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ARTICLE INFO ABSTRACT

Keywords: Increasing energy expenditure in brown adipose (BAT) tissue by cold-induced lipolysis is discussed as a potential
Cold exposure strategy to counteract imbalanced lipid homeostasis caused through unhealthy lifestyle and cardiometabolic
Lipidomics

disease. Yet, it is largely unclear how liberated fatty acids (FA) are metabolized. We investigated the liver and
Liver lipidome BAT lipidome of mi.ce. hou.sed for l week at thermoneutrality, 23 °C and .4 °C. using quantitative. mass
Phosphatidylethanolamine spectrometry-based lipidomics. Housing at temperatures below thermoneutrality triggered the generation of
PUFA phosphatidylethanolamine (PE) in both tissues. Particularly, the concentrations of PE containing poly-
unsaturated fatty acids (PUFA) in their acyl chains like PE 18:0_20:4 were increased at cold. Investigation of the
plasma’s FA profile using gas chromatography coupled to mass spectrometry revealed a negative correlation of
PUFA with unsaturated PE in liver and BAT indicating a flux of FA from the circulation into these tissues. Beta-
adrenergic stimulation elevated intracellular levels of PE 38:4 and PE 40:6 in beige wildtype adipocytes, but not
in adipose triglyceride lipase (ATGL)-deficient cells. These results imply an induction of PE synthesis in liver,
BAT and thermogenic adipocytes after activation of the beta-adrenergic signaling cascade.

Lipolysis

FAME  Fatty acid methyl ester

Abbreviations FC Free cholesterol
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ATGL Adipose triglyceride lipase FDR False discovery rate
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FA Fatty acid iWAT Inguinal white adipose tissue
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KO Knockout

LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine
LXR Liver X receptor

MSX Multiplexed acquisition

MS/MS Tandem mass spectrometry

MUFA  Monounsaturated fatty acids

NL Neutral lipid

OCR Oxygen consumption rate

Oligo Oligomycin

PC Phosphatidylcholine

PCO Phosphatidylcholine-ether

Pcyt2 CTP: phosphoethanolamine cytidylyltransferase

PE Phosphatidylethanolamine
PE O Phosphatidylethanolamine-ether
PE P Phosphatidylethanolamine-based plasmalogens

PG phosphatidylglycerol

PI Phosphatidylinositol

PS Phosphatidylserine

PPARa  Peroxisome proliferator-activated receptor alpha
PUFA Polyunsaturated fatty acid
SAFA Saturated fatty acid

SL Sphingolipid

SM Sphingomyelin

SVF Stromal vascular fraction
TG Triglyceride

UCP1 Uncoupling protein 1

VLDL Very low-density lipoprotein
WAT White adipose tissue

WT Wildtype

1. Introduction

Increasing energy expenditure through cold treatment is considered
as potential strategy to treat obesity and cardiometabolic disease, the
main cause of death worldwide [1-3]. Cold stimulates the release of
noradrenaline from the sympathetic nervous system, which activates
beta-adrenergic receptors. As consequence, free fatty acids (FFA) are
released from triglycerides (TG) stored in lipid droplets by adipose tri-
glyceride lipase (ATGL) and hormone-sensitive lipase (HSL) in white
(WAT) and in brown adipose tissue (BAT) [4-6]. In BAT mitochondria,
FFA fuel B-oxidation and activate uncoupling protein 1 (UCP1) gener-
ating heat by non-shivering thermogenesis [7,8]. UCP1 uncouples the
electron transport from ATP synthesis, facilitating the transfer of protons
from the intermembrane space into the matrix, which increases energy
expenditure [9,10]. Although the mechanism of action of UCP1 is still a
matter of debate, it is clear that in particular longer-chain unsaturated
FFA promote UCP1 function [11-13]. In adult humans, physiologically
relevant amounts of BAT and brown adipocytes are detected after cold
acclimatization that can be activated by beta-3-adrenergic receptor ag-
onists [14-17]. However, the amount of BAT in humans is negligible
compared to the total volume of adipose tissue in the body [18,19]. In
contrast, mice, particularly those of the Sv129 strain, contain substan-
tially higher fractions of brown adipocytes than humans (up to 50% of
total adipocytes) [20].

Whatever the proportion of BAT, in mice and humans, the amount of
FFA liberated after cold-induced lipolysis exceeds the amount necessary
for activating UCP1 function. This suggests that excess FFA are metab-
olized in other tissues, particularly in the liver as central lipid metabolic
organ. So far, lipid metabolism after acute and short-term cold exposure
was the main focus of research. For example, a recent human trial with
10 volunteers exposed to cold just below the shivering threshold for 0.5
to 2 h indicated that lipolysis-derived FFA are transported to the liver for
metabolism to TG, before re-secretion via very low-density lipoproteins
(VLDL) into the circulation [21]. In mice, an increased hepatic pro-
duction and metabolism of acylcarnitines was observed, when animals
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were exposed to 4 °C for 5 h [22,23]. The knowledge on lipid metabolic
pathways altered by prolonged exposure to cold (> 5 days) is limited,
especially on those affected in the liver.

In this study, we present a comprehensive picture of systematic lip-
idomic changes in the liver and BAT induced after long-term cold
exposure. Therefore, the liver and BAT lipidome of mice housed at 4 °C,
23 °C and 30 °C for 7 days was investigated using quantitative tandem
(MS/MS) and high-resolution mass spectrometry (HRMS). Our analyses
revealed that housing below thermoneutrality triggers the generation of
polyunsaturated fatty acids (PUFA; > 2 double bonds)-containing
phosphatidyl-ethanolamine (PE) in liver and BAT, which depends on
FA uptake from the circulation. Using primary beige adipocytes differ-
entiated from preadipocytes isolated from inguinal white adipose tissue
(iWAT) of wildtype and ATGL KO mice, we provide further evidence for
our findings. Isoproterenol, a beta-adrenergic agonist, elevated intra-
cellular levels of unsaturated PE, i.e. PE 38:4 and PE 40:6, in beige
wildtype adipocytes, but not in ATGL-deficient adipocytes.

2. Materials and methods
2.1. Ethics statement

Mouse experiments were performed in accordance with relevant
ethical guidelines. All animal husbandry and experiments for this study
were approved by the responsible local authorities (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).

2.2. Mouse housing and experiments

Male 129Sv/ev Tac mice were housed in a specific pathogen-free
facility with free access to chow (V1534, Ssniff) and water at 23 °C,
55 % relative humidity and a 12-h light/dark cycle. Ten-week-old mice
were housed at either 4 °C, 22 °C or 30 °C for seven days. After that, mice
were sacrificed by CO2 asphyxiation. For plasma collection, ~100 pl of
blood were drawn by cardiac puncture, transferred into EDTA tubes
(Sarstedt) and centrifuged for 10 min at 1500 xg and 4 °C, before the
supernatant was transferred into microtubes until further processing.
iBAT, iWAT, eWAT, liver and plasma were collected and immediately
snap frozen in liquid nitrogen. Samples were stored at —80 °C until
further processing.

2.3. Isolation of mitochondria from brown adipose tissue

Mitochondria were enriched from BAT using differential centrifu-
gation as recently described [24]. Per mitochondrial sample, BAT from
five male and female mice was pooled.

2.4. Primary cell isolation and cell culture

The stromal vascular fraction (SVF) was isolated from inguinal fat
depots of male and female WT and global ATGL KO mice [25]. Briefly,
fat depots were dissected, minced into small pieces and digested with
collagenase type D (Roche) in an orbital shaker at 37 °C for 1 h. After
digestion, the cell suspensions were filtered through a 70 pm cell strainer
and centrifuged at 1000 xg for 5 min. The cell pellet was resuspended in
5 ml of red blood cell lysis buffer for 3 min and washed three times with
PBS. Pre-adipocytes were seeded onto 10 cm cell culture plates and
cultured in culture medium containing DMEM/F-12 + GlutaMAX™
(Thermo Fisher Scientific), 10 % FCS, 100 IU/1 penicillin and 0.1 mg/1
streptomycin. Cells were grown to 80 % confluency and cryopreserved
until further experiments. Frozen pre-adipocytes were rapidly thawed
and cultivated with culture medium. One day after reaching confluency,
pre-adipocytes were induced with medium containing DMEM/F-12 +
GlutaMAX™, 10 % FBS superior (Sigma-Aldrich), penicillin/strepto-
mycin (0.4 %s; Sima-Aldrich), insulin 5 pm/ml),
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isobutylmethylxanthine (IBMX) (0.5 mM), dexamethasone (1 pM) and
rosiglitazone (1 pM) (Sigma-Aldrich). After 48 h, the induction medium
was replaced with differentiation medium (DMEM/F-12 + GlutaMAX™,
10 % FBS superior, penicillin/streptomycin (0.4 %), insulin (5 pg/ml)).
Differentiation medium was changed every other day for six days until
primary beige adipocytes were harvested for measurement of lipid
profiles or for microplate-based respirometry assays.

2.5. Microplate-based respirometry

Oxygen consumption of primary beige adipocytes was analyzed in a
Seahorse XF Pro analyzer (Agilent Technology) as previously described
[26,27]. In brief, beige adipocytes were washed and incubated with
respiration medium (pH 7.4) (DMEM base (Sigma-Aldrich), glucose (25
mM; Carl Roth), glutaMAX™ (2 mM; Thermo Fisher Scientific), NaCl
(31 mM; Carl Roth)) and essentially fatty acid-free bovine serum albu-
min (BSA) (2 %; Sigma-Aldrich) at 37 °C for 1 h. Basal respiration was
measured first, followed by proton leak-linked respiration induced by
oligomycin (5 pM; Sigma Aldrich), UCP1-dependent respiration after
isoproterenol (0.5 pM; Sigma-Aldrich), maximal respiratory capacity
after carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (7
pM; Sigma-Aldrich) and non-mitochondrial oxygen consumption after
antimycin A (5 pM; Sigma-Aldrich).

2.6. Lipidomics

Lipid species were annotated according to the proposal for shorthand
notation of lipid structures that are derived from mass spectrometry
[28]. For quantitative lipidomics, non-naturally occurring internal
standards were added prior to lipid extraction. A wet weight of 2 mg
tissue (liver or adipose tissue), or an amount of 100 pg protein (cell
samples) was subjected to lipid extraction according to the protocol by
Bligh and Dyer [29]. For analysis of phospholipids in adipose tissue, the
dried lipid extract was additionally washed three times with 2,2,4-trime-
thylpentane (against water) to remove excess neutral lipids. The washed
extract was then subjected to a second Bligh and Dyer extraction before
mass spectrometric analysis.

The analysis of lipids was performed by direct flow injection analysis
(FIA) using a triple quadrupole mass spectrometer (MS/MS) and a high-
resolution hybrid quadrupole-Orbitrap mass spectrometer/ Fourier-
Transform mass spectrometry (FTMS). FIA-MS/MS was performed in
positive ion mode using the analytical setup and strategy described
previously [30,31]. A fragment ion of m/z 184 was used for lysophos-
phatidylcholines (LPC) [32]. The following neutral losses were applied:
Phosphatidylethanolamine (PE) and lysophosphatidylethanolamine
(LPE) 141, phosphatidylserine (PS) 185, phosphatidylglycerol (PG) 189
and phosphatidylinositol (PI) 277 [33]. Sphingosine based ceramides
(Cer) and hexosylceramides (Hex-Cer) were analyzed using a fragment
ion of m/z 264 [34]. PE-based plasmalogens (PE P) were analyzed ac-
cording to the principles described by Zemski-Berry [35]. Cardiolipin
(CL) was quantified using diacylglycerol-specific fragment ions as
described previously [36]. Glycerophospholipid species annotation was
based on the assumption of even numbered carbon chains only.

A detailed description of the FIA-FTMS method was published
recently [37,38]. Triglycerides (TG), diglycerides (DG) and cholesterol
esters (CE) were recorded in positive ion mode m/z 500-1000 as [M +
NH4]" at a target resolution of 140,000 (at m/z 200). CE species were
corrected for their species-specific response [39]. Phosphatidylcholines
(PC), PC ether (PC O) and sphingomyelins (SM) were analyzed in
negative ion mode m/z 520-960 as [M + HCOO]" at the same resolution
setting. Analysis of free cholesterol (FC) was performed (after derivati-
zation with acetyl chloride [31]) by multiplexed acquisition (MSX) of
the [M + NH4]" of FC and the deuterated internal standard (FC[D7])
[39].

CL in isolated BAT mitochondria was analyzed by FIA-FTMS in
negative ion mode in m/z-range 1100-1600 as [M-H]  dissolved in
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methanol/chloroform = 5/1 (v/v) containing 0.005 % dimethylamine.
The method quantifies CL species on the sum composition level.

The product ion spectrum of PE 38:4 [M-H]  was recorded in
negative ion mode at a resolution of 35,000 using an isolation window of
1 Da, and a normalized collision energy of 30 %.

A list of all used non-naturally occurring standards for FIA-MS/MS
and FIA-FTMS analyses can be found in Suppl. Data 1.

Total fatty acid analysis was performed by gas chromatography
coupled to mass spectrometry (GC-MS) of fatty acid methyl esters
(FAMEs) as described before [40]. Total FA are all occurring fatty acids
in plasma, including those bound to complex lipids, such as TG, which
were hydrolyzed prior to FAME analysis.

2.7. Statistical analysis of lipidomic data

Lipidomic data were analyzed according to the principles described
previously [41,42]. For generation of volcano plots, all data were logs
transformed to ensure that they were normally distributed. Lipid species
were excluded if they were undetectable in >50 % of the samples. A
standard two-sided, unpaired t-test assuming unequal variances was
used to test for significantly different abundances in the conditions. The
Benjamini-Hochberg method was used to calculate the false discovery
rate (FDR) and to account for multiple testing (p.gj < 0.05). Fold
changes were calculated as the difference between mean of the log-
transferred values at 4 °C and 23 °C [I]; and 23 °C and 30 °C [II]. To
compare mean lipid concentrations between groups a standard two-
sided, unpaired t-test assuming unequal variances was applied.

3. Results

3.1. In liver, cold exposure increases polyunsaturated
phosphatidylethanolamines

To investigate the lipidomic response to long term cold exposure and
lipolysis, 129SvS6 mice were housed at 30 °C (thermoneutrality, n =
12), 23 °C (n = 9), and 4 °C (n = 9) for 7 days. The liver lipidome was
quantified using a comprehensive untargeted lipidomic analysis based
on electrospray ionization coupled to MS/MS and HRMS comprising: (1)
Glycerophospholipids (GPL): phosphatidylcholine (PQ),
phosphatidylcholine-ether (PC 0), lysophosphatidylcholine (LPC),
phosphatidylethanolamine (PE), phosphatidylethanolamine-ether (PE
0), lysophosphatidylethanolamine (LPE), phosphatidylglycerol (PG),
phosphatidylserine (PS) and phosphatidylinositol (PI). (2) Glycerolipids
(GL): diglyceride (DG) and triglyceride (TG). (3) Sterols: free cholesterol
(FC) and cholesteryl ester (CE). (4) Sphingolipids (SL): sphingomyelin
(SM) and ceramide (Cer). Quantification was based on lipid class-
specific internal standards that do not occur naturally.

In total, 241 lipid species were quantified in liver samples (Suppl.
Data 1). Major lipid classes at 4 °C, 23 °C and thermoneutrality were PC
(17.4 nmol/mg, 17.2 nmol/mg, 17.2 nmol/mg), PE (13.1 nmol/mg,
11.5 nmol/mg, 10.2 nmol/mg), PI (10.7 nmol/mg, 9.6 nmol/mg, 9.5
nmol/mg), PS (3.2 nmol/mg, 3.1 nmol/mg, 3.1 nmol/mg), TG (10.7
nmol/mg, 13.9 nmol/mg, 8.8 nmol/mg) and FC (4.6 nmol/mg, 4.6
nmol/mg, 4.8 nmol/mg) (Fig. 1A). SM (0.9 nmol/mg, 0.8 nmol/mg, 0.8
nmol/mg), DG (0.8 nmol/mg, 0.9 nmol/mg, 0.9 nmol/mg), CE (0.5
nmol/mg, 0.7 nmol/mg, 0.6 nmol/mg) and CL (0.7 nmol/mg, 0.7 nmol/
mg, 0.7 nmol/mg) were dominating lipid classes of the group of minor
lipids (Fig. 1B). To test if the housing temperature affects the hepatic
lipidome, lipid concentrations were analyzed in the comparisons [I]
4 °Cvs. 23 °C and [II] 23 °C vs. 30 °C. After correcting for multiple
testing by controlling the false discovery rate at 0.05, the levels of 75
(31 % of all) lipid species were found significantly different in com-
parison [I] (Fig. 1C-D), and 124 (51 % of all) lipid species in comparison
[II] (Fig. 1E-F). Most importantly, 27 lipids were significantly altered
and showed the same direction of regulation in both comparisons. Of
those, 15 were elevated after housing mice at colder temperatures.
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Fig. 1. Cold exposure increases polyunsaturated PE in liver of mice
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(A) Concentrations of major and (B) minor lipid classes at cold (4 °C), room temperature (23 °C) and thermoneutrality (30 °C). *p < 0.05 indicates a significant
difference between groups, determined by a two-sided Student’s t-test. Shown are means +SD from liver of n =9 (4 °C), n = 9 (23 °C) and n = 12 (30 °C). Volcano
plots show Log2 fold changes of lipids in liver, whose concentrations are significantly different between 4 °C vs. 23 °C including (C) GPL, (D) NL and SL; and 23 °C vs.
30 °C including (E) GPL, (F) NL and SL. Only lipids that were significantly altered and showed the same direction of regulation in both comparisons are labeled in the
volcano plots. Large dots indicate lipid species from the major lipid classes. p < 0.05 is indicated after correction for multiple testing by controlling for false dis-

covery rate.

These were solely polyunsaturated GPL (except for SM 40:1;02)
including CL 34:1_36:3, CL 34:2_36:3, CL 36:3_38:4, LPE 22:6, PC 40:6,
PC 0-36:5, PE 38:4, PE 38:6, PE 40:4, PE 40:5, PE 40:6, PE 42:6, PE P-
18:0/22:6 and PS 40:6. Cold exposure did not systematically alter total
lipid class levels, besides PE, whose concentrations increased with lower
housing temperatures (4 °C > 23 °C > 30 °C) (Fig. 1A). Total CL con-
centrations were similar at 23 °C and 30 °C, but significantly increased
only from 23 °C to 4 °C (Fig. 1B). Although in comparison [I] and [II],
the levels of several PI species were significantly decreased (Fig. 1C, E),
total PI levels were similar at all housing temperatures (Fig. 1A).

3.2. In BAT, cold exposure elevates polyunsaturated phosphatidylcholine
and -ethanolamine

PE is a major GPL in brown adipocytes [27] and its generation is
critical for thermogenesis in BAT of mice [43]. Thus, we analyzed PE as
well as other major GPL including PC, PS, PG; the SL: SM, Cer, HexCer;
and GL: DG, TG in BAT samples originating from our mice housed at
different temperatures.

In BAT, in total, 185 lipids were quantified (Suppl. Data 1). The
dominating lipid class was TG with 96.5 % (Fig. 2A), for which we could
detect 97 individual species. PE (1.3 % and 0.8 %) was the major GPL



M.S. Hidrobo et al.

analyzed in BAT of mice exposed to 4 °C and 23 °C (Fig. 2B). Comparison
of lipid concentrations between different housing temperatures
revealed, that levels of 73 (39 % of all) lipid species were found
significantly different in comparison [I] (Fig. 2C-D), and 121 (65 % of
all) lipid species in comparison [II] (Fig. 2E-F). Of note, 34 lipids were
significantly altered and showed the same direction of regulation in [I]
and [II], with 11 of them being elevated at colder temperature. Similar
to the results found in liver these included, primarily polyunsaturated PE
like PE 36:2, PE 36:3, PE 36:4, PE 38:2, 38:4, PE 38:5 and PE 40:4, but
also PC 34:2 and PC 36:2; Cer 18:1;02/22:0 and SM 38:1;02. Total PE
and PC concentrations significantly increased with lower housing tem-
peratures (4 °C > 23 °C > 30 °C) (Fig. 2B). While housing at lower
temperature reduced BAT levels of 19 TG species in both comparisons,
total TG concentrations significantly dropped from 30 °C to 23 °C, but
not from 23 °C to 4 °C (Fig. 2A). Interestingly, the PE species PE 38:4 and
40:4 were increased in both liver (Fig. 1C, E) and BAT (Fig. 2C, E) at
colder temperatures in [I] and [II].

Because CL detection in BAT was hindered by the adipose tissue
matrix, it was quantified in mitochondria isolated from BAT, where CL is
highly enriched [44]. Although total mitochondrial CL concentrations
were not significantly different in comparison [I] and [II], they tended
to be higher at 4 °C than at 23 °C and 30 °C (Fig. 2G), which is in
agreement with our findings in liver (Fig. 1B). The levels of several CL
species containing FA with 68-70 carbons, including CL 68:2, CL 68:3,
CL 68:4, CL 70:4 and CL 70:5, were elevated at 4 °C compared to 30 °C,
but unchanged between 23 °C and 30 °C (Fig. 2F).

3.3. Cold-increased PE 38:4 contains primarily FA 18:0 and FA 20:4 in
its acyl chains

Next, we asked what FA are in the acyl chains of cold-induced PE.
Therefore, we determined the fatty acyl compositions of PE 38:4 as
major PE species (~ 10 % of total PE) in 3 random liver samples of mice
housed at 4 °C applying tandem mass spectrometry. A representative
product ion spectrum of PE 38:4 recorded in negative ion mode
following collisional induced fragmentation is shown in Fig. 3. We found
FA 18:0 (m/z 283.2647) and FA 20:4 (m/z 303.2329) as most abundant
product ions indicating that PE 18:0_20:4 is the major molecular species
of PE 38:4. However, we could also detect minor proportions of PE
16:0_22:4 and 18:1_20:3 in the analyzed liver samples. These acyl
combinations suggest that FA 16:0, FA 18:0 and FA 18:1 in combination
with PUFA (> 2 double bonds) containing 20-22 carbons are incorpo-
rated into hepatic PE at 4 °C.

3.4. Circulating lipids are a potential source for PUFA incorporated in
hepatic and BAT PE

Cold-induced generation of PUFA-PE in liver and BAT requires a FA
source. Consequently, we asked whether we could find evidence that
PUFA incorporated into liver and BAT PE derive from the circulation.
Hence, the total FA composition of plasma samples was quantified using
GC-MS. We could quantify 30 circulating FA species (Suppl. Data 1).
Primarily occurring FA were saturated and mono-unsaturated C16-18
FA as well as linoleic acid (FA 18:2 n-6), arachidonic acid (FA 20:4 n-6)
and docosahexaenoic acid (FA 22:6 n-3) (Fig. 4A-C). The levels of 19 FA
(63 % of all) were significantly increased in comparison [I] (Fig. 4D),
and 18 FA (60 % of all) in comparison [II] (Fig. 4E). The changes of
unsaturated (> 1 double bond) FA were higher than those of saturated
FA (SAFA). For example, in comparison [I], the log2(Fold Changes) of
SAFA were in the range of 0.29-0.49, whereas those of mono-
unsaturated FA (MUFA) and PUFA were in the ranges of 0.52-0.93 and
0.24-0.89 (Fig. 4D). The concentrations of FA 20:2 n-6, FA 20:3 n-6, FA
20:4 n-3 and FA 22:4 n-6 were significantly lower at colder housing
temperatures in comparisons [I] and [II] (Fig. 4D-E) indicating that
circulating lipids represent a potential source for FA, i.e. PUFA, required
for hepatic and BAT PE synthesis.
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To provide further evidence for this hypothesis, we correlated
plasma PUFA with liver or BAT PE species that were significantly
increased in comparisons [I] and [II] (Plasma: FA 20:2 n-6, 20:3 n-6,
20:4 n-3 and 22:4 n-6; Liver: PE 38:4, 38:6, 40:4, 40:5, 40:6, 42:6; BAT:
PE 36:2, 36:3, 36:4, 36:5, 38:2, 38:4, 38:5, 38:6). In all tested PE-FA
combinations, hepatic PE species were negatively related with plasma
FA species with R? ranging between 0.49 and 0.89 (Fig. 5). The highest
correlation coefficients were observed for the correlations of PE 40:6
with FA 20:2 n-6 (R = 0.87), FA 20:3 n-6 (R? = 0.89) and FA 20:4 n-3
(R? = 0.82). In agreement with the liver data, also BAT PE species
negatively correlated with plasma PUFA, with R? of 0.56-0.90 (Suppl.
Fig. 1). Here, the highest correlation coefficients were observed for the
combinations PE 36:4 and FA 20:2 n-6 (R* = 0.89) or FA 20:3 n-6 (R* =
0.90); and PE 38:4 and FA 20:6 n-3 (R2 = 0.89). These results further
support the hypothesis that PUFA metabolized to hepatic and BAT PE
can originate from the circulation.

3.5. Intracellular lipolysis increases PE 38:4 and 40:6 in beige adipocytes

Finally, we tested whether intracellular lipolysis modulates the
production of PUFA-PE. Therefore, PE profiles were analyzed in beige
(also called brite) adipocytes differentiated from primary preadipocytes
isolated from inguinal white adipose tissue (iWAT) of wildtype (WT) and
ATGL KO mice after stimulation with isoproterenol (ISO). ISO is a beta-
adrenergic agonist inducing ATGL-mediated lipolysis and in turn, UCP1
[45,46]. Beige adipocytes with a mixed phenotype between white and
brown adipocytes [47,48] were chosen, since they contain both, a high
ATGL-mediated lipolytic capacity (as observed in white adipocytes) as
well as a significant UCP1 activity (typical to brown adipocytes). This
was confirmed by analyses of the mitochondrial bioenergetics profile
illustrated in Fig. 6A using microplate-based respirometry including: [a]
basal respiration; [b] basal uncoupled respiration after blocking ATP
synthase with Oligomycin; [c] induction of UCP1 by addition of
isoproterenol (ISO) as beta-adrenergic agonist; [d] assessment of the
maximal respiratory capacity by using carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP) as uncoupling agent; [e] non-
mitochondrial Oy consumption applying antimycin A (Anti A). In WT
cells, ISO induced the UCP1-dependent Oy consumption rate ~2-fold,
while in ATGL KO cells no significant UCP1 function could be detected
(Fig. 6B-C).

Quantification of PE revealed a significant increase of the PUFA-
containing PE 38:4 and PE 40:6 concentrations in WT, but not in
ATGL KO cells, after beta-adrenergic stimulation (Fig. 6D). Of note, PE
38:4 was also found increased in liver and BAT samples in the com-
parisons [I] and [II] and could be related with circulating PUFA in both
tissues. Together, these results provide strong evidence that intracellular
lipolysis increases unsaturated PE in thermogenic adipocytes and sup-
port our liver and BAT data obtained from the experiments with mice
exposed to colder temperatures.

4. Discussion

Thermoneutrality is defined as the metabolic state of an organism at
an environmental temperature at which it does not need to generate or
lose heat [49]. Although most studies highlight the benefits of cold
treatment for energy expenditure, it can also have unfavorable effects on
physiology and metabolism. Permanent exposure to ambient tempera-
tures below the organism’s thermoneutrality can lead to a constant
stress level [49,50]. Energy needed for basal cellular functions is
redirected towards heat generation to maintain the ideal core temper-
ature, which can affect, for example, the metabolic activity of immune
cells and the outcome of diseases including infectious diseases or cancer.
Some reports even indicate an induction of ferroptosis, an iron-reliant
cell death pathway involving the lethal peroxidation of PUFA in cell
membrane lipids by oxygen-containing free radicals [51]. In liver tissue
of rats exposed to —10 °C for 8 h, ferroptosis-related markers like Fe?*,
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Fig. 2. Cold exposure increases polyunsaturated PE and PC in BAT of mice

(A) Concentrations of major and (B) minor lipid classes at cold (4 °C), room temperature (23 °C) and thermoneutrality (30 °C). *p < 0.05 indicates a significant
difference between groups, determined by two-sided Student’s t-test. Shown are means +SD from BAT of n = 9 (4 °C), n = 9 (23 °C) and n = 12 (30 °C). Volcano plots
show Log2 fold changes of lipids in BAT, whose concentrations are significantly different between 4 °C vs. 23 °C including (C) GPL, (D) NL and SL; and 23 °C vs. 30 °C
including (E) GPL, (F) NL and SL. Only lipids that were significantly altered and showed the same direction of regulation in both comparisons are labeled in the
volcano plots. Large dots indicate lipid species from the major lipid classes. p < 0.05 is indicated after correction for multiple testing by controlling for false discovery
rate. (G) Concentrations of total CL and (H) CL species of mitochondria isolated from BAT of mice housed at 4 °C, 23 °C or 30 °C. *p < 0.05 indicates a significant
difference for the comparisons 4 °C vs. 23 °C or 23 °C vs. 30 °C, *p < 0.05 indicates a significant difference for the comparisons 4 °C vs. 30 °C determined by two-
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sided Student’s t-test. Shown are means +SD from n = 3 mitochondrial samples per housing temperature.

Fig. 3. Product ion spectrum of PE 38:4 in liver. Electrospray ionization tandem mass spectrometry showing the product ions obtained following collisional
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Fig. 4. Plasma polyunsaturated FA 20:2 n-6, FA 20:3 n-6, FA 20:4 n-3, FA 22:4 n-6 are markedly reduced in cold-exposed mice.

(A) Circulating concentrations of major and (B) minor fatty acids at cold (4 °C), room temperature (23 °C) and thermoneutrality (30 °C). *p < 0.05 indicates a
significant difference between groups, determined by a two-sided Student’s t-test. Shown are means +SD from plasma of n = 9 (4 °C), n = 8 (23 °C) and n = 10
(30 °C). Volcano plots show Log2 fold changes of circulating fatty acids, whose concentrations are significantly different between (C) 4 °C vs. 23 °C and (D) 23 °C vs.

30 °C. Large dots indicate major FA species. p < 0.05 is indicated after correction for multiple testing by controlling for false discovery rate.
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Fig. 5. Circulating PUFAs negatively correlate with increased polyunsaturated PE species in liver
Correlation of significantly reduced plasma PUFAs (FA 20:2, FA 20:3, FA 20:4, FA 22:4) with polyunsaturated hepatic PE species, that were significantly increased by
colder temperatures in liver (PE 38:4, 38:6, 40:4, 40:5, 40:6, 42:6). R? indicate Pearson’s correlation coefficients.

malondialdehyde and reactive oxygen species and indicators for liver
damage like serum alanine aminotransferase and aspartate amino-
transferase levels are elevated, which can be prevented by pretreatment
with ferroptosis inhibitor liproystatin-1 [52]. In our study, PE 18:0_20:4
was increased by cold in liver and BAT. FA 20:4 is highly susceptible to

radical-caused damage and peroxidation [53]. Interestingly, we have
recently linked ferroptosis with PE metabolism in prostate cancer cells,
as punic acid (c9, t11, c13-FA 18:3), an isomer of conjugated linolenic
acid, induces both ferroptosis as well as PUFA-containing PE synthesis
and remodeling [54].
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Fig. 6. Cellular lipolysis induces UCP1 and increases PE 38:4 and PE 40:6 in beige wildtype adipocytes

(A) Microplate-based respirometry assay used to profile UCP1 activity in primary beige adipocytes. Oxygen consumption rate (OCR) was measured as [a] basal
respiration, followed by [b] proton leak-linked respiration induced by oligomycin, [c] UCP1-dependent respiration after ISO, [d] maximal respiratory capacity after
FCCP, [e] non-mitochondrial O, consumption after Anti A injection. (B) Mitochondrial bioenergetic profile of primary beige adipocytes isolated from iWAT of WT
and ATGL KO mice; shown are means +SEM of n = 14 (WT) and n = 16 (ATGL KO). (C) UCP1 activity calculated by subtracting the OCR at [b] (Oligo) from [c] (ISO)
determined in b; shown are means +SD. p < 0.05 after a two-sided Student’s t-test. (E) PE profile of primary beige adipocytes isolated from iWAT of WT or ATGL KO
mice treated with 0.5 pM ISO or ethanol (Control) for 30 min; shown are means +SD of n = 3 for each condition. *p < 0.05 indicates a significant difference between
WT and ATGL KO cells after ISO treatment (B—C) and between control and ISO-treated WT or ATGL KO cells (D) determined by a two-sided Student’s t-test.

For quantitative lipidomic analysis of liver and BAT samples, we used
flow injection analysis mass spectrometry. To improve the sensitivity of
phospholipid quantification in BAT, it’s excess TG content was depleted
prior to analysis. This strategy should cover the vast majority of lipid
species from the major lipid classes, although very low abundant species
may not be detected due to sensitivity limitations inherent to direct
infusion. To the best of our knowledge, liver lipidomic data after long
term cold exposure are not yet available. Lynes and colleagues reported
that PG and CL metabolism in WAT and BAT are activated when mice
are housed for one week at 4 °C compared to animals at 30 °C [55]. The
levels of some C16 FA- and C18 FA-containing PG and CL species with
2-6 double bonds were found to be altered, although total amounts of

PG and CL remained unchanged. In our study, hepatic concentrations of
CL containing 2 to 12 double bonds, like CL 36:4_40:8, were increased in
both comparisons [I] and [II]. But, total CL levels were solely slightly
higher in comparison [I] (by =~ 10 %) and similar in [II]. Human cold
exposure trials focus on plasma lipids with mixed results. While some
studies indicate metabolism of FFA to TG after a 1-2 h-long exposure to
mild cold [21,56], others have detected no changes in circulating TG in
response to cold [57,58]. Translation of results from short to long term
cold exposure studies is limited. Cold stimuli in the range of hours give
insights into acute metabolic changes, while longer term cold exposure
in the range of days allows the investigation of accumulated lipidomic
alterations in peripheral tissues. When comparing lipidomic
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investigations in mice with human studies, it has to be considered that
lipoprotein metabolism differs [59,60]. Mice lack cholesterol ester
transfer protein (CETP) [61] and comprise another adipose tissue
composition than humans [18,20,62,63].

Our data indicate a cold-induced de novo PE synthesis as well as PE
remodeling in liver and BAT, because both total PE amounts as well as its
species composition were altered in comparisons [I] and [II]. Partic-
ularly PE containing PUFA in their acyl chains were elevated following
cold exposure. In line with this finding, a previous study showed that
housing mice at 4 °C for 3 days activates gene expression related to
glycerophospholipid synthesis, FA elongation and remodeling of FA
18:2-containing PE in BAT [64]. The rationale for FFA being metabo-
lized to complex lipids such as PE after lipolysis might be that accu-
mulated non-esterified FA are lipotoxic, leading to apoptosis and
ultimately metabolic disease [65]. We hypothesize that lipolysis-derived
FFA are distributed between organs for further consumption and
metabolism. This includes activating UCP1 and fueling beta-oxidation in
BAT [7,8]; beta-oxidation in liver [66]; metabolism to acylcarnitines
and TG in liver [22,23,67]; metabolism to PG and CL in BAT and WAT
[55]; and, as reported here, incorporation into PE in liver and PE and PC
in BAT.

Several potential sources of PUFA metabolized to PE in the liver and
BAT are feasible: (1) FA released via ATGL within these tissues. ATGL
has been shown to exhibit activity towards TG esterified with unsatu-
rated FA [68]. In line, our data show that ISO-induced metabolism of PE
38:4 and 40:6 is impaired using primary beige ATGL KO adipocytes. (2)
ATGL-mediated FA release in WAT controls PUFA flux towards the liver
and BAT. Our data show that plasma PUFA negatively correlate with
hepatic and BAT PUFA-containing PE levels. Moreover, loss of ATGL in
WAT is associated with reduced unsaturated FAs in the circulation [68].
And (3), dietary PUFA reaching the liver and BAT after intestinal uptake
via the blood stream. In mice with a BAT-specific ATGL KO, non-
shivering thermogenesis via UCP1 can be fueled by dietary FA during
feeding or WAT lipolysis during fasting [69].

The reason why PUFA are preferentially integrated into GPL, rather
than neutral lipids, may be explained by their specific physical and steric
properties. In contrast to saturated FA, which are basically straight
molecules, PUFA are characterized by a remarkable structural flexi-
bility. Their carbon chains can freely rotate after the double bonds [70].
This leads to a larger conformational landscape, which is most likely
rather available in GPL, like PE and PC, containing only two acyl chains,
than TG, having three dense acyl chains, bound to its backbone. Indeed,
we could demonstrate previously that the FA incorporation into complex
lipids depends on their steric properties [71]. Trans-9,trans-11-
conjugated linoleic acid (t9, t11-FA 18:2), which is a relatively
straight molecule (comparable to saturated FA) due to its planar and
rigid conjugated double bond system, is primarily incorporated into
neutral lipids like TG. In contrast, cis-9,trans-11-conjugated linoleic acid
(c9, t11-FA 18:2), which is a curved and more spacious molecule
because of its cis-double bond, is rather incorporated in PC and PE in
human macrophages. The question of why, at least in liver, PUFA are
rather incorporated into PE than PC might be of interest for future in-
vestigations. It could be related to their different headgroup sizes. The
PE headgroup is considerably smaller than that of PC (38A% compared
with 50 A%) since its nitrogen atom is bound to three hydrogen atoms,
whereas the nitrogen atom of the PC headgroup is bound to three methyl
groups [72,73]. As consequence, PE molecules tend to have more cy-
lindrical shapes, while PCs are more conical [70].

The reasons why beta-adrenergic stimulation and/or PUFA promote
biosynthesis of PE in liver and PE and PC in BAT could be diverse: (1) A
metabolic regulation of GPL synthesis: An increasing substrate (i.e.
PUFA) availability might drive GPL synthesis, as previously observed in
cells [71,74]. (2) A transcriptional regulation of genes relevant for GPL
synthesis: PUFA could activate PPAR alpha, which in turn inhibits liver
X receptor (LXR), thereby repressing the transcription of Pcyt2, encod-
ing CTP:phosphoethanolamine cytidylyltransferase as the main
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regulatory enzyme in de novo PE biosynthesis [75,76]. (3) A post-
translational activation of enzymes necessary for GPL synthesis:
Choline-phosphate cytidyltransferase (CCT), the key enzyme of PC
synthesis, is translocated from its inactive soluble form to a membrane-
associated active form when the membrane’s physicochemical proper-
ties change, i.e. its curvature [77]. The membrane’s PUFA content
essentially shapes its physicochemical properties, including curvature
[70]. Molecular dynamic simulations with liposomes showed that acyl
chain polyunsaturation in PC, PE and PS makes cellular membranes
more flexible and facilitates vesicle formation, necessary in synaptic
membranes undergoing super-fast endocytosis [78]. Also, the degree of
unsaturation in PC systematically accelerates the dynamics of the
phosphocholine headgroups and glycerol backbones as well as PC’s
rotational capacity [79]. Though, it is unclear whether the increase in
the PUFA containing GPL fraction determined here in liver and BAT is
sufficient to change membrane curvature and promote CCT
translocation.

In summary, we demonstrate that long-term cold exposure increases
concentrations of PE in mouse liver and BAT, proposing an elevated
synthesis and metabolism. Particularly, PE species containing PUFA,
most likely taken up from the circulation, were increased after cold-
induced lipolysis. We conclude that free PUFA in liver and BAT are
preferentially incorporated into PE to prevent lipotoxicity induced by
accumulation of non-esterified FA.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbalip.2024.159562.
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