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SUMMARY
Obesity, characterized by expansion and metabolic dysregulation of white adipose tissue (WAT), has
reached pandemic proportions and acts as a primer for a wide range of metabolic disorders. Remodeling
of WAT lipidome in obesity and associated comorbidities can explain disease etiology and provide valuable
diagnostic and prognostic markers. To support understanding of WAT lipidome remodeling at the molecular
level, we provide in-depth lipidomics profiling of human subcutaneous and visceral WAT of lean and obese
individuals. We generate a human WAT reference lipidome by performing tissue-tailored preanalytical and
analytical workflows, which allow accurate identification and semi-absolute quantification of 1,636 and
737 lipidmolecular species, respectively. Deep lipidomic profiling allows identification ofmain lipid (sub)clas-
ses undergoing depot-/phenotype-specific remodeling. Previously unanticipated diversity of WAT ceram-
ides is now uncovered. AdipoAtlas reference lipidome serves as a data-rich resource for the development
of WAT-specific high-throughput methods and as a scaffold for systems medicine data integration.
INTRODUCTION

The ‘‘industrial revolution’’ in modern omics technologies signif-

icantly enriched our understanding of human biology. Applica-

tion of high-throughput transcriptomics and proteomics allowed

to compile the Tissue Atlas within the Human Proteome Atlas

project with expression levels of mRNA and proteins reported

for 44 healthy human tissues, serving as a powerful resource

for exploration of functional tissue specificities, future drug tar-

gets, and potential biomarkers.1 Lipidomics, an omics branch

aiming to identify and quantify individual lipid species, is not

yet as advanced in the characterization of cell-, tissue-, and or-

gan-specific lipid compositions. The majority of lipidomics

studies aim for high-throughput screening of large sample co-

horts and clinical translation.2,3 Such analytical workflows, tar-

geting robust applications, are optimized for bulk lipid extraction

followed by a single analysis method and relative (disease versus

control) quantification.

Considering the cooperative action of lipids in biological mem-

branes and the tight coregulation of anabolic and catabolic path-
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ways of lipid metabolism, identification of tissue- and cell-type-

specific lipid signatures (reference lipidomes) is urgently

required to facilitate deeper understanding of lipid biology in

health and disease. Lipid cooperative actions are highly tissue/

cell-type specific at all levels of their functional activities,

including plasticity of cellular membranes, energy storage, redis-

tribution, and coordinated signaling.4,5 Furthermore, capturing

alterations in lipid metabolism might be as important as identi-

fying static lipid signatures resistant to certain (patho)physiolog-

ical stimuli.

Deep lipidome profiling cannot be performed in a high-

throughput manner, as it requires tissue-specific optimization

and application of several orthogonal analytical methods to

ensure simultaneous coverage of lipid classes with different po-

larities, ionization properties, and a range of endogenous con-

centrations. By now, the best-characterized composition is

available for the blood plasma lipidome, with around 600 lipid

species described at lipid class and lipid molecular species

levels.6–8 However, detailed quantitative inventory of peripheral

tissue lipidomes is scarce. Currently, adipose tissue metabolism
rts Medicine 2, 100407, October 19, 2021 ª 2021 The Author(s). 1
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is attracting a lot of scientific attention. Obesity, characterized by

white adipose tissue (WAT) expansion and metabolic dysregula-

tion, has reached pandemic proportions in modern societies,

with a prevalence of more than 20% of the population.9 Obesity

is associated with an increased threat of premature death due to

a significantly higher risk of developing type 2 diabetes mellitus

(T2DM), hypertension, coronary heart disease, stroke, and

several types of cancer. Remodeling of WAT metabolism in

obesity and, importantly, in the development of metabolic com-

plications, is a cornerstone in understanding disease etiology.

So far, WAT metabolism has been studied from many different

angles, including genetic predisposition to obesity via genome-

wide association studies10 and changes in transcriptomics,11

epigenetic,12 and proteomics13 patterns of WAT upon obesity

development. However, studies reporting the detailed quantita-

tive description of depot-specific (subcutaneous [SAT] versus

visceral [VAT]) WAT lipidomes in lean and obese human individ-

uals are limited.

Here, we present AdipoAtlas: a mass-spectrometry-based

reference lipidome of human WAT reporting over 1600 and 700

lipid species on qualitative and quantitative levels, respectively.

AdipoAtlas represents a data-rich resource freely available to

all lipid researchers, will support further understanding of lipido-

mic alterationswithin human adipose tissue, and acts as a guide-

line to generate other tissue-specific lipidome maps.

RESULTS

WAT-tailored lipid extraction and fractionation
WAT acts as the main lipid storage organ, with triacylglycerol

(TG) present at exceedingly high concentrations, masking other

less abundant lipid classes (Figure 1A). For accurate molecular

mapping of the WAT lipidome, both extraction and fractionation

were optimized to ensure coverage of both highly abundant stor-

age (TG) and less abundant membrane and signaling (phospho-

lipids [PLs] and sphingolipids [SPs]) lipids. To support in-depth

lipidome profiling, we created tissue pools of WAT representing

SAT and VAT depots of lean (n = 5; BMI = 23.1 ± 1.5 kg/m2; age =

68 ± 10.9 years; male/female = 3/2) and obese (n = 81; BMI =

45.1 ± 1.2 kg/m2; age = 45 ± 2.2 years; male/female = 26/55)

individuals. Indeed, pooling approaches are often used for

time- and cost-intensive profiling of different levels of -ome orga-

nization including transcriptome,14,15 proteome,16 and lipidome

(e.g., NIST Standard ReferenceMaterial [SRM] 1950Metabolites

in Frozen Human Plasma6) characterizations. Here, we created

three independent pools per each experimental group by using

different subsets of individual samples, allowing the pools to

be treated as independent biological replicates. The applied

pooling strategy for the description of the reference lipidome

has the additional advantage of improving groups discriminative

analysis by reducing overall subject-to-subject variation.17

Pooled samples were used to test three common extraction

protocols (Folch, methyl-tert-butyl-ether [MTBE], and hexane/

i-PrOH/HOAc [Hex/IPA]).18–20 The most efficient extraction

method was chosen based on the recovery of unpolar and polar

lipid classes assessed by quantitative high-performance thin-

layer chromatography (qHPTLC) and 31P-NMR (Figures 1B,

1C, and S1). Overall, the Folch two-phase extraction protocol
2 Cell Reports Medicine 2, 100407, October 19, 2021
was shown to be the most efficient in recovering both unpolar

and polar lipids in human WAT.

Even with the optimal extraction, polar lipids represented ami-

nor fraction of WAT lipidome (Figures 1A and 1C). To facilitate

deep lipidomic profiling, we performed fractionation of WAT lipid

extracts. Lipid fractionationmethods utilize differences inmolec-

ular motifs or polarity of lipid classes, and here, we compared

three orthogonal protocols based on (1) hydrophobicity and ioni-

zation state (amino propyl solid phase extraction, SPE; hereafter

LipFrac); (2) the presence of phosphodiester groups (zirconia-

oxide-based solid phase extraction [Zr-SPE]); and (3) polarity-

dependent partitioning between a two-phase solvent system

(using liquid-liquid extraction [LLE]). All three protocols showed

similar recovery of phosphatidylcholines (PCs), phosphatidyle-

thanoamines (PEs), and sphingomyelines (SMs) lipids (Fig-

ure 1D). LipFrac resulted in the highest recovery of free fatty

acids (FFAs) but discriminated acidic PLs (e.g., phosphatidylino-

sitols [PIs]) due to their strong binding to the stationary phase. Zr-

SPE effectively enriched phosphate-group-containing lipid clas-

ses but increased content of lysoPL and FFA due to PL alkaline

hydrolysis during the elution step. LLE, based on a partitioning

between a hexane and an ethanol/water phase, delivered suffi-

cient enrichment efficiency for all polar lipid classes and was

the most time efficient protocol (Figure 1D).

Here, we performedWAT-specific optimization of lipid extrac-

tion and fractionation protocols and identified the most efficient

sample preparation strategy based on Folch lipid extraction

followed by polarity-based LLE, allowing non-discriminative re-

covery and enrichment of lipids of different classes (Figures 1E

and 1F).

WAT lipidome profiling
To increase biological meaningfulness of lipidomics data, lipid

annotations should provide information on the lipid class as

well as on the discrete fatty acyl chain composition rather than

on the total number of carbon atoms and double bond equiva-

lents. Liquid chromatography-tandem mass spectrometry (LC-

MS/MS)-based lipidomics allows accurate identification of lipids

at the molecular species level (e.g., PC 16:0_18:2), but in com-

plex lipid mixtures with a high dynamic range of lipid concentra-

tions, the coverage of the identified lipidome will depend on the

total resolution of the analytical platform. For deepWAT lipidome

profiling, we utilized three LC systems, each coupled on-line to

high-resolution accurate mass (HRAM) MS/MS (Figure 2A).

Highly hydrophobic TG lipids represented by a large diversity

of molecular species and a dynamic range of concentrations

were separated using C30 reversed-phase LC (RPC), whereas

the more polar LLE fraction (PLs, sphingolipids [SLs], diglycer-

ides [DGs]) was resolved using C18RPC (Figure 2B). Highly polar

acyl carnitines (CARs) were separated by hydrophilic interaction

LC (HILIC) (Figure 2B), as they are not sufficiently retained on

RP columns. Moreover, MS analysis using data-dependent

acquisition (DDA) relied on different HRAM platforms and was

specifically tailored to enhance identification depth for each tar-

geted lipid class. To this end, C30 RPC-separated TGs were

analyzed in positive polarity on a Q Exactive Plus MS with

traditional DDA and on an Orbitrap Fusion Lumos Tribrid MS

using AcquireX deep scan acquisition workflow for in-depth



Figure 1. Optimization of sample preparation protocols for global lipidome profiling of human WAT

(A) Lipid-class-specificWAT lipidome composition as determined by quantitative high-performance thin layer chromatography (qHPTLC) of Folch lipid extracts in

combination with liquid/liquid extraction (LLE) for polar lipid enrichment.

(B) Extraction efficiency of unpolar lipids as determined by qHPTLC. WAT lipids were extracted by the Folch, the methyl-tert-butyl-ether (MTBE), or the hexane/i-

PrOH/HOAc (Hex/IPA) method.

(C) Extraction efficiency of phosphate containing polar lipids by the different lipid extraction protocols was determined with 31P-NMR.

(D) Efficiency to separate polar and unpolar lipids fromWAT lipid extracts was compared using polarity separation by LLE, by separation based on the presence of

phosphate groups in lipids by zirconia-oxide-based solid phase extraction (Zr-SPE), or by aminopropyl SPE-based lipid class fractionation (LipFrac).

(E) Schematic depiction of the optimized lipid extraction and fractionation protocol.

(F) qHPTLC analysis of WAT lipidome before (total lipid extract dominated by unpolar lipids) and after (enriched polar and amphiphilic lipids; ethanol fraction) LLE

fractionation.
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identification of TG molecular species. Less abundant amphi-

philic lipids, on the other hand, were detected by DDA on a Q Ex-

active platform and a Orbitrap Fusion Lumos instrument, both in

the positive and the negative modes. As we originally failed to

detect any cholesteryl esters (CEs), retinol esters, desmosterol

esters, or cardiolipins in WAT total extracts, we set up targeted

parallel reaction monitoring (PRM) for the detection of most

prominent species. That allowed us to detect seven CEs other-

wise masked by highly abundant TGs. However, both retinol
and desmosterol esters, as well as cardiolipins, remained unde-

tected in human WAT.

To ensure high-confidence accurate lipid identification, we

used three software tools: LipidHunter,21 LipidSearch, and Lipo-

star.22 Obtained results were cross-matched, and the list of

putative lipid identifications was manually curated to exclude

false-positive identifications. We further validated manually

curated lipid annotations by plotting the retention time of a

given lipid species against its Kendrick mass defect (KMD) to
Cell Reports Medicine 2, 100407, October 19, 2021 3
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the hydrogen base (Figure 2C). Detailed description of manual

MS/MS curation and retention timemapping for lipids of different

(sub)classes can be found at https://github.com/SysMedOs/

AdipoAtlasScripts/blob/main/LipidIdentification/AdipoAtlas_

Lipid_Identification_Manual.pdf. In some cases (MG, short acyl

chain TG, CAR), coelution with lipid standards was used to

validate their identity (Figure S2). Such rigorous curation of lipid

annotations allowed us to resolve lipid classes, which are often

not discriminated. For instance, using a defined set of specific

fragment ions as well as retention time mapping, unambiguous

identification of acyl-, alkyl-, and alkenyl-PL, as well as lysoPL,

became possible.

Overall, we obtained a list of 1636 lipids representing 23 lipid

subclasses (Figure 2D; Table S1). TGs display the highest lipi-

dome complexity, making up 63.2% of all identified lipids

followed by PL (16.8%), SP (9.8%), DG (5.4%), lysoPL (2.8%),

acylcarnitines (1.7%), and CEs (0.4%). Eventually, we achieved

a three-dimensionally curated (RT-MS-MS/MS), high-confi-

dence lipid inventory of humanWAT covering all major lipid clas-

ses including glycerolipids, PLs, SPs, CEs, and acylcarnitines,

representing the most detailed description of human WAT lipi-

dome to date.

Quantitative analysis of human WAT lipidome
The significance of accurate quantification for harmonization of

lipidomics data was recently underlined by the lipidomics com-

munity.23 However, several analytical challenges need to be ac-

counted for when aiming for accurate lipid quantification. MS

signal intensity is molecular structure dependent and, as

such, requires application of internal standards (ISTDs) to sup-

port accurate quantification. The highest possible quantitative

accuracy can be obtained by using isotopically labeled ISTDs

for each molecular species in the sample, which is, unfortu-

nately, still not feasible at the whole-lipidome level. Here, we

performed semi-absolute quantification of identified WAT lipids

using lipid-subclass-specific ISTDs at concentrations close to

the endogenous analytes (Figure 3A). WAT-specific ISTD

mixture was designed to cover the whole range of identified

lipid classes (Table S2). Next, 6-point calibration curves were

generated for each ISTD spiked in the adipose tissue matrix

to determine the linear response range (Figures S3 and S4).

Final ISTD amounts in the mixture were chosen to represent in-

tensity close to the native lipids of the corresponding lipid class

while still displaying a linear behavior of ISTDs in the concentra-

tion-response relationship. Pooled WAT samples were spiked

with the designed ISTD mixture prior to lipid extraction and

fractionation and analyzed using full-scan LC-MS or PRM plat-

forms utilizing three types of LC separations as described

above.
Figure 2. Workflow adapted for high-confidence lipid identification fro

(A) Schematic depiction of the identification strategy for three-dimensionally cur

(B) Lipid-class-specific LC separation was applied to allow for the highest possi

chromatograms of unpolar lipids separated by C30 reversed-phase chromatogr

hydrophilic interaction chromatography (HILIC).

(C) Exemplary depiction of retention time mapping for TG, PC, and CAR lipid clas

lipid retention time to increase confidence of lipid identification.

(D) Graphical representation of humanWAT lipid molecular species grouped by th
All obtained data were corrected for lipid isotopic patterns

(type I), incomplete isotopic enrichment of deuterated ISTDs

(Figure 3A), and abundances of different ionization adducts (Ta-

ble S3). Since not only the lipid class, but also the fatty acyl chain

composition, in a given lipid will determine its MS response, we

defined acyl-chain-specific response factors for the most abun-

dant and diverse WAT lipid class, TG, that were used to increase

the quantitative accuracy of TG (Figure S5; Table S4). Thus, us-

ing a comprehensive separation strategy coupled to HRAM MS

detection and an in-house-designed ISTDmixture customized to

WAT, we performed semi-absolute quantification of the human

WAT lipidome covering 522 lipid molecular species as well as

215 TGs quantified at the lipid class level, providing the most

detailed semi-quantitative mapping of the human adipose tissue

lipidome to date (Figure 3B; Table S5).

Adipose tissue lipids span a wide concentration range
and display lipid-class-specific fatty acyl signatures
Quantitative analysis of pooled samples of the assessed cohort

enables the investigation of the global human adipose tissue lip-

idome across lean and obeseWAT and, thus, provides a general

view of the composition of the WAT lipidome. Quantified WAT

lipids displayed a huge dynamic range of concentrations

from 12 amol/mg protein (CAR 20:5) up to 8 nmol/mg protein

(TG 52:2), spanning over eight orders of magnitude (Table S5).

Total TG concentration (96.2 nmol/mg protein) within WAT is

overarching other lipid classes by two orders of magnitude,

resembling their role as energy storage lipids. Importantly, con-

centrations of individual TG species ranged over five orders of

magnitude, showing the molecular-species-dependent abun-

dance, with just the 20 most abundant TGs representing over

71%of the total TG amount. Those top 20 TGs contained primar-

ily saturated and monounsaturated fatty acyl chains, with an

average of two double bonds per three acyl chains (Figure 3C).

CEs were the second most abundant lipid class, of which CE

20:4 was the most concentrated (Figure 3F).

Unpolar lipids were followed by PCs, PEs, and SMs. Interest-

ingly, PC and PE lipids showed inverted distribution of the corre-

sponding subclasses (Figure 3D). Thus, diacyl-PCs were z 4.5

times more abundant than ether-PCs, whereas ether-PEs

were z 3 times more abundant than diacyl-PEs. Specifically,

plasmalogen PEs were the most abundant lipid subclass within

PE lipids. Closer inspection of the fatty acyl chain distribution re-

vealed class-/subclass-specific differences. For PC lipids, the

fatty acyl chain abundance was largely similar among acyl-,

alkyl-, and alkenyl-species, whereas for PEs, a higher concentra-

tion of polyunsaturated fatty acids (PUFA)-containing alkenyl-

PEs (plasmalogens) was observed over diacyl-PEs. Interest-

ingly, plasmalogen lipids were previously reported to be
m human WAT

ated, high-confidence lipid library of human WAT.

ble chromatographic resolution to achieve optimal lipidome coverage. LC-MS

aphy (RPC), amphiphilic lipids by C18 RPC, and polar acylcarnitines (CAR) by

ses. Kendrick mass defect to the hydrogen base (KMD[H]) was plotted against

e corresponding lipid class obtained by high-confidence identification strategy.
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Figure 3. Quantitative representation of human WAT lipidome and description of analytical strategy used

(A) Schematic depiction of the quantitative lipidomics workflow.

(B) Quantitative distribution of lipid class and corresponding lipid molecular species within subclasses of human WAT. Total lipid class concentration is repre-

sented by bold lines (SUM), and each single lipid molecular species is represented by thin lines.

(legend continued on next page)
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enriched in brain and heart tissues. Here, we demonstrate that in

human WAT, plasmalogen PEs represent the fourth most abun-

dant lipid class with a total concentration of 11.3 pmol/mg pro-

tein, and the most abundant molecular species of plasmalogen

PEs are rich in PUFA. LysoPC and lysoPE lipids were one order

of magnitude less abundant than PCs and PEs, with acyl chain

composition similar to the corresponding diacyl-species, indi-

cating active lipid remodeling within these PL classes via the

Lands cycle (Figure 3D). Other PLs were detected only as diacyl

species, with PS being the next most abundant class, followed

by PIs and PGs. All minor PL lipids showed fatty acyl chain dis-

tribution characteristic of those classes.24,25 Thus, the most

abundant PS molecular species were PS 18:0_18:1 and PS

18:0_18:2, whereas PIs were rich in FA 20:4. The most abundant

PG was PG 18:1_18:1 (Figure 3D).

DGs and acylCARs displayed quantities in the medium abun-

dance range, illustrating their role as intermediates within lipid

metabolism. Indeed, DG acyl chain distribution was quite similar

to PLs, indicating the role of DGs as structural precursors ofmem-

brane lipids (Figure 3E). The most abundant acylcarnitine was

CAR 2:0, in line with its proposed function as a sink for acetyl

equivalents that accumulates due to the constant energy

surplus to prevent complete coenzyme A (CoA) consumption,

especially in highly metabolically active tissues such asWAT (Fig-

ure 3E)26–28. Other abundant species, CAR 3:0 and CAR 5:0,

possibly originate from branched-chain amino acid oxidation.29,30

Additionally, relatively high concentrations of CAR 16:0, 16:1,

18:0, 18:1, and 18:2 were observed, indicating acylCARs shuttling

medium-chain FAs to mitochondrial b-oxidation.28 This quantita-

tive assessment of CAR species within human WAT further sup-

ports its role as a highly metabolically active organ.

Another lipid class of high metabolic importance often impli-

cated in the development of obesity-related pathologies is ceram-

ides (Cers) (Figure3G).Wefoundpreferential incorporationofsatu-

rated or monounsaturated long- and very-long-chain FAs in Cer

lipids, typical for this lipid class. The most abundant (203 fmol/mg

protein) Cer in human WAT was Cer 34:1;O2, represented by

two isomeric species: Cer 18:1;O2/16:0 and Cer 16:1;O2/18:0.

Cer 18:1;O2/16:0 and corresponding Cer synthase (CerS6) were

previously associated with weight gain and glucose intolerance.31

On the other hand, Cers with sphingoid bases (SPBs) other than

SPB 18:1;O2 are rarely monitored and, thus, usually not re-

ported.31,32Overall,wedemonstratedpreviously unanticipateddi-

versity of Cer subclasses in human WAT. Cers were represented

by species with varying lengths of SPBs, of which SPB 18:1;O2

and SPB 16:1;O2 were the most abundant. Dihydroceramides

(dhCer), precursors in de novo Cer biosynthesis, were concen-

trated one order of magnitude lower than Cers themselves. The

next most abundant Cer subclass was hexosylated Cer deriva-

tives, closely followed by sphingadienine-Cer, a class of lipids

only recently discovered andmonitored in human blood plasma.33

Finally, to our surprise, human WAT was enriched in deoxy-Cer

lipids. This potentially cytotoxic Cer subclass was detected in hu-
(C) Distribution of single TG based on bulk FA chain length (expressed as total c

number, n(DB); red dots).

(D–G) Quantitative distribution of FAs, fatty alcohols, fatty vinyl alcohols, and SPBs

FA concentrations were determined by summing up the concentration of individ
man blood plasma, where it represents aminor (0.1%–0.3%) frac-

tion of total SPBs. Here, WAT contained significant amounts of

deoxy-Cer lipids, corresponding to 12.6% of all Cer subclasses.

Considering the close interconnection of SP metabolic pathways

and already established functional differences of structurally

diverseCer lipids,32,34AdipoAtlassignificantlyenriches thecurrent

knowledge of the human WAT lipid composition.

PUFA-containing TGs are specifically upregulated in
obese WAT
Having a detailed, semi-quantitative map of human WAT in hand,

we compared global lipidome compositions of SAT and VAT from

lean and obese individuals. As expected, we found a statistically

significant upregulationof TGs inobese adipose tissue (Figure4A).

Interestingly, all obesity-upregulated TGs contained at least one

PUFA residue, with FA 20:4, FA 20:5, FA 22:5, and FA 22:6 acyl

chains being the most upregulated PUFAs in that respect (Fig-

ure 4B). Conversely, TG species containing mostly saturated fatty

acid and monounsaturated fatty acid residues were markedly

decreased in the adipose tissue of obese individuals (Figure 4A).

Correlation analysis further confirmed strong co-regulation of

PUFA-TG (Figure 4C), indicating that the observed trend is not

limited to single lipid species but is a general feature of TGs in

obesity. Previously, obesity-driven global accumulation of long-

chain PUFA-containing TGs was demonstrated in murine models

and human biopsies.35–38 Increased activity of the FA elongase

Elovl6 was proposed to play a role as a common phenomenon in

rodentandhumanadipose tissue in response toexcessivenutrient

consumption.38 This suggests that besides upregulation of total

enzymatic FA elongation/desaturation machinery, the generation

of specific TGmolecular species is regulatedduring obesity devel-

opment and opens up the questions of how andwhy specific lipo-

genic enzymes generate distinct TG species and what their role is

in obesity development.

Increase in sphingadienine-containing Cers is a
hallmark of obese adipose tissue
Obesity is one of the main risk factors for the development of

T2DM, precluded by organ-specific or systemic insulin resis-

tance.39 Cers are well-known mediators of insulin resistance,

with Cer levels in different organs reflecting insulin sensitivity

state.34 Here, in the obese adipose tissue, we found a marked

upregulation of Cers with FA 24:1 acyl chains and Cers with

the unusual SPB sphingadienine (SPB 18:2;O2) (Figures 4A

and 4D). Sphingadienine (SPB 18:2;O2) Cers are a (so far) func-

tionally undescribed class, the synthesis of which has been pro-

posed in adipose tissue but not confirmed until now.33 Upregu-

lated sphingadienine Cers contained a diverse range of esterified

acyl chains (from FA 14:0 up to FA 24:0) (Figure 4D). Correlation

analysis showed that there is a strong co-regulation between all

upregulated SPB-18:2;O2-containing Cers (Figure 4B), indi-

cating an increased biosynthesis of this unusual SPB or/and an

increased acylation rate of the sphingadienine base.
arbon number, n(C); black dots) and unsaturation (expressed as double bond

across (D) PLs, (E) acylCARs, (F) CEs and diacylglycerols and, (G) SPs. Plotted

ual species containing a particular fatty acyl chain per lipid subclass.

Cell Reports Medicine 2, 100407, October 19, 2021 7



(legend on next page)

8 Cell Reports Medicine 2, 100407, October 19, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Plasmalogen PLs are a depot-specific signature in
acquired obesity
Encouraged by the fact that AdipoAtlas provided new insights in

the lipidomics signature of obese versus lean adipose tissue, we

next looked at the possible difference in lipid compositions of

obese SAT and VAT depots. Interestingly, a clear discrimination

of SAT and VAT depots was possible based on their respective

plasmalogen PL signatures (Figure 4E). Thus, higher amounts

of plasmalogen PC with long-chain PUFA (e.g., FA 20:4, FA

20:5, FA 22:6) were characteristic of obese SAT, whereas plas-

malogen PEs accumulated in obese VAT. The majority of VAT-

upregulated plasmalogen PEs carried 18-carbon-long fatty

acyl chains (Figure 5B). Differential regulation of plasmalogen

PEs was already indicated in previous studies.37,38,40 Here, we

further demonstrated the involvement of plasmalogen PCs

and, importantly, fatty acyl specificity within the regulated lipid

species.

DISCUSSION

Deep profiling of tissue-specific lipidomes is essential to support

our understanding of human biology by elucidating not only tis-

sue-/organ-specific lipid remodeling mechanisms, but also the

cross-talk between different tissues, its impact on systemic

regulation of the lipid metabolism, and genome-lipid associa-

tions.41 In contrast to robust screening applications necessary

for the analysis of large sample cohorts and potential clinical

translation, deep lipidomics profiling of a particular tissue, organ,

or cell type cannot be performed in a high-throughput manner

and requires rigorous tissue-tailored optimizations and applica-

tion of multiple orthogonal analytical workflows. Here, we pro-

vide the example of an analytical strategy targeting deep lipido-

mic profiling of human WAT, which can be transferred and

adapted for the generation of reference lipidomes from any other

human tissue. The workflow included three main steps to ensure

non-discriminative deep lipidome coverage, providing a qualita-

tive and quantitative inventory of human WAT lipidome:

(1) Tissue-tailored lipid extraction and fractionation to ensure

non-discriminative coverage of all lipid (sub)classes was

optimized by testing several protocols using qHPTLC as

a robust readout method, allowing fast quantitative

assessment of extraction and fractionation efficiencies.

(2) Rigorous identification of lipid molecular species was per-

formed by employing multiple separation (C18 RPC, C30

RPC, HILIC) andMS analysis platforms (±DDA, AcquireX,

PRM). LC-MS/MS analysis of four sample pools (SAT and

VAT from lean and obese individuals) resulted in over 110
Figure 4. Human WAT displays distinct lipidome profiles depending on

The global lipidome was quantified for representative pools of WAT from VAT an

(A) Heatmap displaying statistically significantly regulated lipid molecular specie

(B) Concentration of differentially regulated triacylglycerols (TGs) between obese

(C) Pearson correlation of significantly regulated lipids between lean and obese

(D) Concentration of statistically significantly regulated Cer species between lea

(E) Heatmap displaying statistically significantly regulated lipid molecular specie

(F) Concentrations of PL and plasmalogen PL species that are statistically sign

determined by Student’s t test (FDR adjusted) with a cutoff of p % 0.05 and a m
datasets used for lipid identification. Importantly, identifi-

cation was performed using three independent software

tools and was followed up by manual curation of MS/

MS spectra and retention time mapping. Such a meticu-

lous strategy was rewarded by accurate identification of

over 1600 lipid molecular species, including rarely

resolved ones. For instance, using specific sets of frag-

ment ions and subclass-specific elution order, unambigu-

ous identification of diacyl-, alkyl-, and alkenyl-PC and PE

lipids was achieved. Furthermore, three-dimensional (LC-

MS-MS/MS) curation including control for in-source frag-

mentation artifacts allowed us to uncover the unexpected

diversity of the WAT sphingolipidome. To support accu-

rate lipid identification at the molecular species level, we

provide here a summary of lipid fragmentation patterns

and retention time maps that can be used by other re-

searchers aiming for deep lipidome mapping.

(3) Semi-absolute quantification of humanWATwas based on

lipid-class-specific ISTDs that were carefully selected to

represent the diversity of endogenous lipids. To this end,

a tissue-tailored ISTDmixture was designed and validated.

Quantitative data were processed using several types of

isotopic corrections, adducts, and in-source fragments.

Additionally, response factors accounting for the distribu-

tion of diverse acyl chains in TG lipids were calculated

and applied to enhance the accuracy of the quantification

results. That allowed us to provide semi-quantitative values

for 23 lipid subclasses and to appreciate the extraordinarily

dynamic range of lipid concentrations within and between

different lipid subclasses in human WAT.

Human WAT reference lipidome was reconstructed using

pooled samples representative of SAT and VAT depots from

lean and obese individuals. Although the application of pooled

samples limits a detailed assessment of disease-specific lipid al-

terations, several depot- and phenotype-specific lipid features

became apparent. Accumulation of TG lipids in WAT is a known

hallmark of obesity. AdipoAtlas demonstrated diverse WAT TGs,

represented by 1029 molecular species. Interestingly, TGs were

also characterized by the largest dynamic range of concentra-

tions, with only 20 TGs covering over 70% of the total TG con-

centration. Thus, the most abundant TG, 52:2, corresponded

to 6.8 mg/mg of AT proteins. Although the top 20 most abundant

WAT TGs were mostly saturated (two double bonds per three

acyl chains on average), PUFA-rich TG species were significantly

upregulated in obeseWAT. These results are in line with previous

studies illustrating the enrichment of PUFA TG in obese adipose

tissue.37,38 However, mechanistic understanding of such
WAT depot (VAT versus SAT) and phenotype (lean versus obese)

d SAT depots of lean (n = 5) and obese (n = 81) individuals.

s between the WAT of obese and lean patients.

and lean WAT.

WAT.

n and obese WAT.

s between obese VAT (VAT[ob]) and obese SAT (SAT[ob]) depots.

ificantly regulated between VAT(ob) and SAT(ob). Statistical significance was

inimum fold change R 2.
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Figure 5. Complexity of the human WAT sphingolipidome

(A) Sankey plot displays the concentration of Cer subclasses, its corresponding esterified SPBs, and FAs. Depicted concentrations were calculated by averaging

concentrations ofWAT fromSAT and VAT depots of lean and obese patients in order to reflect the generalWAT sphingolipidome. Length of boxes corresponds to

the determined concentrations.

(B) Differential regulation of sphingosine and sphingadienine SPBs over Cer subclasses in obese (ob) and lean tissues from VAT and SAT depots.

(C) Differential regulation of deoxy-sphingosine and deoxy-sphingadienine SPBs over Cer subclasses in obese (ob) and lean tissues from VAT and SAT depots.

Statistical significance was calculated by ANOVA. *p % 0.05; **p % 0.01; ***p % 0.005.
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specificity remains limited. Using in vitro reconstituted artificial

lipid droplets (LDs), we recently demonstrated that lipid compo-

sition of both the neutral core TGs and the PLmonolayer dictates

the size of artificial LDs.42 Interestingly, higher amounts of PUFA-

TG lead to the formation of much larger LDs, whereas PUFA-PC

had the opposite effect. Thus, it is intriguing to speculate that

elevated levels of PUFA-TGs observed in obese WAT might

correlate with the larger size of the LDs in hypertrophic

adipocytes.

One of themain discoveries provided by AdipoAtlas is the pre-

viously uncovered diversity of WAT sphingolipidomes. SPs, and

especially Cers, recently attracted a lot of scientific attention.

Tissues and blood plasma levels of these lipids emerge as

important predictors of metabolic malfunction in human pathol-

ogies associated with altered lipid metabolism. Cer accumula-

tion was associated with deleterious metabolic outcomes,

including insulin resistance, ectopic lipid accumulation,

apoptosis, and fibrosis.43 Cer biosynthesis and catabolic path-

ways were identified as favorable targets for pharmacological

intervention in metabolic diseases. Thus, knockdown or small-

molecule-based inhibition of serine palmitoyltransferase

(SPTLC), dihydroceramide desaturase 1 (DEGS1), selected iso-

forms of Cer synthases (CerS), as well as overexpression of ce-

ramidases (acid ceramidase and adiponectin receptor) all

showed beneficial effects in metabolically challenged mice.44–47

Elevated Cer levels were found in WAT in obesity and obesity-

associated diseases including T2DM,32 fatty liver diseases,48

and metabolic syndrome.49 Details on Cer tissue depot speci-

ficity (SAT versus VAT) remain less obvious. The majority of the

human studies used either SAT or VAT, and reports directly

comparing SAT and VAT Cer levels are rare. However, current

data indicate the significance of Cer acylated with FA 16:0 as

the molecular species associated with adverse metabolic out-

comes.31 This observation is further supported by transcriptom-

ics analyses showing significant upregulation of CerS6, an iso-

form of Cer synthase preferentially acylating FA 16:0 into Cer,

in WAT of obese individuals.31 It is important to note that most

of the studies reporting Cer levels in human WAT utilize targeted

detection methods that cover only ‘‘classical’’ species (Cer,

dhCer, and sometimes their glycosylated derivatives), in which

SPB 18:1;O2 (sphingosine) is acylated with different fatty acyl

chains. Using our advanced analytical workflow, we demon-

strated that WAT sphingolipidome is more complex, with SPB

18:1;O2 Cer representing only 69.2% of all classical Cers (Fig-

ure 5). AdipoAtlas facilitated the identification of four additional

bases: SPB 16:1;O2 (26.1%), SPB 19:1;O2 (2.6%), SPB

17:1;O2 (2.1%), and SPB 20:1;O2 (0.7%). Both SPB 18:1;O2

and SPB 16:1;O2 were elevated in obese WAT, and their levels

were higher in VAT in comparison to SAT of lean and obese origin

(Figure 5B). Overall, ‘‘classical’’ Cers represent only 40% of total

Cer species quantified in WAT. The next most abundant sub-

class was glycosylated Cer (25%) containing up to three hex-

oses (Hex(n)Cer).

Interestingly, we identified two more highly abundant ‘‘atyp-

ical’’ Cer classes in human WAT: deoxyCer and sphigadieni-

neCer. DeoxyCers are acylated derivatives of 1-deoxy-sphingo-

sine (SPB 18:0;O), synthesized by SPT from palmitate and

alanine instead of serine.50 They are typically considered as toxic
by-products in Cer metabolism, as they can neither be degraded

via classical Cer catabolic pathways nor be converted to SM and

glycoCer species. DeoxyCers were only recently identified in hu-

man adipose tissue, with higher levels in VAT relative to serum,

particularly in obese individuals with T2DM.51 Plasma levels of

deoxyCer were positively associated with age, BMI, and waist-

to-hip ratio,52,53 proposing them as a hallmark of metabolic com-

plications. Interestingly, in plasma, SPB 18:1;O represents only a

minor (0.1%–0.3%) fraction,52 whereas AdipoAtlas revealed

10-times-higher values in human WAT (12.6%) (Figure 5A). This

suggests a significant enrichment of these potentially toxic spe-

cies in WAT, although the exact role of deoxyCers remains to be

uncovered. Previously believed to be mainly of hepatic origin,

deoxyCers were shown to be directly synthesized by adipocytes

during differentiation.51 Thus, AdipoAtlas, as well as recently re-

ported data,51 allows us to propose humanWAT as an important

reservoir and a source of potentially toxic deoxyCer.

SphigadienineCer represented another abundant Cer sub-

class in human WAT (Figure 5). In comparison to ‘‘classical’’

Cer, sphigadienineCers contain one more double bound at the

position D14Z (SPB 18:2;O2). Previously, SPB 18:2;O2 Cers

were shown to reflect metabolic fitness due to an inverse asso-

ciation with homeostatic model assessment for insulin resis-

tance, BMI, and incidence of cardiovascular events.54,55

Although the existence of SPB 18:2;O2 has long been known,

the enzyme (FA desaturase 3; FADS3) responsible for the intro-

duction of D14Z double bond was discovered only recently.33

According to gene expression data from GTEx portal (https://

gtexportal.org/home/index.html), the highest FADS3 expression

levels were found in peripheral nerve, aorta, and WAT. Gender-

specific expression analysis further unraveled the highest

expression of FADS3 in female WAT. So far, sphigadienineCers

were not characterized in adipose tissue. Here, we report that

they represent 19% of all Cer subclasses within human WAT

(Figure 5A). Moreover, 18:2;O2 Cers were elevated in both SAT

and VAT obese depots with significant enrichment of this lipid

class in VAT versus SAT. Importantly, elevated levels of

18:2;O2 Cers represented a specific signature of obese WAT,

showing statistical significance even for the pooled samples uti-

lized in this study (Figure 4D). Although depot- and phenotype-

specific increase in sphigadienineCer displayed the trend similar

to Cer, their fatty acyl chain distribution was somewhat different,

with a lower portion of FA 18:0 acylated into 18:2;O2 Cer in com-

parison to 18:1;O2 Cer. Our results strongly suggest that sphin-

gadieneCer accumulation is a hallmark of obesity. Previously

published data showed significant gender specificity for deoxy-

and sphigadienineCer subclasses, with SPB 18:2;O being more

abundant in men and SPB 18:2;O2 Cer in women. Interestingly,

we observed an inverse correlation between those lipid classes

in lean and obese WAT (Figure 5B), which might be explained by

2/3 prevalence of female WAT donors in our sample pools.

Further analysis of individual samples based on the AdipoAtlas

list will provide deeper insights into gender- and disease-specific

signatures of Cer lipids.

Another emerging class of lipids potentially involved in the

regulation of cellular and systemic lipid homeostasis is etherPL

(ePL), including plasmalogens (pPL). Previously, brain and heart

were identified to be rich in pPL. AdipoAtlas showed that ePC
Cell Reports Medicine 2, 100407, October 19, 2021 11
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and ePE lipids composed 41% of total PCs and PEs. Specif-

ically, we demonstrated that PUFA-rich ePE (40 pmol/mg protein)

represented the fourth most abundant lipid class in humanWAT,

closely following the most abundant PC PLs (62 pmol/mg pro-

tein). We identified depot-specific signatures of ePLs with higher

levels of PUFA pPCs in SAT and enrichment of C18 fatty acyl

chain containing pPEs in VAT. Ether lipids, and plasmalogens

especially, play a central role in lipid quality control, adaptive re-

sponses to the change in lipid saturation levels, and mainte-

nance of membrane fluidity.56 pPEs compose over 20% of inner

leaflets of the plasma membrane,57 making them important

players in membrane remodeling during adipocyte hypertrophic

growth.37 Moreover, levels of circulating plasmalogens were

inversely associated with hypertension, prediabetes, T2DM, car-

diovascular diseases, and obesity.24 Interestingly, inverse co-

regulation of ether lipids and SPs was recently demonstrated,

with depletion of ePL leading to the Cer accumulation and vice

versa.58 AdipoAtlas provides an inventory of ePL molecular spe-

cies including resolved diacyl-, alkyl-, and alkenyl-PLs, which

can be used as a resource for close, targeted follow up of this in-

verse correlation in larger sample cohorts.

However, one should note that many of the observed changes

might reflect adaptive, rather than maladaptive, mechanisms em-

ployed byWAT to escape lipotoxicity. Indeed, it is likely that many

toxic,maladaptive effects observed inobesity andothermetabolic

disordersmight be a result of the initially adaptive responses failed

under the chronic metabolic burden. For instance, reported lipo-

toxic effectsofCersshouldbeseen in theperspectiveofmetabolic

malfunction, deriving from dysregulation of Cer metabolism rather

than original Cer function. Indeed, in conditions of energy over-

supply and constantly increasing flux of FFAs, Cers play an impor-

tant role in preventing uncontrolled distribution of lipotoxic FFAs

characterized by detergent-like (membrane lysis) activities. Cers

were reported to promote safe FFA translocation via CD36 and

to increase FFA incorporation into TGs by increasing TG synthesis

anddecreasing lipolysis rates.59Cersarealso linkedwithdecrease

inmitochondrial efficiency, possibly via induction ofmitochondrial

fission, leading to higher consumption of FA substrates per unit of

ATP production and thus allowing cells to utilize higher amounts

of FAs at the condition of excess energy supply. The role of Cers

in inhibition of insulin signaling is usually seen as a negative effect.

However, it is interesting to speculate that the initial effect of Cers

on the inhibition of Akt signaling via protein kinase C zeta and pro-

tein phosphatase 2A, leading to ‘‘selective’’ insulin resistance in

response to glucose, is an adaptivemechanism further promoting

FFA utilization. The adaptive role of Cer synthesis in the condition

ofFFAoversupply isadditionallysupportedby thepresenceof reg-

ulatory feedback loops.59Thus,controlledactivationof lipolysis via

b-adrenergic stimulation and adiponectin signaling leads to the in-

hibition of Cer synthesis and increases their degradation, respec-

tively. However, in conditions of continuous oversupply of FFAs

(energy-rich diet and increased de novo lipogenesis), adaptive

Cer signaling and its feedback regulation will fail, leading to ‘‘full’’

insulin resistance, pro-inflammatory signaling, and, ultimately,

apoptosis as the last option of defense and safe disposal of over-

whelming amounts of detergent-like FFA.

Overall, deep lipidomic profiling allowed us to reconstruct hu-

man WAT reference lipidome. AdipoAtlas provides an inventory
12 Cell Reports Medicine 2, 100407, October 19, 2021
of over 1600 lipidmolecular species from23 lipid (sub)classes for-

tified by their semi-quantitative values in two WAT depots (SAT

and VAT) from lean and obese individuals. That allowed us to

demonstrate an amazing diversity of adipose tissue lipids together

with an assessment of their quantities between and within lipid

classes. Several important lipid signatures characteristic of

obesity were discovered or reproduced, pointing out the qualita-

tive and quantitative accuracy of the applied methodology. Adi-

poAtlas is freely available for all researchers interested in WAT

biology and can be further used to design human-WAT-specific

high-throughput experiments targeting quantification of any given

lipid (sub)class in large sample cohorts. Moreover, AdipoAtlaswill

provide currently missing scaffolding for systems biology integra-

tion of lipidomics data via reconstruction of lipid-centric genome

scale metabolic models, linking big omics data with identification

of disease characteristic metabolic, and signaling pathways.

Limitations of the study
Tissue pools used in the study proved to be useful for in-depth

characterization of human WAT lipidome. However, this refer-

ence lipidome does not account for the age and gender

variability within human populations. Furthermore, data on the

inter- and even intra- (longitudinal) individual variability need to

be provided in the future to reflect WAT remodeling upon obesity

development. Measurement of WAT lipidomes in individual sam-

ples using large clinical cohorts has to be performed to address

these limitations. Further integration of lipidomics data with tran-

scriptomics and/or proteomics results will amplify the utility of

AdipoAtlas as a resource.
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J., Ruskeepää, A.L., et al. (2011). Association of lipidome remodeling in

the adipocyte membrane with acquired obesity in humans. PLoS Biol. 9,

e1000623.

38. Liesenfeld, D.B., Grapov, D., Fahrmann, J.F., Salou, M., Scherer, D., Toth,
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Cer/Sph Mixture I Avanti Polar Lipids Inc. LM6002-1EA

Cer 18:0;O3/16:0 Avanti Polar Lipids Inc. 860617P

Cer 18:0;O3/8:0 Avanti Polar Lipids Inc. 860609P
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Cer 18:1;O2/17:0,O[2R-OH] Avanti Polar Lipids Inc. 860817P

Cer 18:1;O/6:0 Cayman Chemical Cay25493-500
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LPE 18:1 Avanti Polar Lipids Inc. 846725
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TG 14:1/14:1/14:1 Nu-Chek Prep Inc. T-205

TG 16:1/16:1/16:1 Nu-Chek Prep Inc. T-215

TG 16:0/16:0/18:1 Larodan Inc. 34-1602

Liquid and thin-layer chromatography equipment

HybridSPE� – Phospholipid, 30 mg/1 ml Merck KGaA 55261-U

Strata� NH2, 55 mm, 70 Å, 200 mg/3 ml Phenomenex Inc. 8B-S009-FBJ

Accucore C30 column (150 3 2.1 mm;

2.6 mm, 150 Å)

Thermo Fisher Scientific 27826-152130

Accucore C18 column (150 3 2.1 mm;

2.6 mm, 150 Å)

Thermo Fisher Scientific 16126-152130
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Solvents and additives
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Chloroform (Emsure�) Sigma Aldrich 1024451000

Methyl-tert-butyl-ether (R99%) Sigma Aldrich 34875

Ammonium formate (MS grade) Sigma Aldrich 70221

Ammonium acetate (MS grade) Sigma Aldrich 73594

Ethanol (Rotisolv�) Carl Roth GmbH+Co. KG P076.1

Acetone (R99.9%) Carl Roth GmbH+Co. KG KK40.1

n-hexane (Rotisolv�, HPLC) Carl Roth GmbH+Co. KG 7339.2

Acetic acid (100%, p.a.) Carl Roth GmbH+Co. KG 3738.2

Software and algorithms

LipidHunter 21 https://github.com/SysMedOs/lipidhunter

LipoStar 22 https://moldiscovery.com/software/lipostar/

LipidSearchTM Thermo Fisher Inc. IQLAAEGABSFAPCMBFK

Merging identification lists from various

software tools

This paper https://github.com/SysMedOs/AdipoAtlasScripts

OriginPro 2017 OriginLab Corp. https://www.originlab.com/index.aspx?go=Products/

Origin/2017&pid=3240

Graphpad Prism Version 5.02 GraphPad Software https://graphpad.com

Metaboanalyst 60 https://www.metaboanalyst.ca/

Deposited data

Raw and analyzed data Raw data https://massive.ucsd.edu/ProteoSAFe/static/massive.

jsp (MSV000086729); https://metabolomicsworkbench.

org (http://www.metabolomicsworkbench.org/data/

DRCCMetadata.php?Mode=Project&ProjectID=PR001112)

Biological samples

Visceral and subcutaneous white adipose

tissue biopsies of lean and obese patients

Leipzig Obesity BioBank N/A
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Fedorova (maria.fedorova@tu-dresden.de)

Materials availability
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Data and code availability

All raw lipidomics data have been deposited at https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp and https://meta
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Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Samples of human white adipose tissue from a total of 86 donors were kindly provided by Matthias Bl€uher as a part of Leipzig

Obesity BioBank. Tissue collection was approved by the Ethics committee of the University of Leipzig (approval number: 159-

12-21052012) and all subjects gave written informed consent before taking part in the study. Removed tissue samples were

flash frozen in liquid nitrogen and stored at �80�C until further analysis. For the purpose of this study, we included adipose

tissue samples from abdominal visceral (VAT) and subcutaneous (SAT) fat depots of lean (n = 5; BMI = 23.1 ± 1.5 kg/m2;

age = 68 ± 10.9 y; male/female = 3/2) and obese (n = 81; BMI = 45.1 ± 1.2 kg/m2; age = 45 ± 2.2 y; male/female = 26/55) in-

dividuals from Caucasian population. Representative tissue pools were generated according to depot and phenotype specificity

(Figure 1A).

METHOD DETAILS

Sample preparation
75mg (for workflow optimization) or 50mg (for LC-MS analysis) of frozen adipose tissue (AT) were cut on ice and collected into Lysing

Matrix tubes containing ceramic beads (lysing matrix D, (1/8’’), 2 ml, MP Biomedicals, Eschwege, Germany). All the applied solvents

were supplemented with 0.1% (w/v) BHT and extraction was performed on ice. Extraction ratio AT [mg] / Extraction solvent [mL] was

10. For LC-MS analysis in-house designed WAT Lipid Standards Mixture (100 mL, in CHCl3/MeOH (2:1, v/v); Table S2) was spiked

before homogenization.

Lipid extraction
Folch method

AT was homogenized in 1 mL of MeOH by FastPrep24TM 5G (3x30s, Lysing Matrix D) with cooling on ice after each homogenization

round. Homogenate were transferred into glass tubes (11.5 mL, round bottom culture tubes, VWR) using glass Pasteur pipettes.

Beads and lysing tubes were washed with MeOH (400 mL) and CHCl3 (1000 mL), solution was transfer into glass tube. CHCl3
(1.8 mL) was added (to reconstitute ratio CHCl3/MeOH = 2:1, v/v). Mixture was incubated on the roller mixer (4�C, 1 h, 210 rpm),

and H2O (840 mL) was added (to reconstitute ratio CHCl3/MeOH/H2O = 8:4:3, v/v), incubated on roller mixer (4�C, 10 min,

210 rpm), and centrifuged to achieve phase separation (4�C, 10 min, 2000 x g). ThelLower phase was collected. Extracts were dried

in vacuo (Eppendorf concentrator 5301, 1 mbar).

Methyl tert-butyl ether (MTBE) method

AT was homogenized in 1 mL of MeOH by FastPrep24TM 5G (3x30s, Lysing Matrix D mode) with cooling on ice after each homog-

enization round. Homogenate were transferred into glass tubes (11.5 mL, round bottom culture tubes, VWR) using glass Pasteur pi-

pettes. Beads and lysing tubes were washed with MTBE (1000 mL), and the solution was transferred to a glass tube. MTBE (3.95 mL)

and MeOH (500 mL) were added (to reconstitute ratio MTBE/MeOH = 3.3:1, v/v). Mixture was incubated on roller mixer (4�C, 1 h,

210 rpm), and H2O (1240 mL) was added (to reconstitute ratio MTBE/MeOH/H2O = 3.3:1:0.8, v/v), incubated on roller mixer (4�C,
10 min, 210 rpm), and centrifuged to achieve phase separation (4�C, 10 min, 2000 3 g). Upper organic phase with collected with

Pasteur pipette. Re-extraction was done by adding MTBE/MeOH/H2O (1.95 mL; 10:3.3:2.5, v/v) with subsequent incubation on

the roller mixer (4�C, 10 min, 210 rpm) and centrifugation (4�C, 10 min, 2000 3 g) to achieve phase separation. Organic phases

were combined and dried in vacuo (Eppendorf concentrator 5301, 1 mbar).

Hexane/i-PrOH/HOAc method

AT was homogenized in 1 mL of MeOH by FastPrep24TM 5G (3x30s, Lysing Matrix D mode) with cooling on ice after each homog-

enization round. Homogenate were transferred into glass tubes (11.5 mL, round bottom culture tubes, VWR) using glass Pasteur pi-

pettes. Beads and lysing tubes were washed with hexane (Hex; 1000 mL), solution was transfer to glass tube. Hex (350 mL), i-PrOH

(350 mL), HOAc (105 mL; 100%, Roth), and H2O (1.125 mL) were added to glass tube (to reconstitute ratio HOAc/i-PrOH/Hex =

2:20:30, v/v; Mix/H2O = 2.5:1, v/v). Mixture was incubated on a roller mixer (4�C, 1 h, 210 rpm), Hex (3.75 mL) was added, incubate

on the roller mixer (4�C, 10 min, 210 rpm), and centrifuged to achieve phase separation (4�C, 10 min, 2000 x g). Upper organic phase

was collected with Pasteur pipette. Re-extraction was done by adding Hex (3.75 mL) with subsequent incubation on the roller mixer

(4�C, 10 min, 210 rpm), and centrifugation (4�C, 10 min, 2000 x g) to achieve phase separation. Organic phases were combined and

dried in vacuo (Eppendorf concentrator 5301, 1 mbar).

Protein concentration determination

Aqueous phases after lipid extraction were dried in vacuo (Eppendorf concentrator 5301, 1 mbar), redissolved in the buffer con-

taining 7 M urea, 2 M thiourea, 1% sodium deoxycholate, 50 mM Tris-HCl, pH 7.5 and protein concentration was determined by

Bradford assay.61
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Lipid fractionation
Liquid-liquid extraction (LLE)62

AT lipid extract corresponding to 20 (for workflow optimization) or 45mg (for LC-MS analysis) of ATwas dried in a glass tube (11.5mL,

round bottom culture tubes, VWR). Hex (4.5 mL) and EtOH/H2O (1.5 mL, 87:13, v/v) were added, tubes were vigorously vortexed

(Tube A). Separated EtOH/H2O phase was transferred into second glass tube containing 4.5 mL Hex (Tube B), vigorously vortexed,

and the resulting EtOH/H2O phase was transferred into an empty glass tube (Tube C). New portion of EtOH/H2O (1.5 mL, 87:13, v/v)

was added to the remaining Hex phase in Tube A, vortexed and transferred to Tube B, vortexed again and transferred to Tube C. This

procedure was repeated six more times (in total eight times of EtOH/H2O extraction from the original Hexane fraction). All collected

EtOH/H2O phases were combined and dried in vacuo (Eppendorf concentrator 5301, 1 mbar).

Zr-SPE63

Dry AT lipid extract corresponding to 20mg of AT dissolved in CHCl3/MeOH (150 mL; 2:1, v/v). Formic acid (0.1% v/v) acidifiedMeCN

(900 mL) was added. Solution was loaded onto dry SPE cartridge (HybridSPE� – Phospholipid, 30 mg/1 ml, Lot: 4800102, Supelco),

washed subsequently with formic acid (0.1% v/v) acidified MeCN (1 mL), MeCN (1 mL), and eluted with MeCN containing 5% (w/v)

NH4OH (2 3 1 mL). Eluates were dried in vacuo (Eppendorf concentrator 5301, 1 mbar).

LipFracSPE (based on64 with modifications)

Dry AT lipid extract corresponding to 20 mg of AT dissolved in CHCl3/MeOH (300 mL; 2:1, v/v). SPE cartridge (Strata� NH2, 55 mm,

70 Å, 200mg/3ml, Lot: S17-003383, Phenomenex) was conditionedwith Hexane (6mL), and equilibrated with CHCl3 (6mL). AT lipids

were loaded, and eluted subsequently with CHCl3/i-PrOH (2:1, v/v, 15 mL, unpolar fraction), Et2O/HOAc (100:2, v/v, 5 mL, fatty acids

fraction), MeOH (5 mL, neutral phospholipids fraction) and Hex/i-PrOH/EtOH/0.1 M NH4OAc (420:350:100:50, v/v + 5% HOAc (v/v),

5 mL, acidic phospholipids fraction). Acidic phospholipids fraction was neutralized by adding NH4OH (25%; w/v; 0.75 mL), followed

by the addition of H2O (0.3 mL) and CHCl3 (1 mL). Mixture was centrifuge (3 min, RT, 20003 g) to induce phase separation, and lower

organic phase was collected. Re-extraction was done by adding CHCl3 (23 1mL) with subsequent centrifugation (3 min, RT, 20003

g). Organic phases were combined and dried in vacuo (Eppendorf concentrator 5301, 1 mbar).

Phospholipid quantification by 31P-NMR spectroscopy65

Dried lipid extracts were resuspended in buffer containing 200 mM sodium cholate, 5 mM EDTA, 50 mM Tris-HCl, pH 7.65

(500 mL) by vigorous vortexing for 2 min. Samples were placed in 5 mm NMR tubes and 31P-NMR spectra were recorded on

a Bruker DRX-600 spectrometer operating at 242.88 MHz. All measurements were performed using a selective 31P/1H NMR

probe at 37�C with composite pulse decoupling (Waltz-16) to eliminate 31P–1H coupling. Pulse intervals of the order of T1
were used to allow quantitative analysis of phospholipid integral intensities. Other NMR parameters were as follows: acquisition

time 1 s, data size 8–16 k, 60� pulse, pulse delay 2 s and a line-broadening (LB) of 1 Hz. Chemical shifts were referenced to the

resonance of di-lauroyl-phosphatidic acid that was added as concentration and frequency standard. Further details are avail-

able in.66

Quantitative high performance thin layer chromatography (qHPTLC)
Unpolar lipids

AT lipid extracts were dissolved in CHCl3/MeOH (2:1, v/v), and an amount corresponding to 1-10 mg ATwet weight were loaded using

Camag Linomat 5 (Camag, Switzerland) on TLC plates (HPTLC silica gel 60, 20x10 cm, Merck). On each plate 7 dilutions of unpolar

lipid TLC standards were loaded for quantitative lipid class specific calibration (Table 1). Plates were developed using hexane/Et2O/

HOAc (8:2:1, v/v). Dried TLC plates were immersed in acetone/H2O (8:2, v/v) containing primuline (0.05%, w/v) for 5 s (Camag Chro-

matogramm Immersion Device III). Images were acquired with a CCD camera (Bio-Rad ChemiDoc MP, Bio-Rad) using the primuline

fluorescence (Ex: Blue Epi light illumination; Em: Filter 530/28). Densitometric analysis was performed with Image Lab (Version 5.2.1,

Bio-Rad).

Polar lipids

AT lipid extract polar fractions were dissolved in CHCl3/MeOH (2:1, v/v), and amount corresponding to 1-5 mg AT wet weight were

loaded using Camag Linomat 5 (Camag, Switzerland) on TLC plates (HPTLC silica gel 60, 20x10 cm,Merck). On each plate 7 dilutions

of polar lipid TLC standards were loaded for quantitative lipid class specific calibration (Table 1). Plates were developed using CHCl3/

EtOH/TEA/H2O (5:5:5:1, v/v). Dried TLC plates were immersed in acetone/H2O (8:2, v/v) containing primuline (0.05%, w/v) for 5 s

(Camag Chromatogramm Immersion Device III). Images were acquired with a CCD camera (Bio-Rad ChemiDoc MP, Bio-Rad) using

the primuline fluorescence (Ex: Blue Epi light illumination; Em: Filter 530/28). Densitometric analysis was performed with Image Lab

(Version 5.2.1, Bio-Rad).

Liquid-extraction static acquisition mass spectrometry

TLC plates were analyzed by using a TLC spot extraction system (Plate Express, Advion) coupled online to electrospray (ESI) Ion-

Trap (IT) MS (amaZon SL, Bruker). TLC spots were extracted using pure MeOH as extraction solvent. ESI-IT parameter were as fol-

lows: electrospray voltage: 5.5 kV, end plate offset: 500 V; nebulizer gas: 7 psi; dry gas: 3 L/min; capillary temperature: 240�C; sheath
gas (He) flow rate: 25 arbitrary units. Spectra were acquired in enhanced resolution mode and recorded in either positive or negative

polarity. A maximum ionization time of 50 ms was applied. Data were subsequently analyzed using DataAnalysis (Bruker Daltonics,

Bremen, Germany)
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Table 1. Unpolar lipid TLC standards used for qHPTLC lipid-class-specific quantification

Unpolar lipid TLC-ISTD

Lipid Calibration range [nmol]

TG 16:0/16:0/

18:1

36.00 18.00 7.20 3.60 1.80 0.36 0.18

FC 77.59 38.79 15.52 7.76 3.88 0.78 0.39

DG 16:0/16:0/0 52.73 26.37 10.55 5.27 2.64 0.53 0.26

CE 18:0 45.79 22.90 9.16 4.58 2.29 0.46 0.23

FA 18:1 106.21 53.10 21.24 10.62 5.31 1.06 0.53

Polar lipid TLC - ISTD

Lipid Calibration range [nmol]

TG 16:0/16:0/

18:1

36.00 18.00 7.20 3.60 1.80 0.36 0.18

PC 16:0/18:1 39.47 19.73 7.89 3.95 1.97 0.39 0.20

PA 16:0/18:1 43.05 21.52 8.61 4.30 2.15 0.43 0.22

FA 18:1 106.21 53.10 21.24 10.62 5.31 1.06 0.53

LPC 18:1 57.51 28.75 11.50 5.75 2.88 0.58 0.29

LPE 18:1 62.55 31.28 12.51 6.26 3.13 0.63 0.31

PE 16:0/18:1 41.78 20.89 8.36 4.18 2.09 0.42 0.21

PS 16:0/18:1 37.98 18.99 7.60 3.80 1.90 0.38 0.19

SM 18:1;O2/18:1 41.15 20.57 8.23 4.11 2.06 0.41 0.21

Article
ll

OPEN ACCESS
Chromatography
Unpolar lipid separation (C30 RPC)

Total lipid extracts (represented mostly by triacylglycerols) were reconstituted in CHCl3/MeOH (2:1, v/v), required amount was

transferred into HPLC vials and dried in vacuo. The dried lipids were reconstituted in i-PrOH/CHCl3 (1:1, v/v) to a concentration of

2.5 mgtissue/mli-PrOH and 5 ml ( = 12.5 mgtissue) were loaded onto the column. Triacylglycerols were separated by reversed phase liquid

chromatography (RPLC) on a Thermo Scientific Vanquish Horizon UHPLC system (Thermo Fisher Scientific, Germering, Germany)

equipped with an Thermo Scientific Accucore C30 column (150 3 2.1 mm; 2.6 mm, 150 Å, Thermo Fisher Scientific, Sunnyvale,

USA). Lipids were separated by gradient elution with solvent A (MeCN/H2O, 1:1, v/v) and B (i-PrOH/MeCN/H2O, 85:10:5, v/v) both

containing 5 mM NH4HCO2 and 0.1% (v/v) formic acid. Separation was performed at 50�C with a flow rate of 0.3 mL/min using

the following gradient: 0-5 min – 50 to 80% B (curve 5), 5-22 min – 80 to 95% B (curve 4), 22-26 min – 95% isocratic, 26-27 min –

95 to 100% B (curve 5), 27-47 min – 100% B isocratic, 47-47.1 min – 100 to 50% B followed by 8 min re-equilibration at 50% B.

Polar lipid separation (C18 RPC)

Polar lipid fraction was reconstituted in CHCl3/MeOH (2:1, v/v), required amount was transferred into HPLC vials and dried in vacuo.

The dried lipids were reconstituted in pure i-PrOH to a concentration of 0.5 mgtissue/mli-PrOH and 5 ml ( = 2.5 mgtissue) were loaded onto

the column. Polar lipid fractions (lyso-/phospholipids, sphingolipids, diacylglycerols) were separated by reversed phase liquid chro-

matography (RPLC) on a Vanquish Horizon UHPLC system (Thermo Fisher Scientific, Germering, Germany) equipped with an

Thermo Scientific Accucore C18 column (1503 2.1mm; 2.6 mm, 150 Å, Thermo Fisher Scientific, Sunnyvale, USA). Lipids were sepa-

rated by gradient elution with solvent A (MeCN/H2O, 1:1, v/v) and B (i-PrOH/MeCN/H2O, 85:10:5, v/v/v) both containing 5 mM

NH4HCO2 and 0.1% (v/v) formic acid. Separation was performed at 50�C with a flow rate of 0.3 mL/min using following gradient:

0-20 min – 10 to 86% B (curve 4), 20-22 min – 86 to 95% B (curve 5), 22-26 min – 95% isocratic, 26-26.1 min – 95 to 10% B (curve

5) followed by 5 min re-equilibration at 10% B.

Acylcarnitine separation (Si HILIC)

Polar lipid fraction was reconstituted in CHCl3/MeOH (2:1, v/v), required amount was transferred into HPLC vials and dried in vacuo.

The dried lipids were reconstituted in pure i-PrOH to a concentration of 0.5 mgtissue/mli-PrOH and 5 ml ( = 2.5 mgtissue) were loaded onto

the column. Acylcarnitines were separated by hydrophilic interaction chromatography (HILIC) on a Vanquish Horizon UHPLC system

(Thermo Fisher Scientific) equipped with an Acquity UPLC BEH HILIC Si column (1003 1.0 mm; 1.7 mm, 130 Å, Waters Corp.). Lipids

were separated as described previously67 by gradient elution with solvent A (MeCN/H2O, 96:4, v/v) and B (H2O) both containing 7mM

NH4OAc. Separation was performed at 40�Cwith a flow rate of 0.15 ml/min using following gradient: 0-10 min – 0 to 10%B (curve 5),

10-10.1 min – 10 to 0% B (curve 5) followed by 5 min re-equilibration at 0% B.

Mass spectrometry

Each sample was analyzed on different LC-MS platforms. High resolution accurate mass (HRAM) orbitrap based MS was employed

in combination with C18 and C30 RPC, or HILIC chromatographic separation. Overall, 111 LC-MS/MS analysis were performed for

WAT lipids identification.
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Data dependent acquisition on Q Exactive Plus Hybrid Quadrupole Orbitrap mass spectrometer
C18, C30 RPC and HILIC were coupled on-line to Thermo Scientific Q Exactive Plus Hybrid Quadrupole Orbitrap mass spectrometer

(Thermo Fisher Scientific, Bremen, Germany) equipped with a HESI probe. Mass spectra were acquired in positive and negative

modes with the following ESI parameters: sheath gas – 40 a.u., auxiliary gas – 10 L/min, sweep gas – 1 L/min, spray voltage –

3.5 kV (positive ion mode); �2.5 kV (negative ion mode), ion transfer temperature - 300�C, S-lens RF level – 35% and aux gas heater

temperature – 370�C. For polar, unpolar lipids and acylcarnitines identification data were acquired in data dependent acquisition

(DDA) modes with survey scan resolution of 140 000 (at m/z 200), AGC target 1e6 Maximum IT 100 ms in a scan range of m/z

350-1200 (380-1200 for unpolar lipids, 150-1200 for acyl carnitines). Data dependent MS2 were acquired with a resolution settings

of 17 500 at 200 m/z, AGC target 1e5 counts, Maximum IT 60 ms, loop count 15, isolation window 1.2 m/z and stepped normalized

collision energies of 10, 20 and 30% (15, 20 and 30% for unpolar lipids). A data dependent MS2 was triggered when an AGC target of

2e2 (2e3 for unpolar lipids, 2e1 for acyl carnitines) was reached followed by a Dynamic Exclusion for 10 s. All isotopes and charge

states > 1 were excluded. All data was acquired in profile mode.

Data dependent acquisition on Orbitrap Fusion Lumos Tribrid mass spectrometer
C30 RPCwere coupled on-line to Thermo Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, San

Jose, USA) equipped with a HESI probe. Mass spectra were acquired in positive and negative modes with the following ESI param-

eters: sheath gas – 40 L/min, auxiliary gas – 10 L/min, spray voltage – +3.5 kV and�2.8 kV, capillary temperature – 250�C, S-lens RF
level – 25 and aux gas heater temperature – 320�C. Data was acquired in data dependent acquisition mode with survey scan reso-

lution of 120 000 (at m/z 200), AGC target 4e5, Maximum IT 100 ms in a scan range of m/z 500-950. Data dependent MS2 spectra

were acquired with the following settings: automatic gain control target: 4e5 counts; max. injection time: 100 ms. The filters used

wereMIPS (small molecule), precursor selection range (500-950), charge state (1), dynamic exclusion (exclusion duration 8 s, exclude

isotopes, mass tolerance ± 5 ppm) and target exclusion (polarity specific). MS/MS spectra were acquired in the Ion Trap mass

analyzer at rapid scan rate (HCD, stepped collision energy: 10, 20, 30%; Isolation Window: 1.2 m/z; automatic gain control target:

2e4 counts; max. injection time: 35 ms, centroid data type).

Acquire X on Orbitrap Fusion Lumos Tribrid mass spectrometer for in-depth triacylglycerol identification
Deep scan AcquireX Intelligent Data Acquisition Technologymethodwas used to ensure in-depth identification of AT triacylglycerols.

Two instrument methods were used – Full MS and ddMS4. The exclusion override factor was set to 10 and [M+H]+, [M+NH4]
+,

[M+Na]+ were selected as preferred ions. Three solvents blank replicate were analyzed before sample injection and the latest was

used as exclusion reference. Injection volume was always 1 mL. A Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher

Scientific, San Jose, USA) using a HESI source was operated in positive ion mode using the following parameters: spray voltage

– +3.5 kV, ion transfer tube temperature – 250�C, sheath gas – 30 arbitrary units, aux gas – 10, sweep gas – 1, arbitrary units, vaporizer

temperature – 300�C. Full MS were performed by the Orbitrap mass analyzer, operated at a resolution setting of 120,000 form/z 200,

scan range of m/z 500–1200, AGC target 4e5 counts, maximum IT 100 ms, RF level: 25%, data type profile, EASY-IC internal cali-

bration. For MS/MS resolution setting of 15,000 for m/z 200, HCD (collision energy: 20, 35, 50%), isolation window of 1.2 m/z, AGC

target 2e4, Maximum IT 40 ms, data type centroid were used. The filters used were MIPS small molecule, precursor selection range

(m/z 500-1200), charge state 1, dynamic exclusion for 6 s, exclude isotopes, mass tolerance ± 10 ppm, and Xcalibur Acquire X gener-

ated exclusion and inclusion lists (mass tolerance 25 ppm). The MS3 and relative MS4 spectra were acquired only for ions which

fulfilled the two following filters: acquisition neutral loss ion trigger and loss trigger (list of FA, tolerance ± 20 ppm). MS3 spectra

were acquired in the orbitrap mass spectrometer at resolution settings of 15000 for m/z 200 (HCD, Collision Energy: 35%; Isolation

Window: 1; automatic gain control target: 2e4 counts; max. injection time: 25 ms, centroid). MS4 analysis were performed in the ion

trap at normal scan rate (CID, Collision Energy: 30%; Activation time: 10 ms; Activation Q: 0.25, Isolation Window: 1; automatic gain

control target: 2e4 counts; max. injection time: 35 ms, centroid).

Targeted identification of cholesteryl esters
The total lipid extract (unpolar fraction) was analyzed via C30 RPC coupled on-line to a Q Exactive Plus Hybrid Quadrupole Orbitrap

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a HESI probe. Mass spectra were acquired in pos-

itive mode with the following ESI parameters: sheath gas – 40 au, auxiliary gas – 10 au, sweep gas – 1 au, spray voltage – 3.5 kV, ion

transfer temperature – 300�C, S-lens RF level – 35%and aux gas heater temperature – 370�C. For cholesteryl ester identification data
were acquired in parallel reaction monitoring (PRM) mode. An inclusion list of the ammoniated adducts of 36 cholesteryl esters

covering the range of fatty acids from 2 up to 22 carbons and 0 to 6 double bonds was employed. PRM data was acquired with a

resolution setting of 17 500 at 200m/z, AGC target 2e5 counts, Maximum IT 200ms, isolation window 1.2m/z and a normalized colli-

sion energy of 20% in profile mode.

Co-elution of short chain TGs, MGs, and acylcarnitine’s with corresponding internal standards
The retention behavior of short chain TGs, MGs and acylcarnitines was additionally studied in C18 RPC for verification of their iden-

tification. The short chain TGmixture TAG-MIX-10 (Larodan, Solna, Sweden) was dissolved in CHCl3/MeOH (2:1, v/v) and an amount

corresponding to 2.5 mg total TG was transferred to an HPLC vial and dried in vacuo. Dried TAGs were redissolved in pure i-PrOH
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(100 mL) and 5 mL were injected. TAGs were chromatographically separated by C18 RP and analyzed by MS in DDA mode as

described above (Figure S2).

The MG mixture MAG-MIX-1 (Larodan, Solna, Sweden) was dissolved in CHCl3/MeOH (2:1, v/v) and an amount corresponding to

1.5 mg total MGwas transferred to anHPLC vial and dried in vacuo. DriedMGswere redissolved in pure i-PrOH (100 mL) and 5 mLwere

injected. MGs were chromatographically separated by C18 RP and analyzed by MS in DDA mode as described above (Figure S2).

The non-deuterated acylcarnitine mixture NSK-B-US-1 (Cambridge Isotope Laboratories, Inc., Tewksbury, Massachusetts, USA)

was dissolved in 1 mL CHCl3/MeOH (2:1, v/v) and 75 mL were transferred to an HPLC vial and dried in vacuo. Dried acylcarnitines

were redissolved in pure i-PrOH (75 mL) and 5 mL were injected. Acylcarnitines were chromatographically separated by C18 RP or

HILIC and analyzed by MS in DDA mode as described above (Figure S2).

Lipid identification
DDA and Acquire X LC-MS/MS datasets were used for lipid molecular species identification. Identification strategy relied on three

independent software tools followed by manual annotation.

LipidSearch
Lipids were identified using Thermo Scientific LipidSearch software version 4.1 SP1 using the following key processing parameters:

target database – general, precursor tolerance ± 5 ppm, product tolerance ± 20 ppm, product ion threshold 5%, m-score threshold

1, Quanm/z tolerance ± 5 ppm, Quan RT (retention time) range ± 0.5 min. According to the lipid class, the ion mode and the structure

of the lipids the results where filtered according to the ‘‘Grades.’’ (Lyso)phospholipids were identified with Grade A (diacyl forms) and

Grade B (ether forms). Sphingomyelins were accepted at Grade C. Ceramides were used after filtering with Grade A and Grade C for

corresponding water loss ions, and TG/DG lipids were identified with Grade A only.

LipidHunter21

LipidHunter 2 RC source code version was used (https://github.com/SysMedOs/lipidhunter) to identify phospholipids in negative

mode ([M+HCOO]- for PC and [M-H]- all others) and glycerolipids ([M+NH4]
+) in positive mode. Raw files were converted into

mzML format using MSConvert from Proteowizard project (version 3.0.9134). Lipids were identified using the following parameters:

mass accuracy at MS level - 5 ppm, MS intensity threshold - 3e3 counts, mass accuracy at MS/MS level - 20 ppm, MS/MS intensity

threshold - 100 counts. Identifications were filtered for isotopic score R 75, and rank score R 30. The white list of considered fatty

acyl chains included 123 fatty acids corresponding to the LipidSearch default configuration file ‘‘FattyAcidDefinition.xml’’ for inter-

software compatibility. Weight Factors assigned to each FA neutral loss fragment ions were 40, 48 and 30% for PLs, DGs and TGs,

respectively. The identification results were reviewed using interactive HTML report. The table output files from LipidHunter were

filtered and merged. Additional filters applied for PLs identification included: isotope scoreR 80, rank scoreR 40, both FA residues

identified (for O/P- containing PLs, only one FA residue should be present, rank scoreR 30). For DGs and TGs, all FA residues have to

be identified, the isotope score filter was set to R 85.

Lipostar22

Lipostar (version 1.0.6, Molecular Discovery, Hertfordshire, UK) equipped with LIPID MAPS structure database (version December

2017) was used. The raw files were imported directly, and aligned using default settings. Automatic peak picking was performed with

SDA smoothing level set to low and minimum S/N ratio 3. Automatic isotope clustering settings were set to 7 ppm with RT tolerance

0.2 min. An ‘‘MS2 only’’ filter was applied to keep only features with MS/MS spectra for identification. Following parameters were

used for lipid identification: 5 ppm precursor ion mass tolerance and 10 ppm product ion mass tolerance. The automatic approval

was performed to keep structures with quality of 3-4 stars. Identification results of each lipid class were exported separately into

3 files using the Lipostar export function: feature table, best 3 matches of each feature (with check chain fragments enabled), and

all approved matches. Exported tables were used for additional filtering and generation of merged identification list. For all classes,

a fragmentation score filter of 60 and at least 2 fragment matches were applied (for TG at least 3 fragment matches).

Merge of identification results
Results of software assisted lipid identification weremerged, and only lipids fulfilling the following parameter were kept in the final list:

lipid must be identified by at least two software, within DRT < 0.3 min. A chain length filter according to the FA included 58 fatty acids

(from C4 to C26; maximum of six double bonds) were applied to all software results. A set of customized python scripts was used to

filter and merge the output files. The corresponding source code is available on GitHub (https://github.com/SysMedOs/

AdipoAtlasScripts). Ether PLs identified by the software were manually corrected based of the retention time mapping.

Manual lipid annotation
Manual annotation and retention time mapping were performed as described at https://github.com/SysMedOs/AdipoAtlasScripts/

blob/main/LipidIdentification/AdipoAtlas_Lipid_Identification_Manual.pdf.
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Lipid quantification
LC-MS quantification of acylcarnitines, polar and unpolar lipids

For quantification purposes, the respective lipid classes were separated on a RPC C30, C18 or HILIC as described above. MS data

were acquired in Full MS mode on a Q Exactive Plus Hybrid Quadrupol Orbitrap mass spectrometer in the positive and negative ion

mode at the resolution of 140,000 atm/z 200, AGC target of 1e6 and aMaximum IT of 100ms in themass range fromm/z 100 – 1500.

Data were acquired in profile mode.

Generation of calibration curves of employed ISTD

In order to ensure linear response of the employed standards, internal calibration curves were generated for the respective ISTD.

Varying concentrations of ISTD were spiked intoz50 mg pooled WAT prior to lipid extraction to generate a 5-point internal calibra-

tion curve (Table 2). Lipids were extracted and ISTD derived signals were quantified. Additionally, isobaric or isomeric overlap with

endogenous compounds during LC-MS analysis was excluded by close inspection of LC-MS derived data. Only calibration points

resulted in a calibration curve with R > 0.98 were approved. Final ISTD concentration to spike for subsequent quantification had to

display a relative standard deviation of < 20% and represent the linear response range. Final spiked concentrations are marked in

bold in Table 2.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification raw datasets of Full MS measurements were processed using Thermo Scientific TraceFinder 4.1 (Thermo Fisher

Scientific, Bremen, Germany). Quantification was based on determination of area under curve (AUC) using following settings: mass

tolerance – 5 ppm, area noise factor – 5, peak noise factor – 10, baseline window – 150, S/N R 3 using ICIS detection algorithm.

Signals to be quantified (adducts and in-source fragments) were determined based on measurement of representative lipid stan-

dards for each class as shown below (Table S3).

For quantification of cholesteryl esters, raw datasets were acquired in PRM mode as described above. Measurements were pro-

cessed using TraceFinderTM 4.1 (Thermo Fisher Scientific, Bremen, Germany). Quantification was based on determination of area

under curve (AUC) using following settings: mass tolerance – 20 ppm, area noise factor – 5, peak noise factor – 10, baseline window

– 150, S/N R 3 using ICIS detection algorithm.

Obtained AUC values for all adducts and in-source fragments of each lipid specie were summed up in order to display all-ion

abundance of studied lipid species. AUC values were corrected for 13C abundance (Type I correction following the guidelines of Lip-

idomics Standards Initiative7 as described before:68

AUCnðkÞtotal = AUCnðkÞ

�
1 + 0:0109n +

0:01092nðn� 1Þ
2

�

AUCn(k) total = total ion area under curve, AUCn(k) = quantified area under curve of monoisotopic mass, n = No. of C-Atoms, k = No. of

double bonds

Due to incomplete labeling of ISTDs, AUC of deuterated ISTD for phospholipids, sphingomyelins and acyl carnitines were deter-

mined by summing up the AUC of [M-2]+ (dx-2), [M-1]+ (dx-1),[M]+ (dx), [M+1]+ (dx;
13C1) and [M+2]+ (dx;

13C2).

AUC of non-labeled ISTD for different ceramide classes were corrected for 13C abundance (Type I correction following the guide-

lines of Lipidomics Standards Initiative7 as described before:68

AUCnðkÞtotal = AUCnðkÞ

�
1 + 0:0109n +

0:01092nðn� 1Þ
2

�

Quantitative values for lipid species were determined by relating AUC of the used ISTD to the lipid specie AUC:

CLipid =
AUCLipid

AUCISTD

� CISTD

CLipid = Concentration of lipid specie, CISTD = concentration of ISTD, AUCLipid = corrected area under curve for lipid specie, AUCISTD =

area under curve for ISTD.

Response factors calculations for triacylglycerols
TGs were quantified using a single 13C3 labeled TG molecular species (TG 18:1/18:1/18:1 ([13]C3)). Type II isotopic correction was

applied for determination of AUC of 13C3 labeled TG, due to coelution with the native TG and isobaric overlap of [M]+ of 13C3 labeled

TAG and [M+3]+ of native TG.

TG molecular species experience differential ionization and ion transmission yielding varying intensities depending on the molec-

ular structure. Response factors of different native and isotopically labeled standards (Table S4) relative to the used 13C3 labeled ISTD

TG 18:1/18:1/18:1 ([13]C3) were determined in order to increase accuracy of TG quantification. Dilution series of 34 different labeled

and unlabeled standards spanning over three orders of magnitude were recorded (Table S4). Calibration curves were generated for

each species to yield linear regressionmodels with aminimumR2 > 0.99 and RSD< 10% for each point of the dilution curve. Obtained
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Table 2. Spiked concentrations to generate an internal calibration curve

Lipid Spiked in z 50 mg WAT [nmol]

SPLASH LIPIDOMIX

PC 15:0_18:1 (d7) 0 0.107 0.213 1.067 2.134a 4.268

PE 15:0_18:1 (d7) 0 0.004 0.008 0.040 0.080a 0.160

PS 15:0_18:1 (d7) 0 0.003 0.005 0.027 0.054a 0.108

PG 15:0_18:1 (d7) 0 0.019 0.038 0.190 0.381a 0.762

PI 15:0_18:1 (d7) 0 0.005 0.011 0.054 0.107a 0.215

PA 15:0_18:1 (d7) 0 0.005 0.011 0.054 0.107a 0.215

LPC 18:1 (d7) 0 0.024 0.048 0.241 0.482a 0.965

LPE 18:1 (d7) 0 0.005 0.011 0.054 0.109a 0.218

CE 18:1 (d7) 0 0.271 0.541 2.705 5.411a 10.821

MG 18:1 (d7) 0 0.003 0.006 0.028 0.055a 0.110

DG 15:0_18:1 (d7) 0 0.008 0.016 0.080 0.160a 0.320

TG 15:0_18:1_15:0 (d7) 0 0.035 0.071 0.353 0.705a 1.411

SM d18:1_18:1 (d9) 0 0.021 0.042 0.209 0.419a 0.837

Chol (d7) 0 0.125 0.250 1.250 2.499a 4.999

Cer/SpH mix I (Avanti)

SPB 17:1;O2 0 0.019 0.038 0.188 0.375a 0.750

SPB 17:0;O2 0 0.019 0.038 0.188 0.375a 0.750

SPBP 17:1;O2 0 0.019 0.038 0.188 0.375a 0.750

SPBP 17:0;O2 0 0.019 0.038 0.188 0.375a 0.750

Lac-Cer 18:1;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

Gluc-Cer d18:1;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

SM 18:1;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:1;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

CerP 18:1;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:1;O2/25:0 0 0.019 0.038 0.188 0.375a 0.750

Acylcarnitine NSK-1-B mix

Free carnitine (d9) 0 0.008 0.016 0.081 0.162a 0.324

CAR 2:0 (d3) 0 0.002 0.004 0.018 0.037a 0.074

CAR 3:0 (d3) 0 0.000 0.001 0.004 0.007a 0.015

CAR 4:0 (d3) 0 0.000 0.001 0.004 0.007a 0.015

CAR 5:0 (d9) 0 0.000 0.001 0.004 0.007a 0.015

CAR 8:0 (d3) 0 0.000 0.001 0.004 0.007a 0.014

CAR 14:0 (d9) 0 0.000 0.001 0.004 0.007a 0.015

CAR 16:0 (d3) 0 0.001 0.002 0.008 0.015a 0.030

Additionally added

FA 18:0 ([13]C1) 0 0.500 1.000 5.000 10.000a 20.000

TG 18:1/18:1/18:1 ([13]C3) 0 50.000 100.000 500.000 1000.000a 2000.000

TG 16:0/16:0/16:0 ([13]C3) 0 2.500 5.000 25.000 50.000a 100.000

DG 18:1/18:1/0:0 ([13]C3) 0 0.500 1.000 5.000 10.000a 20.000

Cer 18:0;O2/12:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:0;O2/8:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:1;O/6:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:0;O3/16:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:0;O3/8:0 0 0.019 0.038 0.188 0.375a 0.750

Cer 18:1;O2/17:0,O[2R-OH] 0 0.019 0.038 0.188 0.375a 0.750
aFinal used ISTD concentration
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slopes of concentration-response curves were related to the concentration-response curve of the isotopically labeled ISTD to

establish response factors (RF). RF were normalized to the number of carbons and double bonds (DB) by dividing RF with the equiv-

alent-carbon-number (ECN) yielding the normalized response factor (RFnorm). Deviations in response mainly arise from increasing

unsaturation and therefore for each DB number RFnorm was separately related tom/z of [M+NH4]
+. Resulting slopes and y-intercepts

for each double bond number were used to establish a linear regression model for determination of slopes and y-intercepts for which

no standard were available. Subsequently, RFnorm is calculated for each identified TG species and used for the quantification. A

detailed description of the workflow provided in Figure S4. Finally, accurate quantification of TG was performed by relating the in-

tensity of the ISTD and the RF-corrected intensity of the TG molecular species as expressed by the following equation:

AUCTG;corrected =
AUCTG

RFTG
CTG =
AUCTG;corrected

AUCISTD

� CISTD
Software
Tracefinder 4.1 (Thermo Fisher Scientific, Bremen, Germany) was used for targeted lipid quantification. Quantitative data analysis

including isotopic correction, ISTD normalization and response factor normalization was performed with Microsoft Excel 2016.

Graphical representations were generated with Graphpad Prism� 5.02 and OriginProª 2017. Metaboanalyst (https://www.

metaboanalyst.ca/) was used to generate heatmaps and perform statistical analysis. A lipid was found to be statistically significantly

regulated by Students t test with a threshold of p% 0.05 (FDR adjusted) assuming equal variances and a fold changeR 2, or with an

ANOVA p % 0.05.
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