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6EKFZ – Else Kröner Fresenius Center for Nutritional Medicine, Technical University of Munich, Freising, Germany
7ZIEL – Institute for Food & Health, Technical University of Munich, Freising, Germany
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SUMMARY
Cold-induced brown adipose tissue (BAT) activation is considered to improve metabolic health. In murine
BAT, cold increases the fundamental molecule for mitochondrial function, nicotinamide adenine dinucleotide
(NAD+), but limited knowledge of NAD+ metabolism during cold in human BAT metabolism exists. We show
that cold increases the serum metabolites of the NAD+ salvage pathway (nicotinamide and
1-methylnicotinamide) in humans. Additionally, individuals with cold-stimulated BAT activation have
decreased levels of metabolites from the de novo NAD+ biosynthesis pathway (tryptophan, kynurenine).
Serum nicotinamide correlates positively with cold-stimulated BAT activation, whereas tryptophan and ky-
nurenine correlate negatively. Furthermore, the expression of genes involved in NAD+ biosynthesis in BAT
is related to markers of metabolic health. Our data indicate that cold increases serum tryptophan conversion
to nicotinamide to be further utilized by BAT. We conclude that NAD+ metabolism is activated upon cold in
humans and is probably regulated in a coordinated fashion by several tissues.
INTRODUCTION

Impairment in brown adipose tissue (BAT) metabolism has been

proposed to play a key role in the pathophysiology of obesity and
Cel
This is an open access article under the CC BY-N
multi-organ insulin resistance. Therefore, promoting BAT activa-

tion is considered a promising option to postpone or treat

obesity and even metabolic disorders such as type 2 diabetes,

due to its beneficial effects on measures of whole-body
l Reports 42, 113131, September 26, 2023 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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metabolic health, e.g., improved insulin sensitivity, plasma lipid

profile, and body fat composition.1–5 Once activated, BAT gener-

ates heat by uncoupling mitochondrial respiration via the action

of uncoupling protein 1 (UCP1).6 Repeated cold exposure or cold

acclimation induces systemic metabolic health benefits in a

BAT-activation-dependent manner.7,8 However, owing to the

uncomfortable nature of cold stress, this approach may result

in lower compliance and feasibility. Thus, cold exposure is not

a viable treatment option for many individuals. Hence, additional

methods to activate BAT that mimic the molecular mechanisms

of cold stress are currently under investigation.9

One indirect approach for activating BAT involves boosting

energy and lipid metabolismwith compounds that improvemito-

chondrial respiration. The most promising compounds for this

purpose are those that increase intracellular levels of nicotin-

amide adenine dinucleotide (NAD+), which is the central co-fac-

tor of mitochondrial energy conversion.10 Based on rodent

studies, an imbalance between NAD+ bioavailability, consump-

tion, and requirement for thermogenic respiration can potentially

explain the decline in the metabolic capacity of BAT.11,12 In line

with this notion, NAD+ depletion has been shown to occur in

certain metabolic diseases, based on animal studies13–15 and a

few human studies.16 However, limited information is available

on the bioregulation and metabolism of NAD+ in human BAT at

room temperature and upon cold exposure. Nevertheless, the

evidence from rodent studies has brought encouraging results

showing that elevation in NAD+ promotes mitochondrial func-

tion, BAT thermogenic activation, and an overall healthier meta-

bolic phenotype.10,17–20 In addition, in vitro norepinephrine-stim-

ulated mitochondrial uncoupling in adipocytes derived from

human BAT has been reported to be induced by an exogenous

increase in NAD+.21

In our present study, we first aimed to investigate the molecu-

lar signatures of the serum metabolome induced by cold expo-

sure that may influence BAT metabolism. We also comprehen-

sively examined whether the inter-individual variability in

cold-induced detectable serum metabolites related to NAD+

metabolism reflects cold-stimulated BAT metabolism as deter-

mined by positron emission tomography-computed tomography

(PET-CT) imaging and whole-body systemic metabolic health in

adult humans. Furthermore, to elucidate the bioregulation of

NAD+ in human BAT, we examined the molecular pathways
Figure 1. Serummetabolomics differences between room temperature

BAT metabolism and systemic metabolic health

(A) Volcano plot representation of metabolites detected in the serum. The dotte

difference between signals in cold and room temperature (RT) exposures. DHA,

lysophosphocholine; LPE, lysophosphoethanolamine; PA, palmitamide.

(B–E) Comparison of signal intensities of NAD+-relatedmetabolites in high-BAT an

confidence intervals, themiddle line represents the mean, and the error bars repre

test.

(F–H) Cross-sectional Spearman correlations (rho) of cold-induced fasting serum

and (H) glucose uptake, according to BAT classification as high-BAT and low-BA

(I–K) Cross-sectional correlations of cold-induced fasting serum tryptophan an

(K) glucose uptake.

(L) Cross-sectional correlations of NAD+-related metabolites in cold exposure and

M-value, whole-body insulin sensitivity measured with hyperinsulinemic-euglyc

lipoprotein; LDL, low-density lipoprotein.

Information about the number of participants (n) in each analysis can be found in
involved in NAD+ biosynthesis, transport, and consumption in

comparison to white adipose tissue (WAT). Additionally, we

investigated whether the inter-individual variation in the expres-

sion of genes involved in the cellular bioregulation of NAD+ has a

link to cold-stimulated BAT metabolism and markers of whole-

body metabolic health in adult humans.

Further, we studied the effect of selected NAD+ precursors on

the intracellular NAD+ levels and expression of NAD+ biosyn-

thetic genes and UCP1 in human brite adipocytes. The results

of this study therefore deepen our current understanding of the

metabolism of NAD+ and its regulation in human BAT and help

identify targets to activate BAT to be used in further clinical

experimental studies.

RESULTS

NAD+-metabolism-related metabolites are the most
upregulated serum metabolites during cold
We used non-targeted metabolomic profiling of fasting serum

samples of healthy individuals that were lean or obese

(Table S1). These subjects participated in previous acute cold-

exposure studies at Turku PET Centre, Finland, where the focus

has been to investigate the metabolism of BAT in various phys-

iological states.22–25 We studied serum samples from individuals

exposed to cold, room temperature (RT), or both conditions. We

observed that cold exposure caused large effects (false discov-

ery rate [FDR] p < 0.05) on the serum metabolome when

compared to RT (Figure 1A and Table S2). Cold-induced

changes in many lipid species, acylcarnitines, and metabolites

were related to both energy metabolism and amino acids

(Table S2 and Figure 1A) in a manner similar to those observed

in cold-exposed mice,26 where acylcarnitines were increased

in plasma. Higher acylcarnitine likely reflects free fatty acidmobi-

lization due to cold-induced lipolysis, previously observed in

response to cold.22,24,27

Interestingly, we identified NAD+-metabolism-relatedmetabo-

lites, nicotinamide (NAM) and 1-methyl nicotinamide (1-MNAM),

to be among those presenting the greatest differences between

cold and RT exposures (Figure 1A). More specifically, NAM and

1-MNAM were the metabolites that exhibited the largest in-

crease (approximately, 8-fold and 4-fold, respectively) during

cold compared to RT (Figure 1A).
and cold, and relation of NAD+-metabolism-relatedmetabolites with

d horizontal line represents the significance threshold (FDR p < 0.05) for the

docosahexaenoic acid; DPA, docosapentaenoic acid; LA, linoleic acid; LPC,

d low-BAT individuals in RT in comparisonwith cold exposure. Boxes represent

sent the range. Comparison of means was performed with unpaired Student’s t

NAM (nicotinamide) and cold-stimulated BAT (F) Perfusion, (G) NEFA uptake,

T.

d kynurenine with cold-stimulated BAT (I) perfusion, (J) NEFA uptake, and

baseline parameters of whole-body metabolic health. BMI, body mass index;

emic clamp; Fat %, whole-body percentage of stored fat; HDL. high-density

Figure S1.
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Given that we were also able to identify de novoNAD+-biosyn-

thesis-related metabolites, tryptophan and kynurenine, via a

non-targeted serum metabolomics approach, we next asked

whether and how cold-induced differences in these four NAD+-

related metabolites (i.e., NAM, 1-MNAM, tryptophan, and kynur-

enine) were dependent on the degree of BAT activation. We first

compared the circulatory levels of these four metabolites based

on the response of BAT activation to cold, i.e., high-BAT and

low-BAT activation. We classified the subjects as high-BAT or

low-BAT based on substrate (glucose or non-esterified fatty

acid [NEFA]) uptake determined by PET imaging, which are

typical markers for cold-stimulated brown fat activa-

tion.22,23,28–30 The classification was performed such that sub-

jects in the high-BAT group had a glucose uptake rate of

R3.0 mmol/100 g/min or NEFA uptake rate of R0.7 mmol/100

g/min after cold exposure, while the remaining participants

were included in the low-BAT group.22,23

We found that the serumNAMand 1-MNAM levels were higher

during cold in both high- and low-BAT individuals (Figures 1B

and 1C) as compared with RT. However, cold-stimulated serum

levels of neither NAMnor 1-MNAMwere found to be different be-

tween high-BAT or low-BAT groups (p = 0.20 and p = 0.98,

respectively, Figures 1B and 1C). Interestingly, serum levels of

both tryptophan and kynurenine were significantly lower in

high-BAT individuals in cold than at RT (Figures 1D and 1E), while

temperature-dependent differences were not observed in these

parameters in low-BAT individuals (Figures 1D and 1E). Cold-

stimulated serum levels of both tryptophan and kynurenine

were also lower in high-BAT subjects than in low-BAT subjects

(p = 0.029 and p = 0.00043, respectively, Figures 1D and 1E).

These findings imply that cold induces a rapid release of NAM

into circulation while circulating tryptophan or kynurenine are

likely directed for utilization in tissues in a BAT-activation-depen-

dent manner.

Serum NAD+-metabolism-related metabolites correlate
with BAT activation
To further elucidate the relationship of circulatory NAM, trypto-

phan, and kynurenine with BAT metabolism, we also assessed

correlations of cold-induced serum levels of these metabolites

with cold-stimulated BAT substrate uptake and BAT blood

perfusion. In addition to substrate uptake, BAT blood perfusion

also reflects BAT activation.23,31 In subjects in the high-BAT

group, the cold-stimulated perfusion rate of BAT had a signifi-

cant and positive relationship with cold-stimulated serum levels

of NAM (p = 0.047), which was weakened when the whole pop-

ulation was considered (p = 0.06, Figure 1F). We observed no

clear relationship between NAM and BAT substrate uptake rates

in the whole cohort, nor were the relations significant when the

subjects were grouped either as high-BAT or low-BAT

(Figures 1G and 1H).

However, when we focused on the subjects with the highest

cold-simulated BAT substrate uptake (either glucose uptake

R5.0 mmol/100 g/min or NEFA uptake rate R1.0 mmol/100

g/min, termed super-high BAT in Figures 1G and 1H), cold-

induced NAM showed a significant positive relationship with

BAT substrate uptake rates (Figures 1G and 1H). When we

analyzed the correlation of tryptophan and kynurenine with
4 Cell Reports 42, 113131, September 26, 2023
BAT parameters, we observed that cold-induced circulatory

levels of tryptophan and kynurenine tended to inversely asso-

ciate with cold-stimulated BAT blood perfusion, BAT NEFA up-

take, and BAT glucose uptake in the whole cohort (Figures 1I–

1K). Together, our findings suggest that cold-induced circulatory

levels of NAM and the metabolites of the de novo NAD+ biosyn-

thesis pathway, tryptophan and kynurenine, have relevance to

BAT metabolism and activation in humans.

Given that BATmetabolic activity has been linked to several in-

dicators of whole-body metabolic health, including body

adiposity,23,25,32,33 we aimed to investigate whether the cold-

induced serum levels of NAM, 1-MNAM, tryptophan, and kynur-

enine would be related to the metabolic phenotypes of the sub-

jects (Figure 1L). However, in the case of NAM and 1-MNAM,

except for a trend for whole-body fat percentage to be inversely

correlated with NAM levels (rho = �0.25, p = 0.05), no other sig-

nificant relationships were observed. In the case of tryptophan

and kynurenine, we observed body mass index (BMI), waist

circumference, and circulatory triglyceride levels to be directly

related to the signal abundance for serum kynurenine (Figure 1L),

while whole-body insulin sensitivity (M value) and serum high-

density lipoprotein (HDL) levels were inversely related. The

cold-induced serum tryptophan levels were in a relationship

with both kynurenine (rho = 0.51; p = 3.93 10�5) and HDL circu-

latory levels (Figure 1L).

Overall, NAM and 1-MNAM scarcely relate to the subjects’

metabolic profile for their systemic response to cold. In contrast,

tryptophan and kynurenine, which were both lower in high-BAT

than in low-BAT individuals under cold exposure and inversely

related to BAT activity, seem to be more tightly related to sub-

jects’ degree of obesity, insulin sensitivity, and lipid profile.

NAD+ biosynthesis and consumption pathways in BAT
Owing to the high metabolic activity of BAT compared toWAT,34

the high requirement for intracellular NAD+ levels can only bemet

with efficient NAD+ biosynthesis in BAT. Mouse studies have

shown that NAD+ biosynthesis and consumption are likely higher

in BAT than WAT,35 but human data are lacking. To explore

which metabolic pathways of NAD+ biosynthesis and consump-

tion are differentially regulated in human BAT and WAT, we

investigated the expression of genes related to NAD+ biosyn-

thesis and consumption in samples of human BAT and WAT. In

addition, we examined tryptophan (the essential amino acid

involved in de novo NAD+ biosynthesis) content in both adipose

tissue (AT) types using metabolomics of tissue samples. Cellular

biosynthesis of NAD+ is attributed to several pathways: trypto-

phan degradation via the kynurenine pathway (de novo), nico-

tinic acid (NA) conversion via the Press-Handler pathway, and

conversion of NAM and nicotinamide riboside (NR) to nicotin-

amide mononucleotide (NMN) via the salvage pathways.36–38

The consumption of NAD+ is mainly mediated by poly(ADP)

ribose polymerases (PARPs), cluster of differentiation 38

(CD38), and sirtuins, which compete for intracellular NAD+

bioavailability.10

We additionally examined whether the expression of NAD+

biosynthetic and consumption genes was associated with

BAT-activity-related parameters. These relationships could

explain the inter-individual variability in BAT thermogenic



Figure 2. NAD+ biosynthesis pathways in BAT

(A) Comparison of BAT tryptophan content between high-BAT and low-BAT subjects. Box-and-whisker plot: box extends from the 25th to 75th percentiles, and

whiskers show minimum to maximum value; mean value is marked with ‘‘+.’’ p value shows the comparison of means using unpaired Student’s t test.

(B) Spearman’s correlation between BAT tryptophan content and BAT UCP1 gene expression.

(legend continued on next page)
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metabolism as determined by cold-stimulated PET-CT imaging

measurements and UCP1 expression in BAT. BAT samples

were excised from the supraclavicular fat depot, and WAT sam-

ples were acquired from the subcutaneous neck fat depot.

Owing to ethical considerations, the AT samples could not be ac-

quired in the cold-stimulated state and were therefore collected

under RT conditions.
De novo NAD+ biosynthesis in BAT
To elucidate whether the favored routes for tryptophan catabo-

lism differ between BAT andWAT, we statistically compared (us-

ing paired Student’s t test or Wilcoxon’s rank-sum test) the

expression of genes involved in the metabolic pathways of tryp-

tophan degradation, including the de novo NAD+ biosynthesis

pathway assessedwith the KEGG (Kyoto Encyclopedia of Genes

and Genomes) database tool39,40 in these two tissues. Further-

more, we evaluated the relevance of BAT tryptophan-dependent

NAD+ biosynthesis to the thermogenic mechanism of BAT by

analyzing the correlation of the expression of de novo pathway

genes with BAT metabolic activity markers and BAT thermo-

genic gene UCP1 mRNA levels.6,41

De novo biosynthesis of NAD+ involves the conversion of tryp-

tophan into NAD+ in a multi-step process via indoleamine 2,3-di-

oxygenase 1 (IDO1) along the kynurenine pathway. Tryptophan

can also be degraded toward the production of serotonin by tryp-

tophan hydroxylase 1 (TPH1).42 We found that BAT tryptophan

content was significantly lower in high-BAT individuals compared

to low-BAT individuals (Figure 2A), while there was no clear corre-

lation between serum tryptophan and BAT tryptophan (rho = 0.13,

p = 0.68), indicating that the differences observed in BAT (Fig-

ure 2A) may not be solely due to the differences in serum levels

(Figure 1D). Further, UCP1 expression of BAT was inversely

related to BAT tryptophan content, indicating enhanced trypto-

phan tissue utilization upon BAT thermogenic activation (Fig-

ure 2B). We found that IDO1 expression was significantly higher

in BAT compared to WAT but there was no difference in TPH1

expression between BAT and WAT (Figure 2C). Furthermore, the

expression of IDO1 was strongly associated with the expression

of UCP1 (Figure 2D). Thus, our results suggest that the degrada-

tion of tryptophan in BAT is favored toward kynurenine production

in comparison to WAT, and that tryptophan degradation is impor-

tant as a thermogenic mechanism of BAT.

The catabolism of kynurenine can lead to either production of

acetyl-coenzyme A (acetyl-CoA) or NAD+, with both molecules

playing a fundamental role in the metabolic pathways of cellular

respiration.43 We found that the expression of several genes
(C) Log2 fold difference of the expressions of the genes involved in NAD+ biosyn

been done with the paired Student’s t test for normally distributed data orWilcoxo

presented as mean ± SEM.

(D) Relationship between the expressions of genes in BAT involved in NAD+ bios

expression, cold-stimulated glucose uptake (GU), cold-stimulated tissue perfusi

ships reaching statistical significance at a p value of %0.05 are shown.

(E) Graphical illustration of NAD+ biosynthesis pathways in BAT in conjunction

comparison to WAT, and the relationship of these genes with the expression of

culatorymetabolites related to NAD+metabolism is illustrated. All thementioned g

correlation with BAT UCP1 expression.

Information about the number of participants (n) in each analysis can be found in
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(ACMSD, ALDH8A1, DLD, DLST, DHTKD1, ACAT1, ACAT2,

ECHS1, EHHADH, HADHA, and HADHB) in the metabolic

pathway of the catabolic degradation of kynurenine leading to

the production of acetyl-CoA was significantly higher in BAT

than in WAT, and many of these genes were directly related to

UCP1 expression in BAT (Figures 2D and 2E). There were no dif-

ferences in the expression of genes involved in the catabolism of

kynurenine leading to the production of nicotinic acid mononu-

cleotide (NaMN), a precursor of NAD+ molecule, in BAT versus

WAT. Thus, our data suggest that: (1) BAT has a superior capac-

ity, compared toWAT, for catabolizing tryptophan toward kynur-

enine production; (2) in BAT, in comparison to WAT, kynurenine

is likely channeled toward the production of acetyl-CoA rather

than NAD+; and (3) tryptophan degradation is directly linked

with BAT thermogenesis.

Preiss-Handler pathway of NAD+ biosynthesis in BAT
We further analyzed the expression of genes involved in the other

pathways of NAD+ production in BAT to elucidate themain NAD+

biosynthetic mechanisms in BAT compared to WAT. In the

Preiss-Handler pathway, the expression of genes involved in

the conversion of NA (commonly referred to as niacin or vitamin

B3) to NaMN, and further fromNaMN to NA adenine dinucleotide

(NAAD), NAPRT1, and NMNAT1, respectively, were significantly

higher in BAT than in WAT. The expression of NMNAT1, but not

NAPRT1, correlated positively with the expression of UCP1.

There was no significant difference between the expression of

other isoforms of NMNATs, i.e., NMNAT2 and NMNAT3. Addi-

tionally, there was no significant difference in the expression of

NADSYN1, the gene involved in the conversion of NAAD to

NAD+ (Figure 2C). Because NAPRT1 is the key rate-limiting

enzyme involved in metabolizing NA,44 it can be inferred from

our data that the Preiss-Handler pathway is upregulated in

BAT compared to WAT, and that metabolism of food-derived

NA might occur at higher rates in BAT than in WAT.

Salvage pathways of NAD+ biosynthesis in BAT
When assessing salvage pathways in BAT, we found that the

expression of the rate-limiting gene45 NAMPT was not signifi-

cantly upregulated in BAT (compared to the paired WAT, Fig-

ure 2C). Interestingly, the expression of NAMPT was directly

related to the expression of UCP1, showing that NAMPT associ-

ates with BAT thermogenic activity in humans (Figure 2D). The

expression of the gene responsible for conversion of NR to

NMN,NMRK1, was not different in BAT compared toWAT, while

the expression of the other isoform of NMRK, NMRK2, was not
thesis pathways in BAT in comparison to WAT. Comparison of the means has

n’s rank-sum test for the non-normally distributed datasets. *p% 0.05. Data are

ynthesis pathways in comparison to BAT metabolic characteristics, i.e., UCP1

on, cold-stimulated tissue radiodensity, and tryptophan content. The relation-

with the expression of genes in BAT involved in these synthesis pathways in

BAT thermogenic gene (UCP1). Moreover, the cold-induced response of cir-

enes in the figure were evaluated for differences withWAT gene expression and

Figure S1.



Figure 3. NAD+ consumption pathways in BAT

(A) Log2 fold difference of the expressions of the genes involved in NAD+

consumption in BAT in comparison to WAT. Comparison of the means has

been done with the paired Student’s t test for normally distributed data or

Wilcoxon’s rank-sum test for the non-normally distributed datasets. *p% 0.05.

Data are presented as mean ± SEM.

(B) Relationship between the expressions of genes in BAT involved in NAD+

consumption in comparison to BAT metabolic characteristics, i.e., UCP1

expression, cold-stimulated glucose uptake (GU), cold-stimulated tissue

perfusion, cold-stimulated tissue radiodensity, and tryptophan content.

Spearman’s correlations reaching statistical significance at a p value of%0.05

are shown.

Information about the number of participants (n) in each analysis can be found

in Figure S1.
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detected in BAT. The expression ofNMNAT1, the gene encoding

the enzyme responsible for conversion of NMN to NAD+, was

found to be upregulated in BAT versusWAT and positively corre-

lated with UCP1 expression. However, it should be noted that

NMNAT1 also has relevance in the Preiss-Handler pathway,

and the conclusion that NMN is solely converted to NAD+ may

not be entirely accurate. The expression of the gene responsible

for converting NR to NAM, purine nucleoside phosphorylase

(PNP), was found to be higher in BAT (Figure 2C) than in WAT,

thus suggesting a higher capacity for conversion of NR to NAM

in BAT than in WAT. There were no significant correlations be-

tween the expression of UCP1 and the expression levels of

NRK1 and PNP. Together, these data suggest that most of the
salvage pathway genes are expressed at a similar level in human

BAT andWAT, but upon cold activation, BAT NAD+ biosynthesis

likely occurs via NAMPT-mediated mechanism in the salvage

pathway in humans.

NAD+ consumers in BAT
Given that intracellular NAD+ availability depends not only on

NAD+ biosynthesis capacity but also on the rate of NAD+ con-

sumption, we investigated the expression of the genes encoding

proteins involved in the consumption of NAD+. Our data showed

no differences in the expression of CD38 between BAT andWAT

(Figure 3A), suggesting that CD38-mediated NAD+ consumption

may not be contributing to the differences of intracellular NAD+

between BAT and WAT. Our finding is in line with the results in

mice reported by Benzi et al.19 However, while our dataset

does not reveal how cold may affect CD38mediated NAD+ con-

sumption, the data in mice suggest that cold exposure reduces

CD38 expression, which may still be a key mechanism leading to

increased BAT NAD+ levels during cold exposure.19 Among the

PARP family, we found that the expression of PARP1, PARP3,

PARP6, PARP11, PARP12, and PARP14 was upregulated in

BAT compared to WAT (Figure 3A). The expression of PARP5a,

PARP5b, and PARP7 was not detected in BAT, contrary to the

findings in rodents.18 The main isoform, PARP1, and also

PARP6, had a direct relationship with UCP1 expression in BAT

(Figure 3B). This implies that BAT with greater thermogenic ca-

pacity also expresses PARP1, responsible for mitigating DNA

damage, a potential consequence of elevated free radicals in

BAT due to its higher oxidative capacity relative to WAT.34 Inter-

estingly, PARP1 gene ablation improves BAT thermogenic activ-

ity in mice,18 and this is likely due to elevated cellular NAD+ con-

tent. We found a relationship between the expressions of PARP2

and cold-stimulated BAT perfusion, an indicator of BAT oxidative

metabolism.34 As a whole, our data demonstrated that the

expression of the main PARP isoform, PARP1, and approxi-

mately 80% of the isoforms of this family have higher expression

in human BAT than inWAT, while BAT PARP1 gene expression is

linked to BAT thermogenesis in humans.

Sirtuins are the key regulators of mitochondrial metabolism

that use NAD+ as a substrate for deacylation reactions.46 We

found that among the sirtuin family, the expression of mitochon-

drial sirtuins SIRT3 and SIRT5were upregulated in BAT while the

expression of mitochondrial SIRT4 was downregulated in com-

parison to WAT (Figure 3A). The expression of SIRT5 in BAT

was also in direct relationship with the expression of UCP1,

and the expression of SIRT3 was in direct relationship with

cold-stimulated BAT perfusion and radiodensity. SIRT3, local-

ized on the inner mitochondrial membrane, participates in

UCP1-mediated thermogenic respiration in BAT, and in vitro

data suggest that it is necessary for BAT function, particularly

lipid handling and mitochondrial respiration47; however, adi-

pose-specific SIRT3 knockout data remain equivocal in this re-

gard.48,49 The protein encoded by SIRT5 is involved in succiny-

lation and malonylation of key metabolic enzymes in

mitochondria and plays a role in promoting BAT metabolism.50

In contrast, SIRT4 is involved in repressing mitochondrial fatty

acid oxidation and promoting lipid anabolism,51 the latter of

which is a dominant feature of WAT rather than BAT.
Cell Reports 42, 113131, September 26, 2023 7



Figure 4. Transporter and carriers of NAD+-related metabolites in BAT

(A) Log2 fold difference of the expressions of the genes involved in the cellular uptake and transport of NAD+-precursor molecules in BAT in comparison to WAT.

Comparison of themeans has been donewith the paired Student’s t test for normally distributed data orWilcoxon’s rank-sum test for the non-normally distributed

datasets. *p % 0.05. Data are presented as mean ± SEM.

(B) Relationship between the expressions of genes in BAT involved in the cellular uptake and transport of NAD+-precursor molecules and metabolic charac-

teristics of BAT, i.e., UCP1 expression, cold-stimulated glucose uptake (GU), cold-stimulated tissue perfusion, cold-stimulated tissue radiodensity, and tryp-

tophan content. Spearman’s correlations reaching statistical significance at a p value of %0.05 are shown.

(C) Graphical representation of the transporter and carriers of NAD+-related metabolites in a brown adipocyte, in conjunction with the findings in (A).

Information about the number of participants (n) in each analysis (data shown in A and B) can be found in Figure S1.
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These results should be seen, however, in the context that

typically mRNA expression of sirtuins does not correlate with

enzyme activities.46 Nevertheless, we clearly observed a differ-

ential expression of mitochondrial sirtuin genes in BAT in com-

parison to WAT and found relationships of sirtuins with markers

of BAT metabolic activity.

Gene expression of transporter and carriers of NAD+-
related metabolites in BAT
Cellular-membrane-bound transporter proteins and molecular

carriers play a crucial role in the regulation of the availability of

key metabolites for cellular reactions. Recent data have

emerged suggesting that certain transporters and carriers of

NAD+ precursor molecules play a crucial role in maintaining

cellular NAD+ homeostasis.52,53 However, the findings are still

somewhat controversial. Despite this, we compared the expres-

sion of genes encoding the transport receptors and carriers of

NAD+-related metabolites in BAT versus WAT.

Tryptophan has been suggested to enter cells through the

neutral or proton-coupled amino acid transporters SLC7A554

and SLC36A4.55 There were no differences in the expression
8 Cell Reports 42, 113131, September 26, 2023
of these genes between BAT andWAT (Figure 4A). The BAT tryp-

tophan concentration was also not associated with the expres-

sion of these genes (Figure 4B). Regarding other potential trypto-

phan transporters in BAT, we did not detect the expression of the

tryptophan-like amino acid transporters SLC6A19 and

SLC6A14, which are tryptophan-like amino acid transporters in

several tissues,56,57 in either AT type.

Cellular uptake of NA has been reported to be via SLC5A8 and

SLC22A13.58,59 We did not detect the expression of SLC5A8 in

BAT. The expression of SLC22A13 was detected, but it was

not different from that of WAT (Figure 4A). The SLC12A8 gene

encodes a specific transporter of nicotinamide mononucleotide

(NMN) in cells.52 The expression of this gene was detected in

BAT, although it was not statistically different from the corre-

sponding WAT expression (Figure 4A). NMN is converted to

NR extracellularly through the presence of protein on the cellular

membrane encoded by NT5E. In BAT, expression of NT5E was

detected, but the expression was not different from that in WAT.

SLC29A1 and SLC29A2 encode the transporters of NR; the

expression of both was detected in BAT. The expression of

SLC29A2 was significantly higher in WAT than in BAT. It is



Figure 5. Whole-body metabolic health and NAD+ biosynthesis, consumption, and transport genes in BAT

Spearman’s correlations between the expressions of genes in BAT involved in (A) NAD+ biosynthesis, (B) NAD+ consumption, and (C) the cellular uptake and

transport of NAD+-precursor molecules with systemic metabolic health measures. The relationships reaching statistical significance at a p value of %0.05 are

shown. Information about the number of participants (n) in each analysis can be found in Figure S1.
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unclear whether a specific transport system exists for the cellular

uptake of NAM in BAT. Previously it has been suggested that

cellular NAM uptake in other tissues occurs via facilitated diffu-

sion.60,61 Recent studies have indicated that SLC25A51 medi-

ates the transport of NAD+ synthesized in the cytoplasm to the

mitochondria.52,62,63 According to our data, the expression of

SLC25A51 was upregulated in BAT compared to WAT (Fig-

ure 4A), and there was a strong trend for a direct relationship be-

tween expressions of BAT SLC25A51 and UCP1 (rho = 0.51,

p = 0.05) and of BAT expression of SLC25A51 with BAT cold-

induced glucose uptake (rho = 0.52, p = 0.10). This indicates a

higher presence of this NAD+ mitochondrial transport protein in

BAT than in WAT, with possible relevance to the thermogenic

mechanism in BAT.

The uptake of NMN into the mitochondria is another route for

mitochondrial NAD+ production via the salvage pathway, and it is

considered to be the dominant precursor of NAD+ production

within mitochondria.64,65 However, the exact mechanism of

NMN uptake from the cytosol tomitochondria is unclear. Overall,

based on these findings, there are no clear differences in the

expression of the transporters of NAD+ precursors between

BAT and WAT, implying that all NAD+ precursors can equally

enter the white and brown adipocytes for NAD+ biosynthesis.

Whole-body metabolic health and expression of genes
involved in NAD+ biosynthesis, consumption, and
transport in BAT
Because BAT is suggested to be an organ that may be involved

in the regulation of whole-body metabolic health, we examined
the relationships of the expression of genes involved in NAD+

biosynthesis, consumption, and transport in BAT with systemic

markers of metabolic health (whole-body insulin sensitivity and

plasma lipid profile) and markers of body adiposity (BMI, waist

circumference, and whole-body fat percentage) (Figures 5A–

5C). The markers of body adiposity were inversely related to

the expression of NAPRT1, NMNAT1, and SIRT1, and directly

related toNADSYN1. Thewhole-body insulin sensitivity (M value)

was directly related to NAPRT1, PNP, and SIRT6. The measures

of lipidemia (plasma triglycerides, cholesterol, low-density lipo-

protein, and HDL) were related to the expression of NMNAT1,

NAMPT, NNMT, QPRT, SIRT6, SIRT7, PARP6, SLC2A2,

SLC36A4, NT5E, SLC29A2, and SLC25A51. Together, based

on these findings, it can be inferred that the genes encoding pro-

teins crucial for regulating cellular NAD+ bioavailability in BAT are

linked to systemic metabolic health.

Acute exposure to NAM and tryptophan on human brite
adipocytes
We lastly asked whether exogenously administered NAM and

tryptophan could affect NAD+ levels and expression of genes

involved in NAD+ biosynthesis and thermogenesis in human brite

adipocytes. In our in vitro experiments, we subjected human

brite adipocytes acutely for 6 h to either NAM or tryptophan.

We used two concentrations of these compounds, either

0.03 mM or 0.1 mM, based on a previous study using another

NAD+ precursor, NR, in human brite adipocytes.21 Acute expo-

sure to NAM (0.1 mM) significantly increased the intracellular

NAD+ concentration (Figure 6A), and this was associated with
Cell Reports 42, 113131, September 26, 2023 9



Figure 6. Exposure to nicotinamide and tryptophan in human brite adipocytes

(A–D) Effect of acute nicotinamide (NAM) treatment on intracellular NAD+ concentration (vehicle, n = 8; NAM, n = 10) and themRNA expression ofNAMPT (vehicle,

n = 10; NAM0.03mM, n = 6; NAM0.1mM, n = 10),NNMT (vehicle, n = 10; NAM0.03mM, n = 5; NAM0.1mM, n = 8), andUCP1 (vehicle, n = 10; NAM0.03mM, n =

7; NAM 0.1 mM, n = 10) in human brite adipocytes.

(E–G) Effect of acute tryptophan (Trp) treatment on intracellular NAD+ concentration (vehicle, n = 8; Trp, n = 10) and mRNA expression ofQPRT (all groups, n = 6)

and UCP1 (all groups, n = 6) in human brite adipocytes. Statistical analysis was performed with one-way ANOVA with Fisher’s LSD post hoc test for normally

distributed data and with Kruskal-Wallis test with uncorrected Dunn’s post hoc test for non-normally distributed data. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not

significant. Box-and-whisker plot: box extends from the 25th to 75th percentiles, and whiskers showminimum to maximum value; the mean value is marked with

a line.
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a trend for elevated expression of NAMPT, the NAM metabo-

lizing NAD+ biosynthetic gene (Figure 6B). In response to NAM

treatment, there was no concurrent upregulation in the expres-

sion of NNMT that diverts NAM from NAD+ biosynthesis (Fig-

ure 6C). Interestingly, acute exposure to NAM also increased

UCP1 expression (Figure 6D), demonstrating a direct link be-

tween the salvage pathway for NAD+ biosynthesis and the

UCP1-dependent thermogenic pathway in brite adipocytes.

Exposure to tryptophan with any of the used concentrations

did not elicit a response to the intracellular NAD+ concentration

in human brite adipocytes (Figure 6E), with no concurrent effect

on QPRT, the rate-limiting gene in the de novo pathway of NAD+

biosynthesis (Figure 6F). Interestingly, there was a significant in-

crease in UCP1 expression with the lowest dose of tryptophan

(0.03mM) (Figure 6G). This finding is in line with our earlier results

(de novoNAD+ biosynthesis in BAT) showing that tryptophan has
10 Cell Reports 42, 113131, September 26, 2023
a link to BAT thermogenic metabolism, although this is not perti-

nent to NAD+ de novo biosynthesis. Collectively, these results

confirmed that NAM and tryptophan have relevance to thermo-

genic metabolism in human brown adipocytes.

DISCUSSION

Based on mouse studies, cold exposure activates NAD+ meta-

bolism in BAT, reflecting the higher demand of NAD+ for thermo-

genic metabolism in cold-stimulated BAT.11 In humans, limited

data are available on how NAD+ metabolism is regulated in the

supraclavicular BAT at RT and upon cold exposure. Our study

addresses this important knowledge gap by analyzing cold-

induced changes in serum metabolites and their relationship

with the in vivometabolic parameters of BAT and the expression

of genes representing pathways that are central to NAD+



Figure 7. The proposedmechanism fulfilling intracellular NAD+ requirements in humanBAT, particularly during cold-induced thermogenesis

Liver releases NAM into the circulation in response to cold, which is taken up by BAT to be used for NAD+ production via NAMPT in the salvage pathway.

Concomitantly, decreased levels of kynurenine and tryptophan in the circulation found in individuals with high cold-stimulated BAT metabolism denote their

utilization in liver for de novo synthesis of NAD+ or in BAT for de novo synthesis of acetyl-CoA and/or NAD+ upon cold-stress condition.
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bioregulation in the supraclavicular BAT depots in adult humans.

In addition, the effect of acute exposure to NAM and tryptophan

on NAD+ and thermogenic metabolism was evaluated in human

brite adipocytes. Based on our findings and those of others, we

propose a model of NAD+ bioregulation in human BAT that is

supported by the liver, particularly during hypermetabolic cold-

stress conditions (Figure 7).

One of our key findings is that cold stimulation resulted in

higher circulating levels of NAM and 1-MNAM in humans. NAM

is a vitamin B3 form that is used for NAD+ biosynthesis via the

salvage pathway in peripheral tissues and is also the end product

of several intracellular NAD+ consumption reactionsmediated by

CD38 and PARPs.66 In contrast, 1-MNAM is a degradation prod-

uct of NAM that is eliminated via urine.67,68,69 In mammals

including humans, NAM is obtained via the diet, but it can also

be biosynthesized from diet-derived tryptophan in the liver.70

The secreted NAM in the circulation is taken up by other tissues

for the synthesis of NAD+ via NAMPT in the salvage pathway. Our

findings invoke the question of what was the source of circulating

NAM and 1-MNAM during cold exposure. It is plausible that

NAD+ consumption reactions in the blood cells, for example

via SIRTs, CD38, and PARPs, contributed to the elevated levels

of circulating NAM and 1-MNAM in our study.71,72 However, it is

tempting to speculate that the liver may be the major organ

responsible for the cold-induced elevation in circulatory NAM,

as rodent studies have shown the liver to release tryptophan-

derived NAM for use in other tissues.36 Consequently, NAM

would then be taken up by BAT due to higher cellular NAD+ de-

mand to support thermogenic respiration (as suggested in Fig-

ure 7). In addition, supplementation with NAD+ precursors has

been reported to stimulate BAT thermogenic activity in

mice.11,73,74 These findings raise the question of whether the
exogenous supplementation with NAM or other NAD+ precursor

vitamin B3 forms known to be degraded to NAM could be used

as a means to stimulate human BAT activity. Interestingly, NR

induced norepinephrine-stimulated mitochondrial uncoupling in

adipocytes derived from human BAT after a 24-h treatment.21

In the same study, however, the clinical trial with NR supplemen-

tation failed to detect BAT activation after 6 weeks of treat-

ment.21 There could be several reasons why in vitro and in vivo

studies showed different outcomes upon NR supplementation.

The dose and the duration of the treatment differed, and the de-

gree of degradation of NR to NAM varies between in vitro and

in vivo as well as the capacity of NR to elevate intracellular

NAD+ levels. Also, the study by Nascimento et al.21 examined

in vivo BAT metabolism during cold stimulation, and it is plau-

sible that the hypermetabolic effect of cold activation in BAT

may have masked the effect of NR supplementation, which

may have been present during the basal metabolic state. There-

fore, further studies are needed to aid understanding of whether

NAM and NAD+ boosting strategies can stimulate BAT activity in

humans, not merely under cold stimulation but also in other

physiological states (e.g., fasting and postprandial).

Further support for the idea that cold-stimulated BAT utilizes

tryptophan-derived NAM via the salvage pathway comes from

our observation that BAT thermogenic capacity, assessed on

the basis of UCP1 expression, was linked to the expression of

NAMPT (Figure 2D). In line with our findings, gene and protein

expression of NAMPT in the human supraclavicular AT (the

most common location for the existence of human BAT in adults)

has been shown to increase during cold exposure.11 In mice,

cold-induced upregulation of NAMPT expression in BAT11,19

has been observed along with increased NAD+ levels and

NAD+ metabolites involved in the salvage pathway, including
Cell Reports 42, 113131, September 26, 2023 11
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NAM.11 In agreement, we observed that acute NAM treatment

elevated intracellular NAD+ levels and expression of NAMPT

and UCP1 in human brite adipocytes. Overall, our data suggest

that hepatic NAM release to the circulation, and its utilization via

the salvage pathway for NAD+ biosynthesis, is likely functional

and crucial in cold-activated BAT metabolism in humans

(Figure 7).

Tryptophan is an essential amino acid derived from the diet to

produce protein. In liver, tryptophan ismostly used for the synthe-

sis of kynurenine, accounting for approximately 90% of trypto-

phan catabolism, while only 3% of dietary tryptophan is used

for serotonin synthesis.75–77 The observed decrease in serum

tryptophan and kynurenine in response to cold was the most

prominent phenomenon in those individuals with high-BAT acti-

vation. Given that animal studies suggest that the utilization of di-

etary tryptophan for the biosynthesis of NAD+ and subsequent

conversion to NAM takes place in the liver,70,76 we propose that

cold-induced hepatic tryptophan utilizationmay be the key factor

explaining the decline in circulating tryptophan observed in our

study (Figure 7). Although there is no direct evidence of increased

hepatic utilization of tryptophan and kynurenine resulting in their

decrease in circulation upon cold exposure in humans or mice,

cold-stimulatedBAT ofmice has presented an increase in hepatic

gene expression and activity of tryptophan-2,3-dioxygenase

(TPO), suggesting an enhanced tryptophan catabolism in liver to-

ward kynurenine production under this hypermetabolic condi-

tion.78 The increase in the hepatic tryptophan pool per se has

been shown to increase TPO activity, due to higher blood flow to-

ward the liver caused by peripheral vasoconstriction resulting

from cold exposure.79,80 In humans, BAT activation is associated

with increased BAT blood flow.22,30,34 In line with this, we found a

trend for a correlation between lower serum tryptophan levels

and higher BAT blood flow in cold, supporting hepatic TPO acti-

vation as being dependent on BAT activation as well. However,

we cannot exclude the possibility that tryptophan utilization is

altered in BAT upon cold exposure.

Rodent studies demonstrate that BAT tryptophan concentra-

tion increases in mice acutely exposed to cold when compared

to animals at thermoneutrality.11,81 During cold, rodent BAT likely

uses tryptophan and kynurenine for de novo synthesis of acetyl-

CoA rather than NAD+, given that lower acetyl-CoA levels have

been reported in cold-induced BAT in rodents.82 This is in line

with our results showing that tryptophan catabolism for the syn-

thesis of acetyl-CoA via the kynurenine pathway is favored at RT

in human BAT in comparison to WAT. Based on our findings,

tryptophan degradation in BAT appears to be directly linked

with the BAT thermogenic mechanism in humans but, owing to

the lack of BAT samples acquired from participants upon cold

exposure, the cellular fate of tryptophan in BAT remains unclear

in cold-stimulated conditions in humans. However, as acute

tryptophan treatment significantly increased the expression of

UCP1 without affecting NAD+ levels in our in vitro experiments

in human brite adipocytes, tryptophan likely has a link to BAT

thermogenic metabolism via the NAD+-independent mechanism

in humans. Overall, the results from our and other studies sug-

gest that tryptophan is likely metabolized via the kynurenine

pathway in the liver and BAT during hypermetabolic cold-stress

conditions in humans.
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An increase in intracellular NAD+ levels is closely linked to

improved metabolic health.53,72 We observed that measures of

metabolic health were related to the cold-induced circulating

levels of both kynurenine and tryptophan and with the expres-

sion of NAD+ biosynthesis and consumption genes. The inverse

correlations of kynurenine and tryptophan with indicators of

metabolic health are not surprising, given that we also observed

these metabolites to be lowered by cold exposure only in

persons with high-BAT activation. It is important to highlight

that BAT activity has been previously related to these

parameters.23,25,32,33,83,84 Additionally, the lower levels of trypto-

phan and kynurenine found to be associated with cold-activated

BAT are likely beneficial, because their use for the synthesis of

metabolites (e.g., kynurenine metabolites) at the cellular level

may prevent inflammation, oxidative stress, and harmful immune

activation.85 Regarding the correlations found with gene expres-

sion in BAT, we observed that higher NAD+ biosynthesis is asso-

ciated with lower body adiposity, higher insulin sensitivity, and a

more favorable circulating lipid profile. These findings are in

agreement with studies showing that supplementation with

NAD+ precursors is beneficial in mice and humans10,86 and

thereby highlight the importance of continuing to study NAD+

boosters in human BAT as a potential target to enhance BAT ac-

tivity for metabolic health benefits.

Limitations of the study
In our study, serum was exploited for metabolomics analysis.

Serum does not contain the full spectrum of NAD+ metabolites

other than NAM, its degradation products, NA, and tryptophan.

Whole-blood analysis would have given additional information

on the NAD+ metabolome.87 Our study also does not provide

NAD+ concentration data in human BAT biopsy samples, rather

only tryptophan because of the utilization of a non-targeted me-

tabolomics approach. In future studies a targeted method to

detect NAD+ from BAT samples is needed. Additionally, our cur-

rent data provide a snapshot of the metabolic processes rather

than the dynamics of NAD+ biosynthesis and consumption;

future studies using advanced fluxomics techniques may reveal

the full spectrum of these simultaneous biological processes.

The reason for these limitations is that the study was not initially

designed to investigate NAD+ metabolites but rather the meta-

bolism of BAT by PET-CT imaging and thereby, the model pro-

posed in Figure 7 also possesses inherent limitations; hence,

further investigations are needed for robust validation of the

model. For ethical reasons, AT samples were not excised during

cold stimulation. Therefore, the effect of cold stimulation on the

expression of the genes and proteins was not investigated.

Nevertheless, paired gene expression between BAT and WAT

can indicate the upregulated molecular mechanisms in either

AT depot. However, from a different perspective, it is more

meaningful to study the expression of these genes at RT

because modern-day humans spend most of their time at RT.

In addition, clinical interventions with NAD+ precursor supple-

mentation focus on studying NAD+ precursor metabolizing en-

zymes at RT. One additional limitation is that we have evaluated

the expression of genes responsible for encoding proteins. Gene

mRNA expression levels do not always represent the levels of

protein or enzymatic activity, which is a limitation inherent to all



Article
ll

OPEN ACCESS
studies employing RNA-sequencing analysis. However, some of

the NAD+ biosynthetic enzymes such as NAMPT are only regu-

lated at the level of transcription.45,88

Despite these limitations, our study provides intensive insights

into the NAD+ precursors NAM and tryptophan in response to

cold stimulation in relation to BAT metabolism in adult humans.

Because several molecular pathways are distinctly regulated in

human BAT in comparison to rodents and these differences

remain untangled by the scientific community,89 our study offers

understanding of NAD+ metabolism in BAT in comparison to

WAT in adult humans. In addition, our study provides supporting

evidence that the regulation of NAD+ metabolism by liver and

BAT occurs in a coordinated fashion in cold. It provides a frame-

work for designing and interpreting results from clinical interven-

tion studies seeking to target NAD+ regulation in human BAT for

therapeutic purposes.

Conclusions
The present study shows that exposure to cold in adult humans

induces changes in serum levels of the NAD+ precursor metab-

olites NAM, tryptophan, and kynurenine, which are associated

with BAT activation during cold exposure. This phenomenon is

more profound in the subjects with higher cold-stimulated BAT

activity, as assessed by PET imaging. In BAT as compared to

WAT, mRNA expression of several genes encoding proteins

involved in the biosynthesis of NAD+ is upregulated. In BAT,

NAD+ biosynthesis via the salvage pathway enzyme, NAMPT,

is likely to be the preferred NAD+ biosynthetic route in cold.

The inter-individual variance in the expression of genes involved

in cellular NAD+ biosynthesis in BAT and in serum metabolites

participating in de novoNAD+ biosynthesis is related to systemic

metabolic health as assessed by circulatory lipid concentrations

and whole-body insulin sensitivity. In human brite adipocytes,

acute treatment with NAM or tryptophan is linked to the upregu-

lation of the thermogenic gene UCP1. Together, these results

reinforce the importance of NAD+ biosynthesis in BAT as a po-

tential target to support BAT activity for metabolic health

benefits.
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Quadrupole time-of-flight

mass spectrometry

(UHPLC–qTOF-MS) system

Agilent Technologies N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact. The lead

contact is Professor Kirsi A. Virtanen (kirsi.virtanen@utu.fi).

Materials availability
This study did not generate new or unique reagents.
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Data and code availability
d RNA-Seq data have been deposited at NCBI’s Gene Expression Omnibus (GEO) and are accessible throughGEO:GSE113764.

Metabolomics data have been deposited at NIH Common Fund’s National Metabolomics Data Repository (NMDR) Website,

the Metabolomics Workbench, https://www.metabolomicsworkbench.org where it has been assigned Study ID ST002826.

The data can be accessed directly via its Project DOI: https://doi.org/10.21228/M85T5M. RNA-seq and Metabolomics data

are publicly available as of the date of publication. The analyzed non-targeted serum metabolomics dataset that supports

the findings of this study is available as Table S2. All data reported in this study will be shared by the lead contact upon request.

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, Professor

Kirsi A. Virtanen (kirsi.virtanen@utu.fi), upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study participants
In total seventy-nine (79) study subjects were included in the study presented here. These data and biological samples were collected

between 2009 and 2018 at the Turku PETCenter during clinical studies exploring BATmetabolism in humans. The PET-CT imaging of

BATwas performed using dynamic acquisition protocol.22,24,25,34 Therewere 24males and 55 females included in our cohort and, the

group had an age range of 20–55 years and BMI ranging from 19 to 44 kg/m2. All participants were clinically assessed before recruit-

ment into the respective studies, with those presenting an overall healthy metabolic profile with no diabetes and/or cardiovascular

diseases were included. The assessment and determination of a healthy metabolic health profile was based on available medical

records, 2-h OGTT, electrocardiography (ECG) assessment, along with clinical lipid and hepatic enzyme levels in blood. All recruited

study subjects providedwritten informed consent for volunteering in the clinical research studies. The study protocols were approved

by the Ethics Committee of the Hospital District of Southwest Finland, and the studies were conducted according to the principles of

the Declaration of Helsinki.

Table S1 shows the body composition andmain clinical andmetabolic variables of all the study participants included in the current

report. Figure S1 shows amodified-Venn diagram for all of themajor clinical assessments that have beenmadewith the total number

of participants in each of these clinical assessments; whereas overlap in the Venn-diagram shows the number of participants partici-

pating in both of these assessments.

Cell lines
HumanMultipotent Adipose-Derived Stem (hMADS) cells were used for the in-vitro experimentation.90 These cells were isolated from

the white adipose tissue removed from the surgical scraps of infants undergoing surgery. The procedure was undertaken with the

informed consent of the parents. All themethodswere approved and performed following the guidelines and regulations of theCenter

Hospitalier Universitaire de Nice Review Board. These cells did not enter senescence while exhibiting a diploid karyotype, were non-

transformed though expressing significant telomerase activity, showed no chromosomal abnormalities after 140 population dou-

blings, and maintained their differentiation properties after 160–200 population doublings. hMADS cells were able to withstand

freeze/thaw procedures, and their differentiation could be directed under different culture conditions into various lineages. In the ex-

periments reported herein, hMADS cells were established from the prepubic fat pad of a 4-month-old male and used between pas-

sages 14 and 25.

METHOD DETAILS

Study design and methods
PET-CT imaging was carried out and blood samples were drawn after an overnight fast. The subjects were instructed to avoid con-

sumption of alcoholic or caffeinated beverages for 12 h before themetabolic assessments. The subjects were also instructed to avoid

strenuous physical activity 24 h before the study day. The subjects were placed in a supine position during the PET-CT scanning. The

participants were scanned using PET-CT during cold-exposure using an individualized cooling protocol.22,24 Subjects were classi-

fied as high-BAT and low-BAT based on substrate uptake rates; high-BAT glucose uptake rate ofR3.0 mmol/100 g/min or NEFA up-

take rate R0.7 mmol/100 g/min.23 The cut-off value of 3.0 mmol/100 g/min glucose uptake rate is based on the equivalent of stan-

dardized uptake value (SUV) of FDG PET scan of 1.5 g/mL which has been the recommended SUV for the detection of BAT in

BARCIST 1.0 criteria,92 and NEFA uptake rate of 0.7 mmol/100 g/min is comparable in terms of energy content following complete

oxidation to the glucose uptake rate value.

Biopsies and PET scanning protocol and analyses
Biopsy of supraclavicular adipose tissuewas taken after obtainingwritten informed consent from the study participants. BAT depot in

the supraclavicular region was localized with the aid of available imaging data (for example, MRI, cold-exposed [18F]FDG PET, or

cold-exposed [18F]FTHA PET imaging). From the same incision site, subcutaneous adipose tissue was collected as a WAT sample.
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The biopsies were obtained under local lidocaine-epinephrine anesthesia by a plastic surgeon at normal room temperature (approx-

imately 22�C). Immediately after removal, the tissue samples were snap-frozen in liquid nitrogen.

PET-CT imaging
PET imaging of the supraclavicular region was performed with the subject supine positioning in the PET-CT scanner. Tissue glucose

uptake rate was measured using [18F]FDG radiotracer. Tissue blood perfusion was measured using [15O]H2O radiotracer. Tissue

NEFA uptake rate was calculated using [18F]FTHA. All PET scannings were performed using a dynamic acquisition protocol.22,24

RNA Isolation and mRNA gene expression from next-Generation sequencing
Deep-frozen adipose tissues (approx. 30–120mg) were homogenized in 1mL TRIsure (Bioline, London/UK) using a dispersing instru-

ment (Ultra-Turrax D-1, Miccra GmbH, Muhlheim/Germany). RNA was prepared, further purified by spin columns (SV Total RNA

Isolation System, Promega, FitchburgWI/USA) and finally eluted in 50 mL water. The RNA concentration was determined photomet-

rically (Nanodrop ND-1000, Peqlab, Erlangen/Germany). Samples were diluted to a concentration of 25–500 ng/mL, denatured for

2 min at 70�C and RNA integrity determined (Bioanalyzer 2100, Agilent Technologies, Santa Clara CA/USA). Sequencing libraries

were prepared by enriching coding RNA to efficiently compensate for degradation (TruSeq RNA Access Coding Transcriptome,

RS-301-2001, Illumina San Diego CA/USA) and libraries were sequenced (HiSeq 2500, Illumina).24 The expression levels of the genes

were expressed ‘reads per 1kb transcript length per million mapped reads’, RPKM. KEGG reference pathway for tryptophan40 and

nicotinamide39 metabolism was used as a guideline for the determination of the genes of interest for a hypothesis-based statistical

analysis.

Biochemical analyses
Fasting blood samples were utilized for measuring plasma concentrations of total cholesterol, HDL cholesterol and triglycerides with

determined photometrical approach (ModularP800, Roche Diagnostics GmbH). The concentration of plasma low-density lipoprotein

(LDL) was calculated using the Friedewald equation93 during the visit before starting the PET scanning protocol.

Cell culture
The establishment and characterization of hMADS cells (humanMultipotent Adipose-Derived Stem) was carried out according to the

protocol developed by Rodriguez et al. (2005).90 Cells were seeded at a density of 5000 cells/cm2 in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% FBS, 15mMHEPES, 2.5 ng/mL hFGF2, 60mg/mL penicillin, and 50mg/mL streptomycin.

hFGF2 was removed when cells reached confluence. Cells were induced to differentiate,94 in a serum-free medium, at day 2 post

confluence (designated as day 0) in DMEM/Ham’s F12 (1:1) media (NAM and tryptophan concentration 16.5mMand 44.2mM, respec-

tively) supplemented with 10 mg/mL transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 mM dexamethasone and 500 mM isobutyl-

methylxanthine for 4 days. Cells were treated between day 2 and 9 with 100 nM rosiglitazone (a PPARg agonist), to enable white

adipocyte differentiation. At day 14, the conversion of white to brite adipocytes was induced by rosiglitazone for 4 days (day 18). Me-

dia were changed every other day. NAM or tryptophan was added to the media at concentrations of 0.03 mM and 0.1 mM on day 18

for up to 6 h.

Isolation and analysis of RNA
These procedures followed MIQE standard recommendations.95 Quantitative PCR (qPCR) were performed using SYBR qPCR pre-

mix Ex TaqII from Takara (Ozyme, France) and assays were run on a StepOne Plus ABI real-time PCRmachine (PerkinElmer Life and

Analytical Sciences, Boston). The expression of selected genes was normalized to that of 36B4 housekeeping gene and then quan-

tified using the comparative-DCt method.

NAD+ determination in human brite adipocytes
NAD+ amount was measured from differentiated human brite adipocytes after 6 h treatment with vehicle, or NAM or tryptophan with

the concentrations of 0.03 mM and 0.1 mM. Briefly, after washing with excess cold PBS, brite adipocytes were collected with cell

scraper to Eppendorf tubes and pelleted with centrifugation. Excess PBS between floating adipocytes and pellets was removed,

and tubes were stored at �80�C. NAD+ amount was measured with Q-NAD Tissue/Cell NAD+ and NADH assay kit (cat no:

RUO_003) fromNADMED according to themanufacturer’s instructions. NAD+ amount was normalized to protein amount of the assay

cell pellet measured with BCA protein assay kit (Pierce, cat no: 23227).

MS-analysis of serum samples
Sample preparation: Fasting serum samples taken during the cold or RT exposures were stored at�80�C and thawed in an ice-water

bath. Four hundredmicroliters of ice-cold acetonitrile (ACN) was pipetted to 96-well filter plates (Captiva NDPlate, 0.2 mmPP, Agilent

Technologies, Santa Clara, CA, United States) after which 100 mL of plasma or quality control (QC) was added. The solution was

mixed by pipetting up and down, filtrated by centrifugation (700 RCF, 4�C, 5 min) and collected to a 96-well plate (96 deep well plate

natural, Thermo Scientific). QC was serum sample prepared by pooling an aliquot from all analyzed serum samples.
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LC-MS: The samples were analyzed using ultra-high-performance liquid chromatography quadrupole time-of-flight mass spec-

trometry (UHPLC–qTOF-MS) system (Agilent Technologies), composed of a 1290 LC system, a Jetstream electrospray ionization

(ESI) source, and a 6540 UHD accurate-mass qTOF spectrometer. All the samples were separated using reversed-phase (RP) chro-

matography and hydrophilic interaction (HILIC) chromatography. The sample tray was kept at + 10 �C during the analysis. The data

acquisition software was the MassHunter Acquisition B.05.01 (Agilent Technologies).

For RP separation, a 2 mL extract aliquot was injected into the column (Agilent Zorbax Eclipse XDB-C18 Rapid Resolution HD

1.8 mm, 2.1 3 100 mm). Column temperature was 50�C and the flow rate was 0.4 mL/min. The mobile phases were composed of

water with 0.1% (v/v) of formic acid (eluent A) and methanol with 0.1% (v/v) of formic acid (eluent B). The gradient used for the sep-

aration was as follows: 2 to 100% B in 10 min; 100% B from 10 min to 14.5 min; 100%–2% B, from 14.51 min to 16.5 min.

For HILIC, a 2 mL extract aliquot was injected into the column (Acquity UPLC BEH Amide column, 2.1 3 100 mm, 1.7 mm; Waters

Corporation). The column temperature was kept at 45 �C and flow rate was 0.6 mL/min. The mobile phases consisted of 50% aceto-

nitrile with 20 mM ammonium formate and 0.25% formic acid, pH 3 (Sigma-Aldrich) (eluent A) and 90% acetonitrile with 20 mM

ammonium formate, 0.25% formic acid, pH 3. The separation gradient was as follows: 0 to 2.5 min, 100% B; 2.5 to 10 min,

100 / 0% B; 10 to 10.1 min, 0%–100% B; 10.1–12,5 min, 100% B. The sample tray was kept at 10�C. The gradient profile for

HILIC separations: 0–2.5 min: 100% B, 2.5–10 min: 100% B / 0% B; 10–10.01 min: 0% B / 100% B; 10.01–12.5 min: 100% B.

MS conditions were as follows: Jetstream ESI source, operated in positive and negative ionization modes was used. For RP gas

temperature was 325�C and flow 10 L/min and for sheath gas temperature was 350�C and flow rate 11 L/min. Nebulizer pressure was

set as 3.103 bar (45 psig). Voltages for capillary, fragmentor, nozzle and skimmer were 3500 V, 100 V, 1000 V and 45 V, respectively.

Mass range (m/z) of 65–1600 for data acquisition was used with a scan rate of 1.67 spectra/s. Abundance thresholds for MS andMS/

MSwere 150 and 5, respectively. The continuous mass calibration was used withm/z 922.009798 andm/z 121.05087300. For HILIC

the MS-conditions were as for RP but the mass range (m/z) of 50–1600 was used for data acquisition.

MS/MS analysis for the identification process was performed for QC samples or for selected serum samples. For QC:s from pre-

cursor cycles the four most abundant ions were selected for MS/MS fragmentation with mass range of 65–1600 m/z with relative

abundance of 0.01% (absolute 200 counts) and collision energies 10 V, 20 V or 40 V. The same ion was selected for the collision

two times after which it was excluded for 0.25 min. For HILIC the MS-conditions were as for RP but the mass range (m/z) of 50–

1600 for data acquisition was used. For single serum samples MS/MS analysis was performed in a targeted manner for selected

ions using collision energies of 10 V and 20 V for HILIC and 10 V and 30 V for RP.

Identification: Metabolites were identified based on the in-house library built by running commercial standards using the same in-

strument and (experimental condition) with ion m/z tolerance of 10 ppm and spectral similarity (level I), experimental fragmentation

spectra available in the literature or in public databases Metlin or Human Metabolome Database (HMDB) 4.0 with mass tolerance of

10 ppm a (level II) or with in-silico generated data inMS-FINDER software or in HMDB or with common fragmentation pattern denom-

inator of the particular compound group, but the compound could not be identified due to the lack of reference spectra or other in-

formation (III). Fourth level (IV) included unknowns. For the identification levels see Sumner et al., (2007).96

QUANTIFICATION AND STATISTICAL ANALYSIS

For data analysis, metabolomics data were converted using Analysis Base File (ABF) Converter and signal detection (peak-picking)

was performed with MS-DIAL software 3.52 (RIKEN Center for Sustainable Resource Science, http://prime.psc.riken.jp/

Metabolomics_Software/index.html). The peak picking parameters were set as follows: MS1 tolerance was 0.01 Da, MS2 tolerance

0.025 Da,m/z range 0–1000 (small molecules), minimum peak amplitude 2000 signal counts, and mass slice width 0.1 Da. For peak

smoothing linear weightedmoving averagewas used; the smoothing level was 3 scans andminimumpeakwidth 5 scans. The adduct

ions for the positivemode were [M +H]+, [M + NH4]
+, [M + Na]+, [M + H-H2O]+, [M + H-2H2O]+, [M + K]+, [2M +H]+ and for the negative

mode [M�H]�, [M�H2O�H]�, [M +Cl]�, [M + FA�H]�, [2M�H]�, [3M�H]�. For the peak alignment, anm/z tolerance of 0.025 Da

and a retention time tolerance of 0.1 min were used. Gap filling by compulsion function was used to detect peak areas although no

local peak maxima were found.

Themetabolomics data were then preprocessed by separately conducting the following steps on each of the four analytical modes

(HILIC negative, HILIC positive, RP negative and RP positive)97 in R version 3.5.1.98 Signals that were present in less than 80% of the

samples in all of the study groups were removed. Signal quality was measured using error metrics defined in Broadhurst et al.,

(2018).99 Signals were required to have a detection rate of at least 60% in the pooled QC samples. The remaining signals were cor-

rected for the drift pattern caused by the LC-MS procedures. Regularized cubic spline regression was fit separately for each signal on

the QC samples.100 The performance of the drift correction was assessed using non-parametric, robust estimates of relative stan-

dard deviation of QC samples (RSD*) and D-ratio* as quality metrics. Drift correction was only applied if the value of both quality met-

rics decreased, leading to enhanced quality. Otherwise, the original signal was retained.

After the drift correction, low-quality signals were removed. Signals were kept if their RSD* was below 20% and their D-ratio below

40%. In addition, signals with classic RSD, RSD* and basic D-ratio all below 10% were kept. This additional condition prevents the

removal of signals with very low values in all but a few samples. These signals tend to have a very high value of D-ratio*, since the

median absolute deviation of the biological samples is not affected by the large concentration in a handful of samples, causing
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the D-ratio* to overestimate the significance of random errors in measurements of QC samples. Thus, other quality metrics were

applied, with conservative limit of 0.1 to ensure that only good-quality signals were kept this way.

The missing values in the good quality signals were imputed using random forest imputation implemented in the R package mis-

sForest version 1.4.101 The out-of-bag (OOB) error estimates were low for all the modes, indicating high quality imputation. Signals

were then normalized using inverse-rank normalization to approximate a normal distribution. QC samples were removed prior to

imputation and normalization, to prevent them from biasing the procedures.

The normalized data matrices of each mode were combined for statistical analysis. This resulted in 7170 signals to be analyzed.

Differential metabolites were identified using a linearmixedmodel fit separately for eachmetabolite using the lme4R package version

1.1.20.91 The metabolite level was used as the dependent variable, the group as a fixed factor and the subject ID as a random factor.

The significance of the difference between the groups was tested using a t test on the regression coefficient based on Satterthwaite’s

denominator degrees of freedom as implemented in the lmerTest R package (version 3.1.0).102 Results were adjusted for multiple

comparisons using Benjamini-Hochberg false discovery rate (FDR). As an additional metric of effect size, fold change between

the groups was calculated from the non-normalized dataset.

The comparisons of means for testing the differences between high- and low-BAT within the study groups (cold or RT) unpaired

Student’s t-test was performed. For the comparison of gene expression between BAT andWAT, paired Student’s T test for normally

distributed data orWilcoxon rank-sum test for the non-normally distributed datasets. Correlations between variables were examined

with Spearmen’s rank correlation. For the data generated by in-vitro experimentation, statistical tests were performed with Prism

(version 9, GraphPad) software. Outliers were identified using ROUT (Q = 1%) and excluded from the analysis. The normality of dis-

tributions was evaluated by the Shapiro–Wilk test. The significance of the differences was evaluated by analysis of variance (ANOVA)

for normal distribution or Kruskal–Wallis test for nonnormal distribution. ANOVA was followed by the Fisher’s Least Significant Dif-

ference (LSD) test, whereas the Kruskal–Wallis test was followed by the Uncorrected Dunn’s test to assess differences of planned

comparisons among groups. For other tests rather than global metabolomics, a p value of <0.05 was considered as statistically sig-

nificant. Data are presented asmean ±SD, unless stated otherwise. N represents number of subjects, details of groups and statistical

parameters can be found in the figure legends.
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