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ABSTRACT
Background: Adipose tissue plays important roles in health and
disease. Given the unique association of visceral adipose tissue with
obesity-related metabolic diseases, the distribution of lipids between
the major fat depots located in subcutaneous and visceral regions may
shed new light on adipose tissue–specific roles in systemic metabolic
perturbations.
Objective: We sought to characterize the lipid networks and unveil
differences in the metabolic infrastructure of the 2 adipose tissues
that may have functional and nutritional implications.
Methods: Paired visceral and subcutaneous adipose tissue samples
were obtained from 17 overweight patients undergoing elective
abdominal surgery. Ultra-performance LC-MS was used to measure
18,640 adipose-derived features; 520 were putatively identified. A
stem cell model for adipogenesis was used to study the functional
implications of the differences found.
Results: Our analyses resulted in detailed lipid metabolic maps of
the 2 major adipose tissues. They point to a higher accumulation of
phosphatidylcholines, triacylglycerols, and diacylglycerols, although
lower ceramide concentrations, in subcutaneous tissue. The degree
of unsaturation was lower in visceral adipose tissue (VAT) phos-
pholipids, indicating lower unsaturated fatty acid incorporation into
adipose tissue. The differential abundance of phosphatidylcholines
we found can be attributed at least partially to higher expression
of phosphatidylethanolamine methyl transferase (PEMT). PEMT-
deficient embryonic stem cells showed a dramatic decrease in
adipogenesis, and the resulting adipocytes exhibited lower accu-
mulation of lipid droplets, in line with the lower concentrations
of glycerolipids in VAT. Ceramides may inhibit the expression of
PEMT by increased insulin resistance, thus potentially suggesting a
functional pathway that integrates ceramide, PEMT, and glycerolipid
biosynthetic pathways.
Conclusions: Our work unveils differential infrastructure of the lipid
networks in visceral and subcutaneous adipose tissues and suggests
an integrative pathway, with a discriminative flux between adipose
tissues. Am J Clin Nutr 2020;112:979–990.

Keywords: lipidomics, adipose tissues, phosphatidylcholines, sph-
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gree of unsaturation

Introduction
It is largely accepted today that fat depots represent key

secretory organs, releasing multiple bioactive molecules, includ-
ing lipid mediators. Increased adipose tissue mass is associ-
ated with chronic low-grade inflammation, systemic metabolic
dysfunction, and obesity-linked disorders (1–3). Accumulating
evidence indicates that adipose tissue distribution plays specific
roles in health and disease. Subcutaneous and visceral adipose
tissues (SAT and VAT, respectively) are white fat depots that are

This research was funded in part by grants from the DFG (German Research
Foundation) – Projektnummer 516 209933838 – SFB 1052 (projects B2), and
the Israel Science Foundation (2176/19).

Supplemental Tables 1 and 2 are available from the “Supplementary data”
link in the online posting of the article and from the same link in the online
table of contents at https://academic.oup.com/ajcn/.

Data described in the manuscript will be made available upon request.
Address correspondence to AM (e-mail: ariehm@ekmd.huji.ac.il).
Abbreviations used: CDP-choline, cytidine diphosphate–choline; CEPT,

choline/ethanolamine phosphotransferase; DAG, diacylglycerol; EB, embry-
oid body; ESC, embryonic stem cell; KEGG, Kyoto Encyclopedia of Genes
and Genomes; mESC, mouse embryonic stem cell; PC; phosphatidylcholine;
PCA, principal component analysis; PE, phosphatidylethanolamine; PEMT,
phosphatidylethanolamine N-methyltransferase; PL, phospholipid; PLS-DA,
partial least-squares regression discriminant analysis; SL, sphingolipid; RT-
PCR, reverse transcriptase–PCR; SAT, subcutaneous adipose tissue; SUMC,
Soroka University Medical Center; TAG, triacylglycerol; VAT, visceral
adipose tissue.

Received December 10, 2019. Accepted for publication June 24, 2020.
First published online August 7, 2020; doi: https://doi.org/10.1093/ajcn/

nqaa195.

Am J Clin Nutr 2020;112:979–990. Printed in USA. Copyright © The Author(s) on behalf of the American Society for Nutrition 2020. This is an Open Access
article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please
contact journals.permissions@oup.com 979

https://academic.oup.com/ajcn/
mailto:ariehm@ekmd.huji.ac.il
http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


980 Zacharia et al.

anatomically distinct: while the former is situated under the skin,
the latter resides within the abdominal cavity.

The anatomical distinction has important implications, as VAT
drains directly through the portal circulation to the liver (4).
Functional differences between the 2 tissues are reflected in
the stronger association of VAT accumulation with systemic
low-grade inflammation and obesity-related cardiometabolic
complications such as insulin resistance, type 2 diabetes,
hyperlipidemia, and atherosclerosis (5–10), suggesting that VAT
is a “unique, pathogenic fat depot” (6). In fact, increased
visceral adiposity is a pivotal component of the metabolic
syndrome (11). The association between abdominal obesity
and the cardiometabolic comorbidities of obesity has led to
the hypothesis that the concentrations of signaling molecules
produced by the adipocytes in the 2 tissues vary. In line
with this notion, recent work provides evidence for differences
in lipid composition between VAT and SAT. SAT (but not
VAT) from diabetic individuals contain elevated concentrations
of sphingolipids (SLs) compared with samples from nondi-
abetic patients, which play a role in the regulation of SAT
adipose browning, inflammation, and metabolism (12). SAT
and VAT demonstrated differential accumulation of arachidonic
acid concomitant to prostaglandin synthesis–related enzymes,
suggesting their association with colorectal tumor stage (8).
A recent pioneering attempt of a lipidomics analysis of the
2 adipose tissues focused on the 50% more abundant fraction
of lipids, 97% of which were glycerolipids (13). The authors
then resorted to a targeted analysis, demonstrating a differential
cholesterol epoxide metabolism. The full characterization of the
lipid network of VAT and SAT is therefore still needed.

Here we sought to provide a comprehensive characterization
of the distinct lipid network in VAT and SAT. We therefore
did not limit our analyses to abundant lipids. This study
represents the first attempt, to the best of our knowledge, of a
lipid network-based analysis of adipose tissues. Our analyses
pointed to alterations in the concentrations of unsaturated lipids
with known nutritional and health implications. The potential
functional implications of our analyses were demonstrated by the
downregulation of adipogenesis and lipid droplet formation in
phosphatidylethanolamine methyl transferase (PEMT)–deficient
differentiating pluripotent stem cells.

Methods

Study population

Participants were recruited in Soroka University Medical
Center (SUMC), Beer-Sheva, Israel, before undergoing elective
abdominal surgery (primarily bariatric surgery and elective
cholecystectomy), after providing written informed consent.
Tissue collection and handling procedures were detailed in
multiple prior publications (14, 15). In brief, paired SAT and
VAT biopsies were obtained during surgery and immediately
delivered to the laboratory where they were rinsed, frozen in
liquid nitrogen, and stored at -80◦C until they were processed for
lipidomics or mRNA expression analyses (herein). Basic mean
(±SD) characteristics of this cohort are as follows: age, 46 ± 13.9
y; 33% males; and BMI (kg/m2), 34 ± 5.2. All procedures were
approved, in advance, by the ethics committee of the SUMC,
and were conducted in accordance with Declaration of Helsinki

TABLE 1 Characteristics of participants in the study1

Characteristics Values

Age, y 46 ± 13.9
Gender, % males 33
BMI, kg/m2 34.0 ± 5.2
Diabetes, number of patients with glycated

hemoglobin ≥6.5%
1

Insulin fasting concentration, pmol/L 14.7 ± 6.6
Total cholesterol, mg/dL (mg%) 187.5 ± 47.9
TAGs, mg/dL (mg%) 149.6 ± 82.7

1Values are means ± SDs unless otherwise indicated. TAG,
triacylglycerol.

guidelines. For a lipidomics validation data set, an additional set
of 5 subcutaneous and 8 visceral tissues were obtained. Clinical
characteristics of patients are provided in Table 1.

Materials and reagents

Acetonitrile, methanol (both ultra-LC-MS grade), chloroform,
and water (HPLC-MS grade) were supplied by JT Baker;
isopropanol (HPLC-MS grade) from ChemSolute; and formic
acid (HPLC-MS grade) by TCI. Ammonium fluoride (>99%)
was supplied by Sigma-Aldrich. Internal standard EquiSPLASH
LIPIDOMIX (MS-quantitative grade) mix was obtained from
Avanti Polar Lipids, Inc.

Sample preparation for lipidomics analysis

Adipose tissues were kept at −80◦C until sample preparation.
The samples were prepared for lipidomics analysis using a
modified Bligh and Dyer protocol, following our preliminary
studies. Tissues (∼20 mg) were extracted in 800 μL of ice
cold extraction solvent. Extraction solvent was composed of
the following: 85% methanol, 13% water, and 2% formic
acid and contained an EquiSPLASH LIPIDOMIX mixture of
13 deuterated lipid internal standards [15:0–18:1 (d7) phos-
phatidylcholine (PC); 18:1(d7) Lyso-PC; 15:0–18:1 (d7) phos-
phatidylethanolamine (PE); 18:1 (d7) Lyso-PE; 15:0–18:1 (d7)
phosphatidylglycerol; 15:0–18:1 (d7) phosphatidylinositol (NH4

salt); 15:0–18:1 (d7) phosphatidylserine; 15:0–18:1 (d7)-15:0
triacylglycerol (TAG); 15:0–18:1 (d7) diacylglycerol (DAG);
18:1 (d7) monoacylglycerol; 18:1 (d7) cholesteryl ester; d18:1–
18:1 (d9) sphingomyelin; C15 ceramide-d7], at a concentration
of 0.1 μg/mL in each sample. Samples went through 3 freeze-
thaw cycles, and were then ground using a magnetic bead
homogenizer (Bullet Blender® Storm; Next Advance, USA). For
the extraction of lipids, samples were vortexed for 30 s and ultra-
sonicated (Bioruptor Plus: Diagenode, USA) for 30 s × 5 cycles
at 4◦C. The homogenate was transferred to clean glass tubes,
and half a volume of chloroform was added. Samples were
vortexed once again and water was added at the same volume
as chloroform. Samples were incubated on ice for 20 min,
followed by another 5-cycle round of ultra-sonication. Following
centrifugation (770 × g, 10 min, 4◦C), the hydrophilic upper
phase was discarded, and the lipophilic lower phase of samples
was transferred to clean glass tubes. Solvents were evaporated
in a SC210A SpeedVac concentrator (Thermo Fisher Scientific)
at 30◦C, and dry samples kept at −80◦C until analysis. For the



Lipid networks of abdominal and subcutaneous adipose tissues 981

LC-MS run, samples were reconstituted in 95% acetonitrile, 5%
water, and 0.1% formic acid.

Ultra-high-performance LC–quadrupole time-of-flight MS

LC-MS analysis was performed using a Waters Acquity
UPLC H-Class and Xevo X2-XS Q-ToF high resolution, High
Mass Accuracy Q-ToF (Waters). Electrospray ionization was
used in positive (ES+) and negative (ES−) modes in separate
acquisitions for preliminary studies. Following preliminary
experiments, positive mode was used for the main data set.
A UPLC CSH C18 column (100 mm × 2.1 mm, 1.7 μm;
Waters) was used for the separation of metabolites. The mobile
phase consisted of 0.1% formic acid in water (phase A) and
0.1% formic acid (vol:vol) in acetonitrile (phase B). The gradient
program was as follows: 60% mobile phase A (0.1% formic acid
in water) and 40% mobile phase B for 1 min. Mobile phase B
proportion was increased to 70% (vol:vol) in 5 min. From 5 to
8 min, mobile phase consisted of 24% A, 40% B, and 36% C
(isopropanol); from 8 to 9 min, 20% A, 35% B, and 45% C;
from 9 to 12 min, 18.4% A, 33% B, and 48.6% C; then from
12 to 17 min, 12% A, 25% B, and 63% C. Then, up to 25
min, 0.4% A, 10.5% B, and 89.1% C. From 25.5 to 35 min
the system was allowed to re-equilibrate to initial conditions.
Following preliminary experiments, features eluted at 0–1 min
were excluded, and only features eluted at the retention time of
1.0–25.0 min were used for analysis. The following settings were
applied during the LC-MS runs: the flow rate was 0.4 mL/min and
the column temperature was kept at 60◦C. Capillary spray was
maintained at 3.0 kV, cone voltage at 40 eV, collision energy was
40–65 eV. Full-scan and MSE mass spectra were acquired from all
masses between 30 and 2000 Da. Argon was used as the collision
gas for collision-induced dissociation. The mass spectrometer
was calibrated using sodium formate, and leucine enkephalin
was used as the lock mass (m/z 556.2771, 200 pg mL−1) and
continuously infused at 6 μL/min. MassLynx software version
4.1 (Waters) was used to control the instrument and calculate
accurate masses. Post-column derivatization was used with
ammonium fluoride to improve the yields of the neutral charged
lipids in the ES+ mode as [M + NH4]+. Ammonium fluoride
1 mM in 50:50 methanol:water was automatically continuously
injected into the mass spectrometer together for post-column
derivatization, to improve the yields of neutral charged lipids.
The exact mass, fragmentation pattern, and isotope pattern were
compared against 18 libraries compatible with Progenesis QI
for putative identifications. The fragmentation pattern of lipids
was further validated against theoretical mass fragments and
the literature. Retention time was evaluated vis-à-vis our data
from previous analyses and standards from the internal standard
mixture.

Gene expression mining

The list of enzymes involved in lipid synthesis was extracted
from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
publicly available database (16). We focused on 3 KEGG
maps: glycerophospholipids, glycerolipids, and SLs. Only genes
expressed in humans were included. We used the GTEx publicly
available database (17) to compare the expression of lipid

transcripts in VAT and SAT. The expression data were then
incorporated into KEGG maps and visualized using Microsoft
PowerPoint and Adobe Photoshop.

RNA extraction and quantitative real-time PCR for adipose
tissues

Total RNA from human SAT and VAT biopsies was extracted
using the RNeasy lipid tissue mini-kit (Qiagen) and concentra-
tions of the total RNA were quantified using nanodrop. Total
RNA (2000 ng) was reverse-transcribed with a high-capacity
cDNA reverse transcriptase kit (Applied Biosystems). The Uni-
versal Probe Library with specific primers (Roche) was used to
quantify the expression of selected genes (Supplemental Table
1). Relative gene expression was obtained after normalization to
housekeeping control genes [peptidylprolyl isomerase A (PPIA)
and phosphoglycerate kinase 1 (PGK1), as recommended in
(18)].

Embryonic stem cell maintenance and differentiation

V6.5 mouse embryonic stem cells (mESCs) were maintained
as previously described (19, 20). Differentiation was initiated by
generation of embryoid bodies (EBs), formed from hanging drops
containing 103 mESCs in 20 μL of cultivation medium. After
2 d, EBs were treated with 10−7 M all-trans retinoic acid for 3
d and then transferred to gelatin-coated plates in differentiation
medium composed of the cultivation medium supplemented with
85 nM insulin, 2 nM triiodothyronine, and 1 μM rosiglitazone.
Differentiation was evaluated at day 24 of differentiation.

Assessment of adipocyte differentiation

Lipid droplets were visualized first under light microscopy
and then cells were fixed and stained with Oil Red-O as pre-
viously described (21), and with 4′,6-diamidino-2-phenylindole
(DAPI) to image nuclei. Images were recorded under confocal
microscopy. Expression of adipogenic gene markers: Total
RNA was purified on RNeasy columns (Qiagen) and real-
time PCR assays were run on a StepOnePlus system (Applied
Biosystems, Life Technologies). Transcript expression levels of
fatty acid binding protein 4 (FABP4) and adiponectin, C1Q
and collagen domain containing (AdipoQ) were evaluated using
comparative Ct (2-��CT). ��CTvalues were expressed relative
to acidic ribosomal phosphoprotein P0 (36B4) for sample
normalization.

Statistical analyses

Lipidomics analyses.

Progenesis QI (Nonlinear Dynamics) was used for spectra
deconvolution, alignment, normalization, and identification of
lipid species. Masses with minimum intensity cutoff of 100 m/z,
lowest mean abundance in blank (solvents that went through
sample preparation, but contained no sample), and fold-change
>100 from blank were used for analysis. Data were exported
to EZInfo 3.0 (Umetrics, v2.0) and Metaboanalyst 4.0 (22) for
multivariate statistical analysis. Following quantile normalization
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FIGURE 1 VAT and SAT present differential lipid profiles that cannot be attributed to a specific lipid pathway. The lipid composition of paired VAT and
SAT samples is partially separated in a PCA (A) and a PLS-DA (B). R2, 0.86; Q2, 0.41. To address a possible overfit in PLS-DA, a permutation test was
performed with 1000 permutations, suggesting prediction accuracy during training of an empirical P value (P = 0.01). This separation is further demonstrated
by a heat map (C). (D–F) PLS-DA of the lipid species of the main differential lipid groups: (D) Phospholipids, R2, 0.64; Q2, 0.47; and P = 0.01 significance for
1000 permutations; (E) Sphingolipids, R2, 0.62; Q2, 0.35; and P = 0.001 significance for 1000 permutations. (F) The model for glycerolipids showed especially
low predictive power: R2, 0.46; Q2, −0.14; and P = 0.006 significance for 1000 permutations. PC, principal component; PCA, principal component analysis;
PLS-DA, partial least-squares discriminant analysis; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

of data, a partial least-squares discriminant analysis (PLS-DA)
model was generated. Ten-fold cross-validation was applied
(Q2 and R2 are presented in Figure 1). The robustness of
the class separation was assessed by permutation testing (1000
permutations).

Univariate analyses.

Mass intensity was normalized to corresponding internal
standards (see section on sample preparation). Following nor-
malization to corresponding internal standards, the accumulative
abundances of lipid subclasses were calculated. Paired t-test
analyses were performed for univariate data.

Results
To study the alterations in lipid metabolism between SAT and

VAT, we integrated lipidomics analyses with gene expression data
mining and measurements. We analyzed a cohort of 17 paired
samples from patients with elevated BMI (>25; 34 altogether,
“main dataset”). To validate the reproducibility of the data, we
performed a second analysis of the cohort independently of the
original analysis, and carried out a third analysis of a separate

unpaired cohort. The data presented are taken exclusively from
the main dataset.

A lipidomics analysis demonstrates a differential lipidome in
VAT and SAT

Our lipidomics analysis resulted in the detection of 64,538
features. Of these, we filtered out features with masses that match
those found in blank samples and may have originated from
solvents and plasticizers (see Methods). This filtering out resulted
in 18,640 adipose-originated features. A total of 4595 features
were assigned identifications by Progenesis QI after comparison
to 18 MS databases. The lipidome of the 2 tissues (as represented
by 18,640 features) could be distinguished by a principal
component analysis (PCA; Figure 1A). A PLS-DA of the adipose
tissue–derived features (Figure 1B) further suggested a separation
of the lipidome of VAT and SAT, and a heat map (Figure 1C)
corroborated this observation. The identification of 520 lipids
was further validated by their exact mass (mass accuracy, 5
ppm), retention time, isotope pattern, and fragmentation pattern.
The identified 520 lipids were used for univariate tests. These
included 93 glycerolipids, 213 phospholipids (PLs), and 214
SLs. In an attempt to unveil the lipid class responsible for the
separation of the lipidome of VAT and SAT, we carried out PLS-
DA analyses of the identified lipids of the 3 major lipid classes.
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FIGURE 2 Phosphatidylcholines constitute a major metabolic signature of VAT versus SAT. (A) A metabolic map of the glycerophospholipid pathway
[modified from the KEGG pathway (23)]. The gene expression of enzymes of the pathway, as found in the GTEx database, is shown as rectangles and the
relative lipid accumulation found in our lipidomics study is shown as circles. (B–O) The accumulation of phospholipids found by our lipidomics study, and
key enzymes for differential lipid groups found by qRT-PCR experiments. Blue lines represent a change of ≥10% in the SAT:VAT ratio. Red lines represent
a change of ≤ −10% in the SAT:VAT ratio. Black lines represent a similar accumulation ±10%. n = 17; error bars represent SEMs; 1-tailed paired t test.
AGPS, alkyldihydroxyacetonephosphate synthase; CDP, cytidine diphosphate; CEPT, choline/ethanolamine phosphotransferase; CHKA, choline kinase alpha;
CHPT1, choline phosphotransferase 1; KEGG, Kyoto Encyclopedia of Genes and Genomes; PCYT1A, phosphate cytidylyltransferase 1, choline, alpha; PEMT,
phosphatidylethanolamine N-methyltransferase; qRT-PCR, quantitative reverse transcriptase–PCR; SAT, subcutaneous adipose tissue; VAT, visceral adipose
tissue.
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FIGURE 3 Ceramides show a discriminative accumulation in VAT. (A) A metabolic map of the sphingolipid pathway [modified from the KEGG pathway
(24)]. The gene expression of enzymes of the pathway, as found in the GTEx database, is shown as rectangles and the relative lipid accumulation in the
main dataset is shown as circles. (B–E) The accumulation of sphingolipid groups found by our lipidomics study. Blue lines represent a change of ≥10% in
the SAT:VAT ratio. Red lines represent a change of ≤ −10% in the SAT:VAT ratio. Black lines represent a similar accumulation ±10%. n = 17; error bars
represent SEMs; 1-tailed paired t test. KEGG, Kyoto Encyclopedia of Genes and Genomes; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

We found a mild separation of the PLs (Figure 1D) and SLs
(Figure 1E), which was validated by a permutation test. The
predictive power of the model for glycerolipids was especially
low (Figure 1F; R2 = 0.46, Q2 = −0.14). Interestingly, the
predictive power of the model of specific lipid subclasses was
not higher than the one of the global lipidome, suggesting that
VAT/SAT differential lipid metabolism should be studied across
lipid subclasses. We reasoned that a network-based analysis
would provide means to integrate the distinct lipid alterations
between the tissues. We used the KEGG database for the
list of enzymes that comprise the 3 major pathways found in
our lipidomics analysis (“glycerophospholipid,” “sphingolipid,”
and “glycerolipid”). We then mined the NIH GTEx open-data
resource (17) for data on the expression of the genes of the lipid
pathways in 442 SAT and 355 VAT samples. For visualization
of the lipid networks in the 2 tissues, we incorporated the GTEx
gene expression data as well as our lipidomics data in each of
the tissues into the relevant KEGG maps. The abundance of
specific lipid groups, as found in our lipidomics study, and the
expression of individual genes, as found by quantitative reverse

transcriptase–PCR (RT-PCR) experiments, are presented below
the metabolic maps.

A network-based analysis demonstrates tissue-specific
wiring of the glycerophospholipid pathway in VAT and SAT

The map of glycerophospholipid metabolism in VAT and
SAT (Figure 2A) reveals alterations in the expression of
PL metabolism genes (as mined in the GTEx cohort) and
concomitant differences in the relative accumulation of PL
subclasses (as found by our lipidomics analysis). We found ele-
vated accumulation of phosphatidylcholines (PCs) (Figure 2B),
but not phosphatidylethanolamines (PEs) (Figure 2C) in SAT
compared with VAT. We found no differences in the accumulation
of phosphatidylserines (Figure 2D), nor phosphatidylglycerols
(Figure 2E). The abundance of phosphatidylinositols was higher
in SAT (Figure 2F), and so was that of ether lipids (Figure 2G).
For a validation of the GTEx gene expression data, we carried
out targeted expression profiling experiments by RT-PCR in
the same samples used for the lipidomics analysis. We first
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FIGURE 4 High levels of TAGs and DAGs found in SAT compared to VAT. (A) A metabolic map of the glycerolipid pathway (25). The gene expression
of enzymes of the pathway as found in the GTEx database is shown as rectangles and the relative lipid accumulation found by our lipidomics study in the
main data set is shown as circles. (B–D) The accumulation of glycerolipid groups found by our lipidomics study. Blue lines represent a change of ≥10% in
the SAT:VAT ratio. Red lines represent a change of ≤ −10% in the SAT:VAT ratio. Black lines represent a similar accumulation ±10%. n = 17; error bars
represent SEMs; 1-tailed paired t test. DAG, diacylglycerol; KEGG, Kyoto Encyclopedia of Genes and Genomes; SAT, subcutaneous adipose tissue; TAG,
triacylglycerol; VAT, visceral adipose tissue.

studied the expression of the genes of the primary pathway
responsible for the biosynthesis of PLs in mammalian cells:
the cytidine diphosphate–choline (CDP-choline, or “Kennedy”)
pathway. Consistent with the GTEx expression data (Figure 2A),
the expression of choline kinase ɑ (CHKA), the first enzyme of the
pathway, was higher in SAT (Figure 2H), as was the expression
of the second enzyme of the pathway, CTP:phosphocholine
cytidylyltransferase (CCT, also known as PCYT1A) (Figure 2I).
In contrast, the expression of choline/ethanolamine phospho-
transferase (CEPT) 1 (CEPT1) was lower in SAT (Figure 2J).
The lack of consistency with GTEx data for this enzyme may
arise from a potential sexual dimorphism, as higher CEPT
expression only characterizes females but not males (Figure 2K,
L). The expression of choline phosphotransferase 1 (CHPT1),

a paralog of CEPT1, showed no difference between the tissues
(Figure 2M). Together, enzymes of the CDP-choline pathway
showed indecisive differences in their relative expression in VAT
and SAT.

On the other hand, in line with the GTEx data (Figure 2A), our
RT-qPCR analysis of the samples used for the lipidomics analyses
revealed that the expression of PEMT was uniformly (among all
tested paired samples) higher in SAT (Figure 2N), providing a
likely explanation for the higher PC abundance. We examined the
expression of alkyldihydroxyacetonephosphate synthase (AGPS),
which catalyzes the exchange of an acyl for a long-chain alkyl
group and the formation of the ether bond in the biosynthesis
of ether PLs, and found it highly variable with a nonsignificant
difference (Figure 2O).
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FIGURE 5 The concentration of unsaturated fatty acids in phospholipids is lower in VAT. The dispersion of fatty acids in phospholipids is regarded as
an accurate and sensitive measure for assessing fatty acid incorporation into adipose tissue (26). The concentrations of MUFAs and PUFAs were quantified in
phospholipids from SAT or VAT as the cumulative concentrations of the corresponding phospholipid species. n = 17; error bars represent SEMs; 1-tailed paired
t test. SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

A network-based analysis demonstrates a differential
ceramide accumulation in VAT and SAT

We subsequently studied the SL and GL metabolic networks
using the approach described above. The alterations in SL
metabolism between VAT and SAT are depicted in Figure
3A. We found a higher accumulation of nonglycosylated SLs
(“ceramides”) in VAT (Figure 3B), whereas no significant
changes in the abundance of ceramide phosphates (Figure 3C),
sphingomyelins (Figure 3D) or the glycosylated forms of SLs
(Figure 3E) were observed.

TAGs and DAGs are highly abundant in SAT

We next studied the network of glycerolipids (Figure 4A). We
observed a higher accumulation of TAGs (Figure 4B) and DAGs
(Figure 4C) in SAT. No significant changes were seen in the
abundance of phosphatidic acids, essential substrates for enzymes
involved in the synthesis of TAGs (Figure 4D).

The analyses of the validation data sets revealed relative
abundances (no internal standards were added) and were used
to confirm the trends observed in the main dataset. They
corroborated a different distribution of PCs in comparison to PEs
in the adipose tissues (implying differential PEMT expression),
with a lower accumulation of ceramides although a higher
accumulation of TAGs in SAT.

We proceeded to examine the possible implications of the al-
terations between SAT and VAT lipid networks on the distribution
of lipids of nutritional value. Recent work demonstrated that PLs
were the most accurate and sensitive lipids for assessing fatty acid
incorporation into adipose tissue (26). We therefore quantified
SFAs, MUFAs, and PUFAs in PLs from the 2 tissues. We found
considerable differences in the distribution of unsaturated lipids:
both MUFAs (Figure 5A) and PUFAs (Figure 5B) showed higher

concentrations in SAT, whereas no differences were found in the
concentrations of SFAs (Figure 5C). The lower concentration of
MUFAs and PUFAs in VAT is also depicted by the lower degree
of unsaturation (Figure 5D).

We quantified the concentrations of 61 lipids that were previ-
ously associated with specific nutritional sources (Supplemental
Table 2). Notably, the concentrations of PCs in this analysis were
higher in SAT in 9 of the 16 PCs (q < 0.05), 3 were higher in VAT,
and 4 with no significant change. Intriguingly, all of the PCs with
higher concentrations in VAT were very recently associated with
seafood consumption (27). Our lipidomics study demonstrates
a differential distribution of PCs versus PEs in SAT and VAT,
and higher concentrations of glycerolipids in SAT, whereas a
lower abundance of ceramides. Our transcript analyses point
to a robustly altered expression of PEMT, corroborated by an
independent large cohort study (GTEx). Previous reports suggest
that PEMT expression is induced during differentiation of 3T3-
L1 adipocytes, and that PEMT-knockout mice are resistant to
high-fat-diet–induced fat cell hypertrophy (28, 29). We therefore
set out to determine the influence of PEMT expression on
adipogenic differentiation of embryonic stem cells (ESCs). Given
the seeming correlation between PEMT expression and the
abundance of TAGs and DAGs, we studied the accumulation of
lipid droplets in the differentiated ESCs. We generated a PEMT
shRNA ESC line (Figure 6A, B), and tested their differentiation
to adipocytes by quantifying the expression of adipocyte
markers.

Following differentiation of ESCs to adipocytes, the ex-
pression of the adipocyte markers FABP4 and AdipoQ was
10-fold lower in the PEMT shRNA ESC-derived adipocytes
(Figure 6C), implying a dramatic decrease in adipogenesis
following PEMT attenuation. In line with our lipidomics data,
following differentiation, PEMT-deficient adipocytes presented
a lower accumulation of lipid droplets (Figure 6D, E).
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FIGURE 6 PEMT-deficient ESCs show lower expression of adipocyte markers and decreased accumulation of lipid droplets following differentiation.
(A) PEMT-deficient cells were generated from V6.5 ESCs by shRNA-mediated gene silencing. The PEMT-deficient ESCs demonstrate ∼90% silencing (B).
Adipogenesis was then induced in mock-transfected and PEMT-deficient ESCs. (C–E) Twenty-four days following the induction of differentiation, cells were
tested for adipocyte gene expression (C) or observed under microscopy (D, E). (C) The expression of FABP4 and AdipoQwas analyzed by real-time polymerase
chain reaction, and is represented as the mean ± SEM. (D, E) Cells were fixed and stained with Oil red O for lipid droplets and DAPI for nuclei. Phase (D)
or color (E) images were taken using confocal microscopy (E). n = 4; error bars represent SEMs; 1-tailed paired t test. ∗, P<0.05; ∗∗∗, P<0.001. AdipoQ,
adiponectin, C1Q, and collagen domain containing; DAPI, 4′,6-diamidino-2-phenylindole; ESC, embryonic stem cell; FABP4, fatty acid binding protein 4;
PEMT, phosphatidylethanolamine N-methyltransferase; WT, wild-type.

Discussion
The differences between VAT and SAT tissues have drawn

attention, as they may point to the etiology and mechanisms
underlying the unique association between excess VAT and

metabolic diseases. Our integrated analysis provides comprehen-
sive lipid metabolic maps of VAT and SAT in overweight patients.
The study design addressed patient-specific variance with paired-
sample collection of different adipose tissue compartments. The
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FIGURE 7 (A, B) Scheme of a suggested pathway that integrates
the differential accumulation of ceramides and phospholipids in VAT
and SAT to the lower adipogenesis and lipid droplet accumulation
in VAT. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEMT,
phosphatidylethanolamine N-methyltransferase; SAT, subcutaneous adipose
tissue; VAT, visceral adipose tissue.

functional implications of key findings were then tested by a stem
cell model.

Our data demonstrate differences in the distribution of lipids
across lipid subclasses, and suggest differential wiring of lipid
networks in the 2 tissues. Our lipidomics analysis pointed
to differential accumulation of PCs in adipose tissues. Given
the indecisive differences in the expression of enzymes of
the Kennedy pathway, we assumed that the differences in
PC biosynthesis may be mediated via the PEMT pathway.
Aligned with this notion, PEMT was previously suggested
to be differentially expressed according to waist-to-hip ratio,
especially in females (30), and to exhibit a differential gene
expression in VAT and SAT (13, 31). In our data set, the
differential expression of PEMT was cross-gender. We found
higher accumulation of TAGs and DAGs in SAT tissues, which is
concordant with the expression of corresponding genes as found
in GTEx. The higher concentrations of glycerolipids may be
explained by the PEMT-dependent accumulation of lipid droplets
we found in our stem cell model. The lower expression of
PEMT we found in VAT and the lower accumulation of lipid
droplets in PEMT-deficient adipocytes are also in agreement
with the findings of several groups that reported a (somewhat
counterintuitive) lower adipocyte size in VAT (32, 33) and
its association with insulin resistance (34). Further studies
demonstrate that PEMT expression is regulated by insulin
(35, 36), and that ceramides induce insulin resistance (37–39).
Taken together with these studies, our network-based analysis
and our stem cell model suggest that PEMT forms a major
metabolic junction that bridges a few biosynthetic pathways into
a functional pathway in adipose tissues. Together with previous
work, our study therefore suggests a model for how alterations

in lipid network may impact fat depot–specific adipogenesis,
lipid droplet accumulation, and adipocyte size. Higher ceramide
accumulation in VAT, leading to insulin resistance and lower
expression of PEMT, was followed by downregulated lipogen-
esis, and lower accumulation of glycerolipids and lipid droplets
(Figure 7).

Although many previous studies have focused on secreted
proteins (adipokines, cytokines) in VAT, the interest in lipid
mediators (sometimes termed “lipokines”) is growing. In fact,
lipids provide a plethora of signaling molecules and their
precursors, and are central to cell function (40, 41). Differences
in the lipid composition of the 2 fat depots may therefore lead
to shifts in the signaling pathways. Indeed, VAT adipocytes are
more metabolically active, and have greater capacity to release
free fatty acids, features that were proposed to relate to their
greater tendency to exhibit insulin resistance than SAT adipocytes
(4). Of note, our data suggest a differential distribution of
unsaturated fatty acids in SAT and VAT. Given the great volume
of literature that demonstrates beneficial effects of unsaturated
lipids, the low concentrations of unsaturated fatty acid lipids
in VAT (or the higher ratio of saturated to unsaturated lipids)
may be linked to the association between VAT and metabolic
diseases. Our data on lipids that were associated with specific
nutritional sources suggest that PCs from all sources but seafood
are highly accumulated in SAT. Given that seafood consumption
is supposedly low in the Israeli population examined, there may
be an alternative source for these lipids.

PEMT offers an alternative pathway to the canonical CDP-
choline pathway, the predominant mechanism by which mam-
malian cells synthesize PCs. The expression of PEMT was
thought to be liver specific (42); however, multiple reports
strongly suggest that it is functionally expressed in other tissues,
and specifically in adipocytes and fat tissue (13, 43). Furthermore,
PEMT was shown to be upregulated in adipogenic-differentiated
cells while being downregulated in dedifferentiated cells (44).
Upregulated choline metabolism, and specifically PEMT expres-
sion, was implicated in lipid droplets formation and stability and
TAG concentration (28), offering a possible explanation to our
finding in both human adipose samples and in stem cell–derived
adipocytes. The regulation of TAG concentration in adipocytes by
PEMT expression may be explained by the higher conversion of
PEMT-derived PCs to TAGs (45). The shift in the PL composition
following changes in the expression of PEMT may have clinical
implications and is upregulated by insulin signaling (35).

It would be important to further study the interactions of
clinical parameters and different phenotypes on the distribution
of lipid subclasses in adipose tissues.

Together, our data provide comprehensive metabolic maps
of lipid networks in the 2 major mammalian fat depots,
underscore the metabolic differences between SAT and VAT, and
suggest potential nutritional and functional implications for these
alterations, implying an integrated lipid regulatory pathway that
crosses a few traditional biosynthetic pathways and regulates
adipogenesis and lipid accumulation. The roles of this putative
functional pathway should be further investigated.
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