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SUMMARY
Cold exposure activates brown adipose tissue (BAT) and potentially improves cardiometabolic health
through the secretion of signaling lipids by BAT. Here, we show that 2 h of cold exposure in young adults in-
creases the levels of omega-6 and omega-3 oxylipins, the endocannabinoids (eCBs) anandamide and doco-
sahexaenoylethanolamine, and lysophospholipids containing polyunsaturated fatty acids. Contrarily, it de-
creases the levels of the eCBs 1-LG and 2-LG and 1-OG and 2-OG, lysophosphatidic acids, and
lysophosphatidylethanolamines. Participants overweight or obese show smaller increases in omega-6 and
omega-3 oxylipins levels compared to normal weight. We observe that only a small proportion (�4% on
average) of the cold-induced changes in the plasma signaling lipids are slightly correlated with BAT volume.
However, cold-induced changes in omega-6 and omega-3 oxylipins are negatively correlated with adiposity,
glucose homeostasis, lipid profile, and liver parameters. Lastly, a 24-week exercise-based randomized
controlled trial does not modify plasma signaling lipid response to cold exposure.
INTRODUCTION

Cardiometabolic diseases are the leading cause of premature

death in the Western world, responsible for over 40% of fatal-

ities.1–4 These diseases might result from an unhealthy lifestyle

that can lead to obesity, which has become so prevalent that it

is now at a pandemic level.1,4 Efficient solutions to reduce the

incidence of cardiometabolic diseases and the discovery of

new approaches for their treatment are therefore urgently

needed.5,6

Cold exposure has recently been proposed as an up-and-

coming tool in the battle against cardiometabolic diseases7–9
Cell Repo
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since it activates brown adipose tissue (BAT),10 a thermogenic

tissue characterized by its ability to dissipate energy as

heat.5,11,12 Indeed, a human study including >134,000 individ-

uals demonstrated that individuals with detectable BAT (deter-

mined through 18F-fluorodeoxyglucose positron emission to-

mography/computed tomography scans [18F-FDG-PET/CT])

have a 4.9% and 3.1% lower incidence of type 2 diabetes and

coronary artery disease, respectively.13 These findings suggest

a favorable impact of human BAT on cardiometabolic health,

but it remains unknown how this tissue can exert its beneficial ef-

fects.13 Human brown adipocytes produce so-called batokines,

i.e., signaling molecules that may regulate the metabolism and,
rts Medicine 5, 101387, February 20, 2024 ª 2023 The Author(s). 1
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thereby, contribute to an improved cardiometabolic profile.14–16

Hence, the beneficial impact of human BAT on improving cardi-

ometabolic health may be due to its secretory function.14–16

Among all potential signaling molecules, a group of signaling

lipids known as oxylipins encompasses a few metabolites that

have been identified as BAT lipokines. Specifically, the oxylipin

12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME) is

considered a BAT lipokine, which can increase the uptake of

fatty acids by BAT and skeletal muscle.17,18 Additionally, the

plasma levels of 12,13-DiHOME increased after 2 h of cold

exposure18 and a bout of exercise17 in humans and mice, sug-

gesting a systemic signaling effect. Likewise, BAT also se-

cretes the oxylipin 12-hydroxyeicosapentaenoic acid (12-

HEPE), which enhances glucose uptake in adipose tissue and

skeletal muscle, improving glucose tolerance in obese

mice.19 BAT also releases maresin 2 (MaR2), which targets liver

macrophages and effectively reduces inflammation in obese

mice.20 Next to oxylipins, endocannabinoids (eCBs) have

been also postulated as lipids potentially secreted by BAT

in vitro.21 Indeed, short- and long-term cold exposures elevate

circulating eCBs and activate genes responsible for eCB meta-

bolism in murine BAT, supporting their role as potential brown

fat lipokines.22 Similarly, after 24 h of cold exposure, BAT lyso-

phospholipid and sphingolipid levels dramatically decreased,

whereas these lipids increased in circulation.23 Further investi-

gations are necessary to fully understand the secretory role of

human BAT, given that most signaling lipids recognized as

brown fat lipokines have been discovered in mice but not

confirmed in humans yet.17–20,22,23

Besides cold exposure, exercise is another non-pharmaco-

logical approach that may enhance cardiometabolic health and

possibly stimulate the activation of BAT in humans.24 We

recently conducted one of the largest exercise-based random-

ized clinical trials on human BAT physiology25 and observed

no evidence of BAT activation after 24 weeks of a supervised ex-

ercise program in young adults. However, we observed a reduc-

tion in fat mass and fasting levels of oxylipins and eCBs after the

exercise intervention.25,26 These findings suggest that altering

adiposity and circulating levels of signaling lipids through inter-

ventions, such as exercise, could potentially regulate the impact

of cold exposure on the release of brown fat lipokines. Further

exploring how external interventions can potentially modify the

secretome function of BAT is therefore clinically relevant.

This study aimed to investigate the impact of a 2-h cold expo-

sure on the plasma signaling lipids of young adults, specifically

oxylipins, eCBs and analogs, lysophospholipids, and sphingo-

sine-1-phosphate species. Furthermore, this study investigated

the relationship of cold-induced changes in plasma signaling

lipids with BAT parameters (i.e., volume, activity, and radioden-

sity) and cardiometabolic risk factors. Lastly, we examined the

impact of a 24-week supervised exercise program on the

response of plasma signaling lipids to cold exposure and its cor-

relation with changes in BAT.

RESULTS

Among the initial 145 selected participants, we collected blood

samples and measured plasma signaling lipids in 64 individuals
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before and during 2 h of cold exposure (Figure 1). From these 64

participants (see phenotypical traits in Table 1), 30 completed

the exercise intervention and had their blood samples collected

in response to cold exposure after the intervention. These sub-

jects were thus included in subsequent analyses (Figure S2,

see phenotypical traits in Table S5).

2-h cold exposure modifies the levels of signaling lipids
A 2-h cold exposure increased the levels of omega-6 polyunsat-

urated fatty acids (PUFAs) linoleic acid (LA), dihomo-g-linolenic

acid (DGLA), and arachidonic acid (AA), as well as their derived

oxylipins (32 out of 39 omega-6 PUFAs; an average increase

of +46.9%; all p % 0.04; Figure 2A). Likewise, omega-3 PUFAs

a-linolenic acid (ALA), eicosapentaenoic acid (EPA), and doco-

sahexaenoic acid (DHA), as well as their derived oxylipins

increased after cold exposure (17 out of 17 omega-3 PUFAs;

average +77.4%; all p < 0.001; Figure 2B). In contrast, cold

exposure decreased the levels of the omega-6 oxylipin

9,12,13-TriHOME (�13.2%; p = 0.003; Figure 2A). Overall, these

analyses revealed that platelet-related omega-6 oxylipins

(i.e., 12-HHTrE, thromboxaneB2, and 12-HETE; Figure 2A; aver-

age +185%) and DHA-derived omega-3 oxylipins (Figure 2B;

average +89.6%) were the groups of lipids that showed the

largest increase. Moreover, cold exposure increased the levels

of the two eCBs, anandamide (AEA) and docosahexaenoyletha-

nolamide (DHEA) (2 out of 5 eCBs; average +19.5%), whereas it

decreased the analogs 1-LG and 2-LG and 1-OG and 2-OG (2

out of 5 eCBs; average �37.4%; all p % 0.001; Figure 2C). In

addition, the levels of lysophosphatidic acid (LPA) decreased

after cold exposure (9 out of 11 LPAs average �17.2%; all p %

0.01; Figure 2D). Contrarily, the levels of PUFA-containing lyso-

phosphatidylethanolamine (LPE) (6 out of 13 LPEs; +15.4%),

PUFA-containing lysophosphatidylglycerol (LPG) (3 out of 9

LPGs; +9.4%), and lysophosphatidylserine (LPS) (3/3; +33.5%)

increased significantly in response to cold (all p % 0.04; Fig-

ure 2D). These results persisted when we repeated the analyses

separately for men (Figure S3) and women (Figure S4), in partic-

ipants with normal weight (Figure S5), as well as participants

overweight or obese (Figure S6). It is worth mentioning that the

levels of omega-6 and omega-3 oxylipins increased to a greater

extent in response to cold (+58.0% and +81.9%, respectively) in

participants with normal weight compared with participants

overweight or obese (+31.6% and +69.9%, respectively) (Fig-

ures S5, S6, and S7).

Cold-induced changes in the levels of signaling lipids
are not markedly related to brown adipose tissue
Next, we observed that only a small proportion (�4% on

average) of the cold-induced changes in the plasma of signaling

lipids was slightly correlated with BAT parameters (Figure 3).

Cold-induced changes in plasma levels of omega-6 (i.e., LA,

GLA, DGLA, AA, and adrenic acid [AdrA]) and omega-3 PUFAs

(i.e., ALA, DALA, and EPA) were negatively correlated with BAT

volume (8 out of 105 lipids; 7.6%; all r % �0.32 and p % 0.04;

Figure 3A). Similarly, we also observed a negative correlation be-

tween cold-induced changes in levels of 5-HETrE and 15-HETrE

(i.e., DGLA-derived oxylipins) and BAT volume (2 out of 105

lipids; 1.9%; both r%�0.32 and p% 0.03; Figure 3A). We found



Table 1. Baseline characteristics of the study participants

All (n = 64) Men (n = 17) Women (n = 47)

mean SD mean SD mean SD

Age (years) 21.8 2.2 22.4 2.4 21.6 2.1

Body composition

BMI (kg/m2) 24.6 4.8 26.9 6.21 23.76 3.93

Waist circumference (cm) 80.7 14.6 90.9 18.2 76.9 11.0

Lean mass (kg) 41.3 9.2 52.9 7.5 37.0 5.3

Fat mass (kg) 25.1 9.6 26.3 14.3 24.6 7.3

Fat mass (%) 35.9 7.8 30.1 9.8 38.0 5.7

VAT mass (g) 320.7 189.3 441.2 218.1 277.1 158.8

Cardiometabolic risk factors

Glucose (mg/dL) 88.1 6.8 89.7 9.4 87.5 5.5

Insulin (mIU/mL) 8.5 6.5 10.7 10.6 7.7 4.0

HOMA-IR 1.9 1.8 2.5 3.0 1.7 1.0

Total cholesterol (mg/dL) 165.9 37.4 160.7 47.5 167.9 33.4

HDL-C (mg/dL) 54.1 11.5 46.2 6.5 57.0 11.7

LDL-C (mg/dL) 95.8 29.4 94.9 36.5 96.1 26.8

Triglycerides (mg/dL) 86.9 63.8 102.4 81.4 81.2 56.0

APOA1 (mg/dL) 149.8 33.1 128.7 17.6 155.7 34.2

APOB (mg/dL) 65.7 20.1 65.0 24.8 65.9 19.0

Leptin (mg/L) 6.2 4.4 3.5 3.4 7.1 4.4

Adiponectin (mg/L) 11.4 8.2 8.0 5.7 12.7 8.6

GPT (IU/L) 19.3 19.0 30.7 31.5 15.0 8.3

GGT (IU/L) 19.81 21.57 32.76 34.85 14.91 10.7

ALP (IU/L) 74.75 23.10 86.47 27.28 70.41 19.9

C-reactive protein (mg/L) 2.7 3.9 2.8 3.1 2.6 4.2

Brown adipose tissue

BAT volume (mL) 67.6 61.6 80.6 76.9 62.8 55.3

BAT SUVmean 3.6 1.8 3.3 1.2 3.7 2.0

BAT SUVpeak 10.7 7.7 10.1 7.7 10.9 7.8

BAT radiodensity (HU) �59.2 8.4 �58.9 8.5 �59.3 8.5

Data are presented as mean and standard deviation (SD). BAT radiodensity sample size: all, n = 47; men, n = 13; women, n = 34. Abbreviations are as

follows: ALP, alkaline phosphatase; APOA1, apolipoprotein A1; APOB, apolipoprotein B; BAT, brown adipose tissue; BMI, body mass index; GGT,

gamma-glutamyl transferase; GPP, glutamic pyruvic transaminase; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model

assessment of insulin resistance index; HU, Hounsfield Units; LDL-C, low-density lipoprotein cholesterol; SUV, standardized uptake value; VAT,

visceral adipose tissue.
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a positive correlation between cold-induced changes in levels of

LPE (16:0) and platelet-activating factor (PAF) (16:0) and BAT

volume (2 out of 105 lipids; 1.9%; both r R 0.32 and p % 0.04;

Figure 3A). However, no significant correlations were observed

between cold-induced plasma signaling lipid changes and BAT

SUVmean (all p > 0.05; Figure 3B). We found that cold-induced

changes in LA levels were negatively correlated with BAT SUV-

peak (r = �0.32 and p = 0.02), whereas 1-AG and 2-AG plasma

levels were positively correlated (r = 0.32 and p = 0.04) (Fig-

ure 3C). Lastly, cold-induced changes in LPA (20:3, 22:4), LPE

(22:5), and lysophosphatidylinositol (16:0) were positively corre-

lated with BAT mean radiodensity (4 out of 105 lipids; 3.8%; all r

R 0.33 and p% 0.03; Figure 3D). These significant results disap-

peared when correlation analyses were performed in only men

(Figure S8) and individuals overweight or obese (Figure S11). In
women (Figure S9) and individuals with normal weight (Fig-

ure S10), the significance of most of the correlations also

disappeared, except for LA, GLA, and 5-HETrE, which were still

negatively correlated with BAT volume.

Cold-induced changes in the levels of omega-6 and
omega-3 oxylipins are related to a healthier
cardiometabolic profile
We found that a large proportion of cold-induced changes in the

levels of omega-6 and omega-3 oxylipins was associated with a

healthier cardiometabolic profile (Figures 4A and 4B). On

average, �45% of cold-induced changes in omega-6 and

omega-3 oxylipins were negatively correlated with markers of

adiposity (i.e., body mass index [BMI], waist circumference,

FM, and visceral adipose tissue), �30% with glucose
Cell Reports Medicine 5, 101387, February 20, 2024 3



Warm period

120 minBaseline

Cold exposure

60 min

30 min (22-24ºC 
air)

4ºC above shivering
threshold

5ºC above shivering
threshold

19.5ºC air + water perfused vest set at:

N=64 18F-FDG uptake by
BAT

~185 MBq of 18F-FDG

PET/CT scan

Figure 1. Design of the study investigating the effects of a 2-h cold exposure on the plasma levels of signaling lipids in young adults

Abbreviations are as follows: 18F-FDG, 18F-fluorodeoxyglucose; BAT, brown adipose tissue; PET/CT, positron emission tomography/computed tomography.
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homeostasis parameters (i.e., glucose, insulin, and homeostatic

model assessment of insulin resistance index), �60% with lipid

profile parameters (i.e., total cholesterol, low-density lipoprotein

cholesterol [LDL-C], triglycerides, and apolipoprotein B [APOB]),

and �35% with liver parameters (i.e., glutamic pyruvic transam-

inase and gamma-glutamyl transferase) (Figures 4A, 4B, and

S12). In contrast, overall cold-induced changes in eCBs and

analogs, lysophospholipids, and sphingosine-1-phosphate

species were not correlated with cardiometabolic risk factors

(Figures 4Cand 4D). The correlations between cold-induced

changes in omega-6 and omega-3 oxylipins and cardiometa-

bolic risk factors were similar when we repeated the analyses

separately in men (Figures S13A and S13B) and women

(Figures S14A and S14B). However, when we repeated the ana-

lyses separately in participants with normal weight (Figures S15A

and S15B) and overweight or obese (Figures S16A and S16B), a

large proportion of cold-induced changes in omega-6 and

omega-3 oxylipins was correlated with lipid profile parameters

(i.e., total cholesterol, LDL-C, triglycerides, and APOB; normal

weight�33%; overweight or obesity�13%, on average) but sur-

prisingly not with adiposity, glucose homeostasis, and liver

parameters.

Additionally, a higher water temperature was related to higher

changes in signaling lipids. However, we found that cold-

induced changes in only 5 out of 105 lipids (4.7%, Figure S17A)

were slightly related to the water temperature of the cooling vest

(i.e., cold-induced changes in men 6.6% [Figure S17B], in

women 0.9% [Figure S17C], in normal weight 3.8% [Fig-

ure S17D], and overweight or obese 5.7% [Figure S18E], respec-

tively). The association between the proportion of cold-induced

changes in signaling lipids with cardiometabolic parameters

was not affected by the inclusion of water temperature as a

confounder (Figure S18). Lastly, the correlations between cold-

induced changes in omega-6 and omega-3 oxylipins and cardi-

ometabolic risk factors were similar when we adjusted the ana-

lyses for BAT volume or BAT SUVpeak (data not shown).
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The aforementioned analyses were repeated using the 60-min

fold change compared to the baseline for all signaling lipids,

instead of the 120-min fold change relative to the baseline; the

results remained unaltered (data not shown).

A 24-week supervised concurrent exercise intervention
does not modify the plasma signaling lipid response to
cold exposure
Lastly, we examined whether a 24-week supervised concurrent

exercise program, which reduced the levels of signaling lipids

in the blood and improved the cardiometabolic profile of the par-

ticipants in this study,25,26 modified the cold-induced changes in

the plasma signaling lipids. We found that after 24 weeks of the

exercise program, neither moderate-intensity nor vigorous-in-

tensity regime significantly modified the response of bioactive

lipids to cold exposure compared to the control group (all

p > 0.05; Figure 5). Additionally, these cold-induced changes in

the plasma signaling lipids were unrelated to BAT changes

(i.e., after 24 weeks minus baseline; data not shown).

DISCUSSION

The current study reveals that 2 h of cold exposure induced

changes in the levels of signaling lipids (i.e., omega-6 and

omega-3 oxylipins, eCBs and analogs, lysophospholipids, and

sphingosine-1-phosphate species) in young adults. Moreover,

we found that cold-induced changes in omega-6 and omega-3

oxylipins were related to a healthier cardiometabolic profile

(i.e., lower adiposity, glucose, lipid, and liver parameters) inde-

pendently of BAT, in both men and women. Indeed, participants

overweight or obese showed smaller increases in omega-6

and omega-3 oxylipins levels in response to cold (+31.6%

and +69.9%, respectively) compared to participants with normal

weight (+58.0% and +81.9%, respectively). These results sug-

gest that individuals with higher adiposity and cardiometabolic

risk factors have impaired secretion of these lipids in response



P<0.001 (+36.2%)
P=0.005 (+82.1%)
P<0.001 (+34.6%)
P<0.001 (+41.5%)
P<0.001 (+28.0%)

P=0.003 (-13.2%)
P<0.001 (+14.8%)
P<0.001 (+22.4%)

P<0.001 (+39.4%)

P<0.001 (+70.7%)
P<0.001 (+69.2%)
P<0.001 (+40.9%)
P<0.001 (+62.9%)

P<0.001 (+55.1%)
P<0.001 (+33.7%)
P<0.001 (+19.7%)
P<0.001 (+201.6%)

P<0.001 (+62.2%)
P=0.047 (+6.6%)
P<0.001 (+201.0%)

P<0.001 (+61.9%)
P<0.001 (+73.1%)
P<0.001 (+76.8%)
P<0.001 (+152.7%)
P<0.001 (+53.8%)
P<0.001 (+40.7%)
P<0.001 (+32.5%)
P<0.001 (+27.4%)
P=0.003 (+25.7%)
P<0.001 (+31.1%)
P<0.001 (+26.7%)
P<0.001 (+96.7%)

LA
-D

er
iv

ed
DG

LA
-

De
riv

ed
AA

-D
er

iv
ed

Log2 fold Change
rel. to baseline

P<0.001 (+66.7%)
P<0.001 (+60.7%)
P<0.001 (+81.0%)
P<0.001 (+27.1%)
P<0.001 (+16.5%)
P<0.001 (+78.8%)
P<0.001 (+68.9%)
P<0.001  (+119.8%)
P<0.001 (+108.0%)
P<0.001 (+139.9%)
P<0.001 (+105.0%)
P<0.001 (+155.3%)
P<0.001 (+81.8%)
P<0.001 (+106.1%)
P<0.001(+55.1%)
P<0.001 (+21.3%)
P<0.001 (+24.5%)

EP
A-

De
riv

ed
DH

A-
De

riv
ed

Log2 fold Change
rel. to baseline

P=0.008 (-9.1%)

P=0.006 (-18.4%)
P<0.001 (-16.9%)
P=0.017 (-16.4%)
P=0.003 (-10.8%)
P<0.001 (-19.8%)
P<0.001 (-23.3%)
P=0.002 (-12.9%)
P<0.001 (-14.1%)
P<0.001 (-21.9%)

Log2 fold Change
rel. to baseline

P<0.001 (+15.8%)
P<0.001 (+23.2%)

P<0.001 (-34.8%)
P=0.001 (-40.0%)

P<0.001 (-24.3%)

P<0.001 (-19.7%)

P<0.001 (+16.4%)
P<0.001 (+13.0%)
P=0.031 (+4.5%)
P<0.001 (+13.5%)
P<0.001 (+18.9%)
P<0.001 (+26.4%)
P<0.001 (-20.0%)

P<0.001 (-17.5%)

P=0.046 (+8.1%)
P<0.001 (+10.8%)
P=0.002 (-0.7%)

P=0.025 (+1.8%)

P<0.001 (+56.5%)
P=0.019 (+32.1%)
P<0.001 (+58.6%)

P=0.017 (+3.1%)

Log2 fold Change
rel. to baseline

Lysophospholipids and sphingosine-1-phosphate

Omega-6 Omega-3 eCBs and
analogs

A B C

D
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Figure 3. Association between cold-induced

changes in the plasma levels of signaling

lipids and brown adipose tissue-related out-

comes

Volcano plots show partial correlation analyses be-

tween the 120-min fold change relative to baseline

and BAT volume (A), BAT SUVmean (B), BAT SUV-

peak (C), and BAT mean radiodensity (D, n = 47).

Partial correlation analyses were adjusted for the

natural calendar daywhen the baseline PET/CT scan

was performed. The X axis represents Pearson

partial correlation coefficients, whereas the Y axis

represents the false discovery rate (FDR)-adjusted

p values of the correlations. Gray dots represent

non-significant correlations, whereas colored dots

represent statistically significant correlations (p

value < 0.05 after FDR correction). Abbreviations are

as follows: BAT, brown adipose tissue; eCBs, en-

docannabinoids; SUV, standardized uptake value.

Article
ll

OPEN ACCESS
to cold exposure. Lastly, although the 24-week exercise inter-

vention decreased adiposity and fasting levels of oxylipins and

eCBs,25,26 it did not modify the plasma signaling lipid response

to cold exposure, suggesting that other factors may regulate

these responses.

Role of cold exposure on the levels of signaling lipids
In the present study conducted in young adults, a 2-h cold expo-

sure increased the plasma levels of 80% of the omega-6

(by +46.9%) and 100% of omega-3 (by +77.4%) oxylipins

measured. Cold exposure increases sympathetic activation

releasing fatty acids (e.g., PUFAs) from white adipose tissue

into circulation27 and increases immune cell counts and inflam-

matory cytokines (e.g., interleukin-6).28–30 PUFAs are the precur-

sors of oxylipins, which are produced mainly by non-enzymatic

oxidative stress action or by the action of cyclooxygenases, lip-

oxygenases, and cytochrome P450 enzymes. These enzymes

are found in the blood, immune cells, platelets, skeletal and

smooth muscle, skin, brain, kidney, and liver among other tis-

sues, but the physiological response in these tissues is unknown

since oxylipins were measured in plasma.31–34 Thus, upon cold

exposure, omega-6 oxylipins (i.e., AA-derived eicosanoids)

may act as a pro-inflammatory response, whereas omega-3 oxy-

lipins (i.e., EPA- and DHA-derived specialized pro-resolving lipid

mediators) may act as an anti-inflammatory and pro-resolution

response to restore the inflammatory and immune status.31,35–37

Next to oxylipins, PUFAs can also be the precursor of

eCBs.38–40 Cold stimulation increases eCB and analog levels
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(i.e., AEA, 2-AG, OEA, and PEA) in mice’s

BAT and white adipose tissue.22 However,

we found that AEA and DHEA increased

(+19.5%), whereas 1-LG and 2-LG and

1-OG and 2-OG decreased (�37.4%).

AEA and DHEA are partial agonists of the

cannabinoid-1 receptor 39, whose density

increased in BAT of lean men after 2 h of

cold exposure.41 Contrarily, 1- LG and

2-LG and 1-OG and 2-OG bind the G pro-
tein-coupled receptor 119 39. AEA increase might be related

to glucose and lipid metabolism homeostasis.39 Similarly to oxy-

lipins, DHEA might have anti-inflammatory effects,40 and 1-OG

and 2-OG might have inflammatory/immune functions (i.e., nu-

clear factor-kB signaling in macrophages).42 The different

response upon cold exposure in the plasma levels of AEA and

DHEA vs. 1-LG and 2-LG and 1-OG and 2-OG is intriguing. In

this sense, 1-LG and 2-LG moderately inhibit the activity of

2-AG and AEA.39 Therefore, it seems plausible that upon cold

exposure, there is a synergy effect decreasing 1-LG and 2-LG

levels to potentiate the 2-AG effects (which increased upon

cold exposure in our study participants). In addition, 1-OG and

2-OG are mainly found in the intestinal lumen and are produced

as an intermediate of lipid digestion, concretely the oleic acid.39

Thus, its decrement could be explained by the fact that partici-

pants were in a fasted state, and also that cold exposure is a

sympathetic stimulus that decreases splenic blood flow and in-

hibits gastrointestinal muscle activity and digestion.43 Alterna-

tively, it may also be possible that 1-LG and 2-LG and 1-OG

and 2-OG peaked earlier in the plasma in response to cold expo-

sure, and we have missed this effect since we have only

collected plasma before and 1 and 2 h after. However, with our

study design, these hypotheses remain speculative, and further

mechanistic studies should investigate the differential response

upon cold exposure in the levels of eCBs analog species.

A 2-h cold exposure also increased PUFA-containing LPE

(+15.4%) and PUFA-containing LPG (+9.4%) but decrea-

sed LPA plasma levels (�17.2%). Therefore, cold-induced
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Figure 4. Relationship of cold-induced changes on the plasma levels of signaling lipids with cardiometabolic risk factors and brown adipose

tissue

Bar graphs showing the proportion of cold-induced changes in omega-6 oxylipins (A), omega-3 oxylipins (B), endocannabinoids and analogs (eCBs, C), and

lysophospholipids and sphingosine-1-phosphate (D) associated with cardiometabolic risk factors. Associations were determined by Pearson bivariate corre-

lation analyses or partial correlation analyses (for brown adipose tissue). Partial correlation analyses were adjusted for the natural calendar day when the baseline

PET/CT scan was performed. Cold-induced changes in plasma lipidomewere determined by the 120-min fold change relative to baseline. Significance was set at

p value <0.05 after FDR correction. Gray parts represent the proportion of lipids showing non-significant correlations, red parts represent the proportion of lipids

showing significant positive correlations, whereas green parts represent the proportion of lipids showing significant negative correlations. Abbreviations are as

follows: ALP, alkaline phosphatase; APOA1, apolipoprotein A1; APOB, apolipoprotein B; BAT, brown adipose tissue; BMI, body mass index; CRP, C-reactive

protein; eCBs, endocannabinoids; GGT, gamma-glutamyl transferase; GPT, glutamic pyruvic transaminase; HDL-C, high-density lipoprotein cholesterol;

HOMA-IR, homeostatic model assessment of insulin resistance index; LDL-C, low-density lipoprotein cholesterol; SUV, standardized uptake value; VAT, visceral

adipose tissue; WC, waist circumference.
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PUFA-containing LPE and LPG increased alongwith the increase

in PUFAs and derived oxylipins. The physiological roles of LPE

and LPG have not been fully elucidated, but they might be

involved in membrane biosynthesis and inflammatory/immune

signaling, specifically those containing PUFAs.44,45 Contrarily,

LPA is known to be a precursor for phosphatidic acid, which is

required for the biosynthesis of triglycerides.46 Recently, we

demonstrated that cold exposure elicits an increase in PUFA-

containing triglycerides,27 which might partially tie in with our re-

sults. Overall, the physiological role of these cold-induced

changes in plasma signaling lipids is still unknown. Future studies

should include phospholipids precursors to fully understand their

role upon acute cold exposure and to investigate whether

changes in lysophospholipids are involved in the lipoprotein re-

modeling under cold stress or phospholipase activity.

Influence of brown adipose tissue in the cold-induced
changes of the plasma signaling lipids
12,13-DiHOME, 12-HEPE, and MaR2 have been identified as

brown fat lipokines.18–20 Unfortunately, the liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) workflow used

in this study did not detect 12-HEPE and MaR2 levels but de-

tected 12,13-DiHOME. In a previous study, 1 h of cold exposure

at 14�C increased 12,13-DiHOME plasma levels by �1-fold in

9 healthy humans and was positively correlated with BAT

activity measured by 18F-FDG-PET/CT scan.18 Serum and BAT

levels of 12,13-DiHOME also increased in mice after 1 h of cold

exposure at 4�C, andmice injectedwith 12,13-DiHOME increased

BAT thermogenic activity.18 Although we found that 12,13-Di-

HOME significantly increased in response to cold exposure

(n = 64; +39.4%), we found no correlation between the 12,13-Di-

HOME after cold exposure or at overnight fasting levels47 with

any BAT parameters (i.e., volume, SUVmean, SUVpeak, and

radiodensity). Altogether, it suggests that human 18F-FDG uptake

by BAT is not responsible for the increase of this ‘‘brown fat

lipokine’’ in response to cold exposure. Similarly, 5-HETE and

5,6-EpETrE were associated with the abundance of brown adipo-

cytes in humans and mice.48 However, cold-induced changes in

5-HETE were not associated with BAT volume or activity in our

study, and our LC-MS/MS workflow did not detect 5,6-EpETrE.
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Figure 5. Effect of 24-week supervised con-

current exercise intervention on the plasma

levels of signaling lipids as a response to

cold exposure

Heatmap shows the changes in 120-min fold change

after the intervention in each group. Each square

represents the change after the intervention in

120-min fold change (i.e., post-intervention 120-min

fold change minus pre-intervention 120-min fold

change for each lipid). Blue squares represent a

decrease, whereas red squares indicate an increase

after the intervention. *p value < 0.05, obtained from

analyses of variance (ANOVA). The names and ab-

breviations of signaling lipids are detailed in Table S3.

Abbreviations are as follows: CON, control group;
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Thus, future studies should investigate their potential relationship

with human BAT in response to acute cold exposure.

In this study, we observed that cold exposure-induced changes

in only 5% of the total lipid measured were weakly and negatively

correlated with BAT volume. Since we did not observe these as-

sociations when we divided the cohort into men or women,

normal-weight participants, or overweight and obese participants,

our results should be interpreted cautiously. These results sug-

gest that human BAT is not centrally involved in the cold-induced

changes in the levels of signaling lipids and indicate that other tis-

suesmay be involved in themodulation and regulation of the cold-

induced response in these lipids. Overall, the lack of association

suggests that BAT may not produce these lipids in response to

cold exposure and that BATmay not use those lipids as an energy

source. However, the current study foundmoderate negative cor-
8 Cell Reports Medicine 5, 101387, February 20, 2024
relations between specific lipids (e.g., LA,

GLA, and 5-HETrE) and BAT volume, and

it is, therefore, unclear whether these corre-

lations indicate a causal relationship. On the

other hand, the positive correlation obse-

rved between cold-induced changes in

1-AG and 2-AG and BAT SUVpeak is in

line with previous evidence that acute cold

exposure increased 2-AG levels in BAT of

mice.22 However, since no associations

were observed with the rest of BAT para-

meters, furthermechanistic studies are nee-

ded to be able to stablish causality.

Relationship of cold-induced
changes in levels of oxylipins and
cardiometabolic health
Our data also show that cold-induced

changes in the levels of omega-6 and

omega-3 oxylipins were related to the car-

diometabolic traits (i.e., adiposity, glucose,

lipid, and liver parameters). We recently

observed that fasting plasma levels of

omega-6 oxylipins were positively corre-

lated to adiposity and cardiometabolic
risk factors in young and middle-aged adults, whereas

omega-3 oxylipins were negatively correlated.47,49 Increased

adiposity (i.e., obesity) and cardiometabolic diseases (e.g., type

2 diabetes and atherosclerosis) are characterized by chronic

inflammation.50 These diseases also disrupt the production of

pro-inflammatory and anti-inflammatory/pro-resolution media-

tors in response to acute stressors (e.g., cold exposure and ex-

ercise).36 Indeed, in our study cohort, participants with obesity

showed higher overnight fasting levels of omega-6 oxylipins

and lower fasting levels of omega-3 oxylipins than participants

with normal weight.47 In line with these findings, individuals over-

weight or obese displayed lower cold-induced increments in

omega-6 and omega-3 oxylipins (+31.6% and +69.9%) than

normal-weight participants (+58.0% and +81.9%). Interestingly,

a large proportion (�45%) of cold-induced changes in the levels
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of omega-6 and omega-3 oxylipins were associated with a

healthier cardiometabolic profile (i.e., adiposity, glucose, lipid,

and liver parameters) in the entire cohort. However, cold-induced

changes in the levels of omega-6 and omega-3 oxylipins were

not associated with adiposity, glucose homeostasis, or liver

parameters in overweight or obese individuals. Therefore, our re-

sults suggest that individuals with higher adiposity and an unfa-

vorable cardiometabolic profile have an impairment in releasing

omega-6 (pro-inflammatory) and omega-3 (anti-inflammatory/

pro-resolution) oxylipins to the circulation upon a 2-h cold expo-

sure. These findings agree with previous results from our lab and

suggest that oxylipins could potentially be considered cardiome-

tabolic risk markers.47,49,51 Obesity and cardiometabolic dis-

eases are characterized by a systemic metabolic dysfunction

involving impairments in adipose tissue, pancreas, liver, gut, or

immune cells4,52 andwhole-bodymetabolic inflexibility.53 Never-

theless, it remains unknown which tissues are the main contrib-

utors to the circulating levels of omega-6 and omega-3 oxyli-

pins,54,55 but it is plausible that BAT may not be responsible for

the cold-induced changes in these metabolites in humans.

Therefore, different organs (i.e., pancreas, liver, gut, or immune

cells) might impair cold-induced omega-6 and omega-3 oxylipin

production. The cold-induced increments in these lipidsmight be

the normal physiological response, warranting further studies to

elucidate their cold-induced changes in cardiometabolic-

compromised populations and the tissues responsible for their

increments.

Impact of exercise on the cold-induced changes in the
levels of signaling lipids
Exercise is undoubtedly an effective strategy to improve overall

health, specifically cardiometabolic health.56,57 Interestingly, in a

previous study, acute endurance exercise increased 12,13-Di-

HOME levels in active young and older male subjects (n = 27)

and sedentary young adults (n = 12; 50% women).17 12,13-Di-

HOME levels also increased after acute and chronic (3 weeks)

endurance exercise in mice, being secreted from BAT in

response to exercise.17 In contrast, in the present study, we

observed that a 24-week supervised concurrent exercise inter-

vention, which improved the cardiometabolic phenotype (e.g.,

adiposity and fitness25) and decreased fasting plasma levels of

omega-6 oxylipins (including 12,13-DiHOME) and eCBs,26 did

not modify plasma signaling lipid response to cold exposure.

Additionally, we found no association between the changes in

the levels of signaling lipids and BAT changes, suggesting that

BAT may not be involved in regulating these lipids in response

to cold exposure.

Limitations of the study
A significant strength is the inclusion of men, women, individuals

with normal weight, and participants overweight or obese.

Another strength is the metabolomics-based methodology tar-

geting omega-6 and omega-3 oxylipins, eCBs and analogs, lyso-

phospholipids, and sphingosine-1-phosphate. Nevertheless, the

short time of the cold exposure does not allow us to extrapolate

our results to longer or milder/cooler cold interventions. Our

study lacks a thermoneutral PET/CT scan as a reference. Addi-

tionally, the current method used for quantifying BAT volume
and activity has several limitations,58 which suggests that the

data should be interpreted cautiously. Future studies using

differentmethodologies and radiotracers are required to address

the influence of BAT in the cold-induced changes of the signaling

lipids in humans. Moreover, the inclusion of young adults does

not allow for extrapolation of the findings to older populations,

children, or individuals with metabolic abnormalities. Lastly,

the relatively low sample size when dividing the cohort by gender

or BMI and in the exercise intervention might dampen the gener-

alizability of the findings.

Conclusions
2-h cold exposure influences plasma signaling lipids (i.e.,

omega-6 and omega-3 oxylipins, endocannabinoids, lysophos-

pholipids, and sphingosine-1-phosphate species) in young

adults. Cold-induced changes in omega-6 and omega-3 oxyli-

pins are related to a healthier cardiometabolic profile but not to

BAT parameters (i.e., volume, activity, and radiodensity). Finally,

the observed cold-induced changes in plasma signaling lipids

are not modified after a 24-week exercise intervention in young

adults. Further studies are needed to understand the role of

cold exposure and exercise in modulating these metabolites

and the role of cold-induced changes on cardiometabolic health.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human plasma and serum samples Clinical Trial NCT-02365129

Critical commercial assays

Glucose assay kit Beckman Coulter #OSR6521

Insulin assay kit Beckman Coulter #OSR33410

Cholesterol assay kit Beckman Coulter #OSR6516

HDL-C assay kit Beckman Coulter #OSR6587

Triacylglycerols assay kit Beckman Coulter #OSR61118

APOA1 Beckman Coulter 446410

APOB Beckman Coulter 447730

GGT assay kit Beckman Coulter #OSR6507

ALT assay kit Beckman Coulter #OSR6507

ALP assay kit Beckman Coulter #OSR6204

CRP assay kit Beckman Coulter #OSR6299

Leptin MILLIPLEX MAG Human

Adipokine Magnetic Bead Panel

Luminex Corporation # HADK2MAG-61K

Adiponectin MILLIPLEX MAP Human

Adipokine Magnetic Bead Panel 1

Luminex Corporation Catalog # HADK1MAG-61K

Deposited data

Lipidomic data This paper Metabolights: MTBLS9035

Software and algorithms

FIJI- ImageJ FIJI software https://sourceforge.net/p/bifijiplugins/

wiki/Brown%20fat%20Volume/

Statistical Package for the

Social Sciences v.27.0

IBM Corporation https://www.ibm.com/analytics/

spss-statistics-software. RRID:SCR_002865

R v.4.1.2 CRAN https://cran.r-project.org/

GraphPad Prism v.9 GraphPad Software http://www.graphpad.com/RRID: SCR_002798

SCIEX OS-MQ Software SCIEX https://sciex.com/products/

software/sciex-os-software

mzQuality workflow mzQuality http://www.mzQuality.nl

Other
18F-FDG-Radiotracer IBA molecular N/A

Dual X-ray absorptiometry (DXA) Hologic Discovery https://medpick.in/product/hologic-

discovery-wi-bone-densitometers/

Cooling vests and chillers Polar Products Inc. https://www.polarproducts.com/polarshop/

pc/Cooling-Systems-for-Operating-Rooms-

and-Medical-Facilities-c444.htm

16 PET/CT scanner Siemens Biograph https://www.siemens-healthineers.com/nl/

molecular-imaging/pet-ct/biograph-vision

LC system Shimadzu LC system https://www.shimadzu.com/an/products/

liquid-chromatography/index.html

Mass spectrometer SCIEX QTRAP 7500+ https://sciex.com/products/mass-spectrometers/

triple-quad-systems/triple-quad-7500-system

LCMS system Shimadzu LCMS-8060 system https://www.shimadzu.com/an/products/

liquid-chromatograph-mass-spectrometry/

triple-quadrupole-lc-msms/lcms-8060/index.html
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Materials availability
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Data and code availability
d The lipidomic data of this study have been recorded at Metabolights: MTBLS9035. Data are available from the lead contact

upon request and with the permission of the Research Data Deposit Management Committee.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Participants
This study was conducted under the framework of the ACTIBATE (ACTivating Brown Adipose Tissue through Exercise; ClinicalTrials.

gov ID: NCT02365129; Figure 1) randomized controlled trial,59 of which the detailed study design is described elsewhere25,59 and

follows the STROBE (Table S1) CONSORT guidelines (Table S2). The ACTIBATE study included 145 young sedentary adults aged

between 18 and 25 years. Participants were recruited through social networks, local media, and posters in Granada (Spain). Inclusion

criteria included reporting to be sedentary (i.e., <20 min/day of moderate-to-vigorous physical activity on <3 days/week), being a

non-smoker, having stable body weight over the last three months, and not taking any medication. Exclusion criteria included being

diagnosed with diabetes, hypertension, or other significant medical conditions that might interfere with or be aggravated by exercise,

being pregnant, using medication deemed to affect energy metabolism, or being frequently exposed to cold temperatures.

Study design
This work includes secondary analyses from the ACTIBATE study. The study was approved by the Ethics Committee on Human

Research of the University of Granada (no. 924) and the Servicio Andaluz de Salud (Centro de Granada, CEI-Granada, Spain). All par-

ticipants provided informed consent. The study protocol and experimental design were applied following the last revised ethical

guidelines of the Declaration of Helsinki. The study was carried out at the Sport and Health University Research Institute and the Vir-

gen de las Nieves University Hospital of the University of Granada. The study was conducted over two consecutive years in four

different waves per year (i.e., from September 2015 to June 2016 and from September 2016 to June 2017) and ended when the ex-

ercise intervention finished.

During baseline examinations, participants performed a 2 h cold exposure test. Blood samples were collected in a subgroup of

participants (n = 64; n = 47 women) to investigate the effect of the cold exposure on the plasma signaling lipids (i.e., omega-6

and omega-3 oxylipins, eCBs and analogs, lysophospholipids, and sphingosine-1-phosphate species), just before BAT quantifica-

tion. After baseline examinations, all participants were randomly assigned into three groups using computer-generated simple (un-

restricted) randomization by the principal investigator,60 namely, (i) control group (no exercise), (ii) moderate-intensity exercise group

(MOD-EX), and (iii) vigorous-intensity exercise group (VIG-EX) (Figure S1). The randomization was unblinded and performed by JRR

using an in-house system; no additional researcher had access. Participants were explicitly informed about the group to which they

were assigned. No delay was experimented between randomization and the initiation of the intervention. Rigorous standardization

procedures for data collection and intervention were followed to ensure the internal and external validity of the trial.61 After the long-

term exercise intervention, participants performed an additional 2 h cold exposure test (Figure S1).

All participants were instructed not to change their daily routine, physical activity, or dietary patterns over the study period. No

essential changes were performed in the methodology or outcomes after the beginning of the trial and no relevant adverse events

were recorded.

METHODS DETAILS

Cold exposure and 18F-fluorodeoxyglucose uptake by brown adipose tissue
Before the cold exposure test and BAT assessment, the shivering threshold of each participant was determined following an incre-

mental cooling protocol62 The procedure began in a warm room (22�C–23�C) where participants waited 30–45 min before entering a

mild-cold room (19.5–20$0�C). Participants were then asked to wear a water-perfused cooling vest (Polar Products Inc., Stow, OH,

USA), and the water temperature was progressively reduced until 3.8�C or until the first signs of shivering. If shivering did not occur,

participants remained in the cold room for another 45 min (water at 3.8�C). Shivering was determined visually by researchers and/or

self-reported by subjects. The shivering threshold was defined as the water temperature at which shivering occurred.62
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Forty-eight to 72 h after the shivering threshold determination, participants were exposed to a 2-h personalized cooling procedure

and BAT parameters were assessed. After resting in a warm room (22�C-24�C), participants were placed in a cool room (19.5�C–
20�C) wearing a water-perfused cooling vest (Polar Products Inc., Stow, OH, USA) covering the abdomen, chest, and supraclavicular

region. The water temperature was set at 4�C above their shivering threshold. After the first hour of cold exposure, the water tem-

perature was increased by 1�C to avoid shivering (5�C above the individual shivering threshold). If subjects reported shivering, the

water temperature was further increased by 1�C.
After 1 h of cold exposure, a bolus of�185MBq of 18F-FDGwas intravenously injected. After 2 h of cold exposure, a static PET/CT

(Siemens Biograph 16 PET-CT, Erlangen, Germany) scan was performed in the supine position.25,62–64 PET/CT scans were analyzed

using a previously described procedure62 with the Beth Israel plug-in63 for FIJI software.64 An individualized, standardized uptake

value (SUV) threshold (i.e., 1.2/[lean body mass/body mass]) and a fixed radiodensity range (�10 to �190 Hounsfield units) were

used for BAT quantification.65–67 The region of interest (ROI) was semi-automatically outlined from the atlas (i.e., cervical vertebra

1) to approximately the mid-chest. BAT volume and 18F-FDG uptake (i.e., SUVmean SUVpeak) were quantified according to the

BARCIST 1.0 recommendations.65 All scans were visually examined to detect 18F-FDG uptake in BAT-specific depots. BAT

volume was determined as the number of pixels in the above range with an SUV value above the SUV threshold. BAT activity was

determined concerning the SUVmean (the mean quantity of 18F-FDG in the above same pixels) and SUVpeak (the mean of the three

highest 18F-FDG contents in three pixels within a volume of <1 cm3). BAT mean radiodensity was determined as the average radio-

density of those voxels meeting the aforementioned criteria in a single ROI covering the body (except the mouth) from the atlas to the

thoracic vertebra 4.

The natural calendar day when the baseline and postintervention 18F-FDG-PET/CT scans were performed was recorded from day

1 (January 1st) until day 365/366 (December 31st).

Long-term exercise intervention
An extensive description of the supervised exercise program can be found elsewhere.59 Following the World Health Organization

guidelines, the ACTIBATE supervised exercise intervention combined endurance and resistance training. For 24 weeks, participants

attended the research center 3–4 times per week, 60–90 min per session. Participants completed a total of 150 min/week of endur-

ance training (performed in all sessions), executed at 60% of the heart rate reserve (HRres) in the MOD-EX, whereas the VIG-EX per-

formed 75 min/week at 60% HRres and 75 min/week at 80% HRres. The participants completed �80 min of resistance exercise per

week over two sessions with loads equivalent to 50% of the repetition maximum (RM) in the MOD-EX and the 70%RM in the VIG-EX.

The load for resistance exercises was individually adjusted monthly.59

Blood sample collection
Before cold exposure, an intravenous catheter was placed in the antecubital vein, and blood was collected before (baseline) and dur-

ing the cold exposure experiment, at 60 and 120min. Blood samples for determining cardiometabolic risk factors were collected on a

different day between 8 and 11 a.m. after a 10-h fast. Blood was immediately centrifuged to obtain serum (obtained with Vacutainer

SST II Advance tubes) and plasma (obtained with Vacutainer Hemogard tubes, containing a salt of ethylenediaminetetraacetic acid

as an anticoagulant). Samples were aliquoted and stored at �80�C.

Determination of plasma signaling lipids
Plasma levels of omega-6 and omega-3 oxylipins, eCBs and analogs, lysophospholipids, and sphingosine-1-phosphate species

were determined using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) method as described else-

where47 Briefly, plasma samples were prepared by liquid-liquid extraction and analyzed using a Shimadzu LC system (Shimadzu

Corporation, Kyoto, Japan) connected to an SCIEX QTRAP 7500+ mass spectrometer (SCIEX, Framingham, MA, USA). The LC-

MS/MS protocol enabled the analysis of oxylipins derived from the omega-6 polyunsaturated fatty acids (PUFAs) [i.e., linoleic

acid (LA), dihomo-g-linolenic acid (DGLA), arachidonic acid (AA), and adrenic acid (AdrA)], as well as the oxylipins derived from

omega-3 PUFAs [i.e., a-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)]. We also analyzed

eCBs [i.e., anandamide (AEA) and 1-Arachidonoylglycerol and 2-Arachidonoylglycerol (1-AG and 2-AG)] and their analogs [i.e., do-

cosahexaenoylethanolamide (DHEA), 1-linoleoylglycerol and 2-linoleoylglycerol (1-LG and 2-LG) and 1-oleoylglycerol and

2-oleoylglycerol (1-OG and 2-OG]. The protocol also allowed the determination of cyclic-lysophosphatidic acid (cLPA), lysophospha-

tidic acid (LPA), lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS), lysophosphatidylinositol (LPI), lysophosphati-

dylglycerol (LPG), platelet-activating factor (PAF), and sphingosine-1-phosphate.

Based on a previously published method which was also described in26,68 metabolite extraction was performed following a liquid-

liquid extraction protocol with minor adaptations by using 50 mL plasma. After sample preparation, oxylipins and endocannabinoids

were analyzed using a previously validated method.26,68 Extracted samples were analyzed using a Shimadzu LC system (Shimadzu

Corporation, Kyoto, Japan) connected to an SCIEXQTRAP 7500+mass spectrometer (AB Sciex, Framingham,MA, USA). Separation

was performed using a BEH C18 column (50 mm 3 2.1 mm, 1.7 mm) from Waters Technologies (Mildford, MA, USA) maintained at

40�C. The mobile phase was composed of 0.1% acetic acid in water (A), acetonitrile/0.1% acetic acid in methanol (90:10, v/v, B),

and 0.1% acetic acid in isopropanol (C). Separations were performed at 40�C at a flow rate of 0.7 mL/min using the following
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gradient: 20%B and 1%Cas starting conditions, changing to 85%Bbetween 0.75 and 14min and to 15%Cbetween 11 and 14min;

conditions held for 0.5 min before column re-equilibration at the starting conditions from 14.8 to 16 min.

The ionization of the compounds was performed using electrospray ionization in negative and positive mode with polarity switch-

ing. Selected Reaction Mode (SRM) was used for MS/MS acquisition. SRM transitions were individually optimized for targeted an-

alytes and respective internal standards using standard solutions. Isotopically-labeled internal standards are detailed in Table S4.

Lysophospholipids and sphingosine-1-phosphate species were analyzed using a previously validated method.69 Analyses were

performed by a Shimadzu LCMS-8060 system (Shimadzu, Japan) using a Kinetex Core-Shell EVO 100 Å C18 column (50 3

2.1 mm, 1.8 mm; Phemomenex, USA).

For each target compound, the ratio between its peak area and the peak area of its respective internal standard was calculated

using SCIEX OS-MQ Software and used for further data analysis. The data quality was monitored using regular injection of quality

control (QC) samples, consisting of blank plasma samples, within the sequence. QC samples were used to correct inter-batch var-

iations using the in-house developed mzQuality workflow (available at http://www.mzQuality.nl).70 Relative standard deviations

(RSDs) of peak area ratios were calculated for each targeted analyte detected in the QC samples. The RSD obtained for QC samples

are listed in Table S3.

Anthropometric and body composition
Weight and height were measured barefoot and with light clothing, using a Seca scale and stadiometer (model 799; Electronic Col-

umn Scale, Seca, Hamburg, Germany), and were used to calculate body mass index (BMI; kg/m2). Waist circumference (WC) was

measured at the minimum abdominal perimeter at the end of a normal expiration, with the arms relaxed on both sides of the body.

When the minimum perimeter could not be detected, measurements were taken just above the umbilicus in a horizontal plane. WC

was measured twice with plastic tape; the two obtained measures were averaged for further analyses. Lean mass, fat mass, and

visceral adipose tissue (VAT) mass were measured by dual-energy X-ray absorptiometry using a Discovery Wi scanner (Hologic

Inc., Bedford, MA, USA). The fat mass percentage was also extracted from this scan.

Cardiometabolic risk factors
Traditional cardiometabolic risk factors were determined in serum following standard procedures. 7677Glucose levels were assessed

using an AU5832 analyzer (Beckman Coulter, Brea, CA, USA) with a Beckman Coulter reagent (OSR6521). Insulin was measured by

chemiluminescence immunoassays using the UniCel DxI 800 analyzer (Beckman Coulter) with Beckman Coulter chemiluminescent

reagents (33410). TC, HDL-C, TG, apolipoproteins A and B, glutamic pyruvic transaminase (GPT), gamma-glutamyl transferase

(GGT), and alkaline phosphatase (ALP) were measured using an AU5832 spectrophotometer (Beckman Coulter) with Beckman

Coulter reagents (OSR6116, OSR60118, OSR6187, 446410, 447730, OSR6507, OSR6520, and OSR6204). LDL-C (mM) was calcu-

lated from the Friedewald formula [TC ðmMÞ � HDLcðmMÞ � 0$453TG ðmMÞ: C-reactive protein was measured by immunoturbi-

dimetric assays (OSR6299) using an AU5832 spectrophotometer. Leptin and adiponectin were measured in plasma using the

MILLIPLEX MAG Human Adipokine Magnetic Bead Panel 2 (Catalog # HADK2MAG-61K) and a MILLIPLEX MAP Human Adipokine

Magnetic Bead Panel 1 (Catalog # HADK1MAG-61K), respectively (Luminex Corporation, Austin, TX, USA).

Insulin sensitivity was estimated using the homeostatic model assessment of insulin resistance index (HOMA-IR) calculated as71:

HOMA � IR =

insulin

�
mIU

mL

�
� glucose

�
mmol

L

�

22$5
QUANTIFICATION AND STATISTICAL ANALYSIS

Since the current study was a secondary analysis from the ACTIBATE randomized controlled trial, no specific power calculation was

performed.25 This secondary analysis included all participants with blood sample determinations during the cold exposure sessions.

Descriptive data are expressed as mean ± standard deviation unless otherwise stated. Firstly, data normality was explored using the

Shapiro-Wilk test, visual histograms, and Q-Q plots. None of the omega-6 and omega-3 oxylipins, eCBs and analogs, lysophospho-

lipids, and sphingosine-1-phosphate species followed a normal distribution. Thereby, all values were log2 transformed for the ana-

lyses. None of the cardiometabolic risk factors followed normal distribution; therefore, their values were log10 transformed for

analyses.

We used repeated measures analysis of variance (ANOVA) to study the effect of 2 h of cold exposure on the plasma signaling lipids

in Figures 2, S3, S4, S5, and S6. The log2 fold changes relative to baseline were calculated for 60 and 120 min. Repeated measures

ANOVA analyses were performed using the Statistical Package for the Social Sciences v.26.0 (IBM Corporation, Chicago, IL, USA).

Independent samples t-tests were performed to analyze cold-induced differences in plasma signaling lipids (i.e., 120 min fold

change) between participants with normal weight and overweight or obesity in Figure S7.

Next, we conducted Pearson partial correlation analyses between cold-induced plasma signaling lipids changes (i.e., 60 and

120min fold changes) and BAT parameters (i.e., BAT volume, SUVmean, SUVpeak, and mean radiodensity) adjusted for the natural

calendar day when the baseline 18F-FDG-PET/CT scan was performed in Figures 3, S8, S9, S10, and S11. Pearson bivariate
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correlation analyses were further performed to evaluate the associations between cold-induced plasma signaling lipids changes (i.e.,

60 and 120min fold-changes) and cardiometabolic risk factors in Figures 4, S12, S13, S14, S15 and S16. Additionally, we conducted

Pearson bivariate correlation analyses between cold-induced plasma signaling lipids changes and the water temperature of the cool-

ing vest in Figure S17. We also performed Pearson partial correlation analyses between cold-induced plasma signaling lipids

changes (i.e., 60 and 120 min fold changes) and cardiometabolic risk factors adjusted for the water temperature of the cooling

vest, BAT volume, and BAT SUVpeak in Figure S18. All p values were corrected for multiple comparisons by controlling the false

discovery rate (FDR) using the two-stage step-upmethod of the Benjamini-Hochberg false discovery rate (FDR; 0.25) method.72 Cor-

relation analyses were performed using the R software version 3.6.0 (R Foundation for Statistical Computing). All analyses were per-

formed for all participants, as well as women, men, normal-weight, and overweight or obese separately.

To investigate whether the 24-week supervised concurrent exercise intervention modified the plasma signaling lipid response to

cold exposure, we calculated the change after the intervention in 120 min fold-change (i.e., post-intervention 120 min fold-change

minus pre-intervention 120 min fold-change, for each lipid). To study the effect of the intervention on each lipid, we performed a one-

way ANOVA in Figure 5. Bonferroni post hoc adjustments for multiple comparisons were used to examine group differences. These

analyses were performed using the Statistical Package for the Social Sciences v.26.0 (IBM Corporation, Chicago, IL, USA).

Figures were built with GraphPad Prism software v.9 (GraphPad Software, San Diego, CA, USA). Statistical significance was set

at p < 0.05.

ADDITIONAL RESOURCES

This study has been registered on https://clinicaltrials.gov/, ID: NCT02365129.
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