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Abstract

Lipid species patterns are conserved within cells to maintain physicochemical properties of
membranes and cellular functions. We present the lipidome, including sterols, glycerolipids
(GLs), glycerophospholipids (GPLs), and sphingolipids (SLs), of primary ex vivo differenti-
ated (l) white, (l1) brite, and (Ill) brown adipocytes derived from primary preadipocytes iso-
lated from (I) epididymal white, (Il) inguinal white, and (lll) intrascapular brown adipose
tissue. Quantitative lipidomics revealed significantly decreased fractions of phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE), with longer (C > 36) and more polyunsat-
urated species, as well as lower levels of cardiolipin (CL) in white than in brite and brown
adipocytes. Together, the brite and brown lipidome was comparable and indicates differ-
ences in membrane lipid packing density compared with white adipocytes. Changes in cer-
amide species profile could be related to the degree of browning. Beta-adrenergic
stimulation of brown adipocytes led to generation of saturated lyso-PC (LPC) increasing
uncoupling protein (UCP) 1-mediated leak respiration. Application of stable isotope labeling
showed that LPC formation was balanced by an increased de novo synthesis of PC.

Introduction

Mammalian adipose tissue (AT) can be categorized in white and brown AT. Adipocytes from
white AT (WAT) store excess energy in the form of triacylglycerides (TGs) that can be released
as free fatty acids (FAs) into the circulation when necessary. They represent globular cells with
a single large lipid droplet [1]. Brown adipocytes contain several small lipid droplets and can
generate heat to maintain a stable body temperature by nonshivering thermogenesis, which is
mediated by uncoupling protein 1 (UCP1) [2]. In addition to white and brown adipocytes,
mice and humans harbor inducible brown, also known as brite or beige, adipocytes [3-5]. Spe-
cifically in inguinal WAT (iWAT), brite adipocytes can appear in response to cold exposure,
providing an extra thermogenic capacity [6,7].
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The lipid composition of cell membranes significantly influences generic physical mem-
brane parameters, including lipid packing density and fluidity [8]. Cholesterol has a planar
structure and intercalates between phospholipid chains. It promotes lipid packing and the
transition of membranes from a fluid to solid gel phase. As cholesterol, phospholipids contain-
ing saturated acyl chains pack with higher density forming less-fluid bilayers, whereas mono-
unsaturated fatty acyls having a kinked shape reduce packing density and increase fluidity [9].
Polyunsaturated acyl chains can switch easily between different conformations facilitating
rapid membrane conversions, such as endocytosis or vesicle formation [10].

We and others have previously shown that the cell membrane lipid composition is precisely
controlled, cell type-specific, and adapted to cellular functions [11,12]. Lipidomic data of total
white and brown AT are available [13-16]. Cellular lipidomes are only available for cell lines
3T3L1 (white adipocytes) and BAT-C1 (brown adipocytes) [17].

Thus, the aim of the present study was to investigate the lipidomes of primary white, brite,
and brown adipocytes. Terminally differentiated adipocytes were generated from preadipo-
cytes isolated from epididymal white AT (eWAT), iWAT and intrascapular brown AT (iBAT)
of 129SV/S6 mice. Quantitative mass spectrometry-based lipidomics showed that white adipo-
cytes (eWAT) significantly differed from brite (iWAT) and brown adipocytes (iBAT) in their
lipid class and species profile. Further, we identified that the f-adrenergic agonist isoprotere-
nol (ISO) induces generation of lysophosphatidylcholine (LPC) from phosphatidylcholine
(PC) in brown adipocytes leading to alteration of mitochondrial bioenergetics.

Results

Adipocytes derived from murine eWAT, iWAT, and iBAT show marker
pattern characteristic for white, brite, or brown adipocytes

Preadipocytes, isolated from eWAT, iWAT, and iBAT of 129SV/S6 mice, were differentiated
ex vivo to adipocytes. Cells from eWAT and iBAT differentiate into homogenous populations
of white and brown adipocytes. Preadipocytes derived from iWAT, which are in this study
referred as “brite” adipocytes, are a heterogeneous population of brite and white fat cells. This
is confirmed by mRNA expression analysis of genes that were previously related to specific
adipocyte types, AT depots, or AT browning [7,18-20]. Transcription of Ucpl, Zicl, Cox7al,
and most other brown adipocyte markers was highest brown adipocytes (iBAT) followed by
brite i(WAT) and white adipocytes (eWAT; Fig 1A). Expression levels of genes characteristic
for white adipocytes were comparable in iWAT-derived cells to either those of eWAT (Lep) or
iBAT (Adcy5, Tcf21), arguing for their mixed phenotype. Comparable transcript levels of gen-
eral adipocyte markers (Fig 1A) and amounts of lipid droplets (Fig 1B-1D) indicate that the
different adipocyte populations were equally differentiated.

Glycerophospholipid, sphingolipid, and glycerolipid composition of white
differs from brite and brown adipocytes

To test whether the different cell types differ in the lipidome composition, we quantified cellu-
lar glycerophospholipids (GPLs), sphingolipids (SLs), glycerolipids (GLs), and sterols using
direct infusion electrospray ionization coupled to tandem mass spectrometry (ESI-MS/MS)
and high-resolution mass spectrometry (HR-MS). Our analyses comprised the following:

i. Lipids present in all cell membranes (common membrane lipids) including phosphatidyl-
choline (PC; GPL), lysophosphatidyl-choline (LPC; GPL), phosphatidylethanolamine (PE;
GPL), PE-based plasmalogens (PE P; GPL), phosphatidylinositol (PI; GPL),
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Fig 1. Characterization of eWAT, iWAT, and BAT derived adipocytes. (A) Expression profile of genes that have
been linked previously to white or brown adipocytes, WAT or BAT, or AT browning. Shown are means + SD of 3
mice; annotation of “a, b” indicates that group "a" is statistically different from "b"; annotation of “a, b, ¢” indicates that
all 3 groups are significantly different from each other; significant difference was tested using a one-way ANOVA (Post
Hoc: Tukey Test; p < 0.05). (B-D) Representative images show eWAT, iWAT, and BAT derived adipocytes; the
“bright dots” are lipid droplets; images are scaled equally; the red line equals 100 pm. The underlying data of (A) can be
found in S1 Data. BAT, brown adipose tissue; iBAT, intrascapular brown adipose tissue; eWAT, epididymal white
adipose tissue; iWAT, inguinal white adipose tissue; WAT, white adipose tissue.

https://doi.org/10.1371/journal.pbio.3000412.g001

phosphatidylserine (PS; GPL), sphingomyelin (SM; SL), ceramide (Cer; SL), hexosylcera-
mide (HexCer; SL), and free cholesterol (FC; sterol).

ii. Cardiolipin (CL; GPL), predominantly located in inner mitochondrial membranes [8].

iii. Storage lipids including cholesterylester (CE; sterol), diacylglycerol (DG; GL), and triacyl-
glycerol (TG; GL).

With approximately 35%, PC was the dominating lipid class of common membrane lipids
followed by FC with approximately 21%, PE with approximately 15%, and PI with approxi-
mately 11% (Fig 2A, S1A Fig). The lipid class composition of brite and brown adipocytes was
comparable and differs significantly from that of white adipocytes. White adipocytes contained
less PC and PE but higher proportions of PS and PE P than brite and brown cells. Whereas
approximately 50% of ethanolamine-containing lipids were PE P in white, brite and brown
adipocytes contained only approximately 20% PE P fraction (Fig 2B). Levels of CL were great-
est in brown adipocytes (Fig 2E). The GPL/FC ratio was lower in white (ratio = 3) compared
with brite and brown adipocytes (ratio = 3.7 and 5.5; Fig 2C). The GPL/SL ratio was approxi-
mately 2 to 3 times higher in brite and brown adipocytes (Fig 2D) because the fractions of Cer
and SM were significantly decreased in these cells (Fig 2A). The dominating storage lipid was
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Fig 2. Lipid class composition of white, brite, and brown adipocytes. (A) Common membrane lipids, (B) PE/PE P, (C) GPL/FC, (D) GPL/SL, (E) CL,
(F) TG, (G) DG, (H) CE. Shown are means + SD of 3 independent experiments, each performed in triplicates with AT pooled from 3 mice; annotation
of “a, b” indicates that group "a" is statistically different from "b"; annotation of “a, b, ¢” indicates that all 3 groups are significantly different from each
other; significant difference was tested using a one-way ANOVA (Post Hoc: Tukey Test; p < 0.05). The underlying data of (A-H) can be found in S1
Data. CE, cholesterylester; Cer, ceramide; CL, cardiolipin; DG, diacylglycerol; FC, free cholesterol; GPL, glycerophospholipid; HexCer,
hexosylceramide; LPC, lyso-PC; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PE P, PE-based plasmalogen; PI, phosphatidylinositol; PS,
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https://doi.org/10.1371/journal.pbio.3000412.g002

TG, followed by DG and CE (Fig 2F-2H; both with at least approximately 30-fold lower levels);
TG and DG concentrations were approximately 3 times higher in brite and brown than white

adipocytes.
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Brite and brown adipocytes have largely comparable PC, PE, and PI species
profiles

Next, we asked whether the species profile of the major GPL classes is specific for the adipocyte
cell type. For all cells, the major PC species were monounsaturated PC 32 and 34 and di-unsatu-
rated PC 32 through 36 species (Fig 3A). PE acyl chains were generally longer and more unsatu-
rated than PC (Fig 3B). Major PI species were PI 36:4 and PI 38:4 (Fig 3C). The LPC species
profile was dominated by saturated and monounsaturated C16 and C18 species (S1B Fig).

Comparing the individual cell types, we found a systematic shift from longer and polyunsat-
urated GPL species in white adipocytes to shorter and monounsaturated GPL species in brite
and brown adipocytes. Proportions of PC, PE, and PI species containing carbons >36 (Fig
3A-3C, II) and double bonds >2 (Fig 3A-3C, III) were higher in white adipocytes—including
PC 36:2, PC 38:4, and PC 38:5; PE 36:2, PE 38:4, PE 40:4, and PE 40:5; and PI 38:3 and PI 38:4
(Fig 3A-3C, I). In contrast, the species patters of brite and brown adipocytes were rather
enriched with shorter (carbons: 32-34) and monounsaturated acyl chain containing GPL,
including PC 32:1 and PE 32:1. The alkyl-containing PC (PC O) fraction was approximately 2
times higher in white than in brite and brown adipocytes (Fig 3A, II). As for PC, the LPC spe-
cies profile was comparable between brite and brown adipocytes but different to white adipo-
cytes (S1B Fig). White adipocytes contained higher amounts of PUFA-containing species such
as LPC 20:4 and LPC 22:6. However, as CL levels (Fig 2E), the CL species pattern was also sig-
nificantly different between all 3 adipocyte types (Fig 3D).

Brite adipocytes differ in their PS profile (GPL) from white and brown
adipocytes

Surprisingly, white and brown adipocytes were rather similar in their PS species profiles and
differed from that of brite adipocytes. Brite cells were significantly enriched in PS species with
38 carbons and polyunsaturated species containing 4 double bonds (Fig 4A, II-III) including
PS 38:4 (Fig 4A, I). Less unsaturated PS species with 1 or 2 double bonds, such as PS 36:1 and
PS 38:2, were enriched in white and brown cells (Fig 4A, I).

Cer species (SL) relate to adipocyte andAT browning status

Analysis of the Cer profiles revealed increasing fractions of Cer d18:1 with saturated acyl
chains from C20 to C23 but decreasing contents of d18:1/24:1 in brown adipocytes compared
with white adipocytes, suggesting a systematic change according to the adipocyte browning
status (Fig 4B). To provide further evidence for this hypothesis, 129SV/S6 mice were housed at
4°C, 23°C, and 30°C for 7 days to promote or antagonize AT browning. Cer profiling in BAT
samples showed that d18:1/24:1 significantly dropped with the housing temperature (30°-
C > 23°C > 4°C), whereas saturated C20 to C23 species increased (Fig 4C). These results
clearly indicate that the Cer profile, particularly the species 20:0, 22:0, and 24:1, correlates with
AT browning.

We did not observe related changes in the SM species composition (S1C Fig). HexCer 38:1
and 40:1 were higher in brown than in white and brite fat cells (Fig 4D). TG and DG pattern
were for the most part different between all 3 cell types (Fig 4E).

B-Adrenergic stimulation of brite and brown adipocytes induces
generation of LPC

Next, we asked whether lipolysis induction by B-adrenergic stimulation affects the membrane
lipidome. Fractions of the major GPL classes of adipocytes treated with ISO (0.5 uM, 0.5
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Fig 3. Lipid species profiles of major GPL from white, brite, and brown adipocytes. (A) PC, (B) PE, (C) PI, (D) CL.
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saturation as the number of double bonds in the sum of FA moieties. Shown are means + SD of 3 independent
experiments, each performed in triplicates with AT pooled from 3 mice; annotation of “a, b” indicates that group "a" is
statistically different from "b"; annotation of “a, b, ¢” indicates that all 3 groups are significantly different from each
other; significant difference was tested using a one-way ANOVA (Post Hoc: Tukey Test; p < 0.05). The underlying
data of (A-D) can be found in S1 Data. AT, adipose tissue; CL, cardiolipin; FA, fatty acid; GPL, glycerophospholipid;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol.

https://doi.org/10.1371/journal.pbio.3000412.9003

hours) did not change significantly, except for an increase of the LPC fraction in brite and
brown adipocytes (S2A and S2B Fig).

To verify these results and to investigate the dynamics of this LPC increase, brite adipocytes
were treated with ISO for 1 hour, 2 hours, and 4 hours. We found that ISO treatment elevated
total LPC levels by approximately 15% to 39% (0.7-1.7 nmol/mg) and the LPC/PC ratio ap-
proximately 24% to 28% at 1 to 2 hours (Fig 5A and 5B). Analysis of the LPC species profile
and distribution revealed that ISO-induced the generation of saturated LPC species, including
LPC 16:0 and 18:0 (Fig 5C and 5D). At 1 to 2 hours of B-adrenergic stimulation, LPC 16:0 and
LPC 18:0 levels were increased by 30% to 54% (0.6-1.0 nmol) and 17% to 48% (0.1-0.4nmol),
whereas monounsaturated LPC 16:1 and 18:1 levels were unaffected (Fig 5E-5H). This might
be due to an altered desaturation capacity because 1 hour of ISO treatment significantly lowers
desaturation of U-">C- palmitate/FA16:0 to U-">C-palmitoleate/FA16:1 n-7 by approximately
25% (Fig 51). Cellular elongation capacity (U-'">C- stearate/FA 18:0 generation) was very low
compared with desaturation (Fig 5J).

To test whether the generation of LPC upon B-adrenergic stimulation depends on UCP1
activity, experiments with cells from UCP1 knockout (KO) mice were performed [21]. ISO
treatment led to elevated LPC levels and LPC/PC ratios in brite and brown UCP1 KO adipo-
cytes and corresponding wildtype (WT) cells (Fig 5K and 5L, S2C-S2L Fig). These results
demonstrate that LPC generation after B-adrenergic stimulation is independent of UCP1.

Next, we tested whether ISO-mediated generation of LPC impacts PC de novo synthesis via
the Kennedy Pathway by Dy-choline incorporation. Therefore, we analyzed Dy-PC generation
after ISO stimulation for 1 hour in brite adipocytes. We could neither observe differences in
total Dg-PC levels nor in the Dy-PC/total PC ratio between control and ISO treated cells (Fig
5M and 5N). But analysis of the Do-PC composition and distribution showed that $-adrenergic
stimulation significantly induced the synthesis of saturated PC 32 species (Fig 50 and 5P), i.e.,
Dy-PC 32:0 and Dy-PC O-32:0 (Fig 5Q and 5R).

LPC 16:0 enhances UCP1-mediated leak respiration in brown adipocytes
after B-adrenergic stimulation

Finally, we asked whether modulation of cellular LPC content affects mitochondrial bioener-
getics. Therefore, brown adipocytes were incubated with LPC 16:0 (5 and 25 uM) for 1 hour
prior to acquisition of the following mitochondrial bioenergetics profiles using microplate-
based respirometry: (1) basal respiration; (2) inhibition of ATP synthase by oligomycin
(Oligo) to distinguish oxygen consumption (coupled respiration) used for ATP synthesis from
the basal proton leak (basal uncoupled respiration); (3) activation of UCP1 by addition of ISO
to determine the UCP1-mediated leak respiration; (4) assessment of maximal respiratory
capacity by using carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) as uncou-
pling agent; (5) blocking the electron transport chain with antimycin A (Anti A) to leave only
the nonmitochondrial oxygen consumption.

The LPC 16:0 doses applied were not cytotoxic as determined by monitoring the release of
lactate dehydrogenase (LDH; Fig 6A). We found that ISO-induced UCP1-mediated leak respi-
ration was increased in LPC 16:0 treated brown adipocytes (Fig 6B). Further,
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n=9(4°C),n=9(23°C), and n = 12 (30°C) mice are shown; annotation of “a, b” indicates that group "a" is statistically
different from "b"; annotation of “a, b, ¢” indicates that all 3 groups are significantly different from each other;
significant difference was tested using a one-way ANOVA (Post Hoc: Tukey Test; p < 0.05). The underlying data of
(A-F) can be found in S1 Data. Cer, ceramide; BAT, brown adipose tissue; DG, diacylglycerol; FA, fatty acid; GL,
glycerolipid; GPL, glycerophospholipid; HexCer, hexosylceramide; PS, phosphatidylserine; SL, sphingolipid; TG,
triacylglycerol.

https://doi.org/10.1371/journal.pbio.3000412.9004

bromoenollactone (BEL), an inhibitor of calcium-independent phospholipase A, blocking
LPC generation and PC remodeling [22], enhanced basal respiration (Fig 6C) but inhibited
ISO-induced UCP1-dependent oxygen consumption (Fig 6D). These results indicate that
modulation of cellular LPC levels affects brown adipocyte function, including UCP1-mediated
respiration after B-adrenergic stimulation.

Discussion

The aim of the present study was to provide lipidomic data of primary white (eWAT), brite
(iWAT), and brown (BAT) adipocytes generated on a single platform to allow a systematic
comparative evaluation of their lipidomes. The different cell types were characterized by the
mRNA expression profile of established marker genes or transcripts that were previously
related to white or brown adipocytes, white or brown AT, or AT browning [7,18,20,23]. Cells
had access to essential polyunsaturated FAs (PUFAs), because the cultivation media contains
fetal bovine serum (FBS) comprising comparable FA species and amounts as typically found
in human plasma (S1 Table).

We found that white adipocytes can be differentiated from brite and brown cells based on
both their GPL composition and species profiles of the major phospholipid classes. White adi-
pocytes had lower amounts of PC and PE, and their acyl chains were longer and more unsatu-
rated. Brite and brown adipocytes were rather enriched in shorter and monounsaturated
species. Using semiquantitative mass spectrometry—based profiling of 3T3L1 preadipocytes,
differentiated 3T3L1 adipocytes, and BAT-CI1 cells (brown adipocytes), a previous study
reported differences for a few selected lipid species [17]. A systematic difference according to
chain length and the degree of saturation as identified in our study was not described. Using
tandem mass spectrometry (MS/MS) approaches based on quadrupole or time of flight mass
spectrometry, previous studies presented lipidomic data for total mouse tissue samples includ-
ing mouse gonadal WAT (comparable to eWAT in our study), subcutaneous WAT (compara-
ble to iWAT in our study), and BAT (summarized in S2 Table) [13,14,16]. Part of our results is
in agreement with these findings, including higher CL levels in BAT and brown adipocytes
than in subcutaneous WAT (sWAT) and brite adipocytes [13]. However, although we found
no difference between total brite and brown adipocyte DG and TG concentrations, higher lev-
els were reported in SWAT than in BAT [14,16].

The GPL/FC ratio was highest in brown and lowest in white adipocytes. This might be
explained by the cell morphology and organelle content because brown adipocytes contain a
high amount of mitochondria with low amounts of cholesterol [8,24]. Brite adipocytes are
somewhere in between brown and white with mixed morphologic and organelle characteris-
tics [5], which is clearly reflected in their content of CL located in mitochondria. Further, we
observed that white adipocytes had a significantly higher amount of PE P (approximately
2-fold) than brite and brown adipocytes. PE P are known as cellular antioxidants because of
their ability to bind free radicals [25]. Production of reactive oxygen species (ROS) is increased
in WAT of obese mice and cultured adipocytes exposed to oxidative stress [26]. Lower levels of
PE P in brown adipocytes may be related to UCP1 activity, which decreases ROS generation
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Fig 5. Effects of p-adrenergic stlmulatlon in brite adlpocytes. (A) LPC, (B) LPC/PC, (C) LPC composition, (D) LPC distribution, (E) LPC 16:0, (F) LPC
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desaturation, (J) U-"*C-palmitate to-stearate elongation; primary cells were simultaneously treated with 0.5 uM ISO and 100 uM U-'*C-pamitate for 1 hour.
(K) LPC, (L) LPC/PC; primary cells originating from UCP1 KO mice and WT littermates stimulated for 1 hour with 0.5 pM ISO. (M) Dy-PC (N) Do-PC/
total PC, (O) Dy-PC composition, (P) Dy-PC distribution, (Q) Dg-PC 32:0, (R) Dy-PC O-32:0; cells were simultaneously incubated with Dy-choline and

0.5 uM ISO for 1 hour. Shown are means * SD of 3 mice, the p-value indicates a significant difference between the treatment groups “Co” and “ISO”;
annotation of “a, b” indicates that group "a" is statistically different from "b," which was determined for panels (A-B) and (E-H) using a two-way ANOVA
(Post Hoc: Tukey Test) and was determined for (C-D) and (I-R) using a Student ¢ test. The underlying data of (A-R) can be found in S1 Data. Co, control;
ISO, isoproterenol; KO, knock out; LPC, lyso-PC; MUFA, monosaturated fatty acid; PC, phosphatidylcholine; PUFA, polyunsaturated fatty acid; SAFA,

saturated fatty acid; UCP, uncoupling protein; WT, wild type.
https://doi.org/10.1371/journal.pbio.3000412.9005
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[27]. Concerning membrane organization, the snl vinyl-ether linkage of PE P permits tighter
packing of the membrane [28,29]. Overall, together with a decreased GPL/FC ratio and a sig-
nificantly increased fraction of saturated PC species, it could be hypothesized that white adipo-
cytes, which primarily store lipids, have more rigid and tighter packed membranes compared
with brown adipocytes, which are the metabolically more active cells.

Analysis of the Cer species profiles in white, brite, and brown adipocytes and BAT samples
from mice housed at different temperatures demonstrate that AT browning correlates with
Cer d18:1 species 20:0, 22:0, and 24:1. This supports the recent finding that adipocyte total Cer
levels regulate subcutaneous adipose browning in C57BL/6] mice and that Cer synthesis is a
critical factor for mitochondrial function of brite adipocytes [30]. Moreover, it fits with the
concept that bioactive ceramide exerts species-specific effects [31].

Upon B-adrenergic stimulation in ATs lipolysis of TG to free FA by adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL) is induced [32]. Free FA are required for
UCP-1 activation and related heat production [33]. We identified that PC breakdown is also
affected. These results are supported by the finding that rats injected with 40 mg/kg ISO for 24
hours have significantly increased myocardial levels of LPC but decreased levels of PC [34].
LPC generation was inhibited if rats were pretreated with phospholipase inhibitors (e.g., chlor-
promazine) or B-adrenergic receptor blockers (propranolol). Experiments with brite and
brown UCP1 KO adipocytes revealed that PC degradation is independent of UCP1 activity.
Further, we suggest that saturated LPC 16:0 and 18:0 species are generated from saturated PC
32 species after ISO stimulation due to a reduced desaturase activity.

Surprisingly, recent data generated with KO mice having a loss of brown adipose-specific
ATGL or comparative gene identification-58 (CGI-58; coactivator of ATGL) function demon-
strated that TG degradation in BAT is not a prerequisite for cold-induced thermogenesis
because FA released from WAT can activate UCP1 [35-37]. Based on our lipidomic data set
and the finding that treatment of cells with BEL—a Group VI PLA, inhibitor—prevents ISO-
induced UCP1-mediated respiration, we propose that an alternative model for UCP1 activa-
tion might be free FA release from PC. This is in line by the observation that FA liberated from
the inner mitochondrial membrane by PLA, can activate UCP1 [38]. It has to be clarified in
further studies which PLA, isoform might be relevant to explain these and our findings. BEL
inhibits the Group VI PLA, superfamily, which comprises at least 6 members with multiple
subtypes in humans and mice with largely unknown phospholipid class and FA specificity
[39,40].

We propose that in addition to the free FA, LPC affects UCP1 activity because LPC 16:0
enhances UCP1-mediated leak respiration after B-adrenergic stimulation in brown adipocytes.
Serum LPC 16:0 levels of healthy men were positively correlated with BAT activity monitored
with cold-induced [*®F] fluorodeoxyglucose ([**F] FDG) positron emission tomography-com-
puted tomography (PET-CT) strongly supporting our findings [41].

In summary, white, brite, and brown primary adipocytes are characterized by distinct lipi-
domes, which reflect their different cell functions and organelle composition—features that
are also mirrored in the extent of LPC generation upon B-adrenergic stimulation. Investigation
of the complex and dynamic lipidomic architecture on the cellular level is perquisite to under-
stand pivotal adipocyte functions. These include (I) energy storage, which is closely associated
patho-physiological conditions such as obesity or metabolic syndrome; (II) signaling processes
occurring at cell membrane surfaces, which depend on physicochemical membrane properties
and thus the membrane lipid class and acyl-chain composition; and (IIT) fundamental cellular
functions such as thermogenesis and mitochondrial respiration in brown adipocytes. In this
study, the detailed and precise characterization of the cellular lipidome identified saturated
LPC as potential regulator of UCP1 activity and Cer species as markers for AT browning.
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Materials and methods
Ethics statement

The breeding and experimental use of mice used for this study was reviewed and approved by
the local institution in charge (Regierung von Oberbayern; approval numbers: 55.2-1-54-2531-
99-13-2015, 55.2-1-54-2532-17-2015, and 55.2-1-54-2532-34-2016).

Mouse housing and cell culture experiments

For primary cell cultures, 5- to 6-week-old male 129SV/S6 mice fed a chow diet (R/M-H,
Ssniff, Soest, Germany) were used. Adipocyte precursor cells were isolated from fat tissues as
previously described by Li and colleagues [23]. For studies employing UCP1 KO cells, adipo-
cyte precursor cells were isolated from 5- to 6-week-old UCP1 KO (129S1/SvIm]) mice and
corresponding WT littermates [21]. Experiments were performed with primary (Fig 4K and
4L, S2C and S2D Fig) and immortalized cells (S2E-S2L Fig) generated with retrovirus-deliv-
ered SV40 large T antigen (pBABE-puro SV40 LT, supplied by Ronald Kahn) [42].

After reaching confluency induction medium (10% FBS (Biochrom, Berlin, Germany); 0.5
mM isobutylmethylxanthin, 125 nM indomethacin, 1 mM dexamethasone, 850 nM insulin, 1
nM T3 (Sigma Aldrich, Taufkirchen, Germany);, 1 uM rosiglitazone (Biomol, Hamburg, Ger-
many)) was added for 2 days. Subsequently, cells were maintained in differentiation medium
(850 nM insulin, 1 nM T3, 1 uM rosiglitazone) for 8 days. Medium was changed every 2 days.

For PC metabolic labeling studies, cells were incubated with 50 ug/ml Dy-choline chloride in
choline-free medium obtained from Cambridge Isotope Laboratories (Tewksbury, Massachu-
setts). To investigate palmitate metabolism, cells were incubated with 100 uM U">-C-palmitate
coupled with FA-free bovine serum albumin (BSA; molar ratio free FA/BSA: approximately 1/1).

For BAT browning studies, 10-week-old male 129SV/S6 mice fed a chow diet (R/M-H,
Ssniff, Soest, Germany) were housed at 4°C, 23°C, and 30°C for 7 days.

RNA isolation and quantitative real-time PCR analysis

Total RNA was extracted from cells using the RNEasy Mini Kit (Qiagen, Hilden, Germany).
The purity and integrity of the RNA were assessed using the Agilent 2100 bioanalyzer (Agilent
Technologies, Waldbronnn, Germany). For real-time PCR (RT-PCR), 2 pg RNA was tran-
scribed into cDNA using the Reverse Transcription System from Promega (Mannheim, Ger-
many). Quantitative RT-PCR analysis was performed using the Light Cycler LC 480 (Roche,
Mannheim, Germany). Transcription factor II B (Tf2b) was used as a reference gene. Relative
quantification was carried out using the LightCycler 480 SW 1.5.1 (Roche, Mannheim, Ger-
many). The following primers were used: UCP1 (fw: '3-GTACACCAAGGAAGGACCGA-5';
rev: '3-TTTATTCGTGGTCTCCCAGC-5'), zinc finger protein of the cerebellum 1 (Zicl;

fw: '3-AACCTCAAGATCCACAAAAGGA-5; rev: '3-CCTCGAACTCGCACTTGAA-5'),
cytochrome c oxidase subunit 7A1 (Cox7al; fw: '3-GCCGACAATGACCTCCCAGTA-5'; rev:
"3- TGTTTGTCCAAGTCCTCCAA-5'), adrenergic receptor beta 3 (Adrb3; fw: '3-CAGCCA
GCCCTGTTGAAG-5; rev: '3-CCTTCATAGCCATCAAACCTG-5'), transcription factor AP-
2 alpha (Tfap2a; fw: '3-TACTGCGGAGAGCGAAGTCTAA-5'; rev: '3-AGCTTTACGTCTCC
CTGCTGG-5'), cell death-inducing DNA fragmentation factor alpha subunit-like effector A
(Cidea; fw: '3-TGCTCT TCTGTATCGCCCAGT-5; rev: '3-GCCGTGTTAAGGAATCTGCT
G-5'), carnitine palmitoyltransferase 1b (Cptlb; fw: '3-GGCACCTCTGGGAGTTTGTCCT-5;
rev: '3-TGCTCGGGAATGTCCCAC-5"), deiodinase iodothyronine type II (Dio2; fw: '3-GAT
GCTCCCAATTCCAGTGT-5'; rev: '3-TGAACCAAAGTTGACCACCA-5'), Prefl/delta-like
noncanonical Notch ligand 1 (Dkl1; fw: '3-CTGCGAAATAGACGTTCGGGCTT-5'; rev:
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'3-TGTGCTGGCAGTCCTTTCC-5"), T-box 1 (Tbx1; fw: '3-GGCAGGCAGACGAATGTTC-
5% rev: '3-TTGTCATCTACGGGCACAAAG-5'), tumor necrosis factor receptor superfamily
member 9 (Tnfrsf9; fw: '3-CGTGCAGAACTCCTGTGATAAC-5; rev: '3-GTCCACCTATG
CTGGAGAAGG-5'), adenylate cyclase 5 (Adcy5; fw: '3-CATCTCTCTGCACACCAACT-5';
rev: '3-GCAGGAGAAGATGAGGACA-5'), leptin (Lep; fw: '3-CAGGATCAATGACATTTCA
CACA-5; rev: '3-GCTGGTGAGGACCTGTTGAT-5'), transcription factor 21 (Tcf21; fw:
'3-CATTCACCCAGTCAACCTG-5; rev: '3-TTCCTTCAGGTCATTCTCTGG-5), FA bind-
ing protein 4 (Fabp4; fw: '3-GATGGTGACAAGCTGGTGGT-5"; rev: '3-TTTATTTAATCA
ACATAACCATATCCA-5'), Peroxisome proliferator activated receptor gamma (Pparg; fw:
'3-GAAGGATGCAAGGGTTTTTTCC-5'; rev: '3-GGCACTTCTGAAACCGACAGT-5"),
transcription factor II B (Tf2b; fw: '3- TGGAGATTTGTCCACCATGA-5'; rev: '3-GAATTG
CCAAACTCATCAAAACT-5").

Mitochondrial bioenergetics

Mitochondrial bioenergetics were assayed using microplate-based respirometry [21]. Oxygen
consumption rate (OCR) was measured at 37°C using an XF96 Extracellular Flux Analyzer
(Agilent Technologies, Waldbronn, Germany). Brown preadipocytes were seeded in XF96 cell
culture microplates and differentiated as described before. On day 6 of differentiation, cells
were washed twice with preheated assay medium (unbuffered DMEM supplemented with 25
mM glucose (Sigma Aldrich, Taufkirchen, Germany) and 2 mM Glutamax (Fisher Scientific,
Loughborough, UK)) and incubated in assay medium supplemented with 2% essentially FA-
free BSA (Sigma Aldrich, Taufkirchen, Germany) for 1 hour at 37°C in a non-CO, incubator
prior to the measurement. Basal respiration was measured in untreated cells, ATP-linked res-
piration was inhibited by Oligo (5 uM), UCP1-dependent oxygen consumption was recorded
after the addition of ISO (0.5 uM), maximum oxidative capacity was measured after FCCP

(7 uM) stimulation, and nonmitochondrial oxygen consumption was detected following the
injection of Anti A (5 uM) (Sigma Aldrich, Taufkirchen, Germany). For BEL treatments (Bio-
mol, Hamburg, Germany), mitochondrial bioenergetics were monitored without BSA in the
culture media to prevent association with BEL impacting its cellular delivery and efficiency
[43]. Therefore the doses of ISO and FCCP had to be adjusted appropriately to 2.5 nM and

1 uM. LPC 16:0 was dissolved in culture media, and cytotoxicity was tested by monitoring
LDH activity in the culture medium by measuring the consumption of NADH at the absor-
bance of 339 nm necessary for the conversion of pyruvate to lactate.

Lipidomics
Lipids were extracted according to the procedure described by Bligh and Dyer in the presence
of non-naturally occurring lipid species as internal standards [44]. The following lipid species
were added as internal standards: PC 14:0/14:0, PC 22:0/22:0, PE 14:0/14:0, PE 20:0/20:0 (di-
phytanoyl), PS 14:0/14:0, PS 20:0/20:0 (di-phytanoyl), PI 17:0/17:0, LPC 13:0, LPC 19:0, Cer
d18:1/14:0, Cer d18:1/17:0, D,-FC, CE 17:0, CE 22:0, HexCer d18:1/12:0, HexCer d18:1/17:0,
DG 14:0/14:0, DG 20:0/20:0, TG (17:0)3, TG (19:0);, and CL (14:0),. Cell homogenates repre-
senting approximately 100 pg of protein were subjected to lipid extraction. A total aqueous vol-
ume of 800 pl was extracted with 3 ml of methanol/chloroform = 2/1 (v/v) for 1 hour at room
temperature. Phase separation was induced by addition of 1 ml each of water and chloroform.
Chloroform phase was recovered after centrifugation, dried in a vacuum centrifuge, and dis-
solved as described below for quantitative lipid analysis.

Lipids were quantified by ESI-MS/MS in positive ion mode as described previously by
Ecker and colleagues [45]. In brief, samples were analyzed by direct flow injection using an
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HTS PAL autosampler (CTC Analytics; Zwingen, Switzerland), an Agilent 1100 binary pump
(Agilent Technologies, Waldbronn, Germany), and a triple quadrupole mass spectrometer
(Quattro Ultima, Micromass, Manchester, UK)). A precursor ion scan of 184 m/z specific for
phosphocholine-containing lipids was used for PC, SM, and LPC [46]. The following neutral
losses were applied: PE, 141; PS, 185; PG, 189; and PI, 277 [47]. PE P were analyzed according
to the principles described by Berry and colleagues [48]. Sphingosine-based Cers were ana-
lyzed using a fragment ion of 264 m/z [49]. FC and CEs were quantified using a fragment ion
of 369 m/z after selective derivatization of FC using acetyl chloride [50]. Corrections for isoto-
pic overlap of lipid species and data analysis using Excel Macros were performed for all lipid
classes. Non-naturally occurring lipid species were used as internal standards in all analyses.
Quantification was performed by the addition of a standard to cell homogenates using a num-
ber of naturally occurring lipid species as standards for each lipid class. Lipid species were
annotated according to the recently published proposal for shorthand notation of lipid struc-
tures derived from MS [51]. Glycerophospholipid species annotation was based on the
assumption of even-numbered carbon chains only. SM species annotation is based on the
assumption that a sphingoid base with 2 hydroxyl groups is present. Analysis of labeled Dy-PC
and Dy-LPC upon Dy-choline labeling was performed as described above using a fragment ion
of 193 m/z. Quantification was based on the assumption that labeled and unlabeled species
have similar analytical response.

TG, DG, and HexCers were analyzed by HR-MS. Dried lipid extracts were dissolved in
chloroform/methanol/2-propanol (1:2:4 v/v/v) with 7.5 mM ammonium formate. The analysis
of lipids was performed by direct infusion on a hybrid quadrupole-Orbitrap QExactive mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated electro-
spray ionization source. The ion source was operated using the following settings: spray
voltage of 3.5 kV, S-lens RF level 50, capillary temperature of 250°C, auxiliary gas heater tem-
perature of 100°C, and flow rates of 15 for sheath gas and 5 for auxiliary gas. All data were
acquired in profile mode. A total of 50 pL crude lipid extract of each sample was automatically
injected by a PAL system (CTC Analytics, Zwingen, Germany) and infused with a mobile
phase chloroform/methanol/2-propanol (1:2:4 v/v/v) at flow rate of 10 uL/min using an Ulti-
Mate 3000 isocratic pump (Thermo Fisher Scientific, Bremen, Germany). TG [M+NH4]+, DG
[M+NH4]+, and HexCer [M+H]+ were recorded in positive ion mode in the range of 500 to
1,000 m/z for 1 minute with a maximum injection time (IT) of 200 ms, an automated gain con-
trol (AGC) of 1 x 105, 3 microscans and a target resolution of 140,000 (at 200 m/z). CLs have
been determined as ammoniated adduct in positive ion mode in mass range 1,200 to 1,600 m/
z with AGC set to 5 x 10°. Lipid species were identified using the ALEX software [52]. Peak
assignment applied a mass accuracy of less than 5 ppm. The assigned data were exported to
Microsoft Excel 2010 and further processed by self-programmed Macros according to the
principles described by Liebisch and colleagues in 2004.

For Cer analysis of BAT, crude lipid extracts were prepared as described above and washed
3 times with ISO-octane to remove TG excess. The remaining fraction was subjected to lipid
extraction according to Bligh and Dyer [44] and analyzed as described before. More details,
including the internal standards used for quantification, can be found in S1 Data.

For investigation of palmitate metabolism and FBS FA composition FA methyl esters
(FAMESs) were generated by acetyl chloride and methanol treatment and extracted with hexan
[53]. Total FA analysis was carried out using a Shimadzu 2010 GC-MS system (Duisburg, Ger-
many). FAMEs were separated on a BPX70 column (10 m length, 0.10 mm diameter, 0.20 pm
film thickness) from SGE using helium as the carrier gas. The initial oven temperature was
50°C and was programed to increase at 40°C/min to 155°C, 6°C/min to 210°C, and finally
15°C/min to 250°C. U—13C—palmitate (Larodan, Solna, Sweden), its desaturation, and
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elongation products were quantified by single-ion monitoring of specific fragment ions
(U-"’C-palmitate, 286 m/z; U-">C-palmitatoleate, 252 m/z; U-'>C-stearate, 314 m/z). The
internal standard was C21:0-iso.

Supporting information

S1 Fig. Common membrane lipid levels; LPC, SM, and CE composition of white, brite, and
brown adipocytes. (A) Common membrane lipid levels, (B) LPC composition, (C) SM com-
position, (D) CE composition. Shown are means + SD of 3 independent experiments, each
performed in triplicates with AT pooled from 3 mice; annotation of “a, b” indicates that group
"a" is statistically different from "b"; annotation of “a, b, ¢” indicates that all 3 groups are signifi-
cantly different from each other; significant difference was tested using a one-way ANOVA
(Post Hoc: Tukey Test; p < 0.05). The underlying data of (A-D) can be found in S1 Data. AT,
adipose tissue; CE, cholesterylester; LPC, lyso-PC; SM, sphingomyelin.

(TIF)

S2 Fig. Effects of B-adrenergic stimulation in white, brite, and brown adipocytes. (A) Lipid
class composition of major membrane lipids, (B) LPC/PC, prim. cells; (C) LPC, (D) LPC/PC,
prim. brown WT and UCP1 KO adipocytes. Cells were treated for 0.5 hours with 0.5 pM ISO.
Shown are means + SD of 3 mice, “a, b” indicate significant a significant difference between
“a” and “b”; determined using a Student ¢ test. (E) LPC-WT, (F) LPC-UCP1 KO, (G) LPC/
PC-WT, (H) LPC/PC-UCP1 KO, immortalized brite adipocytes, (I) LPC-WT, (J) LPC-UCP1
KO, (K) LPC/PC-WT, (L) LPC/PC-UCP1 KO immortalized brown adipocytes. Cells were
treated for 0.5 to 4 hours with 0.5 uM ISO. Shown are means + SD of 3 replicates, (A-B) anno-
tation of “a, b” indicates that group "a" is statistically different from "b"; (C-L) the p-value indi-
cates a significant difference between the treatment groups “Co” and “ISO”; significant
difference was tested using a two-way ANOVA (Post Hoc: Tukey Test). The underlying data
of (A-L) can be found in S1 Data. Co, control; ISO, isoproterenol; KO, knock out; LPC, lyso-
PC; PC, phosphatidylcholine; prim., primary; UCP1, uncoupling protein; WT, wild type.
(TIF)

S1 Table. Total FA levels (mmol/l) of 2 human plasma samples [53] and FBS that was
added to the cell culture medium. FA, fatty acid; FBS, fetal bovine serum; N.d., not detected.
(DOCX)

$2 Table. Comparison of our cellular data with published data from total tissue samples.
Adipoc., adipocytes; conc., concentration.
(DOCX)

S1 Data. The underlying data of Fig 1A, Fig 2A-2H, Fig 3A-3D, Fig 4A-4F, Fig 5A-5R, Fig
6A-6D, S1A-S1D Fig, and S2A-S2L Fig.
(XLSX)
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