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ARTICLE INFO ABSTRACT

Article history: Brown adipose tissue (BAT) is a thermogenic organ with a vital function in small mammals and potential as met-
Received 2 June 2014 abolic drug target in humans. By using high-resolution LC-tandem-mass spectrometry, we quantified 329 lipid
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taneous and gonadal white adipose tissue (WAT) from female and male mice. Phospholipids and free fatty acids
were higher in BAT, while DAG and TAG levels were higher in WAT. A set of phospholipids dominated by the res-
idue docosahexaenoic acid, which influences membrane fluidity, showed the highest specificity for BAT. We ad-
ditionally detected major sex-specific differences between the BAT lipid profiles, while samples from the
different WAT depots were comparatively similar. Female BAT contained less triacylglycerol and more phospho-
lipids rich in arachidonic and stearic acid whereas another set of fatty acid residues that included linoleic and
palmitic acid prevailed in males. These differences in phospholipid fatty acid composition could greatly affect mi-
tochondrial membranes and other cellular organelles and thereby regulate the function of BAT in a sex-specific
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1. Introduction

The last decade has seen an unprecedented interest in brown adi-
pose tissue (BAT), triggered by the detection of BAT depots in adult

Abbreviations: ACN, acetonitrile; BAT, brown adipose tissue; CER, ceramide; DAG,
diacylglycerol; DHA, docosahexaenoic acid; FFA, free fatty acids; FDR, false discovery
rate; GAT, gonadal adipose tissue; hexCER, hexosyl-ceramide; IPA, isopropyl
alcohol; LPC, lyso-phosphatidylcholine; LPE, lyso-phosphatidylethanolamine; LPI,
lyso-phosphatidylinositol; MS, mass spectrometry; MTBE, methyl-tert-butylether;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PI, phosphatidylinositol; PS, phosphatidylserine; PCA, principal component analy-
sis; PLS-DA, partial least square-discriminant analysis; PUFA, poly-unsaturated
fatty acids; SAT, subcutaneous adipose tissue; SD, standard deviation; SM,
sphingomyelin; TAG, triacylglycerol; UCP1, uncoupling protein 1; UPLC, ultra per-
formance liquid chromatography; WAT, white adipose tissue
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humans and fueled by an increasing incidence of type 2 diabetes and re-
lated diseases that calls for novel strategies to combat the obesity pan-
demic. Long before advances in medical imaging enabled its detection
in adult humans [1-4], BAT had been recognized for its occurrence
and role in small mammals and human neonates [5,6] where it fulfills
the vital function of producing non-shivering heat by energy dissipation
[7,8]. Cold-induced signaling via the sympathetic nervous system in-
creases the breakdown of triglycerides and oxidation of fatty acids in
this mitochondria-rich tissue. Its high thermogenic capacity is due to
the presence of uncoupling protein 1 (UCP1), a BAT-specific inner mito-
chondrial membrane protein that dissociates oxidative phosphorylation
from ATP production [9]. Besides having more and bigger mitochondria,
brown adipocytes are characterized by multilocular lipid droplets [10].
BAT is therefore distinct from white adipose tissue (WAT) that stores
fatty acids in the form of triacylglycerol (TAG) and releases them without
producing significant amounts of heat. However, besides serving as ener-
gy stores, lipids are also the central constituents of cellular and organellar
membranes. Thus, understanding the differences in lipid composition
that distinguish BAT from WAT is a prerequisite for understanding its
specialized function. A comparison of BAT and WAT is, however, compli-
cated by the fact that WAT itself is not a homogenous tissue but dispersed
as several depots. Subcutaneous adipose tissue (SAT), which has a double
function as energy store and thermal insulator, is more sensitive to anti-
lipolytic hormones and less prone to inflammation than visceral fat and

1388-1981/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by-nc-nd//).
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may even be protective by preventing fatty acids from being stored in ec-
topic fat depots [11,12]. The gonadal adipose tissue (GAT) pads are the
largest visceral fat depots in non-obese mice. In mice, where SAT de-
velops pre- and GAT postnatally, the two depots have also been shown
to respond differently to a prolonged high-fat diet. Hyperplasia eventual-
ly takes place in GAT, but not in SAT, following a period of hypertrophy
[13]. Finally, the GAT depots are directly attached to the reproductive
organs, to the ovaries in female and to the epididymis in male animals,
and it is unclear how these anatomical and functional specializations
translate to sex-specific differences in GAT lipid profiles. Thus, a compar-
ative study of BAT and WAT requires the inclusion of different WAT
depots from both sexes. Modern mass spectrometric (MS) techniques
have greatly advanced the state-of-the-art lipidomics approach, which
serves as a powerful tool for the qualitative characterization and quanti-
fication of a wide spectrum of structurally distinct lipids [14,15]. To obtain
a deeper insight into the lipid patterns distinguishing BAT from WAT, we
performed a global lipidomics analysis of BAT, SAT and GAT from male
and female C57BL/6 N mice, with a special focus on sex-specific
differences. To maximize the conclusions about potential lipid metabolic
processes and functions, individual fatty acid chains were assigned to
phospho- and sphingolipids by using high-resolution tandem-MS.

2. Materials and methods
2.1. Chemicals and internal standards

Liquid chromatography grade acetonitrile (ACN) and isopropyl alco-
hol (IPA) were purchased from Merck (Darmstadt, Germany). Ammoni-
um acetate was from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water was obtained from a Milli-Q system (Millipore, MA, USA). Inter-
nal standards (d4-palmitic acid, ceramide (CER) (d18:1/17:0), diacyl-
glycerol (DAG) (14:0/14:0), lyso-phospatidylcholines (LPC) (15:0)
and (19:0), phosphatidylcholine (PC) (17:0/17:0) and (19:0/19:0),
phosphatidylethanolamine (PE) (17:0/17:0), sphingomyelin (SM)
(d18:1/12:0) and triacylglycerol (TAG) (17:0/17:0/17:0) and (15:0/
15:0/15:0) were purchased from Avanti Polar Lipids, Inc. (Alabaster, Al-
abama, USA) or Sigma-Aldrich (Taufkirchen, Germany).

2.2. Animal procedures and lipid extraction

The animal experiment was conducted in accordance with the na-
tional guidelines of laboratory animal care and approved by the local
governmental commission for animal research (Regierungspraesidium
Tuebingen, Baden-Wuerttemberg, Germany). Male and female C57BI/
6 N mice (n = 6 of each sex) were purchased from Charles River
(Sulzfeld, Germany) and studied at 11 weeks of age. After anesthesia
with an intraperitoneal injection of ketamine (150 mg/kg body weight)
and xylazine (10 mg/kg body weight), the animals were killed by de-
capitation. Interscapular BAT, SAT from the femerogluteal region and
GAT were quickly excised and snap-frozen in liquid nitrogen for later
processing. One female SAT sample was lost during sample processing.
For the lipid extraction, 10 mg of frozen fat was homogenized twice
for 2 min at 20 Hz with 1.6 ml of cold 75% ethanol in a TissueLyser
(Qiagen, Hilden, Germany) and further extracted with 4 ml methyl-
tert-butylether (MTBE) as previously described [16].

2.3. Lipidomics analyses

Non-targeted lipidomics analysis was performed by a Waters
ACQUITY ultra performance liquid chromatography (UPLC) system
(Waters, USA) coupled with an AB Sciex tripleTOF™ 5600 plus mass
spectrometer (Applied Biosystems, USA) via a Duospray ion source.
Briefly, adipose lipid extracts were separated using an ACQUITY
UPLC BEH Cg column (2.1 x 100 mm, 1.7 um) (Waters, USA) by gra-
dient elution at 55 °C, as described previously with modifications
[16]. The elution started with 68% mobile phase A (ACN:H,0 = 6:4,

10 mM ammonium acetate) and 32% mobile phase B (IPA:ACN =
9:1, 10 mM ammonium acetate) and maintained for 1.5 min. Mobile
phase B was then linearly increased to 85% during 10 min and further
to 97% in the next 0.1 min followed by maintenance for 1.5 min. Af-
terwards it was decreased to 32% B in 0.1 min and kept for 2 min
till the next injection. The flow rate was 0.26 ml/min. The total run
time for each injection was 20 min. In both ESI(+) and ESI(—)
modes, TOF MS full scan and information-dependent acquisition
(IDA) were performed in parallel to acquire high resolution MS and
tandem-MS data simultaneously. In the positive mode, ion source
gas 1 and gas 2 were set to 50 psi, curtain gas to 35 psi, temperature
to 500 °C, ion spray voltage floating (ISVF) to 5500 V, declustering
potential (DP) to 80V, and collision energy (CE) to 35 V with a colli-
sion energy spread (CES) of 4+ 15 V. In the negative mode, ion source
gas 1 and gas 2 were set to 60 psi, curtain gas to 35 psi, temperature
to 600 °C, ISVFto —4500V, DP to — 100V, and CE to — 45 V with CES
of £15 V. In the IDA setting, candidate ions with top 10 intensity
were selected and subjected to high resolution tandem-MS analysis.

CER analysis was performed on an UHPLC (1290 Infinity, Agilent
Technologies, Santa Clara, CA, USA)-electrospray ionization—Q-TOF sys-
tem (6540 UHD accurate-mass Q-TOF LC/MS, Agilent Technologies,
Santa Clara, CA, USA) in the positive mode. The LC method was as de-
scribed above. The gas temperature was set to 325 °C, drying gas to
8 L/min, nebulizer to 35 psig, Vcap to 3500 V, fragmentor to 200 V,
and skimmer to 65 V.

The identification of lipid species, facilitated by the LipidView
™ software (Version 1.2, AB Sciex, USA), was based on accurate
m/z, retention behavior and tandem-MS fragmentation pattern.
High resolution tandem-MS was utilized to enhance lipid identifi-
cation. All detected lipids were quantified by normalization to the
corresponding internal standard and tissue weight. The lipid no-
menclature was based on the LIPID MAPS recommendations,
where P denotes plasmalogens, i.e., (alkenyl/acyl) and O denotes
(alkyl/acyl) ether lipids [17].

24. Statistical analysis

Data are presented as means + standard deviation (SD), either
quantitatively per unit of wet tissue weight or as relative abundance.
The relative abundance or composition of a lipid class was calculated
by normalizing individual values to the summed abundance of all lipids
within a given class. Statistical analysis was performed using Student’s
t-test with Bonferroni-adjustment or Mann-Whitney test with
Benjamini-Hochberg correction for the false discovery rate (FDR). A p-
value <0.05 was considered significant, a p-value <0.1 as a trend. Multi-
variate principal component analysis (PCA) and partial least square-
discriminant analysis (PLS-DA) were performed with SIMCA-P 11.5
(Umetrics AB, Umed, Sweden). Relative abundance data were autoscaled
for multivariate analyses. The open-source MultiExperiment Viewer
software [18] was employed for heatmap generation using autoscaled
concentration data.

3. Results

3.1. Comparative lipidomics of brown and subcutaneous and gonadal white
adipose tissues

Lipidomics analyses were performed using samples of BAT and
subcutaneous and gonadal WAT depots from female and male
C57BL/6 N mice, resulting in the identification of 329 lipid species
from the 17 (sub)classes ceramide (CER), diacylglycerol (DAG),
hexosyl-ceramide (hexCER), lyso-phosphatidylcholine (LPC), lyso-
phosphatidylethanolamine (LPE) and LPE-P, lyso-phosphatidylinositol
(LPI), phosphatidylcholine (PC) and PC-O, phosphatidylethanolamine
(PE) and PE-P, phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylserine (PS), sphingomyelin (SM), triacylglycerol (TAG),
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and free fatty acids (FFA). For a more detailed and informative molecu-
lar characterization of the detected lipids, high resolution tandem-MS
information obtained from a high-throughput IDA approach was
exploited for an acyl-, alkyl-, or alkenyl- chain assignment to all detect-
ed phospholipids. These data are fully provided as a supplement to this
manuscript (Table S-1).

To gain an initial overview, a multivariate principal component anal-
ysis (PCA) of the lipid composition of the different tissues was per-
formed. Since cell size could be a factor influencing the tissue content
of membrane or neutral lipids, we performed PCAs using firstly the con-
centration data, as obtained by normalization to internal standards and
tissue weight, and secondly the relative lipid composition. The latter
was obtained by normalizing the content of individual lipids to the
total abundance of the respective lipid class. Performing PCA with
both concentration- and compositional data resulted in a pronounced
separation of brown and white fat as well as a distinct sex-dependent
difference in the lipid profiles of BAT. The PCA plot from the lipid com-
positional data is exemplarily shown in Fig. 1.

Next, we compared the summed amounts of the individual lipid
classes between the different depots by heatmap visualization. Fig. 2
shows that the phospholipids LPC, PC, LPE, PG, PI, PE and FFA were
higher in BAT. A less pronounced difference was visible for PC-0O, PS
and SM which were highest in BAT but also tended to be higher in
SAT than in GAT. On the other hand, TAG and DAG levels were visibly
higher in WAT. The most prominent characteristic of GAT was its high
TAG levels in conjunction with a slightly, but significantly lower content
of several phospholipid classes (Table 1). The levels of the two detected
species from the low-abundant hexCER class of lipids were specifically
elevated in SAT only, while being similarly low in BAT and GAT
(Table 1).

To identify individual lipids distinguishing BAT from WAT, we
compared BAT to both subcutaneous and gonadal fat. In total, 184 lipids
showed a significant difference between BAT and both WAT depots in
both sexes (Fig. S-1). Interestingly, the magnitude of difference between
BAT and WAT was much greater for BAT-characteristic than for WAT-
characteristic lipids, due to an extremely low abundance of several
lipids in WAT (Fig. 3A and Supplementary Table S-2), as exemplarily
shown for PE(22:6/18:1) in Fig. 3B. Two of the eleven top BAT-
characterizing lipids were PC species and nine were PE species
(Fig. 3A). Interestingly, six of these lipids contained at least one
docosahexaenoic acid (DHA) moiety. The lipids with lowest levels in
BAT compared to WAT, in contrast, were TAGs and three CER species

(Supplementary Table S-2). The latter finding is specifically noteworthy
given that total CER levels were not different between BAT and WAT
(Table 1).

3.2. The lipid profile of BAT is sex-specific

In addition to tissue-specific differences in lipid content, the PCA
scores plot (Fig. 1) and the heatmap in Fig. 2 also revealed sex-specific
differences which were most obvious for BAT. At the level of tissue con-
tent, the most notable difference between male and female adipose
tissue was evident for TAG levels which were almost twice as high in
BAT of male mice: 111 4 12 umol/g compared to only 73 + 7 umol/g
in female BAT. On the other hand, phospholipid levels appeared to be
higher in female BAT, with PG and PI levels reaching statistical signifi-
cance (Table 1); a similar trend could be observed for PE and SM levels.
The sum of all phospholipids amounted to 26 + 3 pmol/g tissue in fe-
male and to 22 + 2 pmol/g in male BAT (Table 1). Only in BAT, the
ratio of PE to PC was pronouncedly higher in female mice, 2.1 versus
1.5 (p = 0.0015, data not shown). WAT did not exhibit this sex-
specific difference and had much lower PE/PC ratios, 0.5 in subcutane-
ous and 0.4 in gonadal fat.

As delineated above, differences in the total content of individual
lipid classes could in principle be caused by differences in cell size.
Thus, we also investigated the lipid composition, the abundance of indi-
vidual lipids normalized to the total abundance of the respective lipid
class. In the PCA plot generated from these normalized data (Fig. 1),
samples from female and male BAT separated into two clusters. To
identify the lipids contributing most to the separation of female and
male BAT, we performed a PLS-DA analysis and selected for each sex
the 15 variables with the highest discriminating power according to
VIP (variable importance). These variables were predominantly phos-
pholipids, with the exception of four TAGs, two of which were associat-
ed with either sex, and CER(d18:1/16:0) that was higher in female BAT
(Table 2). Interestingly, the phospholipids characterizing male and fe-
male BATs were dominated by different sets of fatty acid residues: In
females, stearic (18:0) and arachidonic (20:4) acid were the most com-
mon residues, while palmitic (16:0), palmitoleic (16:1) and linoleic
(18:2) acid prevailed in males (Table 2). This acyl chain bias appeared
to be a general phospholipid characteristic: Arachidonic and stearic
acid were the most abundant residues in phospholipids of female BAT,
while palmitic and linoleic acid dominated in males (Supplementary
Table S-3). Compared to BAT, the phospholipid composition of WAT

m BAT-f & SAT-f a GAT-
BAT-m ¥ SAT-m m GAT-m

t[2]

-30 -20 -10

1]

Fig. 1. Score plot of a multivariate principal component analysis (PCA) of the lipid composition of brown (BAT), subcutaneous white (SAT) and gonadal white (GAT) adipose tissue from

female (f) and male (m) C57BL/6 N mice.
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TAG
hexCER

Fig. 2. Heatmap visualization of the distribution of the different lipid (sub)classes in brown (BAT), subcutaneous white (SAT) and gonadal white (GAT) adipose tissue of female (f) and
male (m) C57BL/6 N mice. In total, 329 lipid species were detected: 6 PC-0, 11 PS, 7 LPC, 38 PC, 7 LPE, 2 LPE-P, 11 PG, 13 PI, 1 LPI, 40 PE, 23 PE-P, 13 SM, 32 FFA, 9 CER, 8 DAG, 106
TAG, and 2 hexCER species. LPE and LPE-P were summarized as LPE(P); the single LPI species detected was not included in the heatmap. Each column represents values from an individual

animal.

was less sex-specific. Palmitic acid was the most abundant residue
in SAT and GAT of both male and female mice (Supplementary
Table S-3).

4. Discussion

By combining MTBE-based extraction and high-resolution LC-
tandem-MS analysis, we generated detailed lipid profiles of brown
and two white fat depots of female and male mice. In total, 329
lipid species from 17 (sub)classes, covering DAG, TAG and different
phospho- and sphingolipid classes as well as FFA, could quantitatively
be detected. An asset of these data is the provision of acyl/alkyl/alkenyl
chain compositions for all detected phospholipid species, in addition
to summed carbon and double bond numbers. Although current
lipidomics tools enable global lipid characterization on the scale of mo-
lecular species, information on acyl/alkyl/alkenyl composition is scarce
and usually limited to a small number of lipids. The fatty acid composi-
tion of individual lipids might be indicative of fatty acid metabolism or
remodeling among different lipid pools and could reflect potential
roles of lipids in (patho)physiological conditions. This is specifically rel-
evant for phospholipids as major components of cellular membranes
that determine membrane fluidity, dynamics and homeostasis while
interacting with membrane-associated proteins [15].

Table 1

Content of different lipid (sub)classes in brown (BAT), subcutaneous white (SAT) and gonadal white (GAT) adipose tissue of female (f) and male (m

In accordance with their respective metabolic functions, energy-
storing WAT contained significantly more TAG while heat-generating
BAT with its high density of mitochondria contained more phos-
pholipids and sphingomyelin. A detailed comparison of BAT and the
two WAT depots revealed a set of phospholipids, nine PE- and two PC-
species (PC(18:2/22:6), PC(22:6/22:6), PE(14:0/16:1), PE(34:4)
consisting of the isomers PE(16:1/18:3) and (16:2/18:2), PE(14:0/
20:4), PE(16:1/20:5), PE(20:4/20:0), PE(22:6/14:0), PE(22:6/18:2),
PE(22:6/18:1), and PE(22:6/18:3)) to have the highest specificity for
BAT in both sexes. Interestingly, this group of lipids appears to overlap
with a lipid cluster recently identified to be common to heart and skele-
tal muscle in a lipidomics study of various mouse tissues [19]. This find-
ing is in line with previous reports that brown, but not white, adipocyte
precursors are related to the myogenic lineage [20,21]. Due to our
tandem-MS approach, we could unravel the fatty acid composition of
these phospholipids and identify DHA to be contained in six of the eleven
BAT-discriminant lipids. DHA amounted to about 8% of residues in BAT
compared to only 5% in all WAT depots (Supplementary Table S-3),
thus showing the same trend as the individual BAT-specific phospho-
lipids. Of note, the fatty acid composition of a lipid class can only approx-
imately be calculated based on LC-MS data where, as in other “omics”
approaches, the number of analytes exceeds the number of internal stan-
dards. However, a trend towards higher DHA levels in BAT appears rea-
sonable as it is in line with a previous study in mice showing that

) C57BL/6 N mice.

[umol/g] BAT-f BAT-m SAT-f SAT-m GAT-m GAT-m BAT-WAT SAT-GAT BATf-m SATf-m GAT f-m
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

PC-O0 0.042 0.008 0.042  0.009 0.039 0.016 0.023  0.007 0.019 0.006 0.011 0.002 **

PS 0.781 0.092 0.755 0.110 0.820 0.174 0.647 0.108 0.566  0.152 0.353  0.059 *

LPC 0.398 0.081 0332 0.054 0.127  0.021 0.103  0.019 0.089 0.024 0.054 0.010 ** *

PC 6.476 0.784 6.799 0951 2733 0631 2215 0.383 2152 0392 1387 0214 ==

LPE(P) 0.436 0.102 0311 0.043 0.071 0.013 0.061 0.012 0.042 0.014 0.025 0.007 ** i

PG 0.509 0.053 0359 0.047 0.093 0.034 0.073  0.031 0.049 0.017 0.021  0.007 ** *

Pl 1434 0.085 1.097 0.103 0359 0.100 0.280 0.073 0247  0.067 0.142 0.016 ** *

PE 13.685 1.577 9.756  1.120 1408 0.323 1.179 0.248 0903 0.235 0.552 0.076 ** *

PE-P 2.320 0.136 2.134 0.201 0.693 0.111 0.591 0.137 0305 0.103 0.193  0.037 ** A

SM 0.425 0.021 0351 0.032 0333 0.029 0289 0.033 0.278 0.056 0.208 0.025 **

FFA 5.939 0.937 4930 0931 3.437 0530 3464 0279 3.641 2.009 3.820 1.187 **

CER 0.119 0.015 0.104 0.014 0.127  0.022 0.108  0.015 0.127 0.014 0.092  0.027

DAG 0.192 0.034 0.254 0.058 0294 0.055 0327 0.047 0336 0.076 0281 0.038 *

TAG 73.108 7.201 110.844 11.849 166.415 19.592 189.011 30.630 220.541 19.332 233.051 17499 ** * *

hexCER  0.009 0.003 0.016  0.011 0.039 0.019 0.034 0.010 0.011  0.003 0.005 0.001 i

LPE and LPE-P were summarized as LPE(P); the single LPI species detected is not included. Shown are mean values 4+ SD (n = 6).
* Significant difference (p < 0.05).
** Highly significant difference (p < 0.005) according to Student’s t-test with Bonferroni correction.
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PE(20:4/20:0) PE(34:4)* PE(14:0/20:4) PE(16:1/20:5)
nmol/g nmol/g nmol/g nmol/g
25 10 15 10
20 8 8
15 6 10 6
10 4 5 4
5 2 2
0 0 0
BAT SAT GAT BAT SAT GAT BAT SAT GAT BAT SAT GAT
PE(14:0/16:1) PC(22:6/22:6) PC(18:2/22:6) PE(22:6/18:2)
nmol/g nmol/g nmol/g nmol/g
120 150
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Fig. 3. A: Lipid species showing the most prominent increase in brown compared to both white adipose tissue depots in both sexes. Values are means 4 SD of n = 6 mice. Black bars rep-
resent female and grey bars male mice. *PE(34:4) was composed of the co-eluting isomers PE(16:1/18:3) and PE(16:2/18:2). B: Extracted ion chromatogram of a representative BAT-

characteristic phospholipid, PE(22:6/18:1).

DHA-enriched lipoproteins are preferentially targeted to BAT, in addition
to heart and muscle [22]. The content of DHA-containing phospholipids
in muscle mitochondria can be increased by dietary DHA supplementa-
tion [23] and BAT could possibly also be responsive to such a dietary in-
tervention. The omega-3 fatty acid DHA is an important contributor to
membrane fluidity [24]. Increasing the DHA content of phospholipids
has been shown to improve the ADP sensitivity of human skeletal muscle
[23]. In addition, DHA counteracts Ca? "-induced transition pore opening
[25], a mechanism that has been associated with its cardioprotective ef-
fects and that could also improve the stress tolerance of BAT mitochon-
dria. In an in vitro approach, mitochondria were fused with liposomes
enriched in one DHA-containing phospholipid species, causing increased
proton movement [26]. This interesting experimental approach could,
possibly, also be employed to study additional mitochondrial parameters
and more complex alterations in phospholipid composition. Another dif-
ference revealed in this study, the higher FFA content of BAT compared to
WAT, might also be related to the higher mitochondria content of BAT.
Unbound fatty acids are required to activate UCP1 and since the largest
fraction of the FFA pool is protein-bound, relatively high total FFA con-
centrations are required for uncoupling [27]. Another phospholipid
class that could be expected to discriminate BAT and WAT are the

mitochondria-specific cardiolipins which were, however, not covered
by the applied LC-MS approach.

The differences between the two WAT depots were comparatively
smaller, but still significant. Here, the main findings were a higher
amount of TAG and a lower content of several phospholipid classes in
GAT which could at least partly be explained by differences in cell size
as phospholipids are mainly present in cell membranes. A previous
study reported a slightly larger adipocyte area in epididymal than in
subcutaneous fat of male mice [28] and our data suggest that a similar
difference also exists between SAT and the ovarian depots of female
animals.

An additional noteworthy finding was pronounced sex-specific dif-
ferences in the lipid composition of murine BAT. Despite the fact that fe-
male and male GAT differ in their anatomical location and likely,
biological function, we observed less sex-specific differences in lipid
composition for GAT than for BAT. Male BAT had a higher TAG content,
and one explanation for this finding could be a larger cell size. However,
previous data on BAT cell size, which to date has only been reported for
rats, suggests a similar [29] or even smaller [30] size of male BAT adipo-
cytes. BAT of female rats appears to have larger mitochondria with a
greater cristae density [30,31] which could, independent of cell size,
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Table 2

Top 15 lipid species with the highest discriminating power for female (f) and male
(m) brown adipose tissue (BAT) according to multivariate partial least square discrimi-
nant analysis (PLS-DA) variable importance.

Lipid BAT-f BAT-m Fatty acid

Mean SD Mean SD residues
Higher in female BAT
PC36:2 17.66% 1.29% 12.76% 0.48% 18:0 18:2
PC38:4 3.39% 0.31% 1.61% 0.08% 18:0 20:4
PC 40:4 0.10% 0.01% 0.06% 0.01% 18:0 22:4
PC 40:6 1.27% 0.23% 0.67% 0.07% 18:0 22:6
PC 0-36:5° 28.99% 2.21% 22.69% 1.30% 20:4 16:1e?
PC 0-38:4% 5.55% 0.43% 3.65% 0.61% 20:4 18:0e?
PE 38:4 26.45% 1.26% 17.34% 1.35% 18:0 20:4
PE P-38:4% 13.13% 0.75% 9.57% 0.38% 20:4 18:0p*
PE P-40:4" 1.38% 0.14% 0.89% 0.07% 20:4 20:0p*

PI38:4 74.60% 4.17% 58.09% 3.95% 18:0 20:4
PS 40:6 34.74% 1.64% 29.43% 0.91% 18:0 22:6
LPC 18:0 39.63% 1.90% 30.84% 1.45% 18:0

TAG 47:0 0.22% 0.03% 0.13% 0.02%

TAG 48:0 1.52% 0.15% 0.90% 0.04%

CER(d18:1/16:0) 4.03% 0.55% 2.35% 0.13%

Higher in male BAT

PC 30:0 0.64%  0.05% 1.03%  006% 140  16:0
PE 30:1 0.01%  0.01% 0.06%  0.00% 140  16:1
PE 32:0 0.06%  0.01% 0.16%  0.02% 16:0  16:0
PE 32:1 041%  0.18% 128%  012% ° b

PE 32:2 020%  0.07% 058%  005% P b

PE 34:3 1.74%  0.50% 366%  0.13%  16:1 18:2
PE 34:4 0.03%  0.01% 0.07%  001% ° b

PE 38:7 0.81%  0.12% 157%  009%  16:1  22:6
PE 42:8 0.57%  0.06% 0.84%  0.06% 202 226
PE P-32:1% 0.49%  0.18% 147%  007%  16:1 16:0p?
PE P-34:22 5.68%  0.99% 9.71%  051% 182  16:0p*
PI38:3 1.52%  0.26% 403%  067% 180  20:3
Pl 40:4 025%  0.04% 0.64%  0.09%  18:0  22:4
TAG 46:3 0.05%  0.00% 0.07%  0.01%

TAG 48:3 0.34%  0.06% 0.57%  0.03%

Shown are mean relative contents + SD (n = 6).
2 P/p denotes plasmalogens (i.e., alkenyl/acyl), O/e denotes (alkyl/acyl) ether lipids.
b The fatty acid composition of co-eluted isomers s listed in the Supplementary Table S-1.

contribute to the higher amount of membrane-building lipids and the
lower amount of TAG in female BAT observed in our study. FFA, which
activate mitochondrial uncoupling, were similarly high in BAT of both
sexes.

Another sex-specific difference that was most pronounced for BAT
was the composition of the fatty acid chains contained in phospholipids.
A set of residues, including arachidonic and stearic acid, occurred at
higher levels in females while others, including linoleic and palmitic
acid, were pronouncedly lower. Since all animals had been fed the
same standard diet, the shifted fatty acid profile could be a result of bio-
chemical desaturation and elongation processes that might take place at
a higher rate in female mice, as delineated in Supplementary Fig. S-2.
Arachidonic acid is preferentially incorporated by liver and BAT [32].
Our finding of major sex-specific differences in lipid composition only
in BAT, but not in WAT, may imply that these hormonal effects are
directly related to a higher demand of female BAT for arachidonic
acid-containing phospholipids. A higher desaturation degree leads to
increased membrane fluidity, and this is likely counterbalanced in fe-
male BAT by more long-chain acyl chains and an increased PE/PC ratio
that promote membrane rigidity [33]. Given the high mitochondrial
content of this tissue, the sex-specific phospholipid composition of
BAT likely reflects differences in the composition of mitochondrial
membranes which may, in turn, be related to the increased mitochon-
drial size and cristae density of BAT mitochondria from female rats de-
scribed by Rodriguez-Cuenca et al. [30] who found these to resemble
the morphological changes of mitochondria from cold-acclimated rats
[30,34]. Similarly, a lower rate of TAG to phospholipids, as observed in

female BAT in our study, also has been detected in BAT following cold
acclimation [35,36]. These findings suggest a higher thermogenic activ-
ity of female BAT, and at least in rats this could, indeed, be the case [37].
Although highly speculative, it is interesting to note in this context that
both female rodents [38,39] and pre-menopausal women [40,41] have
been reported to be less prone to develop glucose intolerance or type
2 diabetes.

The key mediator of these sex-specific differences appears to be
estrogen which has been found to protect against the metabolic
syndrome in mouse models and post-menopausal women [42,43].
In addition to other, more widely known central and local actions,
estrogen may also facilitate the conversion of linoleic to arachidon-
ic acid, resulting in a detectably higher content of PUFA in liver and
plasma [44,45]. Another study failed to show estrogenic effects, but
indicated that progesterone upregulates the expression of
elongases and desaturases in cultured hepatocytes [46] that could
accelerate the conversion of linoleic to arachidonic acid. Thus, sex
hormones may regulate not only BAT activity and mitochondrial
biogenesis [47,48] but also the lipid composition of its membranes.
In rats, the differing hormonal regulation results in a higher ther-
mogenic capacity and greater BAT mass relative to body weight of
the female animals [30]. Interestingly, metabolically active BAT
also has a higher prevalence and glucose uptake activity in human
females compared to males [49,50]. Although the difference is
less pronounced than in mice, serum PUFA compositions are also
higher in women than in men [51,52], and there is compelling evi-
dence for a decisive role of sex-steroid hormones in the regulation
of human energy homeostasis and fat distribution [53-55] which is
particularly obvious in pathophysiological conditions such as the
polycystic ovary syndrome [56]. Thus, despite the comparatively
smaller amount of BAT in humans, differences in BAT metabolism
might still contribute to sex-specific differences in human whole-
body metabolism and energy homeostasis. Due to the small
amounts of tissue required, lipidomics could even be a conceivable
approach to unravel such sex-specific differences in humans.

5. Conclusions

To summarize, we generated lipid profiles from BAT and two WAT
depots from female and male mice. This is, to the best of our knowledge,
the first study to elucidate the differences in lipid composition between
female and male BAT. Our high resolution tandem-MS approach en-
abled us to obtain the fatty acid composition of all phospholipids, and
these data might serve as a reference lipid bank for future studies on
murine adipose tissues. A key finding of this study is that differences be-
tween the lipid profiles of BAT and WAT were dominated by DHA-
containing phospholipids which are likely to regulate the thermogenic
function of BAT as components of the mitochondrial membrane. In ad-
dition, we identified arachidonic acid as the phospholipid residue dom-
inating the sex-specific lipid profile of BAT from female mice. This
finding may prompt further studies aiming to understand sex-specific
differences in BAT metabolism.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2014.08.003.

Acknowledgments and notice of grant support

This work was funded in part by a grant from the Leibniz
Gemeinschaft (SAW-FBN-2013-3, to C.W.) and by the “Stiftung fiir
Pathobiochemie und Molekulare Diagnostik” of the German Society of
Clinical Chemistry and Laboratory Medicine (to M.H. and R.L.); by
grants from the Sino-German Center for Research Promotion (GZ 753
by DFG and NSFC to G.X. and R.L. and LE 1391/1-1 by DFG to R.L.); by
a grant from the German Federal Ministry of Education and Research
(BMBF) to the German Centre for Diabetes Research (DZD e.V., Grant


http://dx.doi.org/10.1016/j.bbalip.2014.08.003
http://dx.doi.org/10.1016/j.bbalip.2014.08.003

M. Hoene et al. / Biochimica et Biophysica Acta 1841 (2014) 1563-1570

01GI0925); and by the foundation and creative research group project
(No. 21175132 and No. 21321064 by NSFC to GX).

References

[1]

[2

13

[4

5

[6

[7

8

9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

AM. Cypess, S. Lehman, G. Williams, 1. Tal, D. Rodman, A.B. Goldfine, et al., Identifi-
cation and importance of brown adipose tissue in adult humans, N. Engl. ]. Med. 360
(2009) 1509-1517, http://dx.doi.org/10.1056/NE]M0a0810780.

W.D. van Marken Lichtenbelt, JW. Vanhommerig, N.M. Smulders, ].M.A.F.L.
Drossaerts, G.J. Kemerink, N.D. Bouvy, et al., Cold-activated brown adipose tissue
in healthy men, N. Engl. J. Med. 360 (2009) 1500-1508, http://dx.doi.org/10.1056/
NEJMo0a0808718.

KA. Virtanen, M.E. Lidell, J. Orava, M. Heglind, R. Westergren, T. Niemi, et al., Func-
tional brown adipose tissue in healthy adults, N. Engl. J. Med. 360 (2009)
1518-1525, http://dx.doi.org/10.1056/NEJM0a0808949.

J. Nedergaard, T. Bengtsson, B. Cannon, Unexpected evidence for active brown adi-
pose tissue in adult humans, Am. ]. Physiol. Endocrinol. Metab. 293 (2007)
E444-E452, http://dx.doi.org/10.1152/ajpendo.00691.2006.

C. Gessner, De mure alpino, Conradi Gesneri Medici Tigurini Historiae Animalium,
Froschauer, Zurich, 1551, pp. 840-843.

R.E. Smith, Thermoregulatory and adaptive behavior of brown adipose tissue, Sci-
ence 146 (1964) 1686-1689.

D.G. Nicholls, R.M. Locke, Thermogenic mechanisms in brown fat, Physiol. Rev. 64
(1984) 1-64.

K.I Stanford, LJ. Goodyear, The therapeutic potential of brown adipose tissue,
Hepatobiliary Surg. Nutr. 2 (2013) 286-287, http://dx.doi.org/10.3978/j.issn.2304-
3881.2013.09.02.

D.G. Nicholls, E. Rial, A history of the first uncoupling protein, UCP1, ]. Bioenerg.
Biomembr. 31 (1999) 399-406.

C.H. Saely, K. Geiger, H. Drexel, Brown versus white adipose tissue: a mini-review,
Gerontology 58 (2012) 15-23, http://dx.doi.org/10.1159/000321319.

K. Ishikawa, K. Takahashi, H. Bujo, N. Hashimoto, K. Yagui, Y. Saito, Subcutaneous fat
modulates insulin sensitivity in mice by regulating TNF-alpha expression in visceral
fat, Horm. Metab. Res. 38 (2006) 631-638, http://dx.doi.org/10.1055/s-2006-
954580.

A. Gil, J. Olza, M. Gil-Campos, C. Gomez-Llorente, C.M. Aguilera, Is adipose tissue
metabolically different at different sites? Int. ]. Pediatr. Obes. 6 (Suppl. 1) (2011)
13-20, http://dx.doi.org/10.3109/17477166.2011.604326.

Q.A. Wang, C. Tao, RK. Gupta, P.E. Scherer, Tracking adipogenesis during white adi-
pose tissue development, expansion and regeneration, Nat. Med. 19 (2013)
1338-1344, http://dx.doi.org/10.1038/nm.3324.

X. Han, RW. Gross, Global analyses of cellular lipidomes directly from crude extracts
of biological samples by ESI mass spectrometry: a bridge to lipidomics, J. Lipid Res.
44 (2003) 1071-1079, http://dx.doi.org/10.1194/j1r.R300004-JLR200.

M.R. Wenk, Lipidomics: new tools and applications, Cell 143 (2010) 888-895,
http://dx.doi.org/10.1016/j.cell.2010.11.033.

S. Chen, M. Hoene, J. Li, Y. Li, X. Zhao, H.-U. Hdring, et al., Simultaneous extrac-
tion of metabolome and lipidome with methyl tert-butyl ether from a single
small tissue sample for ultra-high performance liquid chromatography/mass
spectrometry, J. Chromatogr. A 1298 (2013) 9-16, http://dx.doi.org/10.
1016/j.chroma.2013.05.019.

E. Fahy, S. Subramaniam, R.C. Murphy, M. Nishijima, C.R.H. Raetz, T. Shimizu, et al.,
Update of the LIPID MAPS comprehensive classification system for lipids, J. Lipid
Res. 50 (2008) S9-S14, http://dx.doi.org/10.1194/jlr.R800095-]LR200.

Al Saeed, V. Sharov, ]. White, J. Li, W. Liang, N. Bhagabati, et al., TM4: a free, open-
source system for microarray data management and analysis, Biotechniques 34
(2003) 374-378.

M. Jain, S. Ngoy, S.A. Sheth, R.A. Swanson, E.P. Rhee, R. Liao, et al., A systematic sur-
vey of lipids across mouse tissues, Am. J. Physiol. Endocrinol. Metab. 306 (2014)
E854-E868, http://dx.doi.org/10.1152/ajpendo.00371.2013.

P. Seale, B. Bjork, W. Yang, S. Kajimura, S. Chin, S. Kuang, et al., PRDM16 controls a
brown fat/skeletal muscle switch, Nature 454 (2008) 961-967, http://dx.doi.org/
10.1038/nature07182.

J.A. Timmons, K. Wennmalm, O. Larsson, T.B. Walden, T. Lassmann, N. Petrovic, et al.,
Myogenic gene expression signature establishes that brown and white adipocytes
originate from distinct cell lineages, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
4401-4406, http://dx.doi.org/10.1073/pnas.0610615104.

A. Polozova, E. Gionfriddo, N. Salem, Effect of docosahexaenoic acid on tissue
targeting and metabolism of plasma lipoproteins, Prostaglandins Leukot. Essent.
Fat. Acids 75 (2006) 183-190, http://dx.doi.org/10.1016/j.plefa.2006.05.009.

E.AF. Herbst, S. Paglialunga, C. Gerling, J. Whitfield, K. Mukai, A. Chabowski, et al.,
Omega-3 supplementation alters mitochondrial membrane composition and respi-
ration kinetics in human skeletal muscle, J. Physiol. Lond. 592 (2014) 1341-1352,
http://dx.doi.org/10.1113/jphysiol.2013.267336.

T. Ohno, H. Ohinata, K. Ogawa, A. Kuroshima, Fatty acid profiles of phospholipids in
brown adipose tissue from rats during cold acclimation and repetitive intermittent
immobilization: With special reference to docosahexaenoic acid, Jpn. J. Physiol. 46
(1996) 265-270, http://dx.doi.org/10.2170/jjphysiol.46.265.

RJ. Khairallah, G.C. Sparagna, N. Khanna, K.M. O'Shea, P.A. Hecker, T. Kristian, et al.,
Dietary supplementation with docosahexaenoic acid, but not eicosapentanoic acid,
dramatically alters cardiac mitochondrial phospholipid fatty acid composition and
prevents permeability transition, Biochim. Biophys. Acta 1797 (2010) 1555-1562,
http://dx.doi.org/10.1016/j.bbabio.2010.05.007.

W. Stillwell, L. Jenski, F.T. Crump, W. Ehringer, Effect of docosahexaenoic acid on
mouse mitochondrial membrane properties, Lipids 32 (1997) 497-506.

[27])

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

[51]

1569

S.A. Cunningham, H. Wiesinger, D.G. Nicholls, Quantification of fatty acid activation
of the uncoupling protein in brown adipocytes and mitochondria from the guinea-
pig, Eur. J. Biochem. 157 (1986) 415-420, http://dx.doi.org/10.1111/j.1432-1033.
1986.tb09683.x.

R. Caesar, M. Manieri, T. Kelder, M. Boekschoten, C. Evelo, M. Miiller, et al., A com-
bined transcriptomics and lipidomics analysis of subcutaneous, epididymal and
mesenteric adipose tissue reveals marked functional differences, PLoS One 5
(2010) e11525, http://dx.doi.org/10.1371/journal.pone.0011525.

P. Dechamma, S. Kamath, P. Shetty, Histomorphology, adipocyte size and total fat-
cell number in the interscapular brown adipose-tissue of pregnant and lactating
rats, Proc. Indian Acad. Sci. Anim. Sci. 95 (1986) 45-50.

S. Rodriguez-Cuenca, E. Pujol, R. Justo, M. Frontera, J. Oliver, M. Gianotti, et al., Sex-
dependent thermogenesis, differences in mitochondrial morphology and function,
and adrenergic response in brown adipose tissue, ]. Biol. Chem. 277 (2002)
42958-42963, http://dx.doi.org/10.1074/jbc.M207229200.

A. Nadal-Casellas, M. Bauza-Thorbriigge, A.M. Proenza, M. Gianotti, I. Llad6, Sex-
dependent differences in rat brown adipose tissue mitochondrial biogenesis and in-
sulin signaling parameters in response to an obesogenic diet, Mol. Cell. Biochem.
373 (2013) 125-135, http://dx.doi.org/10.1007/s11010-012-1481-x.

A. Nilsson, L. Hjelte, B. Strandvik, Incorporation of dietary [c-14] arachidonic-acid
and [h-3] eicosapentaenoic acid into tissue-lipids during absorption of a fish oil
emulsion, J. Lipid Res. 33 (1992) 1295-1305.

K.H. Pietildinen, T. R6g, T. Seppdnen-Laakso, S. Virtue, P. Gopalacharyulu, ]. Tang,
et al., Association of lipidome remodeling in the adipocyte membrane with acquired
obesity in humans, PLoS Biol. 9 (2011) e1000623, http://dx.doi.org/10.1371/journal.
pbio.1000623.

M. Morroni, G. Barbatelli, M.C. Zingaretti, S. Cinti, Inmunohistochemical, ultrastruc-
tural and morphometric evidence for brown adipose tissue recruitment due to cold
acclimation in old rats, Int. J. Obes. Relat. Metab. Disord. 19 (1995) 126-131.

C. Senault, G. Cherqui, M. Cadot, R. Portet, Cold-induced developmental changes in
fat cell size and number in brown adipose tissue of the rat, Am. J. Physiol. 240
(1981) E379-E383.

C. Senault, M.T. Hlusko, R. Portet, Effects of diet and cold acclimation on lipid compo-
sition of rat interscapular brown adipose tissue, Ann. Nutr. Aliment 29 (1975) 67-77.
R. Justo, M. Frontera, E. Pujol, S. Rodriguez-Cuenca, I. Lladé, FJ. Garcia-Palmer, et al.,
Gender-related differences in morphology and thermogenic capacity of brown adi-
pose tissue mitochondrial subpopulations, Life Sci. 76 (2005) 1147-1158, http://dx.
doi.org/10.1016/j.1f5.2004.08.019.

U.S. Pettersson, T.B. Waldén, P.-O. Carlsson, L. Jansson, M. Phillipson, Female mice
are protected against high-fat diet induced metabolic syndrome and increase the
regulatory T cell population in adipose tissue, PLoS One 7 (2012) e46057, http://
dx.doi.org/10.1371/journal.pone.0046057.

A. Nadal-Casellas, A.M. Proenza, I. Lladd, M. Gianotti, Sex-dependent differ-
ences in rat hepatic lipid accumulation and insulin sensitivity in response to
diet-induced obesity, Biochem. Cell Biol. 90 (2012) 164-172, http://dx.doi.
org/10.1139/011-069.

H. Yki-Jarvinen, Sex and insulin sensitivity, Metab. Clin. Exp. 33 (1984) 1011-1015.
Y.-W. Park, S. Zhu, L. Palaniappan, S. Heshka, M.R. Carnethon, S.B. Heymsfield, The
metabolic syndrome: prevalence and associated risk factor findings in the US popu-
lation from the Third National Health and Nutrition Examination Survey, 1988-
1994, Arch. Intern. Med. 163 (2003) 427-436.

J.-F. Louet, C. LeMay, F. Mauvais-Jarvis, Antidiabetic actions of estrogen: insight from
human and genetic mouse models, Curr. Atheroscler. Rep. 6 (2004) 180-185.

F. Mauvais-Jarvis, DJ. Clegg, A.L. Hevener, The role of estrogens in control of energy
balance and glucose homeostasis, Endocr. Rev. 34 (2013) 309-338, http://dx.doi.
org/10.1210/er.2012-1055.

R. Ostwald, P. Bouchard, A. Shannon, P. Miljanich, R.L. Lyman, Effect of estradiol and
testosterone on the metabolism of linoleic acid in essential fatty acid-deficient rats,
J- Nutr. 88 (1966) 303-314.

S.D. Phinney, ].S. Fisler, A.B. Tang, C.H. Warden, Liver fatty acid composition corre-
lates with body fat and sex in a multigenic mouse model of obesity, Am. ]. Clin.
Nutr. 60 (1994) 61-67.

C.M. Sibbons, ].T. Brenna, P. Lawrence, S.P. Hoile, R. Clarke-Harris, K.A. Lillycrop,
et al., Effect of sex hormones on n-3 polyunsaturated fatty acid biosynthesis in
HepG2 cells and in human primary hepatocytes, Prostaglandins Leukot. Essent.
Fat. Acids 90 (2014) 47-54, http://dx.doi.org/10.1016/j.plefa.2013.12.006.

C. Quarta, R. Mazza, R. Pasquali, U. Pagotto, Role of sex hormones in modulation of
brown adipose tissue activity, J. Mol. Endocrinol. 49 (2012) R1-R7, http://dx.doi.
org/10.1530/JME-12-0043.

S. Rodriguez-Cuenca, M. Monjo, M. Gianotti, A.M. Proenza, P. Roca, Expression of
mitochondrial biogenesis-signaling factors in brown adipocytes is influenced spe-
cifically by 17 beta-estradiol, testosterone, and progesterone, Am. ]. Physiol.
Endocrinol. Metab. 292 (2007) E340-E346, http://dx.doi.org/10.1152/ajpendo.
00175.2006.

C. Pfannenberg, M.K. Werner, S. Ripkens, 1. Stef, A. Deckert, M. Schmadl, et al.,
Impact of age on the relationships of brown adipose tissue with sex and adi-
posity in humans, Diabetes 59 (2010) 1789-1793, http://dx.doi.org/10.
2337/db10-0004.

V. Ouellet, A. Routhier-Labadie, W. Bellemare, L. Lakhal-Chaieb, E. Turcotte, A.C.
Carpentier, et al., Outdoor temperature, age, sex, body mass index, and diabetic sta-
tus determine the prevalence, mass, and glucose-uptake activity of 18 F-FDG-de-
tected BAT in humans, J. Clin. Endocrinol. Metab. 96 (2011) 192-199, http://dx.
doi.org/10.1210/jc.2010-0989.

T. Nikkari, P. Luukkainen, P. Pietinen, P. Puska, Fatty acid composition of serum lipid
fractions in relation to gender and quality of dietary fat, Ann. Med. 27 (1995)
491-498.


http://dx.doi.org/10.1056/NEJMoa0810780
http://dx.doi.org/10.1056/NEJMoa0808718
http://dx.doi.org/10.1056/NEJMoa0808718
http://dx.doi.org/10.1056/NEJMoa0808949
http://dx.doi.org/10.1152/ajpendo.00691.2006
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0280
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0280
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0025
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0025
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0030
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0030
http://dx.doi.org/10.3978/j.issn.2304-3881.2013.09.02
http://dx.doi.org/10.3978/j.issn.2304-3881.2013.09.02
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0040
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0040
http://dx.doi.org/10.1159/000321319
http://dx.doi.org/10.1055/s-2006-954580
http://dx.doi.org/10.1055/s-2006-954580
http://dx.doi.org/10.3109/17477166.2011.604326
http://dx.doi.org/10.1038/nm.3324
http://dx.doi.org/10.1194/jlr.R300004-JLR200
http://dx.doi.org/10.1016/j.cell.2010.11.033
http://dx.doi.org/10.1016/j.chroma.2013.05.019
http://dx.doi.org/10.1016/j.chroma.2013.05.019
http://dx.doi.org/10.1194/jlr.R800095-JLR200
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0085
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0085
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0085
http://dx.doi.org/10.1152/ajpendo.00371.2013
http://dx.doi.org/10.1038/nature07182
http://dx.doi.org/10.1073/pnas.0610615104
http://dx.doi.org/10.1016/j.plefa.2006.05.009
http://dx.doi.org/10.1113/jphysiol.2013.267336
http://dx.doi.org/10.2170/jjphysiol.46.265
http://dx.doi.org/10.1016/j.bbabio.2010.05.007
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0120
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0120
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09683.x
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09683.x
http://dx.doi.org/10.1371/journal.pone.0011525
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0135
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0135
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0135
http://dx.doi.org/10.1074/jbc.M207229200
http://dx.doi.org/10.1007/s11010-012-1481-x
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0150
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0150
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0150
http://dx.doi.org/10.1371/journal.pbio.1000623
http://dx.doi.org/10.1371/journal.pbio.1000623
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0160
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0160
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0160
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0165
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0165
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0165
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0170
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0170
http://dx.doi.org/10.1016/j.lfs.2004.08.019
http://dx.doi.org/10.1371/journal.pone.0046057
http://dx.doi.org/10.1139/o11-069
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0190
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0195
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0195
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0195
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0195
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0200
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0200
http://dx.doi.org/10.1210/er.2012-1055
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0210
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0210
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0210
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0215
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0215
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0215
http://dx.doi.org/10.1016/j.plefa.2013.12.006
http://dx.doi.org/10.1530/JME-12-0043
http://dx.doi.org/10.1152/ajpendo.00175.2006
http://dx.doi.org/10.1152/ajpendo.00175.2006
http://dx.doi.org/10.2337/db10-0004
http://dx.doi.org/10.2337/db10-0004
http://dx.doi.org/10.1210/jc.2010-0989
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0245
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0245
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0245

1570 M. Hoene et al. / Biochimica et Biophysica Acta 1841 (2014) 1563-1570

[55] P. Bjorntorp, Hormonal control of regional fat distribution, Hum. Reprod. 12 (Suppl.
1) (1997) 21-25.

[56] E. Diamanti-Kandarakis, C. Christakou, H. Kandarakis, Polycystic ovarian syndrome:
the commonest cause of hyperandrogenemia in women as a risk factor for metabol-
ic syndrome, Minerva Endocrinol. 32 (2007) 35-47.

[52] R.T.Holman, L. Smythe, S. Johnson, Effect of sex and age on fatty acid composition of
human serum lipids, Am. J. Clin. Nutr. 32 (1979) 2390-2399.

[53] LM. Brown, L. Gent, K. Davis, D.J. Clegg, Metabolic impact of sex hormones on obe-
sity, Brain Res. 1350 (2010) 77-85, http://dx.doi.org/10.1016/j.brainres.2010.04.
056.

[54] H.Shi, DJ. Clegg, Sex differences in the regulation of body weight, Physiol. Behav. 97
(2009) 199-204, http://dx.doi.org/10.1016/j.physbeh.2009.02.017.


http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0250
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0250
http://dx.doi.org/10.1016/j.brainres.2010.04.056
http://dx.doi.org/10.1016/j.brainres.2010.04.056
http://dx.doi.org/10.1016/j.physbeh.2009.02.017
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0265
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0265
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0270
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0270
http://refhub.elsevier.com/S1388-1981(14)00158-9/rf0270

	The lipid profile of brown adipose tissue is sex-�specific in mice
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and internal standards
	2.2. Animal procedures and lipid extraction
	2.3. Lipidomics analyses
	2.4. Statistical analysis

	3. Results
	3.1. Comparative lipidomics of brown and subcutaneous and gonadal white adipose tissues
	3.2. The lipid profile of BAT is sex-specific

	4. Discussion
	5. Conclusions
	Acknowledgments and notice of grant support
	References


