BAT sympathetic nerve
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AMPK, AMP activated protein kinase; ARC, arcuate nucleus of hypothalamus; 33-AR, -adrenergic receptor 3; E2, 17pB-estradiol; ERa, estrogen receptor a; FSH, follicle stimulating hormone;
LH, luteinizing hormone; MC4R, melanocortin-4 receptor; PA, physical activity; SNS, sympathetic nervous system; UCP1, uncoupling protein 1; VMH, ventromedial nucleus of the hypo-

thalamus; 3V, third ventricle.

discharge and may also stimulate BAT development and ther-
mogenesis [54]. In the mitochondria, ERa activation also
induces expression of key genes of BAT metabolism, such as
uncoupling protein 1 (UCP1) [54]. Animal studies have shown
that hypothalamic steroidogenic factor 1 neurons in the VMH
express ERa and are involved in central effect of estrogen on
EE [55]. This central effect on EE is thought to involve estrogen

activation of BAT thermogenesis though 33-sympathetic activa-
tion and an increase in UCP1 protein expression and activity
[55,56]. Specifically, female mice lacking ERa in steroidogenic
factor 1 neurons of the VMH display obesity, despite normal
feeding, due to a decreased RMR and diet-induced thermogen-
esis [51,52]. This decrease in EE was mediated by reduced sym-
pathetic outflow as illustrated by a decrease in plasma



norepinephrine concentrations [57]. However, these effects of
estrogen on sympathetic activation and UCP1 expression have
not always been observed [58] and need to be clarified.
Nevertheless, BAT represents a very small fraction of total body
weight in human, estimated around 12g but reaching up to
200g in a few people [59,60]. Studies have estimated a daily
energy contribution of =80kcal/day, with a range varying from
25 to 200kcal/day when assuming a maximally activated BAT
during the whole day [61-63]. Therefore, although this
energy-producing machinery does exist and depend on hor-
monal factors, it is unlikely to play a significant role in the
changes in EE that occur during the transition to menopause.
EE is also influenced by estrogen through effects on modula-
tion of spontaneous physical activity. Indeed, estrogen supple-
mentation in ovariectomized mice restores the level of
spontaneous physical activity observed before ovariectomy
[64]. More recently it has been shown that this central regula-
tion involves melanocortin-4 receptor (MC4R) signaling in VMH
neurons in female mice [65]. These mechanisms may give
some insights into the possible causes of lower spontaneous
physical activity in postmenopausal women when compared to
premenopausal women [9].

Peripheral effects of estrogen on energy expenditure
and substrate oxidation

The effect of decreased estrogen concentrations on energy
metabolism seems to depend on the environmental context,
and particularly the nature of habitual dietary intake. Indeed,
ovariectomy is not systematically associated with changes in
body composition [66]. In female mice, Do Carmo et al. did
not observe any difference in body weight and composition
between normal diet ovariectomized compared to sham
mice, despite a slight decrease in EE [66]. However, when ani-
mals were submitted to a high-fat diet, the ovariectomized
mice increased sleep time and significantly reduced EE, lead-
ing to greater weight gain and adiposity.

The mitochondrion is the major cellular site for energy syn-
thesis and conversion. Different studies have shown that
ovariectomy-induced reduction in estrogen leads to decreased
oxygen consumption, which can be normalized by estradiol
treatment [67]. Indeed, several studies demonstrated that ova-
riectomy in animals or postmenopausal state in women is not
necessarily accompanied by a decrease in mitochondrial protein
content but that energy metabolism pathways, such as acid cit-
ric cycle and oxidative phosphorylation, could be decreased,
thus leading to a lower metabolic rate [68,69]. Estrogen also
exerts peripheral effects on mitochondrial activity in BAT by
stimulating adrenergic receptors and activating mitochondrial
biogenesis key protein such as peroxisome proliferator-activated
receptor y coactivator 1a [70]. Estrogen also plays a role in the
browning of white adipose tissue, transforming white adipose
cells into a more energy-intensive profile, with increased mito-
chondrial content [71]. Santos et al. have clearly demonstrated
in rodents that estradiol agonists increase AMP-kinase phos-
phorylation, lipolysis and UCP1 expression [72]. The metabolic
implications of estrogen are mainly mediated by activation of
the ERa receptor in adipose tissue but also in skeletal muscle.
Indeed, 17B-estradiol can decrease the expression of lipogenic
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genes and increase lipolytic response to catecholamines in ova-
riectomized mice [73]. 17B-Estradiol also increases muscle oxi-
dative capacity and therefore improves fat oxidation through
the phosphorylation of AMP-kinase [74].

The increase in FSH level during the menopausal transi-
tion is also thought to play a role in the modification of
peripheral tissue EE. For example, studies in animals have
shown that blocking FSH increases beiging of white adipose
tissue, mitochondrial biogenesis and UCP1 expression; how-
ever, the significance of these mechanisms in EE modification
has yet to be investigated [75].

Conclusion

Research on the effects of the menopausal transition on ener-
getic adaptations are scarce. However, based on the available
literature, the current review describes the reduced RMR,
SMR, PAEE and fat oxidation rate across the menopausal tran-
sition that may contribute to weight gain and increased car-
diovascular risks. Importantly, the intertwining effects of
chronological aging and menopause-associated hormonal
changes on these energetic adaptations are inherently diffi-
cult to separate. Future studies are needed to determine the
independent effects of these parameters in women. Such
investigations will help identify potential strategies to help
attenuate adverse metabolic adaptations in aging women.
Beyond the decline in estrogen, consideration of other hor-
monal variations during the menopausal transition, such as
FSH, could also provide further information regarding EE and
substrate oxidation patterns during the menopausal transition.
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