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Exercise modulates both brown adipose tissue (BAT) metabolism and white
adipose tissue (WAT) browning in murine models. Whether this is true in
humans, however, has remained unknown. An unblinded randomized con-

trolled trial (ClinicalTrials.gov ID: NCT02365129) was therefore conducted to
study the effects of a 24-week supervised exercise intervention, combining
endurance and resistance training, on BAT volume and activity (primary out-
come). The study was carried out in the Sport and Health University Research
Institute and the Virgen de las Nieves University Hospital of the University of
Granada (Spain). One hundred and forty-five young sedentary adults were
assigned to either (i) a control group (no exercise, n =54), (ii) a moderate
intensity exercise group (MOD-EX, n =48), or (iii) a vigorous intensity exercise
group (VIG-EX n =43) by unrestricted randomization. No relevant adverse
events were recorded. 97 participants (34 men, 63 women) were included in
the final analysis (Control; n =35, MOD-EX; n =31, and VIG-EX; n=31). We
observed no changes in BAT volume (A Control: -22.2 + 52.6 ml; A MOD-EX:
-15.5+62.1ml, A VIG-EX: -6.8 + 66.4 ml; P = 0.771) or 8F-fluorodeoxyglucose
uptake (SUVpeak A Control: =2.6 + 3.1 ml; A MOD-EX: -1.2 +4.8, A VIG-EX:
-2.2+5.1; p=0.476) in either the control or the exercise groups. Thus, we did
not find any evidence of an exercise-induced change on BAT volume or activity

in young sedentary adults.

Brown adipose tissue (BAT) is a mammalian thermogenic tissue,
characterized by its ability to dissipate energy as heat via the action
of uncoupling protein 1 (UCP1). This is mainly triggered by the
activation of the sympathetic nervous system in response to cold'™.
In the late 2000s, several independent research groups showed
BAT to be present and metabolically active in human adults®”’.
Moreover, the presence of beige adipocytes, a brown-like type of
adipocyte that expresses UCP1 and shows non-shivering thermo-
genic capacity’’, was documented within white adipose tissue
(WAT) depots in humans". Beige adipocyte proliferation and

activity can be increased through a process known as WAT
browning™.

Over the last decade, BAT and beige adipocyte recruitment and
activation have been thought potential targets for combating obesity
and its comorbidities®. Initially, it was hypothesized that BAT might
have a profound impact on human daily energy expenditure, and
might therefore be enlisted to help reduce adiposity"* and improve
cardiometabolic health™°. Although this was found to be true for
mice*"¥, BAT seems to play only a minor role in human daily energy
expenditure®”, BAT is known, however, to secrete several endocrine
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signaling molecules that might orchestrate favorable cardiometabolic
effects’® % Recruiting or activating BAT and WAT browning might still
have cardiometabolic health benefits. Mouse studies have shown that
exercise induces WAT browning”?, and exercise might thus be
speculated to do the same in humans®. Indeed, exercise stimulates the
secretion of many endocrine factors thatincrease BAT metabolism and
WAT browning®. However, exercise also increases heat production,
which might downregulate the thermogenic activity of BAT”. Unfor-
tunately, little information is available regarding the effect of exercise
on human BAT, and what there is, is controversial***’,

In the present work, it was hypothesized that exercise training in
young sedentary adults increases BAT volume and glucose uptake (as
measured by ®F-fluorodeoxyglucose ['*F-FDG] uptake) in an intensity-
dependent manner (i.e., the greater the exercise intensity, the stronger
the BAT responses). A randomized controlled trial was therefore
undertaken to investigate the effect of a 24-week supervised exercise,
intervention combining endurance and resistance training (moderate
or vigorous intensity) on BAT volume, 8F-FDG uptake, and mean
radiodensity in young sedentary adults. Here, we show no evidence
that BAT volume, 8F-FDG uptake or mean radiodensity levels are
modified in response to the exercise training intervention. While
exercise reduces adiposity (-11% [mean for both exercise intensity
groups]), and improves muscular (+15%) and cardiorespiratory fitness
(+11%), these changes are not correlated with initial BAT volume,
8F-FDG uptake or mean radiodensity, nor any changes therein.

Results and discussion

145 young, sedentary adults were randomly assigned to either: (i) a
control group (no exercise, hereinafter CON), (ii) a moderate-intensity
exercise group (hereinafter MOD-EX), or (iii) a vigorous-intensity
exercise group (hereinafter VIG-EX). Both exercise groups performed
150 min/week of endurance training, distributed over 3-4 sessions/
week, plus 80 min per week of resistance exercise over two sessions/
week (Supplementary Fig. S1). The primary endpoints were BAT
volume, ®F-FDG uptake and mean radiodensity, as measured by a
static '®F-FDG positron emission tomography/computed tomography
(PET/CT) scan following 2 h of personalized cold exposure. The sec-
ondary endpoints included body weight and composition, cardiome-
tabolic risk factors (i.e., blood pressure, fasting serum glucose, insulin,
triacylglycerols, cholesterol, liver enzymes and C-reactive protein),
and physical fitness (i.e., muscular strength and cardiorespiratory
capacity).

Study participants

Out of 1127 initially interested individuals, 523 attended one of
76 scheduled information meetings. 126 of the latter individuals
declined to participate, and 397 completed a pre-screening survey.
Among these, 296 were eligible for screening (Fig. 1). When contacted
to schedule their screening visit, 102 declined to participate. The
remaining 194 participants provided informed consent to be included
in the study, and began baseline assessment; however, 49 did not finish
this phase (39 declined to participate, 8 had an abnormal exercise
electrocardiogram, and 2 met a medical exclusion criterion). The first
participant was enrolled on October 5%, 2015 and the last participant
was enrolled on November 7th, 2016. Thus, 145 individuals were finally
randomized into the three experimental groups. During the 24-week
intervention period, another 38 participants dropped out of the study;
107 participants therefore completed it. Among these, three partici-
pants from the MOD-EX group, and two participants from the VIG-EX
group, were excluded from the main analyses for attending <70% of
the training sessions. Additionally, five participants (MOD-EX; n =2 and
VIG-EX; n=3) were excluded from the main analyses due to problems
in collecting the primary outcome data (the cooling vest or chiller
involved suffered technical problems during testing, or the ®F-FDG
tracer was improperly injected). The baseline characteristics of the

remaining 97 participants (65% women, CON; n =35, MOD-EX; n=3],
and VIG-EX; n=31) were similar across the three experimental groups
(all P>0.059, Table 1 and Supplementary Table S1).

No evidence of brown adipose tissue volume,
BF-fluorodeoxyglucose uptake, or mean radiodensity changes
after 24 weeks of supervised exercise training

Neither the MOD-EX nor VIG-EX regimen significantly altered BAT
volume (A [post-baseline values]: A CON=-22.2+52.6 mL (mean *
standard deviation); A MOD-EX=-155+62.1mL; A VIGEX=-6.8+
66.4mL; p=0.771, Fig. 2a). Nor did they alter *®F-FDG uptake (stan-
dardized uptake value [SUV] mean: A CON=-0.4+0.7; A MOD-EX =
-0.4+1.0; A VIG-EX=-0.5+1.1; P=1.000, Fig. 2b; SUVpeak: A CON =
-2.6+3.1; A MOD-EX=-12+4.8; A VIGEX=-22+51: P=0.476,
Fig. 2¢). In addition, neither BAT volume nor *®F-FDG uptake in differ-
ent BAT depots (i.e., laterocervical, supraclavicular, mediastinum or
paravertebral areas; all P> 0.1, Fig. 2e) were significantly modified. BAT
mean radiodensity (a proxy of fat content’ also remained unchanged
(A CON =-0.04 + 6.91 Hounsfield Units [HU]; A MOD-EX =2.2 + 3.5 HU;
A VIG-EX=-2.7 £10.7 HU; P= 0.441, Fig. 2d). We repeated the analyses
using mixed-effects regression models and the absence of evidence of
BAT activation after supervised exercise training persisted (Supple-
mentary Fig. S2).

Previous clinical studies have shown that BAT volume and **F-FDG
uptake in response to mild-cold and thermoneutral exposures are
different in women and men*?’, which was also confirmed in this
cohort®. However, the absence of evidence of BAT activation after
exercise training was recorded for both sexes when analyzed sepa-
rately (all P> 0.7). Only participants who attended >70% of the training
sessions were included in the main analyses (Supplementary Fig. S3),
although the results did not change when sensitivity analyses were
performed including participants whose attendance was
<70% and >85%.

Following the recommendations of the Brown Adipose Reporting
Criteria in Imaging STudies (BARCIST 1.0**) report, BAT was defined as
those imaging voxels with a radiodensity between —190 and -10 HU,
and a SUV higher than an individualized threshold (1.2/[lean mass/
body mass]). Both our research group and others have reported there
to be inter-study heterogeneity regarding the criteria used for BAT
quantification in ®F-FDG PET/CT scans (i.e., radiodensity range and
SUV threshold)* . Our group also showed that the most frequently
used criteria for measuring BAT provide non-comparable estimates of
BAT volume and *®F-FDG uptake®. Hence, the use of different criteria
might sometimes allow the effect of an intervention to be detected.
Accordingly, in the present work, sensitivity analyses were performed
using alternative criteria to quantify BAT (i.e., radiodensity: —250/-50
HU and SUV threshold >2.0; and radiodensity: -180/-10 HU and SUV
threshold >1.5). The lack of evidence of BAT activation persisted
(all P>0.5).

In agreement with the present results, a previous study” showed
that six weeks of moderate resistance training did not modify BAT
BF-FDG uptake, although a slight reduction in BAT volume was seen in
the laterocervical region in 11 men. However, the latter study did not
include a control group, limiting the conclusions that can be drawn.
BAT volume and ®F-FDG uptake are strongly influenced by outdoor
temperature, with activation greater in colder months®*~*’; therefore,
not including a control group leaves it impossible to know if any
changes in BAT volume and/or *®F-FDG uptake were the result of sea-
sonal temperature variation or a consequence of the intervention. The
present results clearly support this notion, since the A outdoor ambi-
ent temperature was negatively associated with A BAT volume, A
F-FDG uptake and A BAT mean radiodensity (all R*>0.09 and
P<0.001, Fig. 3a-d) in all three groups. These correlations remained
unaltered when BAT-related outcomes were calculated for individual
BAT depots separately (all r<-0.207 and P<0.043, Fig. 3e). At

Nature Communications | (2022)13:5259



Article https://doi.org/10.1038/s41467-022-32502-x

baseline, we found that outdoor ambient temperature at which the After observing these correlations, we performed the main analyses
PET/CT scans were performed negatively correlated with BAT-related adding the outdoor ambient temperature as covariate and the results
outcomes (all r>-0.364 and P<0.001, Supplementary Table S2), did not change (all P> 0.182; Supplementary Table S3). In addition, we
although these significant correlations disappeared when post- found weak to moderate correlations (range from r = 0.515to r = 0.872)
intervention values were used instead (Supplementary Table S2). between baseline and post-intervention BAT-related outcomes, which

Recruitment process for

the ACTIBATE study
1127 Expressed interest to participate in
ACTIBATE
ACTIBATE sends information >
about meetings l

673 Confirmed attendance at an
information meeting

76 Information meetings i ’l

523 Attended an information meeting

126 Declined to participate |

v

\4

397 Requested the pre-screening
questionnaire

26 Did not answer |

A\ 4

A4
371 Assessed for eligibility

10 Age out of the range

12 BMI out of the range

15 Family history of cancer
9 Hyper/hypo-thyroidism

A 29 Others

296 Met pre-screening inclusion criteria Total=75

v

A 4

102 Declined to participate

v

194 Eligible for baseline assessment

8 Abnormal Exercise ECG

2 Medical exclusion found

during examination

\ 39 Declined to participate
Total=49

\ 4

N=145 Randomized

N=54 CON N=48 MOD-EX N=43 VIG-EX
N=19 Lost to follow up N=12 Lost to follow up N=7 Lost to follow up
N=35 Completed trial N=36 Completed trial N=36 Completed trial

I I
Attendance of 270% of the intervention sessions,

and valid data on the primary endpoints
I I

N=35 Included in primary N=31 Included in primary N=31 Included in primary
analysis analysis analysis

Fig. 1| Participant enrollment in the ACTIBATE study. BMI body mass index, CON control group, MOD-EX moderate-intensity exercise group, VIG-EX vigorous-intensity
exercise group, ECG electrocardiogram.
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suggests that our protocol is reproducible despite the presence of
large seasonal variation (Supplementary Table S4).

The present BAT assessments were made after a personalized 2 h
cold exposure, i.e., based on the participants” shivering threshold - a

Table 1| Baseline characteristics of the study participants

CON (n=35) MOD- VIG-EX (n=31)
EX (n=31)

Mean SD Mean SD Mean SD
Demographics
Age (years old) 22.0 2.0 22.0 21 22.0 25
Male (n, %) 15 42.8 9 291 10 32.2
Female (n, %) 20 57.2 22 70.9 21 67.8
Brown adipose tissue outcomes
BAT volume (mL) 74.6 52.4 68.9 62.9 64.0 59.1
BAT SUVmean 2.2 1.0 21 12 2.2 11
BAT SUVpeak 6.7 4.1 6.1 5.0 6.6 5.3
BAT mean -60.5 89 -60.3 9.0 -58.0 1.0
radiodensity (HU)
Body composition outcomes
BMI (kg/m?) 245 4.4 24.9 4.2 25.2 4.5
Overweight (n, %) 9 26 9 28 13 iyl
Obesity (n, %) 5 14 4 12 4 12
Lean mass (kg) 42.6 10.7 40.8 7.9 425 9.6
Fat mass (kg) 23.6 7.8 25.3 9.1 261 8.1
Fat mass (%) 34.3 7.2 36.4 8.7 36.4 6.9
VAT mass (g) 333 172 351 181 365 190
Cardiometabolic risk factors
Glucose (mg/dL) 87.6 6.6 87.8 7.1 86.7 5.8
Insulin (uIU/mL) 8.2 5.4 8.3 45 8.6 4.2
HOMA-IR 1.8 1.4 1.8 12 1.9 1.0
y-GT (IU/L) 225 281 15.6 8.4 191 9.7
ALT (IU/L) 24.4 32.4 15.5 6.1 17.6 8.9
ALP (IU/L) 71.9 22.8 72.4 18.4 741 16.5
Cholesterol (mg/dL) 154.8 27.8 163.8 31.1 170.4 33.2
HDL-C (mg/dL) 53.0 10.0 52.6 1.3 51.7 13.9
LDL-C (mg/dL) 86.2 22.9 95.9 28.5 100.2 24.6
Triacylglycerols 78.5 440 871 63.0 93.2 48.8
(mg/dL)
C-reactive 22 23 3.5 5.2 2.2 2.6
protein (mg/L)
Systolic blood 116.9 12.6 17.8 10.6 116.6 1.4
pressure (mmHg)
Diastolic blood 69.5 7.8 72.2 5.9 72.0 8.0
pressure (mmHg)
Physical fitness outcomes
Handgrip strength (kg) 32.3 71 30.6 7.8 31.2 7.7
RM leg press (kg) 212.5 75.0 190.7 56.9 200.6 68.6
RM bench press (kg) 34.4 16.5 28.6 10.7 30.9 13.2
Time to exhaustion (s) 883 234 942 192 953 180
VO,peak (mL/kg/min)  42.0 9.2 40.7 6.7 41.0 7.9
VO,peak (mL/min) 2955 858 2817 543 297 866

Data are presented as means and standard deviations (SD) unless otherwise stated. Serum and
plasma concentrations were logo transformed for statistical analyses. BAT mean radiodensity
sample size: CON n =25; MOD-EX n=17; VIG-EX n=16. BAT SUVmean and SUVpeak are shown
relative to lean mass.

y-GT gamma-galactosyltransferase, ALP alkaline phosphatase, ALT alanine aminotransferase,
BAT brown adipose tissue, BMI body mass index, CON control group, CRP C-reactive protein,
HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostatic model assessment for insulin
resistance, HU Hounsfield Units, LDL-C low-density lipoprotein cholesterol, MOD-EX moderate-
intensity exercise group, VIG-EX vigorous-intensity exercise group, RM repetition maximum, SUV
standardized uptake value, VAT visceral adipose tissue, VO, oxygen consumption.

proxy of cold tolerance'®. While this method is widely used™**** it has
been suggested that it might not be entirely adequate. Shivering pat-
terns are variable among individuals, making the detection of shivering
onset difficult to be determined objectively*®*°. Moreover, exercise has
been reported to increase cold tolerance®, and could therefore alter
the detection of shivering onset during post-intervention personalized
cold exposure, introducing a bias regarding the effect of exercise on
BAT recruitment/activation. In the present work, however, the shi-
vering threshold (assessed via the cooling vest water temperature at
the onset of shivering [see Methods]) was not modified in any of the
groups after the intervention (P=0.154, Supplementary Table S1).

The lack of evidence of BAT volume, 8F-FDG uptake or mean
radiodensity modification after exercise training is in line with the
results of cross-sectional studies that show no association of BAT-
related outcomes with objectively measured free-living physical
activity® or muscular or cardiorespiratory fitness®. Case-control stu-
dies have revealed, however, that endurance-trained athletes show
lower BAT volumes and “F-FDG uptakes than their sedentary
counterparts®**, It is thus conceivable that the high volume of exercise
training undertaken by endurance-trained athletes reduces BAT
volume and ®F-FDG uptake as an adaptation to high activity energy
expenditure levels, while the more moderate exercise training regi-
mens implemented in the present study do not. This hypothesis con-
curs with the constrained total energy expenditure model, which
suggests that low levels of physical activity do not inhibit energy-
consuming physiological processes such as BAT thermogenesis®,
whereas higher levels of physical activity do in order to maintain total
daily energy expenditure within a homeostatic range*®”.

Although ®F-FDG PET/CT scanning is still the most widely used
technique for the in vivo assessment of human BAT, the use of ®F-FDG
has important limitations®®. Cold exposure increases BAT F-FDG
uptake, but the amount of 8F-FDG taken up does not necessarily mimic
the BAT’s thermogenic activity, since most glucose taken up by BAT
does not fuel mitochondrial oxidative capacity**°. Accordingly, insu-
lin infusions increase human BAT ®F-FDG uptake without increasing
BAT perfusion, suggesting that the increase in '®F-FDG uptake is not
paralleled by increased BAT thermogenic activity®. F-FDG is taken up
by BAT through insulin-independent (glucose transporter 1, GLUT-1)
and insulin-dependent (GLUT-4) mechanisms®’. Consequently, BAT
insulin sensitivity is likely to partially bias the assessment of BAT
volume and activity, when performing 8F-FDG uptake quantification®.
Any intervention that changes BAT insulin sensitivity might therefore
result in a different *F-FDG uptake, regardless of the change in BAT
thermogenic activity. Indeed, exercise is known to increase insulin
sensitivity in many peripheral tissues®, so it is plausible that it modifies
BAT insulin sensitivity too. Moreover, exercise training increases
mitochondrial oxidative capacity in skeletal muscle®, and it might
likewise increase BAT oxidative metabolism rather than BAT *F-FDG
uptake. BAT oxidative metabolism, as well as the uptake of fatty acids
in human BAT, has been recently quantified by "C-acetate, 0-oxygen
and *®F-fluoro-thiaheptadecanoic acid (®FTHA) PET in response to cold
exposure in humans**°% Thus, it would be interesting to ascertain in
future studies if assessing BAT metabolism by methods other than
glucose uptake would unveil whether exercise can activate/
recruit BAT.

Even if a better PET radiotracer were available, PET/CT imaging
would still be affected by important limitations when evaluating the
effect of exercise on BAT recruitment/activation. It has been suggested
that the human BAT detectable by PET/CT scanning in the later-
ocervical and supraclavicular areas is composed of a combination of
brown and beige-like adipocytes® . Most preclinical studies have
shown that exercise induces WAT browning**?, although these results
might be just applicable to room temperature environments (i.e.,
below thermoneutrality’*”). Thus, exercise might not increase the
volume or activity of the brown-like depots detectable by PET/CT
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Fig. 2 | Effect of the 24-week supervised exercise intervention on brown adi-
pose tissue (BAT) volume, *F-fluorodeoxyglucose (*F-FDG) uptake (Standar-
dized uptake Value [SUV] mean and peak), and mean radiodensity. a Total BAT
volume. b Total BAT SUVmean. ¢ Total BAT SUVpeak. d Total BAT mean radio-
density (CON n =25; MOD-EX n =17; VIG-EX n=16). E Regional BAT volume, SUV-
mean, and SUVpeak. SUV values are shown relative to lean mass. A was calculated

as post-intervention minus baseline values for every outcome. P values are from
analyses of covariance adjusting for baseline values (n=97). In panel e, all P values
>0.1. CON control group, HU Hounsfield Units, MOD-EX Moderate-intensity exer-
cise group, VIG-EX Vigorous-intensity exercise group. Bars represent mean and
standard deviation. Source data are provided as a Source Data file.

scanning, but may still induce the browning of small clusters of
adipocytes, that are not detected by this technique. If this is the
case, the limited resolution of PET imaging (usually 4 mm) would
not allow the appearance of beige cells within the WAT to be
captured*®. The effect of exercise on BAT volume/activity and WAT
browning needs to be further explored as better methods become
available.

The present finding that exercise seems not to alter BAT volume
nor activity in human adults should also be tested in new studies
involving different types of exercise program and populations. It is
well known that different exercise types (endurance vs. resistance vs.
a combination of both) and intensities induce different physiological
adaptations’. The present exercise regimens combined resistance
and endurance exercises, but it cannot be determined from the
results whether the resistance or endurance components on their
own might have different effects on BAT recruitment/activation.
Interestingly, we found that outdoor ambient temperature influ-
enced BAT volume, ®F-FDG uptake and radiodensity, which might be
masking the possible effect of exercise on BAT recruitment/activity.
Thus, other study designs and experimental settings, with longer
durations, and taking into account the potential effect of outdoor
ambient temperature, should be implemented for addressing this
scientific question. Finally, BAT presence and activity are reported to
be blunted by aging®*”~”* and metabolic disease*’. Since the present
work involved relatively healthy young sedentary adults, the findings
made may not apply to older or metabolically compromised
individuals.

Twenty-four weeks of supervised exercise training reduces

adiposity and increases muscular and cardiorespiratory fitness
Exercise reduced both total body fat (A CON=-0.3+3.5kg; A
MOD-EX=-2.1+2.3kg; A VIG-EX=-2.7+3.8kg; P=0.021) and
visceral fat mass (A CON=-8.6 +90.3g; A MOD-EX=-44.5+57.9
g A VIGEX=-66.7+913g; P=0.021), although post-hoc

comparisons detected differences only between the CON and VIG-
EX groups (Fig. 4a and Supplementary Table S1). As expected,
exercise tended to increase lean mass in both intervention groups,
although only a trend was seen with respect to the control group
(P=0.213, Fig. 4a and Supplementary Table S1). No evidence of a
reduction in body weight (P=0.283, Fig. 4a), or improvements on
blood pressure, fasting serum concentrations of glucose, insulin,
liver enzymes (i.e., y-GT, ALT and ALP), cholesterol (i.e., HDL-C and
LDL-C), triacylglycerols, and C-reactive protein (all P>0.092,
Fig. 4b and Supplementary Table S1) after the exercise interven-
tion were observed. These findings concur with those of previous
exercise intervention studies in relatively healthy individuals®®®’,
The lack of evidence of an improvement in cardiometabolic risk
factors after exercise training may be related to the young age
(22 + 2 years old) and the relatively healthy status of the present
participants, whose cardiometabolic risk markers were usually
within normal ranges.

The intervention enhanced lower body muscular strength as
measured via the repetition maximum (RM) leg press test (A
CON=3.7+30.8kg; A MOD-EX=20.5+31.1kg; A VIG-EX=26.3 %
37.7 kg; P=0.049, Fig. 4c, and Supplementary Table S1), whereas a
lack of effect was observed on RM bench press or handgrip
strength results after the exercise intervention (all P>0.993,
Supplementary Table S1). In addition, the intervention increased
the time to exhaustion in a maximum effort test (A CON=21.8+
124.0s; A MOD-EX=144.2+109.8sec; A VIG-EX=142.2+96.25s;
P<0.001, Fig. 4c) and VO,peak (A CON =28 + 371 mL/min; A MOD-
EX=305+367 mL/min; A VIG-EX=285+376 mL/min; P=0.006,
Fig. 4c and Supplementary Table S1), although no significant dif-
ferences were seen between the exercise groups. Only those par-
ticipants who attended >70% of the total training sessions were
included in the main analyses (Supplementary Fig. S3), but the
results remained unaltered when other attendance criteria were
taken into account (<70%, or =85%).
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Exercise-induced changes in adiposity, muscular, and cardior-
espiratory fitness do not correlate with any changes in brown
adipose tissue

Preclinical studies have shown that, during exercise, BAT secretes
signaling molecules that favor skeletal muscle function®®*. Thus, it
may be hypothesized that individuals with higher BAT volumes might
benefit to a greater extent from exercise. However, no significant
correlations were detected between baseline values, or any change in
BAT-related outcomes, and any exercise-induced changes in body
composition, cardiometabolic risk profile, muscular strength or car-
diorespiratory capacity (all P> 0.1, Supplementary Table S5). Although
significant correlations were found between changes in total plasma
cholesterol and BAT-related outcomes in the CON and MOD-EX
groups, these did not persist after false discovery rate correction (all ¢
values >0.54; Supplementary Table S5). These data agree with the
findings of a previous study in which no relationship was seen between
exercise-induced reduction in adiposity or improvement in the lipo-
protein profile, and exercise-induced changes in BAT *F-FDG uptake?®.
These observations suggest that the cardiometabolic improvements
induced by the exercise intervention were not mediated by BAT acti-
vation, at least as quantified by **F-FDG PET-CT.

In conclusion, there was no evidence of changes in BAT-related
outcomes after 24-week supervised exercise intervention combining
resistance and endurance training at different intensities in young
sedentary adults. The exercise intervention reduced adiposity and
enhanced muscular and cardiorespiratory fitness to a comparable
extent in both exercise groups, but seemed not to modify other car-
diometabolic risk factors. These exercise-induced changes in adipos-
ity, muscular and cardiorespiratory fitness were not correlated with

any individual changes in BAT-related outcomes, suggesting that the
observed exercise-induced benefits are independent of BAT in such
young sedentary adults.

Methods

Participant details

The study was approved by the Ethics Committee on Human Research
of the University of Granada (no. 924) and by the Servicio Andaluz de
Salud (Centro de Granada, CEI-Granada, Spain). All participants pro-
vided informed consent in order to be included. A total of 145 young
sedentary adults aged 18-25 years old participated in the Activating
Brown Adipose Tissue Through Exercise (ACTIBATE) study (Clinical-
Trials.gov ID: NCT02365129; Fig. 1)¥. For participant recruitment, the
study was advertised through social networks, local media, and via
posters. The inclusion criteria included self-reported sedentary life-
style (performing a maximum of 20 min of moderate-to-vigorous
physical activity per day on less than three days per week), being a non-
smoker, not taking any medication, and having a stable body weight
over the last three months. The exclusion criteria were: having been
diagnosed with diabetes, hypertension, or any other significant med-
ical condition (either life-threatening or that might interfere with or be
aggravated by exercise), being pregnant, using medication deemed to
affect energy metabolism, or to be frequently exposed to cold
temperatures®,

Study design

After baseline examination, participants were assigned to one of three
groups via computer-generated simple unrestricted randomization®:
(i) a control group (no exercise, CON), (ii) a moderate-intensity
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correction. BP Blood pressure, CON Control group, HDL-C high-density lipopro-
tein cholesterol, MOD-EX Moderate-intensity exercise group, RM repetition max-
imum, VAT visceral adipose tissue, VO, oxygen consumption, VIG-EX vigorous-
intensity exercise group. Bars represent the mean and standard deviation. Source
data are provided as a Source Data file.

exercise group (MOD-EX), and (iii) a vigorous-intensity exercise group
(VIG-EX). The study was conducted over two consecutive years (from
September 2015 to June 2016, and from September 2016 to June 2017).
In both years, participants were enrolled over four waves (16-24 par-
ticipants each) starting between September and December. The first
participant was enrolled on October 5th, 2015 and the last participant
was enrolled on November 7th, 2016. All outcome assessments were
made at the same time of day before and after the 24 weeks inter-
vention. All participants were instructed not to modify their normal
routine or their physical activity or dietary pattern over the study
period.

Supervised exercise training program

A detailed description of the supervised exercise training program
used in this work, which combined resistance and endurance training
as recommended by World Health Organization (WHO) guidelines®,
has been previously published®. For 24 weeks, participants trained 3-4
times per week, completing a total of 150 min/week of endurance
exercise (performed in all sessions) and 80 min/week of resistance
exercise (performed over 2 sessions/week) at the same training center.
Both resistance and endurance training were individualized to each

participant’s physical fitness. The MOD-EX group performed resistance
training at 50% of the repetition maximum (RM), whereas the VIG-EX
group trained with loads equivalent to 70% RM. The calculation of RM
loads is described below and was adjusted monthly (Supplementary
Fig. S1). All endurance training in the MOD-EX group was performed at
60% heart rate reserve (HRres), whereas in the VIG-EX group it was
performed for 75 min/week at 60% HRres and 75 min/week at 80%
HRres. HRres was calculated as the difference between the resting and
maximum heart rates. The exercise intervention was organized in five
phases of different duration, starting with a four-week familiarization
phase (see detailed description Supplementary Fig. S1).

Participants exercised in groups of 10-12 people at the same time
of day over the 24 weeks intervention (either 8.30-10.30a.m.,
4-6 p.m., 6-8 p.m., or 8-10 p.m). Attendance was registered via an
electronic attendance sheet. Adherence to the prescribed intensity of
endurance training was quantified by heart rate monitors (RS800CX,
Polar Electro Oy, Kempele, Finland).

Primary endpoints: brown adipose tissue measurements
Shivering threshold test. For personalizing the cooling protocol used
to activate BAT, the participants’ shivering threshold was determined
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48-72 h before BAT volume and metabolism assessments. Participants
first entered a warm room (22.1 +1.6 °C) where they rested in a sitting
position for 30 min. They then entered in an air-conditioned room
(19.8 £ 0.5 °C) and sat in a chair. After 15 min, they were asked to put on
a temperature-controlled, water-perfused cooling vest covering the
abdomen, chest, and supraclavicular region (Polar Products Inc., Stow,
OH, USA). The water temperature was initially set at 16.6°C and
reduced slightly every 10 min until reaching 5.5 °C. If shivering was not
detected at this point, the water temperature was decreased by 0.6 °C
every 15 min until 3.8 °C was reached. If shivering did not occur, par-
ticipants remained in the cold room for another 45min (water at
3.8°C). Shivering onset was visually detected by the researcher and
confirmed by the participants themselves. The water temperature at
shivering onset was deemed the shivering threshold and was used for
determining the cooling vest water temperature during the persona-
lized cooling protocol before the *®F-FDG-PET/CT scan (4 °C above the
shivering threshold). If shivering did not occur, participants started the
personalized cooling protocol before the '®F-FDG-PET/CT scan with
the water temperature set at 3.8 °C.

Personalized cooling protocol and positron emission tomography/
computed tomography scanning. Forty-eight to 72 h after the shi-
vering threshold test, participants went to the Hospital Virgen de las
Nieves in Granada (Spain) for the assessment of BAT volume, ®F-FDG
uptake, and radiodensity. After resting in a warm room, they were
placed in a cool room (19.5-20 °C) wearing the same cooling vest with
the water temperature set at the personalized temperature, as
explained above. After the first hour of cold exposure, the participants
received an injection of ®F-FDG (185 MBq) and the water temperature
was increased by 1°C to avoid shivering. The water temperature was
also slightly increased at any time participants reported shivering. One
hour later, they were subjected to ®F-FDG-PET/CT scanning in the
supine position using a Siemens Biograph 16 PET/CT scanner (Siemens,
Erlangen, Germany). Image acquisition covered an area of two BED
positions from the atlas vertebra to thoracic vertebra 6, approxi-
mately. The natural calendar day when the baseline, and post-
intervention PET/CT scan were performed was recorded from day 1
(January 1st) to day 365/366 (December 31%).

BAT volume, "F-FDG uptake, and mean radiodensity. BAT volume,
8F-FDG uptake and BAT mean radiodensity were determined following
current recommendations® and using the Beth Israel plug-in for the
FIJI program v.1%. Several regions of interest (ROIs) were semi-
automatically outlined from the atlas vertebra to thoracic vertebra 4,
on both the left and right sides of the body: laterocervical, supracla-
vicular, mediastinum, and paravertebral, which were later computed
as a single ROI, as extensively described elsewhere®**°. BAT was
defined as those voxels within the ROI showing: (i) a radiodensity
between -190 and —10 HU; and (ii) a standardized uptake value (SUV)
higher than an individualized threshold (1.2/[lean body mass/body
mass])**. BAT volume was calculated as the sum of all voxels meeting
the above-mentioned criteria. BAT '8F-FDG uptake was determined as
the average SUV of all voxels meeting the above-mentioned criteria
(SUVmean), and as the average of the three voxels showing the highest
BE-FDG uptake within 1 cm?® of the voxel with the highest F-FDG
uptake among those meeting the criteria described above (SUVpeak).
SUV values were expressed as a function of lean body mass®’. BAT
mean radiodensity was determined as the average radiodensity of
those voxels meeting the aforementioned criteria in a single ROI cov-
ering the body (except the mouth) from the atlas to thoracic vertebra
4. Twenty-eight participants showed several voxels classified as BAT
outside of the anatomical areas where BAT is located; their data were
excluded from BAT mean radiodensity analyses. For sensitivity ana-
lyses, BAT volume, 8F-FDG uptake, and BAT mean radiodensity were
also determined using other common criteria (i.e., radiodensity: -250/

-50 HU and SUV threshold >2.0; and radiodensity: —-180/-10 HU and
SUV threshold >1.5)*%.

Outdoor ambient temperature. We downloaded the outdoor ambient
temperature from the Spanish National Meteorological Agency daily
during the period of the study (from September 1, 2015 to July 1, 2017).

Secondary endpoints

Anthropometrics and body composition. Body composition (i.e., fat,
lean, and visceral adipose tissue mass) was measured by dual-energy X-
ray absorptiometry scanning using a Hologic Discovery Wi device
(Hologic Inc., Bedford, MA, USA). Participant height and weight
(barefoot and wearing light clothing) were determined using a model
799 SECA scale and stadiometer (Electronic Column Scale, Hamburg,
Germany). Body mass index (BMI) was calculated as body mass (kg)
divided by height squared (m?).

Cardiometabolic risk factors. At 1-3 weeks before starting the exer-
cise intervention, and at 3-4 days after the last exercise session, blood
samples were drawn in the morning following an overnight fast. These
samples were centrifuged and the serum aliquoted and stored at
-80°C for future analyses. Glucose, cholesterol, high-density lipo-
protein cholesterol (HDL-C), and triacylglycerols were assessed using
an AU5832 automated analyzer (Beckman Coulter Inc., Brea CA, USA).
Low-density lipoprotein cholesterol (LDL-C) was estimated using the
Friedewald formula®. Insulin was measured using the Access Ultra-
sensitive Insulin Chemiluminescent Immunoassay Kit (Beckman
Coulter Inc., Brea, CA, USA). The homeostatic model assessment
(HOMA) index was calculated as insulin (uU/mL) x glucose (mmol/L)/
22.5. C-reactive protein was measured by immunoturbidimetric assay,
employing the same automated analyzer as above. Liver enzyme (y-GT,
ALT, or ALP) concentrations were determined using a Beckman Coul-
ter AU5832 analyzer and the appropriate Beckman Coulter reagent.
Resting blood pressure was measured in the sitting position before and
after exercise training on three non-consecutive days using an auto-
matic Omrom M2 device (Omron Healthcare, Kyoto, Japan). Three
measurements were made and the mean blood pressure calculated as
diastolic blood pressure + 0.33 x (systolic blood pressure-diastolic blood
pressure).

Physical fitness. Physical fitness was assessed in two different ses-
sions, one focusing on muscular strength and the other on cardior-
espiratory fitness. Before each session, participants fasted for 3-5h,
performed no vigorous exercise in the previous 48 h, nor moderate
exercise in the previous 24 h, and did not consume caffeine-containing
beverages on the day of the tests.

Muscular strength. Muscular strength was determined via the hand-
grip strength and RM leg and bench press tests. The handgrip strength
test was performed using a Takei 5401 digital Grip-D hand dynam-
ometer (Takei, Tokyo, Japan). Participants were asked to squeeze the
grip gradually and continuously, until reaching maximum intensity.
The test was performed twice with each hand, alternating between
hands with a 1 min rest after each attempt. Men executed the test with
the grip span of the dynamometer fixed at 5.5 cm, while it was adjusted
to the hand size for women, according to a validated equation. The
maximum strength recorded in each hand was selected and the mean
used in analyses.

Leg press RM was assessed using an A300/Model 2531 pneumatic
leg press machine (Keiser Corporation, Fresno, CA, USA). To warm-up,
participants first performed a set of 10 repetitions with a self-selected
light weight. They then performed a set of eight repetitions using a
load with which they could perform a 15-repetition maximum. After a
1min recovery period, the resistance load was increased by the
researcher, aiming to set a target load at which the participant could
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perform fewer than 10 repetitions (all participants were instructed to
perform as many repetitions as they could). The test was stopped after
3-4 repetitions if the participants felt they could perform more than 10
repetitions with the resistance load set. A greater load was then
selected, and the test repeated after resting for 5 min. No more than
three attempts were allowed for assessing the RM. Later, following a
similar procedure, each participant performed a bench press RM test
using a bench within a Model 3111 pneumatic power rack (Keiser
Corporation, Fresno, CA, USA). The RM was estimated by a standard
equation®.

Cardiorespiratory fitness. Cardiorespiratory fitness (i.e., maximum
oxygen consumption) was assessed by a maximum graded exercise
test on a treadmill, (H/P/Cosmos Sports & Medical GmbH, Nussdorf-
Traunstein, Germany), following the modified Balke protocol®. The
warm-up consisted of walking at 3 km/h for 1 min, followed by 2 min at
4 km/h (0% slope). The incremental protocol started at a speed of
5.3km/h and 0% slope. The slope was then increased by 1% every
minute until the participants became exhausted (i.e., volitional
exhaustion). Finally, participants went through a cooling-down period,
walking at 4km/h (0% slope) for 5min. During the whole test,
respiratory gas exchange (oxygen consumption [VO,] and carbon
dioxide production [VCO,]) was recorded via indirect calorimetry
using a CPX Ultima CardioO, metabolic cart (Medical Graphics Corp,
St. Paul, MN, USA), equipped with a model 7400 plastic facemask
(Hans Rudolph Inc., Kansas City, MO, USA) and a preVent™ high
metabolic flow sensor (Medical graphics Corp, St. Paul, MN, USA). The
VO,peak was registered after excluding obvious artefacts.

We also measured other variables (secondary outcomes) such as
appetite-related sensations and energy intake in an ad libitum meal
test, thermal perceptions, heart rate variability and energy expendi-
ture in response to cold and a standardized meal®. However, for the
shake of simplicity and clarity we decided not to include those out-
comes in this manuscript.

Quantification and statistical analysis. A conservative approach to
sample size estimation was followed, and a relatively large standard
deviation assumed based on the heterogeneity of the data published
on humans up to the time when the study was designed (March 2014).
Increases of 10% and 20% were anticipated in activated BAT volume at
24 weeks in the MOD-EX and VIG-EX groups respectively (rising from a
baseline level of 50-70 mL), along with a standard deviation of
50-60 mL. Assuming an effect in either direction, differences of at
least 10% in BAT volume could be detected with a power of >80% and
an a of 0.05 in a group of 17 participants per study group. To study sex
differences, a total of 34 participants (17 men and 17 women) were
required for each group. Assuming a maximum loss to follow-up of
30%, 150 participants were thus targeted (i.e., 50 per group). The IBM-
SPSS Sample power software (version 22) was used for calculations.
Data are expressed as mean + standard deviation (SD), unless
otherwise stated. Data normality was examined using the Shapiro-Wilk
test, visual histograms, and Q-Q plots. None of the blood markers were
normally distributed; their values were therefore log;o transformed for
analyses. Delta values (A: post-baselines values) were calculated for
every outcome. To study the effect of the intervention on the primary
(i.e., A BAT-related outcomes) and secondary (i.e., A body composi-
tion, A cardiometabolic risk factors, A physical fitness) endpoints,
analyses of covariance (ANCOVA) were conducted including the cor-
responding baseline value as a covariate. Bonferroni post-hoc adjust-
ments for multiple comparisons were used to examine differences
between the three groups. As sensitivity analyses, we performed
mixed-effects regression models with random intercepts to the pri-
mary hypothesis with BAT volume, BAT SUVmean, BAT SUVpeak, and
BAT mean radiodensity (Supplementary Fig. S2). Pearson correlations
were performed to analyze the correlation between A outdoor

ambient temperature and A BAT-related outcomes calculated for
specific depots. Univariate linear regression models were used to
examine the association between the outdoor ambient temperature
when the baseline PET/CT scan was performed and the A BAT-related
outcomes. Partial correlations analyses were performed between the A
body composition, the A cardiometabolic risk profile and the A phy-
sical fitness parameters, and the initial BAT-parameters and A BAT-
related outcomes adjusting for the outdoor ambient temperature
when the baseline PET/CT scan was performed. In these correlations,
all P values were corrected by the two-stage step-up procedure of
Benjamini, Krieger and Yekutieli for multiple comparisons, controlling
for the false discovery rate®. All statistical analyses were performed
using the Statistical Package for the Social Sciences v.22.0 (IBM Cor-
poration, Chicago, IL, USA). All graphs were plotted using GraphPad
Prism software v.7 (GraphPad Software, San Diego, CA, USA). Sig-
nificance was set at P<0.05.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data as well as the study protocol (see supplementary note 1)
are provided with this paper. All of the individual participant data
collected during the trial, after deidentification, will be available for
any researchers who provide a methodologically sound proposal.
Proposals should be directed to ruizj@ugr.es. To gain access, data
requestors will need to sign a data access agreement and the data will
be provided to achieve the aims of the approved proposal. All type of
analysis is allowed. These proposals may be submitted up to
60 months following article publication. After this period, data will be
available in our University’s data warehouse but without investigator
support other than deposited metadata. Source data are provided with
this paper.
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