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Sex steroids and thermogenesis
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Abstract

Objective: Retrospective studies suggest that women have more active brown adipose tissue (BAT) than men, but little 
is known of the effect of fluctuating sex steroids across the menstrual cycle on thermogenesis in women.
Design: To characterise the effects of sex and sex steroids on BAT activity we recruited healthy weight men (n = 14) and 
women at two stages of the menstrual cycle (luteal, n = 9; follicular, n = 11).
Methods: Infrared thermography measured supraclavicular temperature to index BAT thermogenesis in response to 
both cold (immersion of one hand in water at 15°C) and meal (Ensure, 10 kcal/kg body weight) stimuli.
Results: Adaptive BAT temperature responses were greater (P < 0.05) in women than men, irrespective of stage of 
menstrual cycle. Whereas during cold exposure, the increase in BAT temperature was abrogated (P < 0.05) in women 
during follicular phase compared to men and women during luteal phase. Plasma concentrations of progesterone, 
17β-estradiol, testosterone and cortisol were measured. Regression analyses demonstrated that baseline BAT 
temperature was positively correlated (P < 0.05) with progesterone levels, but was inversely associated (P < 0.05) with 
cortisol concentration. Both cold- and meal-induced changes in BAT temperature mildly correlated (P = 0.07; P < 0.05) 
with 17β-estradiol levels, but not with testosterone concentrations.
Conclusions: Baseline supraclavicular temperature is elevated in women during the luteal phase of the menstrual cycle, 
which correlated with elevated progesterone concentrations. Women exhibited greater thermogenic responses than 
men, irrespective of the state of the menstrual cycle, which was associated with plasma levels of 17β-estradiol. We 
conclude that sex steroids may regulate BAT thermogenesis in healthy adults.

Introduction

Thermogenesis contributes to approximately 10% of total 
energy expenditure in lean individuals (1). In humans, 
brown and beige adipose tissue (BAT) as well as skeletal 
muscle contribute to total thermogenic capacity (2). In adult 
humans, BAT is located in the supraclavicular, neck, epi-
cardial, peri-renal and para-spinal adipose depots (3). In the 
neck and supraclavicular regions, adipose tissue contains 
a heterogeneous population of white, brown and beige 
adipocytes (4), with the latter two cell types being capable of 
thermogenesis. Beige adipocytes are derived from the white 

adipocyte population (5), either being formed from pre-
adipocytes (6) or being recruited by transdifferentiation of 
white adipocytes (7). In humans chronic activation of BAT 
via repeated cold exposure increases energy expenditure 
and decreases adiposity (8). Furthermore, cold-induced BAT 
activation also increases glucose and triglyceride clearance 
and improves insulin sensitivity in adults (9, 10). Despite 
this, it remains contentious as to the precise physiological 
role and importance of BAT in metabolism and energy 
expenditure in humans (11).
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A number of studies have suggested that the 
regulation of BAT may be sexually dimorphic, yet, few 
studies have addressed this directly. Retrospective PET-CT 
studies suggest a greater prevalence of active BAT in 
women than in men (12) and data from animal models 
show that estrogen treatment increases thermogenesis 
in both BAT and skeletal muscle (13, 14). Despite this, a 
recent prospective study using PET-CT imaging suggested 
that women had a lower supraclavicular BAT volume 
than men, albeit 18F-FDG uptake being comparable in 
men and women suggesting that overall supraclavicular 
BAT activity is similar, irrespective of sex (15). The study 
of Fletcher et al., however, identified a BAT depot in the 
superficial dorsocervical region that was more prevalent 
in women than men (15). Therefore, there appears to be 
sexual dimorphism in the distribution and activity of BAT, 
but whether this tissue exerts greater metabolic action in 
men or women remains to be elucidated. Furthermore, 
it is important to highlight a recent study in mice, 
which demonstrated that β3 adrenoceptor-induced 18F-
FDG uptake was independent of uncoupling protein 1 
(UCP1); CL-316,243 treatment increased glucose uptake 
to an equivalent degree in Ucp1 WT and knockout mice 
(16). This highlights the importance of validating new 
techniques to measure BAT activity in humans.

In addition to the sex differences, body temperature 
fluctuates across the menstrual cycle in women being 
higher during the luteal phase (17) when progesterone 
levels are elevated. Furthermore, women have a greater 
tolerance to cold during the luteal phase, which is 
evidenced by increased latency to the onset of shivering 
during cold exposure compared to women during the 
follicular phase (18). This may be due, in part, to the 
changes in vasomotor control of blood flow to the 
skin (18), but it remains possible that alterations in 
thermogenesis contribute to changes in body temperature 
in women during different phases of the menstrual cycle. 
Indeed, the previous study of Fletcher et al. (15) examined 
women during the follicular phase only. In vitro studies 
have suggested that progesterone may act directly at brown 
adipocytes, whereby progesterone treatment increases 
Ucp1 mRNA expression (19) and enhances noradrenaline-
induced lipolysis in cultured brown adipocytes (20), thus 
emphasising the possible importance of the stage of cycle. 
The present study recruited healthy young adults and 
characterised both cold- and meal-induced changes in BAT 
temperature in men and women. We hypothesized that 
thermogenesis induced by both cold and meal-stimulus is 
greater in women than men. We hypothesized further that 
baseline, cold- and diet-induced changes in supraclavicular 

temperature will be greater in women during the luteal 
phase of the menstrual cycle than either men or women 
during the follicular phase. We predicted that such changes 
would be correlated with plasma sex steroid concentrations.

Methods

Participants

Fourteen male and 20 female healthy, young participants 
between the ages of 18–40 years old were recruited for this 
study. All participants had no history of cardiovascular 
disease, diabetes and were all non-smokers, not pregnant 
or lactating and were not taking any form of hormonal 
contraceptive. Ethical approval was obtained from the 
Monash University Human Research Ethics Committee 
for the study, which adhered to the requirements of the 
National Statement on Ethical Conduct in Human Research 
but also the Declaration of Helsinki, Seventh Revision, 
2013. Written informed consent was obtained from each 
participant prior to the commencement of study.

Study design

The overall study design is outlined in Fig. 1A. Infrared 
thermography was used to measure temperature changes 
in the supraclavicular and manubrium regions to provide 
assessment of altered heat production in both BAT-positive 
and BAT-negative sites, respectively, as discussed in detail 
below. Changes in heat production were measured in 
response to both cold and meal stimuli (see below). 
Female participants were required to record their onset of 
menstruation and measure daily basal oral temperature 
for 4 weeks to provide indication of the stage of menstrual 
cycle and the studies were performed during either the 
follicular or the luteal phases of the menstrual cycle. To 
confirm the stage of menstrual cycle, blood samples were 
collected and used to measure plasma progesterone and 
17β-estradiol concentrations.

Infrared thermal imaging was performed during the 
morning between 07:00–12:00 h (Fig.  1B). Participants 
arrived after fasting overnight and were rested for 30 min 
prior to any experimentation. During this rest period, a 
single catheter (22G Introcan Safety IV Catheter, B. Braun 
Australia, VIC, Australia) was inserted into the antecubital 
vein and used for the collection of the baseline blood 
sample (10 mL). Blood samples were collected into 
plasma separation tubes (Becton Dickinson Pty Ltd, VIC, 
Australia) and plasma was harvested via centrifugation at 
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Figure 1
Experimental design for thermal imaging studies. Prior to experimentation, women were asked to maintain a menstrual diary 
recording the first and last day menstruation. In addition, women recorded daily basal body temperature using an oral 
thermometer (Panel A). This information was then used to estimate the stage menstrual cycle prior to thermography recordings 
(Panel B). On the day of experimentation, upon arrival, a cannula was inserted into the ante-cubital vein and a baseline blood 
sample was collected and used to measure plasma levels of progesterone, 17β-estradiol and testosterone. Participants rested for 
30 min prior to temperature recordings. Cold exposure was elicited by having participants immerse one hand in a bucket of water 
at 15°C for 5 min, after which participants consumed a standardised meal (10 kcal/kg body weight, Ensure, Abbott Laboratories) 
to elicit post-prandial heat production (Panel B). Images were collected at 1-min intervals for the duration of the protocol and 
representative images are shown in Panel C. Regions of interest (circles) encompass both the supraclavicular BAT depots and the 
manubrium. Red arrows within the circles indicate the highest temperature in the region of interest, while blue arrows indicate 
the lowest temperature.

Downloaded from Bioscientifica.com at 11/19/2020 02:29:54AM
via free access

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
183:3 346Clinical Study J-P Fuller-Jackson and 

others
Sex steroids and thermogenesis

https://eje.bioscientifica.com

3730 g for 10 min. To prevent any confounding effect of 
movement, participants sat upright in a phlebotomy chair 
for the duration of the resting and imaging periods. The 
day prior to IR imaging, participants were provided with 
a standardised meal of beef or vegetarian lasagne (McCain 
Foods, VIC, Australia) to consume the night before. 
The two meals were similar in energy and nutritional 
composition, per serving the beef lasagne provided 1630 
kJ energy, 22.8 g protein, 9.2 g fat (4.8 g saturated fat), 
49.2 g carbohydrate (16.8 g sugar), whereas the vegetarian 
option contained 1460 kJ energy, 19.6 g protein, 6.0 g fat 
(3.6 g saturated) and 50 g carbohydrate (18.8 g sugar).

Cold- and meal-induced thermogenesis

The average room temperature (19.36 ± 0.29°C) and 
humidity (43.35 ± 1.39%) were recorded across the 
experimental period. The FLIR T640 thermal imaging 
camera (FLIR Systems Australia Pty Ltd, VIC, Australia) 
was configured 1 m from the participant and focussed 
at the level of the clavicles. Emissivity was set to 0.98 as 
detailed for the measurement of skin temperatures by 
the FLIR manual. All participants wore a sleeveless shirt 
that exposed the supraclavicular and manubrium regions, 
participants changed into this prior to the acclimation 
period. An outline of the temperature recording protocol 
is detailed in Fig.  1B. Images were collected at 1-min 
intervals across the duration of the experiment.

Five baseline images were collected and to induce 
moderate cold exposure participants immersed one hand 
into water at 15°C for 5 min. Images were collected 
for a further 30 min following cold exposure. Once 
supraclavicular temperature had returned to baseline, 
another five baseline images were collected, after which 
participants consumed a standardised liquid meal (10 kcal/
kg body weight, Ensure Powder, Abbott Laboratories). The 
meal was consumed at room temperature within a 5-min 
period. Post-prandial temperature recordings were collected 
for 30 min (Fig. 1B). Representative thermal images from a 
single participant from each group are shown in Fig. 1C.

All thermal images were analysed using the program 
FLIR Tools (FLIR Systems, OR, USA). The maximum 
temperature within the supraclavicular region was 
measured bilaterally (Fig.  1C). As a means of negative 
control within each participant, the minimum 
temperature of the manubrium, the most superior 
portion of the sternum, was also measured. The skin of 
the manubrium overlies the sternum, hence any changes 
in temperature observed at this site reflects alterations in 
overall cutaneous heat circulation rather than that caused 

by thermogenesis such as in BAT and has been used in 
previous studies as a reference negative control region 
(21, 22). Any image in which the regions of interest were 
obscured (which occurred during the consumption of the 
meal replacement drink) were omitted from analysis.

Cold-induced thermogenesis was considered biphasic. 
Temperature was analysed as the area-under-the-curve 
(AUC) during cold exposure itself. The mean change in 
temperature was also calculated at 15–30 min following 
cold exposure and at 20–30 min post meal consumption.

Blood sample analysis

A single blood sample was collected from fasted 
participants to measure plasma concentrations of total 
cortisol, testosterone, 17β-estradiol and progesterone.

Plasma cortisol was measured using a 3H-based 
double-antibody RIA as described previously (23), with an 
intra-assay coefficient of variation (CV) of 3.56%. Plasma 
testosterone, 17β-estradiol and progesterone were all 
measured using 125I-based ImmuChem double antibody 
RIA kits (MP Biomedicals, OH, USA), with an intra-assay 
CV of 12.06, 8.56 and 14.02% respectively.

Statistical analysis

Statistical analyses were undertaken using IBM SPSS v 
22.0. All data were checked for homogeneity and equal 
variance with Levene’s test. Baseline temperature as well 
as the effects of both cold and meal stimuli on BAT heat 
production were analysed using a one-way ANOVA and 
post hoc comparisons were made using the Fisher’s least 
significant difference test. Sex differences were analysed 
by unpaired Student’s t-test comparing men to women, 
irrespective of stage of menstrual cycle. To take into 
account the effects across time, a repeated-measures 
two-way ANOVA was performed on the temperature 
changes observed in the supraclavicular and manubrium 
regions respectively. The between subject variables were 
group and sex. Linear regression analyses were used to 
determine the correlation between plasma cortisol and 
sex steroid concentrations and all thermogenic measures. 
Linear regression normality was assessed through the 
examination of predicted probability (P-P) plots for each 
relationship and scatterplots of the predicted values 
versus the residuals for homoscedasticity. All regressions 
involving testosterone were not normal, so regressions 
were performed within sex, which restored normality. 
Statistical significance was taken as a P < 0.05. Unless 
otherwise stated, all data are presented as the mean ± s.e.m.
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Post hoc statistical power calculations

Priori power calculations were not possible due to the 
novelty of the longitudinal mode of temperature recording, 
the method of data analysis, the nature of the stimuli and 
the inclusion of menstrual cycle as a grouping variable. 
However, to affirm that a true null hypothesis was not 
falsely rejected, post hoc statistical power calculations were 
made using the freely available Statistical Power Calculator 
Using Average Values from DSS Research (https://www.
dssresearch.com/resources/calculators/statistical-power-
calculator-average/). All power calculations were performed 
assuming a two-tailed alpha of 0.05. Based on study data, the 
significant difference (0.53°C) between women measured 
during the luteal phase and those during the follicular 
phase, was 100% powered. The difference between men 
and women with regards to post-cold adaptive and meal-
induced thermogenesis had a power of 95.9 and 97.9%. 
Thus the group numbers attained were adequate to detect 
the fundamental differences in thermogenesis between 
men and women.

Results

Participant characteristics

Thirty-four young, healthy participants attended and 
completed all components of the study. Women during 

the follicular phase (n = 11) or the luteal phase (n = 9) 
of the menstrual cycle and 14 men were studied. The 
average age of participants was 24.1 ± 0.65 years, with no 
difference between men (23.1 ± 0.7 years) and women 
(follicular phase: 24.6 ± 1.2 years, luteal phase: 25.22 ± 1.7 
years). Morphometric characteristics are described in 
Table 1. Plasma 17β-estradiol concentrations were lower 
(P < 0.01) and testosterone concentrations were higher 
(P < 0.0001) in men than in women, irrespective of the 
stage of menstrual cycle (Table 2). Concentrations of 
17β-estradiol were similar in women during the luteal and 
follicular phases of the menstrual cycle and progesterone 
concentrations were higher (P < 0.0001) during the luteal 
phase, than in women during follicular phase and in 
men (Table 2). Basal plasma cortisol concentrations were 
similar in men and women, but were lower (P < 0.05) in 
women during luteal phase than during the follicular 
phase of the menstrual cycle (Table 2).

Basal BAT temperature was elevated in women 
during the luteal phase of the menstrual cycle

Baseline supraclavicular temperature was greater (P < 0.05) 
in women during the luteal phase than in women during 
the follicular phase of the menstrual cycle and in men 
(Fig. 2A). This difference was specific to the BAT region as 
the manubrium temperature was similar across all 3 groups 
(Fig. 2B). Baseline supraclavicular temperature was inversely 

Table 1 Anthropometric characteristics of participants.

Women – follicular phase Women – luteal phase Men P value

n 11 9 14 
Age (years) 24.64 ± 1.2 25.22 ± 1.7 23.07 ± 0.7 NS
Height (cm) 164.40 ± 1.6 162.90 ± 2.5 180.90 ± 2.2* <0.0001 
Weight (kg) 59.65 ± 2.2 57.30 ± 2.2 76.20 ± 3.1* <0.0001 
BMI (kg/m2) 22.12 ± 0.9 21.56 ± 0.4 23.22 ± 0.7 NS 
Waist circumference (cm) 71.70 ± 1.4 68.93 ± 1.2 79.13 ± 2.0* <0.01 
Adiposity (%) 29.83 ± 2.5 28.96 ± 2.5 17.95 ± 1.6 <0.01 
Fat-free mass (kg) 39.66 ± 1.2 39.00 ± 1.9 60.06 ± 2.5* <0.0001 
Visceral fat mass (g) 104.10 ± 43.9 49.16 ± 34.2* 261.30 ± 74.0 <0.05 cf men

*indicates a significant difference between one group and the others with the stipulated P value.

Table 2 Plasma concentration of steroids.

Group Follicular phase women Luteal phase women Men P value 

n 11 9 14
17β-estradiol (pg/mL) 145.0 ± 34.2 195.9 ± 34.6 30.1 ± 3.7 * <0.01
Progesterone (ng/mL) 0.3 ± 0.1 11.2 ± 2.8 * 0.2 ± 0.0 <0.0001
Testosterone (ng/mL) 0.3 ± 0.0 0.3 ± 0.0 4.4 ± 0.3* <0.0001
Cortisol (ng/mL) 394.6 ± 52.3† 215.9 ± 18.9 273.5 ± 38.3 <0.05 cf luteal

*indicates a significant difference between one group and the others with the stipulated P value.
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correlated (β = −0.001, R2 = 0.16) with plasma cortisol 
concentration (Fig. 2C) and positively correlated (β = 0.36, 
R2 = 0.34) with plasma progesterone concentration (Fig. 2E). 
Baseline supraclavicular temperature did not correlate 
with either 17β-estradiol or testosterone concentrations 

(Fig. 2D and F). There was no association between baseline 
manubrium temperature and the concentration of any of 
the sex steroids or cortisol (Table 3).

Cold-induced thermogenesis is abrogated in 
women during the follicular phase of the 
menstrual cycle

Temperature responses to cold exposure in the 
supraclavicular and manubrium regions are shown in 
Fig. 3. None of the participants reported shivering during 
or after the moderate cold stimulus. There was no effect 
of mild acute cold exposure on manubrium temperature 
(Fig. 3A), whereas the supraclavicular temperature increased 
(Fig. 3B), indicating a specific effect of cold-stimulus on BAT. 
During the cold stimulus itself, supraclavicular temperature 
increased in all three groups, albeit to varying degrees. The 
AUC was greater (P < 0.05) in men and in women during 
luteal phase than in women during the follicular phase of 
the menstrual cycle (1.66 ± 0.44 AUC in men, 1.56 ± 0.26 
AUC in women during luteal phase, 0.50 ± 0.23 AUC in 
women during the follicular phase; Fig.  3B and C). The 
AUC of the temperature change in the manubrium did not 
differ between groups (Fig. 3E).

Cold-induced adaptive thermogenesis is greater in 
women than men

After cold exposure, supraclavicular temperature 
initially returned to baseline and then increased again 
approximately 20 min after the cessation of the cold 
exposure period (Fig. 3B); this response will be referred to as 
the cold-induced adaptive response. The adaptive increase 
in supraclavicular temperature was evident in women, 
but appeared to be absent in men (P < 0.05; 0.16 ± 0.04°C 
increase in women vs 0.00 ± 0.08°C in men), irrespective of 
the stage in the menstrual cycle (Fig. 3B and D). This was 
not observed in the manubrium (Fig. 3A and F).

Sex steroids are associated with cold-induced 
adaptive thermogenesis

Despite the apparent effect of the stage of menstrual 
cycle on BAT temperature during cold exposure, there 
was no significant association between the cold-induced 
AUC response and plasma concentrations of cortisol, 
progesterone, 17β-estradiol or testosterone (Fig. 3G, H, I and 
J). In contrast, cold-induced adaptive thermogenesis was 
positively correlated (β = 0.20, R2 = 0.13, P < 0.05) with plasma 

Figure 2
Baseline supraclavicular temperature was higher in women 
during the luteal phase, which correlated with progesterone as 
well as cortisol. The mean temperature of supraclavicular BAT 
across pre-cold and pre-meal baseline measurement periods 
was greatest in women during the luteal phase of the 
menstrual cycle (A), yet no difference in temperature was 
observed at the manubrium (B). Through simple linear 
regression, the relationship between baseline BAT 
temperatures and cortisol (B), 17β-estradiol (D), progesterone 
(E) and testosterone (F). Indication of grouping among 
regression analysis is only for qualitative purposes. A 
logarithmic transformation was applied to the variables 
17β-estradiol, testosterone and progesterone. The squared 
correlation coefficient (R2) and P value (P) are indicated except 
in cases of the P value exceeding 0.1, in which case only 
non-significance (NS) is indicated. Data presented as the 
mean ± s.e.m. * indicates a significant difference of P < 0.05 as 
determined via a one-way ANOVA with post hoc Fisher’s least 
significant difference test.
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17β-estradiol levels (Fig.  3L). There was no association 
between the cold-induced adaptive change in supraclavicular 
temperature and plasma concentrations of either cortisol, 
progesterone or testosterone (Fig. 3K, M and N).

Meal-induced thermogenesis is higher in women 
than men

Changes in the temperature of the supraclavicular 
region and the manubrium in response to a standardised 
liquid meal are displayed in Fig.  4. The temperature of 
both the supraclavicular and the manubrium increased 
approximately 15 min after meal consumption (Fig.  4A 
and B). The meal-induced increase in supraclavicular 
temperature was greater in women than men, irrespective 
of the stage of the menstrual cycle. The difference was 
determined by measuring both the change in AUC 
(2.29 ± 0.33 AUC in women vs 0.97 ± 0.52 AUC in men; 
Fig. 4C) and the post-prandial change in supraclavicular 
temperature (0.23 ± 0.03°C in women vs 0.11 ± 0.06°C in 
men; Fig. 4D). In contrast, the manubrium temperature 
was similar in men and women (Figs. 4A, E and F).

17β-Estradiol and testosterone levels predict 
meal-induced thermogenesis

There was a weak correlation between the supraclavicular 
temperature response to meal ingestion (AUC) and plasma 
17β-estradiol concentration (β = 1.28, R2 = 0.10, P = 0.07) 
(Fig.  4H), whereas there was no association with the 
change in supraclavicular temperature and plasma cortisol, 
progesterone or testosterone levels (Fig. 4G, I and J).

Discussion

The regulation of body temperature is sexually dimorphic 
and is influenced by fluctuating sex steroid concentrations 

(17). Furthermore, retrospective studies indicate that 
women may possess more functional BAT than men (12, 
24, 25), but no studies have heretofore determined whether 
BAT activity changes across the menstrual cycle in women. 
The present study employed infrared thermography to 
demonstrate that BAT heat production in response to 
both cold exposure and meal consumption was greater in 
women than in men. Furthermore, we demonstrate that 
cold-induced thermogenesis varies across the menstrual 
cycle, such that activation of BAT is attenuated during the 
follicular phase relative to the luteal phase of the cycle. 
Thus, sex and the stage of menstrual cycle impact on BAT 
activity in healthy women of normal body weight.

It is well known that body temperature fluctuates in 
women across the menstrual cycle and is higher during 
the luteal phase than either the follicular or ovulatory 
phases (17, 26). A recent study utilised wrist temperature 
biosensors to demonstrate that night time cutaneous 
temperature was elevated by 0.33°C during the early 
luteal phase compared to the period of ovulation (27). 
The present study further demonstrates that, in fasted 
subjects, baseline BAT temperature is greater in women 
during the luteal phase than in women during the 
follicular phase and in men. Sex differences with respect 
to thermoregulation have been acknowledged for over 
50 years, whereby women maintain a greater core body 
temperature during cold exposure (28, 29). Despite 
this, women experience lower cutaneous temperature 
during cold exposure, which coincides with increased 
perception of cold compared to men (28). As indicated 
above, retrospective analysis of PET-CT scans have shown 
active BAT is more readily detected in women than in 
men (12), but these studies did not relate such findings 
to fluctuations in sex steroids or stage of menstrual cycle. 
To our knowledge, the present study is the first to describe 
elevated basal BAT temperatures in women during the 
luteal phase.

In addition to the differences in baseline BAT 
temperature, we demonstrate that both sex and the stage 

Table 3 Association between manubrium temperature responses and plasma steroid concentrations.

Independent variables
Baseline temperature Cold response AUC

Cold adaptive  
response mean

Post-meal  
response AUC

R2 P R2 P R2 P R2 P

Cortisol 0.03 0.34 0.01 0.65 0.14 0.03 0.01 0.53
Progesterone 0.02 0.42 0.00 0.82 0.00 0.80 0.01 0.64
17β-estradiol 0.01 0.60 0.09 0.09 0.02 0.44 0.02 0.46
Testosterone         
Men 0.07 0.36 0.34 0.03 0.13 0.20 0.00 0.85
Women 0.06 0.29 0.01 0.70 0.00 0.78 0.00 0.79

*Regressions with P < 0.05 are highlighted in bold.
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Figure 3
Cold-induced thermogenesis in men (n = 14) and women during the luteal phase of the menstrual cycle (n = 9) was greater than in 
women during the follicular phase (n = 11). Temperature changes during cold exposure (hand immersed in water at 15°C) and for 
30 min thereafter were tracked at the manubrium (A) and BAT (B). The area under the curve (AUC) was calculated over the course 
of the cold exposure temperature response (0–5 min) in BAT (C) and the manubrium (E). The mean temperature changes were 
calculated at 20–35 min after cold exposure, which was in line with the adaptive thermogenic response in men and women at 
both BAT (D) and manubrium (F). Simple linear regressions were established between measured steroid hormones and cold 
response AUC (G-J) as well as the cold-induced adaptive temperature change (K, L, M and N). In the case of the regressions, 
indication of grouping is purely for qualitative purposes. A logarithmic transformation was applied to the variables 17β-estradiol, 
testosterone and progesterone. The squared correlation coefficient (R2) and P value (P) are indicated except in cases of the P value 
exceeding 0.1, in which case only non-significance (NS) is indicated. Data presented as the mean ± s.e.m. * indicates a significant 
difference of P < 0.05 as determined with an unpaired Student’s t-test or a one-way ANOVA with post hoc Fisher’s least significant 
difference test where appropriate. ## indicates an effect of sex with P < 0.01 as determined with a repeated measures two-way 
ANOVA with post hoc Fisher’s least significant difference test.
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Figure 4
Meal-induced thermogenesis was higher in women during either follicular (n = 11) or luteal (n = 9) phases of the menstrual cycle 
than men (n = 14). Temperature changes were tracked from baseline for 30 min following meal-replacement drink administration 
at the manubrium (A) and BAT (B). The area under the curve (AUC) was calculated for the temperature changes during the final 10 
min of post-meal thermogenesis (20–30 min) in both men and women for both the supraclavicular (C) and manubrium (E). The 
mean temperature changes at the supraclavicular (D) and manubrium (F), during the final 10 min of post-meal thermogenesis 
(20–30 min) are presented in both men and women. Simple linear regressions were established between measured steroid 
hormones and meal response AUC (G, H, I and J). The indication of grouping among regressions is for qualitative purposes. A 
logarithmic transformation was applied to the variables 17β-estradiol, testosterone and progesterone. The squared correlation 
coefficient (R2) and P value (P) are indicated except in cases of the P value exceeding 0.1, in which case only non-significance (NS) is 
indicated. Data presented as the mean ± s.e.m. * indicates a significant difference of P < 0.05 as determined with an unpaired 
Student’s t-test.
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of menstrual cycle impact on the activation of BAT in 
response to either a cold stimulus or a meal stimulus. 
Thermogenic responses to cold stimuli were biphasic 
and were segregated into two responses, being firstly, 
the response during the period of cold stimulus and 
the adaptive response occurring approximately 20 min 
after cessation of the stimulus. Importantly, temperature 
changes in response to cold exposure were specific to the 
supraclavicular region, with no effect on the temperature 
of the manubrium, suggesting that responses were specific 
to BAT and were not caused by a generalised increase 
in core body temperature. During cold exposure, BAT 
temperature increased in both men and women, but this 
effect was attenuated in women during the follicular phase 
of the menstrual cycle. Previous studies have shown that, 
in response to very mild cold exposure (23°C), the increase 
in metabolic rate is also attenuated in women during the 
follicular phase relative to the luteal phase of the menstrual 
cycle (30). Indeed, a recent cold acclimation study 
suggested that 18F-FDG uptake within the supraclavicular 
region was similar in men and women, but this work only 
characterised women during the follicular phase of the 
menstrual cycle (15). Together these studies, along with 
the current work, highlight the importance of the stage of 
menstrual cycle and thus the possible role of endogenous 
sex steroids in modulating metabolic responses to cold. 
Despite this, the vast majority of studies characterising 
BAT function in humans are predominantly in men and 
do not account for the stage of menstrual cycle in women 
on the occasions when they are included (31, 32).

Supraclavicular temperature increased approximately 
20 min after either meal intake or cold stimulus, 
indicative of adaptive thermogenesis. In contrast to cold 
exposure when the temperature increase was localised 
to the supraclavicular region, a generalised increase in 
temperature was observed in both the supraclavicular 
and manubrium regions following meal consumption. 
Various studies in rodents, show BAT thermogenesis to 
be increased in response to intake of a single meal (33, 
34), but the role of BAT in diet-induced thermogenesis 
in humans has been contentious. In contrast, work 
using PET-CT demonstrated that BAT thermogenesis was 
increased after consumption of a carbohydrate enriched 
mixed meal (35). Furthermore, the increase in BAT activity 
was correlated with increased energy expenditure during 
the post-prandial period (35). Herein, we demonstrate 
that consumption of a standardised mixed liquid (Ensure) 
meal increases supraclavicular temperature in men and 
women, indicative of post-prandial thermogenesis in 
BAT. Because this was also associated with an increase 

in temperature of the manubrium, the response is 
generalised and cannot be regarded as specifically related 
to BAT thermogenesis and in fact may relate to altered 
skin perfusion. Nonetheless, our previous work in sheep 
demonstrated that skeletal muscle mounts a post-prandial 
temperature response without an associated change in 
blood flow, which was taken to indicate thermogenesis in 
this tissue (36). Further studies are required to determine 
the differential contribution of skeletal muscle and 
BAT (and/or other tissues) to the post-prandial rise in 
temperature in humans.

It is important to emphasise that the adaptive 
thermogenic responses to both meal and cold stimuli 
differed in men and women, irrespective of the stage 
of the menstrual cycle; the increase in supraclavicular 
temperature was greater in women than men. This is 
consistent with the observation that there is greater 
BAT volume and activity in women than in men under 
thermoneutral conditions (25). To further elucidate 
the effect of sex and stage of menstrual cycle on BAT 
temperature and activation we sought to characterise the 
possible relationship between supraclavicular temperature 
and plasma concentrations of cortisol, progesterone, 
17β-estradiol and testosterone. We demonstrate that 
baseline supraclavicular temperature was positively 
correlated with plasma progesterone levels, but there was 
a negative association with plasma cortisol concentration. 
Previous studies in human brown adipocytes show that 
dexamethasone treatment blocks adrenergic stimulation 
of UCP1 expression (37). Furthermore, prednisolone 
treatment attenuates both cold-induced and post-prandial 
thermogenesis (38). In the current study, there was no 
association with plasma cortisol concentration and innate 
variation in either diet- or cold-induced supraclavicular 
heat production. Despite this, we demonstrate that 
circulating cortisol is associated with variations in basal 
supraclavicular temperature, whereby endogenous 
cortisol may negatively regulate basal BAT activity.

Progesterone is considered to be the primary driver 
of the thermoregulatory vicissitudes across the menstrual 
cycle (39), perhaps by reducing cutaneous circulation with 
a consequent increase in core body temperature (40, 41) 
or via thermosensitive neurons within the preoptic area of 
the hypothalamus as observed in rats (42). Previous studies 
have suggested that during the luteal phase, women defend 
a higher body temperature and therefore exhibit increased 
shivering and greater vasodilation in response to cold 
exposure (18). In addition, in response to lower ambient 
temperature, women exhibit an exacerbated increase in 
energy expenditure during the luteal phase compared 

Downloaded from Bioscientifica.com at 11/19/2020 02:29:54AM
via free access

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
183:3 353Clinical Study J-P Fuller-Jackson and 

others
Sex steroids and thermogenesis

https://eje.bioscientifica.com

to those during the follicular phase, despite showing 
no differences in perception of cold (43). As indicated 
earlier, we demonstrate supraclavicular temperature was 
greater in women during the luteal phase than in women 
during the follicular phase and that this correlated with 
plasma progesterone levels. Therefore, an increase in 
basal BAT activity may also contribute to increased body 
temperature in the luteal phase (39), and furthermore, 
greater activation of BAT may be a physiological means 
to maintain the increased core body temperature during 
episodes of cold exposure.

The adaptive supraclavicular temperature responses to 
both cold- and meal-stimuli were positively correlated with 
plasma 17β-estradiol levels. Although there is a paucity 
of studies in humans, sex steroids have been shown to 
modulate thermogenesis in various animal models, such 
that estrogens are known to increase BAT activity (13, 
44). In rodents, 17β-estradiol is thought to inhibit AMPK 
neurons within the ventromedial hypothalamus, leading 
to sympathetic activation of BAT (45). This supports the 
hypothesis that inherent differences in BAT thermogenesis 
between healthy men and women are due, at least in 
part, to variation in the peripheral concentration of 
estrogen. Despite the association between supraclavicular 
temperature and female sex steroids, there was no 
association with circulating testosterone concentrations 
and any indices of BAT thermogenesis. This is consistent 
with our previous work demonstrating that clinically 
elevated testosterone levels are correlated with reduced 
supraclavicular temperature in women with polycystic 
ovarian syndrome, but there is no association between the 
two measurements in control women (46); further work is 
required to elucidate any possible effects of androgens on 
BAT function.

In conclusion, we demonstrate sexual dimorphism in 
basal supraclavicular temperature and in response to both 
cold and dietary stimuli. However, to our knowledge, this 
is the first study that has sought to link these differences 
with endogenous circulating concentrations of sex steroids 
in humans. Herein we have shown that the female sex 
steroids, progesterone and 17β-estradiol are associated with 
innate differences in basal supraclavicular temperature 
and the temperature responses to thermogenic stimuli, 
respectively. Furthermore we demonstrate that the stage 
of menstrual cycle can impact on temperature responses 
during cold exposure, an effect that appears to be 
independent of sex steroids. As eluded to above the vast 
majority of previous studies investigating BAT physiology 
are carried out in men, and thus this highlights the 
fundamental importance to investigate sex differences as 

well as the impact of the stage of menstrual cycle on BAT 
activation and energy expenditure.
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