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SUMMARY

Cold exposure greatly alters brown adipose tis-
sue (BAT) gene expression and metabolism to in-
crease thermogenic capacity. Here, we used RNA
sequencing and mass-spectrometry-based lipido-
mics toprovideacomprehensive resourcedescribing
themolecular signature of cold adaptation at the level
of the transcriptome and lipidome. We show that
short-term (3-day) cold exposure leads to a robust
increase in expression of several brown adipocyte
genes related to thermogenesis as well as the gene
encoding the hormone irisin. However, pathway anal-
ysis shows that the most significantly induced genes
are those involved in glycerophospholipid synthesis
and fatty acid elongation. This is accompanied by
significant changes in the acyl chain composition of
triacylglycerols (TAGs) as well as subspecies-selec-
tive changes of acyl chains in glycerophospholipids.
These results indicate that cold adaptation of BAT
is associated with significant and highly species-se-
lective remodeling of both TAGs and glycerophos-
pholipids.

INTRODUCTION

Brown adipose tissue (BAT) plays an important role in defending

body temperature in rodents during cold exposure by inducing

non-shivering thermogenesis. This process occurs mainly in

BAT and relies on the large number of mitochondria that are

partially uncoupled because of the expression of uncoupling

protein 1 (UCP1) (Cannon and Nedergaard, 2004). Another hall-

mark of this type of adipose tissue is that it is highly innervated

and vascularized. The vascularization ensures a supply of

oxygen and metabolic substrates as well as the distribution of

heat generated by the tissue, whereas the sympathetic innerva-

tion controls the activity of the tissue through b-adrenergic re-

ceptors on brown adipocytes (Cannon and Nedergaard, 2004).
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Cold exposure increases b-adrenergic activation of brown adi-

pocytes, thereby activating lipolysis of the triacylglycerol (TAG)

stores and liberating fatty acids, the major fuel substrates

for thermogenesis. In addition, BAT takes up large amounts of

glucose and lipids from the circulation that are used for thermo-

genesis (Bartelt et al., 2011; Labbe et al., 2015). The ability to

dissipate energy and to clear circulating lipids and glucose (Bar-

telt et al., 2011; Labbe et al., 2015) makes BAT an attractive

potential therapeutic target for the prevention of obesity.

Acute cold exposure stimulates the activity of BAT and the

expression of the thermogenic gene program, including UCP1.

Sustained cold exposure (weeks) leads to increased thermo-

genic potential of BAT in mice through mitochondrial biogenesis,

increased vascularization (Xue et al., 2009), and increased tissue

mass (Cinti, 2005). In addition, short-term cold exposure of mice

has been shown recently, by digital gene expression (DGE)

profiling, to induce the activation of gene programs related to

glucose metabolism in BAT (Hao et al., 2015). Furthermore, the

expressionofabroad rangeofgenes involved in lipidmetabolic re-

actions has been shown to change upon cold exposure, including

ELOVL fatty acid elongase 3 (Elovl3), lipoprotein lipase (Lpl), acyl-

coenzyme A (CoA) synthetase long-chain (Acsl) family members

1/3/4/5, 1-acylglycerol-3-phosphate O-acyltransferase (Agpat)

1/2/3/5/6, and diacylglycerol O-acyltransferase (Dgat) 1/2 (Hao

et al., 2015; Rosell et al., 2014; Shore et al., 2013; Yu et al.,

2002). However, it remains poorly understood how the BAT lipi-

dome is altered in response to short-term cold exposure.

In this study, we applied RNA sequencing (RNA-seq) com-

bined with mass-spectrometry-based lipidomics to determine

the effect of short-term (3-day) cold exposure on gene expres-

sion and the lipidome of interscapular BAT (iBAT) of C57BL/6J

mice. We show that cold exposure leads to marked changes in

the expression of genes involved in lipid metabolism, especially

those involved in glycerophospholipid metabolism and fatty acid

elongation, and we find that these changes are accompanied by

a previously undescribed complexity in glycerophospholipid

remodeling. These comprehensive datasets constitute a valu-

able resource that will be useful in future targeted investigations

of the cold-induced changes in BAT lipid composition and gene

expression.
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Figure 1. Short-Term Exposure to Cold Induces Gene Programs Involved in Lipid Metabolism

Mice were kept at room temperature or exposed to cold (4�C) for 3 days. iBAT was isolated, and RNA was purified for RNA-seq. Differential mRNA expression

between cold-treated and control samples was determined with EdgeR.

(A) Log2 fold changes in exons of RefSeq gene bodies in cold-treated versus control mice and the corresponding significance values displayed as�log10(FDR).

The green line indicates the cutoff value for differential expression (FDR < 0.05). In total, 1,203 and 1,020 genes were identified that had induced (red) or repressed

(blue) expression levels by cold exposure. RT, room temperature. Only genes with -log(FDR) <30 are displayed.

(legend continued on next page)
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RESULTS

Cold Exposure Dramatically Changes the Expression of
Genes Involved in Glycerolipid Metabolism and Fatty
Acid Elongation
To map the transcriptional changes in iBAT in response to cold,

we exposed male C57BL/6J mice to either room temperature

(22�C) or cold (4�C) for 3 days and subsequently isolated RNA

for RNA-seq. We chose room temperature (22�C) as the housing

condition for our control mice because this constitutes the tem-

perature for most physiological studies. It is known that this tem-

perature leads to a mild cold challenge in mice (Golozoubova

et al., 2004), and it is therefore important to note that iBAT in

our control group is slightly activated; i.e., we are not comparing

inactive with active iBAT. Rather, we are comparing ‘‘normal,’’

slightly activated iBAT with more activated iBAT.

Using a significance level of FDR < 0.05, we found a total of

2,223 differentially expressed genes, of which 1,203 and 1,020

genes show increased and reduced expression, respectively,

by 3-day cold exposure (Figure 1A). Notably, several genes re-

ported previously as having increased expression upon cold

exposure, such as the genes encoding uncoupling protein 1

(Ucp1) (Grefhorst et al., 2015; Waldén et al., 2012), fibroblast

growth factor 21 (Fgf21) (Chartoumpekis et al., 2011; Grefhorst

et al., 2015; Hondares et al., 2011), bone morphogenetic protein

8b (Bmp8b) (Grefhorst et al., 2015; Rosell et al., 2014; Whittle

et al., 2012), and creatine kinase, brain (Ckb) (Hao et al., 2015),

display significantly higher expression levels in BAT after cold

exposure (Figure 1B). Interestingly, we also detected a markedly

increased expression of Kruppel-like factor 11 (Klf11), which

we recently identified as a browning factor in human adipose-

derived stem cells (Loft et al., 2015), as well as fibronectin type

III domain containing 5 (Fndc5), which encodes the prohormone

FNDC5 (irisin), which has been reported to promote browning of

white adipose tissue (WAT) (Boström et al., 2012; Figure 1B).

Functional enrichment analyses of the top 250 genes with the

most pronounced cold-induced expression using Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) pathways (Kanehisa and

Goto, 2000; Kanehisa et al., 2014) revealed a significant enrich-

ment of metabolic pathways, including glycero- and glycero-

phospholipid metabolism (Figure 1D), fatty acid biosynthesis

and elongation (Figure 1E), as well as TAG biosynthesis (Fig-

ure 1C). Genes related to these pathways include phospholipase

A2 (Pla2) group IIE/XIIA (Figure 1D), Agpat 1 and 3 (Figure 1D),

and Elovl 3 and 4 (Figure 1E). The most highly enriched pathway

for downregulated genes is glutathione metabolism (Figures 1C

and 1F), which includes several genes encoding glutathione

peroxidases (Gpx 3, 4, and 8) and glutathione S-transferases
(B) Relative expression levels of selected cold-regulated genes from the RNA-seq

(n = 5). Significance levels: *FDR < 0.05, ***FDR < 0.001.

(C) Genes that were among the top 250 induced and the top 250 repressed in resp

Significantly enriched (p < 0.01) metabolic pathways extracted from the KEGG

(bottom) expression. Only pathways with ten or more genes are displayed.

(D–F) Scaled expression values for five control (RT) and five cold-treated (4�C) m
pathways for genes with cold-induced expression (glycerophospholipid metaboli

repressed expression (glutathione metabolism, F). The log2 expression values f

Hierarchical clustering of samples was based on Pearson’s correlation coefficien
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(Gsta 4, Gstm 1, andGstt 1 and 2) (Figure 1F). Because increased

activity of GPx and GST has been observed in murine iBAT in

response to cold treatment (Petrovi�c et al., 2006), the decrease

at their mRNA levels might reflect an inhibitory feedback circuit.

Taken together, we found extensive changes in the transcriptome

of murine iBAT in response to 3 days of cold challenge (4�C)
compared with normal housing conditions at 22�C. These

changes included a marked increase in the expression of genes

involved in glycerolipid metabolism.

Cold-Induced Changes in the Transcriptome Are Highly
Dependent on Experimental Conditions
The effect of cold on global gene expression in murine iBAT

has been investigated in a few other studies using microarray

or DGE profiling (Figure 2A). These studies were performed un-

der different conditions, but, in all cases, mice were exposed

to cold (4–8�C) for a maximum of 10 days. A comprehensive

list of genes with information about fold changes and signifi-

cance levels obtained by cold exposure in these different studies

is presented in Table S1.We first took an unbiased approach and

compared the changes in gene expression for a group of genes

consisting of the top 250 cold-induced genes in each of the

different studies. Hierarchal clustering of datasets based on

the log2 fold change in gene expression for this group of genes

revealed that the two DGE datasets (Hao et al., 2015) (2 and

4 days of cold treatment) cluster closely together, whereas our

study and the 10-day cold exposure study (Rosell et al., 2014)

are more distantly associated with this cluster (Figure 2B). The

two studies with acute cold exposure for 24 hr (Shore et al.,

2013) and 4 hr (Plaisier et al., 2012)) are even more distantly

related (Figure 2B). This pattern is also observed when clustering

is performed on log2 fold changes for all analyzed genes (Fig-

ure S1A). Notably, except for the two DGE datasets (Hao et al.,

2015), there is only a very moderate correlation between the

cold-induced changes observed in the different studies, indi-

cating that the different experimental conditions, including hous-

ing temperature for control mice, gender of the mice, length of

study, and detection methods lead to marked differences in

expression of the cold-regulated gene programs (Figures 2C,

S1B, and S1C). As an example of this, only two studies (Hao

et al., 2015; Rosell et al., 2014) detected significant overall

changes in the expression of genes related to glucose meta-

bolism, whereas our study and two others (Plaisier et al., 2012;

Shore et al., 2013) failed to detect significant changes in this

pathway (Figure 1C; Table S2). A possible reason for this is

that the control mice in the studies by Hao et al. (2015) and Rosell

et al. (2014) were maintained at thermoneutrality, whereas con-

trol mice in the other studies were housed at 22�C.
dataset for cold-treated and control mice. Data are presented asmeans + SEM

onse to cold were subjected to functional enrichment analyses using HOMER.

database are shown for genes with cold-induced (top) and cold-repressed

ice for all identified genes in the most significantly enriched metabolic KEGG

sm, D; fatty acid [FA] biosynthesis, elongation, and ER, E) and genes with cold-

or each sample were centered and scaled in the row direction (row Z score).

t. The genes mentioned in the text are highlighted on the heatmaps.
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Figure 2. Comparison of Cold-Induced

Gene Programs

Publically available microarray and DGE profiling

datasets as well as our RNA-seq data from mice

exposed to cold and control mice at either room

temperature or thermoneutrality were analyzed as

described in the Experimental Procedures.

(A) Experimental information for the included

studies. Temp, temperature; Techn, technique; M,

male; F, female; w, weeks.

(B) Log2 fold changes for the top 250 genes

with induced expression from each study in cold-

treated versus control mice were extracted,

centered, and scaled in the row direction (row

Z score). Only genes with reported log2 changes

in all studies were included in this heatmap.

Hierarchical clustering of samples was based on

Pearson’s correlation coefficient. FC, fold change.

(C) Correlationmatrix for all included studies based

on Pearson’s correlation coefficient for the subset

of genes with cold-induced expression described

in (B). The matrix was reordered based on hierar-

chical clustering, with the black squares repre-

senting three distinct clusters. h, hours; d, day(s).

(D and E) Log2 fold changes between cold-treated

and control mice in all included studies for

genes with significantly (FDR < 0.05) cold-induced

expression identified in our study within the

glycerophospholipid metabolism and fatty acid

elongation (D) and genes with cold-repressed

expression within the glutathione metabolism (E)

KEGG pathways. NA, data not available.

See also Figure S1 and Table S2.
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Figure 3. Changes in Overall Lipid Composition of iBAT upon Short-Term Cold Exposure
Lipidomics analysis of iBAT isolated from mice kept at room temperature (22�C) or exposed to cold (4�C) for 3 days. Lipids were extracted and analyzed as

described in the Experimental Procedures.

(A) Quantified lipid classes and their abbreviations used throughout the paper.

(B) The relative percentage difference in concentration of all quantified lipid species between cold-treated and control mice. Species that were only detected in

one of the groups are omitted from this plot. Each dot represents a lipid species, and the dot size indicates significance. The different lipid classes are color-coded

and are used consistently throughout the paper. n = 3–5 for both groups.

(C) The concentration of the quantified lipid classes in iBAT of cold-treated and control mice. PL is the sum of the concentrations of the quantified phospholipids.

Data are presented as means + SEM; n = 5 for both groups. Significance level: **p < 0.01.

(D) The concentration of the quantified CE species in iBAT of cold-treated and control mice. Data are presented as means + SEM; n = 5 for both groups.

Significance level: **p < 0.01. N.D., not detected.

(E) Relative expression levels of selected genes from the RNA-seq data that are involved in cholesterol uptake for cold-treated and control mice. Data are

presented as means + SEM (n = 5). Significance levels: *FDR < 0.05, ***FDR < 0.001.

See also Tables S3 and S4.
None of the previous studies reported that cold exposure

leads to an overall induction of the metabolic pathway terms

glycerophospholipid and fatty acid elongation. However, a com-

parison of the cold-induced changes in gene expression from

the included studies (Figure 2A) revealed that expression of

many of the genes from these metabolic pathways tend to

be induced by cold exposure in the other datasets (Figure 2D).

For most genes, these changes do not reach statistical signifi-

cance, most likely because of a low statistical power (Table

S2). Similarly, the significantly downregulated expression of

genes within the glutathione metabolism pathway also tends to

occur in the other studies (Figure 2E).

Taken together, the cold-induced changes in gene expression

in mouse iBAT differ markedly between the different studies,
2004 Cell Reports 13, 2000–2013, December 1, 2015 ª2015 The Aut
most likely as a result of different experimental conditions,

detection methods, and degrees of statistical power. Our study

demonstrates a major induction of the gene programs involved

in glycerophospholipid metabolism and fatty acid elongation,

and most other studies show a trend toward increased expres-

sion of these genes. These findings suggest that cold exposure

induces considerable alterations in lipid metabolic pathways.

Overall Concentrations of Major Lipid Classes Are Only
Affected Marginally by Cold Exposure
We next applied mass-spectrometry-based lipidomics to deter-

mine how short-term cold exposure affects the composition and

distribution of TAG and glycerophospholipid species and acyl

chains in iBAT. Quantification of the lipid classes in Figure 3A
hors
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Figure 4. Cold-Mediated Changes in TAG Composition and Fatty Acyl Levels in iBAT

TAG lipidomics of iBAT isolated frommice kept at room temperature (22�C) or exposed to cold (4�C) for 3 days. Lipids were extracted and analyzed as described

in the Experimental Procedures.

(legend continued on next page)
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revealed significant cold-induced changes in the abundance

of lipid species in most of the analyzed lipid classes (Figure 3B).

The overall abundance of TAGs and glycerophospholipids,

which are the most and secondmost abundant lipid classes in

iBAT, respectively, are not affected by cold exposure (Figure 3C).

In contrast, we detected an approximately 60% increase in the

concentration of cholesteryl esters (CEs) in response to cold

(Figure 3C). Further analysis showed that this increase is caused

by increased levels of CEs containing C18:1 and C18:2 acyl

chains (Figure 3D). It has been reported previously that cold

exposure accelerates the uptake of lipoprotein remnants in

iBAT (Bartelt et al., 2011), and, because C18:1 and C18:2 are

the most abundant fatty acids in the feed (Table S3), our data

indicate that an increased bulk flow of fatty acids and lipids

into iBAT may drive the increase in CEs. In line with this, the

expression of several genes encoding enzymes involved in

cholesterol and lipoprotein uptake and turnover, e.g., Lpl, low-

density lipoprotein receptor adaptor protein 1 (Ldlrap1), and

low-density lipoprotein receptor-related protein 5 (Lrp5) (Fujino

et al., 2003; Harada-Shiba et al., 2004), are upregulated by

cold exposure in our study (Figure 3E).

Cold Exposure Changes the Length of Fatty Acyl Chains
Associated with TAG
Analysis of TAG species revealed no change in the total concen-

tration of TAG (Figure 3C). However, there are numerous dramatic

changes in thecompositionof thespecies (Figure4A; TableS4) as

well as in the total concentration of individual fatty acyl chains

associated with TAG (Figure 4B; Table S4). Because of the

analytical challengeofquantifyingmolecular TAGs, not all species

couldbedistinguished fromeachother andare therefore reported

as brutto lipids (i.e., TAG52:3 contains a mixture of TAG(16:0-

18:1-18:2) and TAG(16:1-18:1-18:1)). Interestingly, TAG species

containing odd-numbered fatty acyl chains, i.e., C15:0 and

C17:0, show the most dramatic relative increase in iBAT upon

cold exposure (e.g., TAG51:4, TAG53:4), although theseareminor

TAG species (Figure 4A). In keeping with this, we detected mark-

edly increased levels of the saturated odd-numbered acyl chains,

especially C17:0 but also C15:0, in the TAG pool of iBAT from the

cold-exposedmice comparedwithmice housed at room temper-

ature (Figure 4B). Because the chow diet used for this study does

not contain odd-numbered fatty acids (Table S3), the accumula-

tion of odd-numbered acyl chains in TAG must be generated by

metabolism, possibly as a result of peroxisomal a-oxidation of

long-chain fatty acids that are subsequently esterified into TAG.

Alternatively, the increasedabundanceof theodd-numbered fatty

acylsmaybe a result of increaseduse of propionyl-CoA insteadof

acetyl-CoA for fatty acid synthesis (Roncari and Mack, 1976;

Seyama et al., 1981; Smith, 1994).

Very-long-chain fatty acyls (R20 carbons) constitute minor

fatty acyls in TAG (Figure 4B). Interestingly, however, cold expo-
(A) The concentration of the quantified TAG species in iBAT from cold-treated (n

species are divided into major, middle, and minor species based on abundance.

(B) The concentration of individual acyl chains associated with TAG in iBAT from

SEM. Fatty acyls are divided into major and minor species based on abundance. T

fatty acyls are grouped. Significance levels: *p < 0.05, **p < 0.01. SAF, saturated

acyls containing two or three to six double bonds; Odd, odd-numbered fatty acy
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sure led to a pronounced accumulation of numerous TAG spe-

cies containing long- and very-long-chain saturated fatty acyls;

e.g., TAG54:2, TAG 56:2, and TAG 56:4 (Figure 4A). Consistent

with these changes in TAG species, we detected a robust in-

crease in the levels of the C18:0, C20:0, and C22:0 acyl chains

in TAG (Figure 4B), which is in accordance with a previous

report (Westerberg et al., 2006). The increase in levels of long

to very long fatty acids may have resulted from increased

fatty acid elongase activity, because cold exposure greatly in-

duces expression of Elovl3, the gene encoding the main enzyme

involved in elongation of saturated and monounsaturated C18-

C22 fatty acid substrates (Guillou et al., 2010; Figure 1B).

In summary, cold exposure leads to increased expression of

genes encoding enzymes involved in TAG synthesis and fatty

acid elongation, and markedly changes the composition of fatty

acyls associated with TAG species in BAT (Figure 5).

The Glycerophospholipid Pathway Is Stimulated by
Short-Term Cold Exposure
Because glycerophospholipid metabolism was the most signifi-

cant cold-induced gene pathway in our study (Figure 1C), we

analyzed how the composition of the different glycerophospho-

lipid classes may be affected by cold exposure. Although cold

exposure did not alter the overall abundance of the different

glycerophospholipid classes in iBAT (except for the minor lyso-

phosphatidylethanolamine [LPE]; Figure 6A), cold decreased

the level of numerous minor glycerophospholipid species to

below the limit of detection (Figure 6C). When analyzing the total

pool of fatty acyl chains associated with glycerophospholipids,

we detected a marked reduction in C16:1 (Figure 6D). A similar

reduction in C16:1 in the total pool of glycerophospholipids

has been reported previously in iBAT of mice exposed to cold

(Ocloo et al., 2007; Ricquier et al., 1979). However, we found

that the reduced level of C16:1 upon cold exposure was specif-

ically caused by a marked reduction (to below detection level) in

the level of phosphatidylethanolamine (PE), phosphatidylcholine

(PC), and lysophosphatidylcholine (LPC) species that contained

C16:1 acyl chains (Figure 6C). This decrease may be the result

of an almost 50% reduction in expression of stearoyl-CoA desa-

turase 1 (Scd1) (Figures 1B and 5), encoding the main enzyme

responsible for desaturation of palmitic and stearic acid. Further-

more, we detected a trend toward a general increase in C18:0

in glycerophospholipids upon cold exposure, although this did

not reach statistical significance (p = 0.0576) because of a large

variation between the animals. However, when quantified

for the individual glycerophospholipid subclasses, C18:0

was highly increased in both PC and PE (Figure 6D), and

C18:2 was increased in both the PE and phosphatidylserine

(PS) subclasses. Therefore, we found that the cold-induced

changes in glycerophospholipid acyl chain composition were

associated with distinct subclasses. Further analysis of the
= 5) and control (n = 3–5) mice. Data are presented as means + SEM. The TAG

Significance levels: *p < 0.05, **p < 0.01.

cold-treated (n = 5) and control (n = 4–5) mice. Data are presented as means +

he fatty acyl chains are sorted by degree of saturation, and the odd-numbered

fatty acyls; MUFA, monounsaturated fatty acyls; PUFA, polyunsaturated fatty

ls.
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Figure 5. The Fatty Acid Elongation and

TAG Biosynthesis Pathways Are Induced

in iBAT upon Cold Exposure

Selected fatty acid elongation and glycero-

phospholipid metabolic reactions from KEGG,

with indications of quantified lipid classes and

acyl chains (circles) and genes (rectangles)

significantly regulated in iBAT by short-term cold

exposure. Colors indicate increased (red) or

decreased (blue) expression levels of genes

(encoding proteins that catalyze the indicated

conversions) upon cold exposure or increased

(green), decreased (yellow), andunchanged (white)

levels of the total concentration of the lipid classes.

Lipid classes in which individual subspecies

are altered by cold exposure are hatched.

PA, phosphatidic acid; Acaca, acetyl-coenzyme

A carboxylase 1; Gpam, glycerol-3-phosphate

acyltransferase, mitochondrial; Ppap2a, phos-

phatidic acid phosphatase type 2A; Dkgd, di-

acylglycerol kinase delta. For other abbreviations,

see Figure 3A.
glycerophospholipids revealed that the total level of LPE was

increased significantly as a result of increased levels of

LPE18:0 and LPE18:1 (Figure 6C). The increased level of LPE

and the changes in PE and PS compositions indicate marked

glycerophospholipid remodeling in response to cold exposure.

This is in line with our finding that cold exposure results in

increased expression of several genes involved in synthesis

and remodeling of PC, PE, LPE, and PS in iBAT; e.g., Pla2g2e,

Pla2g12a, Agpat 1/3, and phosphatidylserine synthase 2

(Ptdss2) (Figure 7). In contrast, cold exposure did not change

the total levels or molecular composition of phosphatidylinositol

(PI), sphingomyelin (SM), and alkenyl-linked PE (PE-P) in iBAT of

cold-exposed mice (Figure S2). Moreover, alkyl- and alkenyl-

linked PC (PC-O and PC-P, respectively) and alkenyl-linked PE

(PE-O) were only detected in iBAT of the control or cold-treated

mice, respectively (Figure S2). Taken together, we demonstrate

that cold exposure activates the transcriptional program of

glycerophospholipid metabolism in iBAT and that this is ac-

companied by remodeling of the glycerophospholipid composi-
Cell Reports 13, 2000–2013, De
tion in a highly subspecies-specific

manner as early as 3 days following

cold exposure.

DISCUSSION

The expansion of BAT thermogenic ca-

pacity by cold exposure is a multistep

process that entails a complex interplay

between transcriptional and metabolic

signaling pathways. In this study, we

applied RNA-seq and mass-spectrom-

etry-based lipidomics with the aim of

providing a resource that describes the

molecular signature at the level of the

transcriptome and lipidome for the acti-

vation of mouse iBAT during short-term
(3-day) cold challenge (4�C). Furthermore, we compared global

profiling by RNA-seq with that of previous studies to help identify

genes that mediate cold-induced recruitment of thermogenically

active BAT.

Our integrated results indicate that cold challenge induces

gene programs involved in glycerolipid and glycerophos-

pholipid metabolism as well as fatty acid elongation. This is

accompanied by a highly selective increase in the abundance

of long- and very-long- as well as odd-chain acyls in TAG

and highly subspecies-selective changes of acyl chain compo-

sitions in glycerophospholipids.

Unlike some previous studies (Hao et al., 2015; Rosell et al.,

2014), we did not observe increased expression of genes

involved in oxidative phosphorylation and glycolysis. We

consider it possible that this is due to the fact that mice in these

particular previous studies were housed at thermoneutrality

and subsequently exposed to cold, whereas mice in our study

(and other studies that did not demonstrate this effect) were

housed at room temperature prior to cold exposure. Therefore,
cember 1, 2015 ª2015 The Authors 2007
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Figure 6. Cold-Mediated Changes in Glycerophospholipid Composition and Fatty Acyl Levels in iBAT

Lipidomics analysis of iBAT from mice kept at room temperature or exposed to cold (4�C) for 3 days. Lipids were extracted and analyzed as described in the

Experimental Procedures.

(A) The concentration of the quantified glycerophospholipid classes in iBAT from cold-treated and control mice. Data are presented as means + SEM; n = 3–5 for

both groups. Significance level: **p < 0.01.

(B and C) The concentration of the quantified glycerophospholipid species in iBAT from cold-treated and control mice. Data are presented as means + SEM; n =

3–5 for both groups. Significance levels: *p < 0.05, **p < 0.01. The species are divided into major (B) and minor (C) species based on abundance.

(D) The concentration of the individual acyl chains associated with glycerophospholipids in iBAT of cold-treated (n = 5) and control (n = 4–5) mice. The PL sum is

the sum of the concentrations of the quantified fatty acyls from all glycerophospholipid classes. Data are presented as means + SEM. *p < 0.05, **p < 0.01.

See also Figure S2.
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Figure 7. The Glycerophospholipid Pathway Is Induced in iBAT upon Cold Exposure

Selected glycerophospholipid and fatty acid elongation metabolic reactions from KEGG, with indications of quantified lipid classes or acyl chains in glycero-

phospholipids (circles) and genes (rectangles) regulated significantly in iBAT by short-term cold exposure. Colors indicate increased (red) or decreased (blue)

expression levels of genes (encoding proteins that catalyze the indicated conversions) upon cold exposure or increased (green), decreased (yellow), or un-

changed (white) levels of the total concentration of the lipid classes. Lipid classes in which individual subspecies are altered by cold exposure are hatched. LPA,

lysophosphatidic acid; LPG, lysophosphatidylglycerol; PG, phosphatidylglycerol; PGP, phosphatidylglycerophosphate; LPI, lysophosphatidylinositol; Cds1,

CDP-diacylglycerol synthase 1; Pgs1, phosphatidylglycerophosphate synthase 1; Pld1, phospholipase D1; Lpgat1, lysophosphatidylglycerol acyltransferase 1.

For other abbreviations, see Figure 3A.
this raises the interesting possibility that activation of glycolysis

and oxidative phosphorylation represents a first defense against

the cold challenge, when the temperature is reduced from ther-

moneutrality, whereas the lipid remodeling represents a second

defense that is primarily activated when the temperature is

reduced further and that facilitates the adaptation of brown adi-

pocytes to the increased need for respiratory capacity.

One of the several interesting findings from our study is that

short-term cold exposure of mice dramatically upregulated

mRNA levels of Fndc5 (>8-fold), the gene encoding the prohor-

mone FNDC5, which is processed and released into the blood-

stream as the hormone irisin. Irisin has been reported previously

to be an exercise-induced myokine that drives brown fat-like

thermogenesis inmurinewhite fat (Boström et al., 2012). Further-

more, serum irisin levels have been shown recently to rise in a

shivering-dependent manner in humans exposed to cold (Lee

et al., 2014). Although Fndc5 is expressed to much lower levels

in adipocytes comparedwithmuscle cells (Huh et al., 2012), sub-

cutaneous WAT secretes significant levels of irisin, which is

elevated during exercise (Roca-Rivada et al., 2013). Our data

raise the possibility that the remarkable cold-induced upregula-

tion of Fndc5 expression in BAT increases local concentra-

tions of irisin, which, in a paracrine manner, could contribute to

the thermogenic action in fat tissues. We also identified the tran-

scriptional regulator KLF11 as a cold-inducible gene in murine
Cell Re
BAT. We recently reported that KLF11 is required for rosiglita-

zone-induced browning of human white adipocytes and that

expression of this factor in human browned adipocytes is

elevated by thermogenic stimuli (Loft et al., 2015). Others have

shown that KLF11 is induced in subcutaneousWAT of mice after

10 days of cold exposure (Rosell et al., 2014). The results of our

study indicate that KLF11 may also be involved in the cold

response in BAT. The biological and physiological importance

of the marked cold-induced upregulation of Fndc5 and Klf11

should be investigated further using in vivo adipocyte-specific

knockout models.

It has been reported previously that expression of specific

genes involved in fatty acid elongation; e.g., Elovl3 (Jakobsson

et al., 2006), and in glycerophospholipid metabolism, e.g.,

Pla2g2e and several Agpats (Hao et al., 2015; Rosell et al.,

2014), is induced in response to cold exposure. However, our

study indicates that expression of a large number of genes in

these pathways is induced significantly in iBAT in response to

a cold challenge. Interestingly, enzymes from the glycerophos-

pholipid pathways that are associated with the mitochondrial

membrane have been shown recently to be upregulated in the

mitochondrial proteome of iBAT in mice exposed to cold for

4 days (Forner et al., 2009), thereby indicating that the transcrip-

tional changes in this pathway are accompanied by changes at

the protein/enzyme level. Furthermore, we found that cold leads
ports 13, 2000–2013, December 1, 2015 ª2015 The Authors 2009



to increased Acsl5 mRNA levels, which is consistent with previ-

ous findings showing that cold exposure increased the mito-

chondrial levels of ACSL5 protein 5-fold (Forner et al., 2009). It

is possible that ACSL5 plays an important role in TAG remodel-

ing because it specifically facilitates re-acylation of TAG in rat

hepatoma cells (Mashek et al., 2006).

Based on the effects of short-term cold exposure on the tran-

scriptome, we chose to focus our analyses of the lipidome on

TAG and glycerophospholipids. Using mass spectrometry, we

identified cold-induced changes in the composition of specific

lipid classes and demonstrated lipid class-specific remodeling

of the acyl chain composition.

Of the major lipid classes analyzed, only the concentration

of CE was altered significantly. The increase in CE in iBAT in

response to cold most likely reflects an increased uptake of lipo-

proteins from the circulation. It has been demonstrated recently

that iBAT has a high capacity for glucose disposal and TAG

clearance from the circulation and that this is increased in

response to cold (Bartelt et al., 2011; Labbe et al., 2015). TAG

clearance occurs primarily following extracellular lipolysis and

leaves the CE-rich remnants for clearance, mostly by the liver.

However, cold exposure also leads to an increased uptake of

labeled cholesteryl ester in iBAT (Berbée et al., 2015; Khedoe

et al., 2015).

Short-term cold exposure led to enrichment of TAG with long

and very long acyl chains in iBAT, most notably of the C18:0,

C20:0, and C22:0 acyl chains. Intriguingly, C18:0 has been

shown recently to be a signaling molecule important for

increased mitochondrial biogenesis and function in Drosophila

and human cell lines (Senyilmaz et al., 2015). This raises the

interesting possibility that the accumulation of C18:0 in iBAT

upon short-term cold exposure is involved in the cellular adap-

tation; e.g., increased respiratory capacity. Furthermore, we

demonstrate that cold exposure increases the level of odd-

numbered acyl chains in TAG. Because of their low abundance,

odd-chain fatty acids have been used previously as internal stan-

dards in gas-liquid chromatography analysis (Jenkins et al.,

2015), which might have masked the detection of endogenous

levels. We propose that a small number of the long and very

long acyl chains accumulate in iBAT upon short-term cold expo-

sure and might be channeled toward the a-oxidation pathway

in the peroxisomes, which is normally used for oxidation of

branched-chain fatty acids. Odd-chain fatty acids generated in

this way can enter the classical b-oxidation pathway. In keeping

with this, it has been shown recently that differentiating 3T3-L1

and primary adipocytes are able to produce odd-chain fatty

acids and that the levels of TAG and other lipid species contain-

ing these fatty acids increase during the differentiation of the ad-

ipocytes (Roberts et al., 2009; Su et al., 2004). Interestingly,

peroxisomal a- and b-oxidation of fatty acids are uncoupled

from ATP production, meaning that energy from these reactions

is released as heat (Nedergaard et al., 1980). Future investiga-

tions should determine whether peroxisomal a- and b-oxidation

of long-chain fatty acids are enhanced by cold exposure and

determine the extent to which this contributes to heat production

in BAT.

We also observed a significant remodeling of glycerophos-

pholipids in response to cold. It has been reported previously
2010 Cell Reports 13, 2000–2013, December 1, 2015 ª2015 The Aut
that long-term (>1 week) cold exposure causes a significant

remodeling of the composition of acyl chains in the total pool

of mitochondrial phospholipids in BAT (Ocloo et al., 2007, and

references therein) through adrenergic stimulation via the sym-

pathetic nervous system (Mory et al., 1988; Mory et al., 1980).

Similar to previous long-term studies (Ocloo et al., 2007; Ricqu-

ier et al., 1979), we observed a dramatic decrease in C16:1 in

glycerophospholipids in response to short-term cold exposure,

and our lipidomics approach allowed us to demonstrate that

this is associated with reduced abundance of PC, PE, and

LPC species containing C16:1. It is possible that the cold-

induced decrease in C16:1 is caused by the decrease in Scd1

expression, the main gene responsible for desaturation of pal-

mitic and stearic acid. Interestingly, the cold-induced decrease

in C16:1 is only detected for selected glycerophospholipids and

not in TAG.

Our data demonstrate that TAG and glycerophospholipids are

not only modulated differentially, but phospholipid subspecies

are also remodeled selectively by cold exposure. Importantly,

this indicates that cold-induced remodeling of glycerolipids is

not primarily driven by general effects on fatty acid metabolism

or by increased food intake but, rather, the result of a complex

regulation of glycerolipid metabolism. The mechanistic basis

for this subspecies-selective remodeling of glycerolipids is

unknown. However, it is possible that it reflects the differential

effect of cold on substrate availability or affinities of enzymes

involved in glycerophospholipid and TAG synthesis and remod-

eling. Such enzymes include membrane-bound O-acyltrans-

ferases and DGATs (Yamashita et al., 2014). Alternatively, cold

may induce differential retention of acyl chains in different phos-

pholipid subclasses and subspecies. In this regard, it has been

shown that C18:0, C18:2, and C20:4 phospholipid acyl chains

increase during fasting, possibly because of low mobilization

that leads to a relative retention of these acyl chains in BAT phos-

pholipids (Groscolas and Herzberg, 1997). The highly selective

remodeling of glycerophospholipid subspecies is likely to

have significant functional implications during cold adaptation.

Glycerophospholipids act as ligands for ligand-activated tran-

scription factors, e.g., PPARg (Lodhi et al., 2012), and the

cold-mediated shift in the pool of available glycerophospholipid

subspecies may affect signaling cascades and transcription fac-

tors driving the cold-induced thermogenic gene program. Future

studies should focus on examining the contributions of specific

glycerophospholipid subspecies in mediating the thermogenic

response in BAT and their importance for activating ligand-

dependent transcriptions factors.

In summary, we determined the cold-induced adaptive

changes in the transcriptome and lipidome of iBAT using

advanced omics techniques. Our data therefore constitute a

comprehensive and valuable resource that stimulates new hy-

potheses regarding the functional importance of cold-induced

changes in the BAT transcriptome and lipidome. One key finding

is that cold adaptation entails a markedly increased expression

of genes involved in glycerolipid synthesis and fatty acid elonga-

tion that is accompanied by remodeling of glycerophospholipids

and TAG in a manner that is highly subspecies-selective. Future

studies are required to determine the functional consequences

of this remodeling of glycerolipids in iBAT.
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EXPERIMENTAL PROCEDURES

Additional methods are available in the Supplemental Experimental Procedures.

Animals

Male C57BL6/JBomTac mice were single-housed under standard laboratory

conditions, including a 12-hr light/dark cycle, with free access to chow and

water. Five mice were housed at either 22�C ± 3�C or at 4�C for 3 days

and subsequently killed by cervical dislocation. iBAT was dissected, frozen

immediately in liquid nitrogen, and stored at �80�C. To minimize individual

variation, the mice were fasted for 2 hr before termination. All animal breeding

and experimentation were approved by the Danish Animal Experiment

Inspectorate.

Isolation of RNA and RNA-Seq Preparation

iBATwas homogenized in Isol-RNA lysis reagent (5 Prime) and purifiedwith the

Total RNA purification kit (Norgen Biotek) according to the manufacturers’

protocols. The integrity of the RNA was confirmed using a Bioanalyzer 2100

(Agilent Technologies). 4 mg of column-purified total RNA from iBAT was

polyA-selected and subsequently subjected to fragmentation and cDNA syn-

thesis using the TruSeq RNA sample prep kit v2 (Illumina). RNA-seq libraries

were constructed according to the manufacturer’s instructions (Illumina) as

described previously (Nielsen and Mandrup, 2014) and sequenced using the

Illumina HiSeq 1500 platform.

RNA-Seq Data Analysis

The sequenced 50-base pair single-end reads were quality-checked using

FastQC and subsequently aligned to the mouse reference genome (version

mm9) using STAR (Dobin et al., 2013) with default parameters. The number

of exon reads for all RefSeq genes were counted using iRNA-seq (Madsen

et al., 2015), only keeping the longest RefSeq transcripts for further analyses.

The resulting count matrix was analyzed with EdgeR (Robinson et al., 2010),

and HTSFilter was applied to filter out genes with low, constant levels of

expression under the two conditions (Rau et al., 2013). Differential expression

was determined using a cutoff significance level of FDR < 0.05. Functional

enrichment analysis was performed with HOMER (Heinz et al., 2010) using

pathways related to metabolism from the KEGG database annotation (Kane-

hisa and Goto, 2000; Kanehisa et al., 2014).

Additional Datasets

Transcriptomics data from previous studies were obtained from GEO and

analyzed. Data obtained by DGE profiling (GSE63031, Hao et al., 2015) were

analyzed using EdgeR and HTSFilter as described above. Microarray-based

data (GSE51080, Rosell et al., 2014; GSE44138, Shore et al., 2013; and

GSE40486, Plaisier et al., 2012) were extracted from GEO using the GEO2R

online tool (Barrett et al., 2013). See the Supplemental Experimental Proce-

dures for more details.

Lipid Sample Preparation and Lipidomics Analyses

Lipid extraction, mass-spectrometry-based lipid detection, and data analysis

were performed by Zora Biosciences (Jung et al., 2011). In shotgun and triacyl-

glycerol lipidomics, lipid extracts were analyzed on a hybrid triple quadrupole/

linear ion trap mass spectrometer (QTRAP 5500) equipped with a robotic

nanoflow ion source (NanoMate HD) as described previously (Ståhlman

et al., 2009). Molecular lipids were analyzed in both positive and negative

ion modes using multiple precursor ion scanning-based methods (Ekroos

et al., 2002, 2003). The molecular lipid species were identified and quantified

in absolute (TAG, CE, PC, PE, PS, LPC, LPE, diacylglycerol [DAG], and SM)

or semi-absolute (PI, PC-O, PC-P, PE-O, and PE-P) amounts (Ejsing et al.,

2006) and normalized to their respective internal standard and the sample

amount. The concentrations of molecular lipids are presented as picomoles

per microgram wet tissue weight. The lipids are referred to according to the

LIPID MAPS lipid nomenclature recommendations (Fahy et al., 2009; Liebisch

et al., 2013). A rank-sum Wilcoxon statistical analysis was performed to

compare the lipid concentrations of the groups. Because of the limited number

of samples, exact p values were computed using Monte Carlo estimation. p <

0.05 was considered significant. The relative difference (percent) between the
Cell Re
two groups was estimated using the Hodges-Lehmann estimator. A complete

list of the lipidomics data is provided in Table S4.
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