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Abstract

Adipose tissue lipolysis occurs during the development of heart failure as a consequence of
chronic adrenergic stimulation. However, the impact of enhanced adipose triacylglycerol
hydrolysis mediated by adipose triglyceride lipase (ATGL) on cardiac function is unclear. To
investigate the role of adipose tissue lipolysis during heart failure, we generated mice with
tissue-specific deletion of ATGL (atATGL-KO). atATGL-KO mice were subjected to trans-
verse aortic constriction (TAC) to induce pressure-mediated cardiac failure. The cardiac
mouse lipidome and the human plasma lipidome from healthy controls (n = 10) and patients
with systolic heart failure (HFrEF, n = 13) were analyzed by MS-based shotgun lipidomics.
TAC-induced increases in left ventricular mass (LVM) and diastolic LV inner diameter

were significantly attenuated in atATGL-KO mice compared to wild type (wt) -mice.

More importantly, atATGL-KO mice were protected against TAC-induced systolic LV
failure. Perturbation of lipolysis in the adipose tissue of atATGL-KO mice resulted in the pre-
vention of the major cardiac lipidome changes observed after TAC in wt-mice. Profound
changes occurred in the lipid class of phosphatidylethanolamines (PE) in which multiple PE-
species were markedly induced in failing wt-hearts, which was attenuated in atATGL-KO
hearts. Moreover, selected heart failure-induced PE species in mouse hearts were also
induced in plasma samples from patients with chronic heart failure. TAC-induced cardiac
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PE induction resulted in decreased PC/ PE-species ratios associated with increased apo-
ptotic marker expression in failing wt-hearts, a process absent in atATGL-KO hearts. Pertur-
bation of adipose tissue lipolysis by ATGL-deficiency ameliorated pressure-induced heart
failure and the potentially deleterious cardiac lipidome changes that accompany this patho-
logical process, namely the induction of specific PE species. Non-cardiac ATGL-mediated
modulation of the cardiac lipidome may play an important role in the pathogenesis of chronic
heart failure.

Author summary

Chronic heart failure (CHF) is still one of the leading causes of morbidity and mortality
worldwide, and new therapeutic approaches are required. Here we show that perturbation
of adipose tissue lipolysis by tissue-specific deletion of the lypolytic enzyme ATGL (adi-
pose trigylceride lipase) protects against heart failure development. By using MS-based
lipidomics we show that the lack of ATGL in adipose tissue protects the heart against dele-
terious cardiac lipidome changes such as increases of phosphatidylethanolamines.
Changes of cardiac phosphatidylethanolamines may contribute to adipose ATGL-medi-
ated heart failure pathophysiology by an impairment of cell membrane integrity. These
data point towards a crucial function of ATGL in adipose tissue by regulating processes
outside of the primary target tissue such as the heart. This is a new concept which may
lead to alternative studies of gene function with a focus on non-target tissue and tissue/
organ interactions. Furthermore, therapeutic targeting of non-cardiac tissue may provide
new opportunities for future heart failure therapy.

Introduction

The development of chronic systolic heart failure is marked by a continuous incline in adren-
ergic activity that results in the typical clinical signs of this disease, including tachycardia and
increased peripheral vascular resistance [1, 2]. In addition to these cardiovascular effects,
chronic sympathetic activation exerts crucial effects on adipose tissue metabolism, including a
marked induction of adipose tissue lipolysis via B-receptor stimulation [3]. Adipose tissue
lipolysis is further enhanced by natriuretic peptides such as atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP), both of which are elevated in chronic heart failure [4].
Together, these processes lead to a higher lipolytic rate in patients with heart failure compared
to control subjects [5]. Increased adipose tissue lipolysis is associated with elevated plasma lev-
els of free fatty acids (FFA) in patients with chronic heart failure [5, 6]. This ultimately leads to
systemic metabolic disturbances such as insulin resistance and glucose intolerance, which fur-
ther perpetuate the cycle of impaired left ventricular dysfunction [7, 8]. However, the immedi-
ate consequences of stimulated adipose tissue lipolysis on cardiac morphology and function
during heart failure development are largely unknown.

Triacylglycerol (TAG) hydrolysis in adipose tissue occurs in a stepwise process and involves
three major lipases: adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), and
monoglyceride lipase (MGL), the cumulative effect of which is an efflux of glycerol and FFA
from adipocytes into the circulation [3]. ATGL, also referred to as patatin-like phospholipase
containing A2 (PNPLA?2), catalyzes the first step of TAG hydrolysis to DAGs [3]. HSL has
broad substrate specificity and mediates the hydrolysis of TAGs to diacylglycerols (DAGs),
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and DAGs to monoacylglycerols (MAGs), as well as the cleavage of FAs from MAGs [3]. Of
these three functions, HSL is most efficient at regulating DAG hydrolysis [3]. Finally, MGL
mediates the hydrolysis of MAGs to glycerol and FAs [3].

Mice carrying a constitutive deletion of ATGL showed a marked reduction of FA release
from white adipocytes and of TAG accumulation in adipose tissue [9]. Similar findings were
observed in mice with conditional ATGL-deletion in adipose tissue demonstrating reduced adi-
pocyte lipolysis, decreased FA release from white adipose tissue associated with decreased non-
esterified FA- and TAG-blood levels, and impaired brown adipose tissue function [10, 11].
Moreover, the deletion of ATGL in adipocytes markedly improved hepatic insulin signaling and
attenuated inflammatory reactions in the liver, confirming the presence of crosstalk between
adipose tissue and the liver [11]. These data corroborate the important role of adipose tissue
ATGL in the regulation of blood lipid levels, and the potential of this enzyme to affect the func-
tion of non-adipose tissue organs, particularly under conditions of increased lipolysis (e.g. fast-
ing, exercise, heart failure). Along this line, we recently demonstrated that deletion of ATGL in
adipose tissue attenuated the development of exercise-induced physiological cardiac hypertro-
phy in female mice [12]. More importantly, perturbation of adipose tissue lipolysis by ATGL
deficiency modified the circulating lipid profile, and a selected FA, namely C16:1 palmitoleic
acid, was identified as a new molecular mediator of training-induced cardiac responses [12].
Interorgan communication between adipose tissue and other organs has been recently described
as a crucial regulator of insulin action. In accordance with our results, Cao and colleagues iden-
tified C16:1 palmitoleic acid as a lipokine released from adipose tissue modulating insulin sensi-
tivity in muscle and liver [13]. Thus, communication between adipose tissue and other organs
appears to be a common process during the initiation and progression of different diseases [14].

In this study, we report that perturbation of adipose tissue lipolysis by conditional deletion
of ATGL protects against pressure-induced cardiac failure. By applying an untargeted shotgun
lipidomics approach, we identified cardiac lipidome changes significantly associated with LV
failure and demonstrated that these were prevented by ATGL deficiency in adipose tissue. In
particular, failing wild-type (wt) hearts exhibited a marked increase of multiple phosphatidyl-
ethanolamines (PE) (PE16:0-18:1, PE16:0-18:2, PE16:0-20:4, PE17:0-20:4, PE18:0-20:4,
PE18:0-22:4, PE18:1-18:1, PE18:2-18:0, PE18:2-19:0, PE20:4-20:0) whereas ceramides (Cer)
(Cer36:1; Cer38:1; Cer38:2), and cardiolipin (CL76:12) were decreased. These changes were
prominently attenuated in atATGL-KO hearts. Moreover, distinct heart-failure-regulated PE
species in mouse hearts were modified in a similar manner in plasma samples from patients
with chronic heart failure. These findings strongly suggest that adipose tissue lipolysis deter-
mines cardiac morphology and function during heart failure development. This inter-organ
crosstalk likely involves an alteration of the cardiac lipidome which may mediate functional
impairment by mechanisms such as induction of apoptosis or mitochondrial dysfunction.

Results
Deletion of ATGL in adipose tissue prevents TAC-induced heart failure

We previously described that fabp4-Cre-driven ATGL deletion resulted in a lack of ATGL in
white adipose tissue but not in the heart or in bone marrow-derived macrophages, and in an
attenuation of adipose tissue lipolysis [12]. To exclude that the fabp4-Cre mediates deletion of
ATGL in endothelial cells, as previously described [15], we analyzed ATGL expression in car-
diac endothelial cells. ATGL expression did not significantly differ between wt- and
atATGL-KO mice (S1A Fig).

Mice were challenged with transverse aortic constriction (TAC) to induce pressure-medi-
ated cardiac enlargement or failure. Pressure gradients (pre-/ post-stenotic) in TAC mice
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assessed by Doppler echocardiography did not differ between wt- and atATGL-KO mice, indi-
cating similar degree of stenosis, LV-pressure load and aortic vascular function in both geno-
types (wt-TAC: 54.2+2.5mmHg vs. atATGL-KO-TAC: 48.1+3.4mmHg; p = n.s.). Eleven weeks
post TAC, wt hearts increased markedly in size and weight compared to wt-sham mice (Fig 1A
and 1B). TAC-induced cardiac enlargement was attenuated in atATGL-KO mice (Fig 1A and
1B). Accordingly, the myocardial area in cardiac cross section increased significantly in wt-
mice after TAC whereas this effect was diminished in atATGL-KO mice (Fig 1C and 1D).
Echocardiographic analysis revealed a significant rise in left ventricular mass (LVM) in wt-
mice 11 weeks after TAC (Fig 1E-1G and S1 Table). The induction of LVM by pressure over-
load was clearly suppressed in atATGL-KO mice (Fig 1E-1G and S1 Table). In addition, pres-
sure-induced LV enlargement in wt-mice shown by the increased diastolic LV inner diameter
(LVIDd) was completely prevented in atATGL-KO mice (Fig 1H and S1 Table). To assess LV
function after TAC, LV ejection fraction (EF) and fractional shortening (FS) were analyzed in
wt and atATGL-KO mice (Fig 11 and 1]). In wt-mice, pressure-overload led to a significant
reduction in EF and FS after 11 weeks (Fig 11 and 1J), but this was not observed in
atATGL-KO mice (Fig 1T and 1J). In keeping with the morphological changes described
above, marker genes for cardiac failure such as the beta-myosin heavy chain (3-Myhc) were
also markedly induced by TAC in wt-hearts but not in atATGL-KO hearts (Fig 1K). Cardiac
fibrosis was significantly induced during pressure overload in wt-mice as shown by collagen
fiber staining (Fig 1L-1N) and mRNA expression of the fibrotic marker genes, collagen (Col)
lal and 3 (Fig 10 and 1P). In atATGL-KO mice we observed a moderate induction of collagen
fibers (Fig 1L-1N) and fibrotic marker genes (Fig 10 and 1P) by TAC, however, this did not
reach statistical significance (Fig 1N) suggesting attenuated pressure-induced fibrotic remodel-
ing in the absence of atATGL. Together, these data show that perturbation of ATGL in adipose
tissue protects the heart against pressure-induced LV enlargement and systolic failure.

Deletion of adipose ATGL alters circulating FA levels and the cardiac
lipidome during pressure overload

Reduced adipose tissue lipolysis in atATGL-KO mice led to improved insulin sensitivity and glu-
cose tolerance compared to their wt littermates (Fig 2A-2D). In addition, perturbation of adipose
ATGL abrogated TAG-hydrolysis leading to a diminished release of glycerol and FAs in the cir-
culation [3]. Accordingly, multiple TAG species were significantly increased in white adipose tis-
sue from atATGL-KO mice compared to wt littermates (S1B Fig). Primarily, TAGs with shorter
FA chain length and lower desaturation grade were significantly regulated in atATGL-KO mice.
This is in accordance with ATGL s substrate selectivity which declines with increasing FA chain
length and desaturation [16]. To identify potential factors involved in the regulation of cardiac
function in atATGL-KO mice, we next examined whether the lack of ATGL regulates the release
of preferential FAs from adipose tissue in a selective manner. Our analysis measured the total
amount of FAs present in serum and not the amount of free circulating FAs. After alkaline
hydrolysis, the total serum concentration of distinct FAs (independent of their head group) was
analyzed using HPLC coupled with a triple quad mass spectrometer with electrospray ionization.
As depicted in Fig 2E (TAC) and S1C Fig (sham), lack of ATGL in adipose tissue resulted in a
significant reduction of selected circulating FAs including C16:0 (palmitic acid), C16:1 (palmito-
leic acid), C18:1 (oleic acid), C18:2 (linoleic acid), and C20:5 (eicospentanoic acid) in TAC mice
(Fig 2E). In accordance, non-esterified FA (NEFA) and TAG serum levels were also significantly
lower in atATGL-KO mice compared to wt-mice (Fig 2F and 2G).

We hypothesized that dysregulated serum FAs may serve as the biochemical bridge between
the lack of ATGL in adipose tissue and the observed cardiac phenotype. Thus, we next
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Fig 1. Deletion of ATGL in adipose tissue attenuates pressure overload-induced LV failure. A: Representative images
of the hearts. B: Heart weight (HW)/ body weight (BW) ratio (mean and SEM, n = 5-6). C: Representative microscopic
cross-sections of the hearts stained with hematoxylin/ eosin (H/E). D: Myocardial area, calculated based on microscopic
sections of heart tissue, stained with H/E, analogue to the images presented in C (mean and SEM, n = 5-6). E:
Representative M-Mode images of the echocardiographic analysis. F-J: cardiac echocardiographic analysis of mice (mean
and SEM, n = 7): F: Left-ventricular mass (LVM). G: LVM relative to tibia length (LVM/TL). H: Left-ventricular internal
diameter in diastole (LVID-d). I: Ejection fraction [%] (EF). J: Fractional shortening [%] (FS). K: Analysis of mRNA
expression of beta-cardiac myosin heavy chain isogene (BMHCH), qRT-PCR studies were carried out using total RNA

PLOS Genetics | https://doi.org/10.1371/journal.pgen. 1007171

January 10,2018

5/24


https://doi.org/10.1371/journal.pgen.1007171

@’PLOS | GENETICS

Adipose ATGL and cardiac lipidome

isolated from LV tissue. Data are presented as x-fold over wt-sham mice (mean and SEM, n = 5-6). L: Representative
microscopic cross-sections of the hearts stained with picrosirius red. M: Representative high magnification images from
picrosirius red-stained sections. N: Cardiac fibrosis calculated based on microscopic sections of the heart tissue, stained
with picrosirius red, analogue to the images presented in L: 0 = no fibrosis, 1 = mild fibrosis, 2 = moderate fibrosis,

3 = severe fibrosis (mean and SEM, n = 5-6). O and P: Analysis of mRNA expression of collagen (Col) 1al (O) and Col3
(P), qQRT-PCR studies were carried out using total RNA isolated from LV tissue. Data are presented as x-fold over wt-sham
mice (mean and SEM, n = 5-6)."p<0.05 vs. wt sham, **p<0.01 vs. wt sham, ***p<0.001 vs. wt sham, ****p<0.0001 vs. wt
sham, $ p<0.05 vs. wt TAC, $ $ p<0.01 vs. wt TAC, $ $ $ p<<0.001 vs. wt TAC, $ $ $ $ p<<0.0001 vs. wt TAC, ##p<0.01 vs.
atATGL-KO sham; 2-way ANOVA (Bonferroni post-test).

https://doi.org/10.1371/journal.pgen.1007171.g001

investigated whether modifications of the circulating FA profile are accompanied by changes
in the cardiac lipidome using MS-based shotgun lipidomics.

A total of 225 lipid species from 18 different lipid classes were analyzed in LV samples, and
included glycerolipids, glycerophospholipids, sterol lipids and sphingolipids (S2 Table). The
most abundant lipid classes in mouse hearts were PCs, PEs, and CLs (Fig 3A). Comparison of
lipid classes in each genotype revealed significant changes in levels of the low-abundant classes
of Cers, LPIs, PC O-s, and PIs in failing wt-hearts vs. sham controls (Fig 3A). These changes
were not significant in atATGL-KO mice (Fig 3A). All other classes were not significantly
altered by the intervention (Fig 3A). To compare the abundance of individual lipid species
between the 4 groups, we used a linear model and performed three tests to capture the effects
of the genotype (wt; atATGL-KO), the intervention (sham; TAC) and the sum of both and
their interaction. Multiple testing correction was applied, and all lipid species with a significant
p-value (adjusted) in at least one test are shown in the heat map (Fig 3B). Data for each lipid
species are presented as row z-scores of the mean log2-transformed relative values. The com-
plete data set of the analysis is shown in S2 Table.

Among the identified lipid species, the most significant change was an increase in individ-
ual PE species in failing wt-hearts (TAC) compared to wt-sham hearts (Fig 3B). This increase
was clearly attenuated in mice lacking adipose ATGL comparing atATGL-KO TAC mice and
their sham controls (Fig 3B). A similar effect was detected for two sphingomyelins (SM),
SM34:1 and SM42:2, for phosphatidylglycerol (PG), PG16:0-20:4, and for phosphatidylinositol
(PI), PI20:4-18:0 (Fig 3B). In contrast, other lipid species were markedly downregulated in
failing hearts from wt-mice, an effect broadly extenuated in atATGL-KO mice (Fig 3B). The
specific lipid species reduced by pressure-overload in wt-mice included PC O 16:1-22:6, Cers
(Cer36:1; Cer38:1; Cer38:2), and the CL76:12 (Fig 3B). This downregulation was attenuated in
atATGL-KO mice (Fig 3B). Comparison of wt- and atATGL-KO mice independent of the
intervention revealed primarily changes of a small number of lipid species including the spe-
cies from the PC class: upregulation of PC20:4-16:1 and PC18:0-18:1 and downregulation of
PC18:2-15:0 and PC18:2-17:1 (Fig 3B).

In summary, lack of ATGL in adipose tissue and reduced lipolysis associated with the
reduction of selected circulating FAs mediates pressure-induced modifications of distinct car-
diac lipid species among which PEs display the most apparent regulation.

Induction of pressure-mediated cardiac PE species is attenuated in
atATGL-KO mice

In order to better understand the degree and relevance of cardiac lipid changes during LV fail-
ure, we performed an in-depth analysis of all lipid classes in which the log2-fold change (sham
vs. TAC), and the concentration of each lipid species (mean mole %) was included in a pair-
wise comparison (sham vs. TAC) in wt and atATGL-KO mice. Fig 4A and 4B provides an
overview of all lipid classes and species in wt and atATGL-KO mice, respectively. The overall
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Fig 2. Metabolic phenotype and analysis of blood FA-profile in wt- and atATGL-KO mice. A: Intraperitoneal Glucose
Tolerance Test (ipGTT), (n = 4-6, 2-way ANOVA (Bonferroni post-test) from AUC). B: Area under the curve (AUC) of
ipGTT, (mean and SEM, n = 4-6, 2-way ANOVA (Bonferroni posttest)). C: Insulin Tolerance Test (ITT), (n = 7-8, 2-way
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Fig 3. Perturbation of adipose ATGL alters the cardiac lipidome during pressure overload. MS-based shotgun
lipidomics analysis of heart tissue samples (LV) isolated 11 weeks after intervention (sham or TAC) from wild-type (wt) or
atATGL-KO mice. A: For each lipid class, mean total mole percent values + SEM are shown on a logarithmic scale. To test
for differential changes, a Mann-Whitney U test between sham and TAC in wt- and atATGL-KO mice, respectively, was
performed. Adjusted p-values are indicated: *p<0.05 vs. wt sham, **p<0.01 vs. wt sham. B: Differentially regulated lipid
species were filtered by testing for the effect of the genotype (wt; atATGL-KO), the intervention (sham; TAC) and the sum
of both plus their interaction using a linear model. Species with an FDR adjusted p-value < 0.1 in at least one test were
retained. Hierarchical clustering of the corresponding t-statistics yielded four distinct groups: lipid species upregulated in
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TAC (blue), upregulated in atATGL-KO (red), downregulated in atATGL-KO (green), downregulated in TAC (black).
Data for each lipid species are presented as row scaled z-scores of mean log-transformed relative changes. Lipid classes: Cer:
ceramide, Chol: cholesterol, CL: cardiolipin, DAG: diacylglycerol, LPC: lyso-phosphatidylcholine, LPE: lyso-
phosphatidylethanolamine, LPE O-: lyso-phosphatidylethanolamine-ether, LPI: lyso-phosphatidylinositol, LPS: lyso-
phosphatidylserine, PC: phosphatidylcholine, PC O-: phosphatidylcholine-ether, PE: phosphatidylethanolamine, PE O-:
phosphatidylethanolamine-ether, PG: phosphatidylglycerol, PI: phosphatidylinositol, PS: phosphatidylserine, SM:
sphingomyelin, TAG: triacylglycerol.

https://doi.org/10.1371/journal.pgen.1007171.9003

extent of regulation of cardiac lipid species in sham vs. TAC mice was obviously greater in wt-
mice compared to atATGL-KO mice, as reflected by the vertical distribution pattern on the
scatter plot (Fig 4A and 4B). TAC-induced regulation of lipid species in wt-hearts (Fig 4A, tri-
angles) was robustly attenuated in atATGL-KO mice (Fig 4B). Detailed evaluation of each reg-
ulated lipid class revealed a total of 10 PE-species significantly upregulated during LV failure
in wt-hearts containing mostly saturated, mono- or polyunsaturated long-chain FAs (Fig 4C).
The PE with the highest concentration in wt LV samples (PE18:0-20:4) exhibited an induction
of 1.4-fold over sham controls (Fig 4C). The maximum PE induction by TAC intervention was
2.1-fold over sham for PE16:0-20:4. Some PE-species in the higher concentration range were
not significantly regulated by TAC (Fig 4C, circles), likely explaining the absence of a statistical
significant regulation of the total PE class, as shown in Fig 3A. Induction of significantly regu-
lated PEs during heart failure development was absent in atATGL-KO mice (Fig 4D). In addi-
tion, we identified 4 ether-PEs (PE O-) containing a fatty alcohol instead of a fatty acid at the
snl-position which were upregulated in failing wt-hearts but not in atATGL-KO hearts (Fig
4C and 4D). Among the PE O-s, PE O- 16:0-20:4 showed the most dramatic induction over
sham controls in wt mice (3.1-fold over sham) (Fig 4C). In accordance to the diacyl PE regula-
tion, hearts from atATGL-KO mice lacked the significant PE O- induction after TAC (Fig 4D).
The majority of the differentially regulated PE- and PE O- species in failing wt-hearts con-
tained at least one FA from the depleted blood FA pool (C16:0, C16:1; C18:1, C18:2, C20:5, Fig
2E) in atATGL-KO mice (Fig 4C), suggesting a link between blood FAs and cardiac lipid spe-
cies in the present model. In contrast to the PE- and PE O species, PC- and PC O- species were
not significantly regulated in failing wt-hearts, or in atATGL-KO hearts (Fig 4E and 4F).

Recently, a decrease of the PC/ PE ratio has been identified to regulate cell membrane integ-
rity in hepatocytes, and was accompanied by pronounced cell damage [17]. Thus, we calcu-
lated the ratio of the identified PCs and PEs matched for bound FAs in our model. In
agreement with the decline of LV function in TAC-operated wt-mice, cardiac PC/ PE-ratios
were reduced in failing wt-hearts compared to wt-sham hearts (Fig 4G). In atATGL-KO mice,
PC/ PE ratios did not significantly differ between sham- and TAC-mice (Fig 4H). The highest
ratio was detected in wt-sham hearts (S3 Table). Since the decrease of PC/ PE ratios has been
associated with cell damage, we evaluated the expression of the pro-apoptotic markers cleaved
caspase 3 and Bax in LV samples from sham- and TAC-operated wt- and atATGL-KO mice.
As shown in Fig 41 (upper panels), both proteins were induced in failing LV's from wt-mice
but not atATGL-KO mice. In accordance, when HL-1 cardiomyocytes were stimulated with
FAs (C16:0, C18:1, C18:2) regulated by ATGL in-vivo, we detected increased apoptosis by
cleaved caspase 3 protein expression (Fig 41 lower panel). Cleaved caspase 3 was not induced
in HL-1 cells under physiological high serum conditions (S1D Fig) suggesting that increased
FA-levels are required for the induction of apoptosis in these cells.

In summary, these data demonstrate that pressure-mediated LV failure is associated with
an increase of distinct cardiac PE-species leading to a reduction of cardiac PC/PE ratios. The
decline of PC/ PE ratios is accompanied by the enhanced expression of cardiac apoptosis
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Fig 4. Induction of pressure-mediated cardiac PE species is attenuated in atATGL-KO mice. MS-based shotgun
lipidomics analysis of heart tissue samples (LV) isolated 11 weeks after intervention (sham or TAC) from wild-type
(wt) or atATGL-KO mice. Lipid class denotations see Fig 3. A-F: Mean log2-fold change (TAC vs. sham) vs. mean
mole percent of lipid species. Triangles represent significantly changed lipid species (FDR adjusted p-value < 0.1 and
absolute value of log2-fold change > 0.5); bubbles represent those which are not significantly changed; size indicates
log-transformed adjusted p-values. A, C, E: wt-mice. B, D, F: atATGL-KO-mice. G+H: Significantly changed PC-PE
ratios of matched FAs in wt-mice (G) or atATGL-KO mice (H). The mean ratio + SEM is shown on a logarithmic
scale, Mann-Whitney U test for TAC vs. sham: *p<0.05, **p<0.01 (adjusted) in wt-mice, no significant changes were
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found in at ATGL-KO mice. I: upper panels: WB analysis of heart lysates using antibodies against cleaved caspase 3
and Bcl-associated X protein (Bax); lower panel: WB analysis of HL-1 cardiomyocytes lysates from cells stimulated

with vehicle (Veh) or fatty acid (FA) mix (C16:0, C18:1,C18:2 in different concentrations) using antibodies against

cleaved caspase 3; loading control: B-actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

https://doi.org/10.1371/journal.pgen.1007171.9004

markers. Deficiency of adipose tissue ATGL prevents cardiac PE upregulation in an FA-spe-
cific manner and protects the heart against LV failure.

PE species are regulated in plasma samples from patients with HFrEF

To explore the relevance of our findings to LV failure in humans, we performed shotgun lipi-
domics analysis using plasma samples obtained from male patients with HFrEF (n = 13) and
male control subjects with normal LV function (n = 10). The clinical characteristics of both
groups are outlined in Table 1 and S4 Table. Patients with HFrEF had a mean LVEF of

25 + 4.8% compared to 60.9 + 3.3% in the control group (Table 1). HFrEF patients were on
average older than subjects in the control group and had a slightly higher BMI (Table 1).

We analyzed 147 lipid species from 13 lipid classes in human plasma (S5 Table and Fig 5A).
PCs, TAGs, sterols (ST) and sterol esters (SE) were found in the highest concentration in
human plasma (Fig 5A). HFrEF patients had significantly higher plasma levels of PEs and PIs,
and lower plasma levels of SE compared to controls (Fig 5A). We subsequently analyzed the
individual lipid species within a lipid class and detected 10 plasma lipid species which were sig-
nificantly differentially regulated between controls and HFrEF patients using a linear model to
account for age and BMI (Fig 5B, triangles, and Fig 5C). Among the regulated lipid species, 3
PE species (PE16:0-18:1, PE16:0-18:2, PE18:2-18:0) were significantly higher in blood plasma
from HFrEF patients compared to controls (Fig 5B and 5C, S5 Table). Interestingly, all of the
PE species with increased levels in blood plasma from HFrEF patients were also upregulated in
the hearts of wt mice with LV failure (Fig 4C), suggesting a link between circulating and car-
diac PE levels. The strongest rise was observed for PE16:0-18:2, with 5.6-fold higher levels in
HFrEF compared to controls (S5 Table and Fig 5B and 5C). In line with the increase in PEs,
distinct DAG species (which are known precursors of PEs) were higher in HFrEF patients
including DAG16:0-18:2 and DAG18:2-18:2 (S5 Table and Fig 5B and 5C). In contrast to the
mouse data, we discovered two PC species (PC16:0-16:0, PC17:1-16:0) and Cer38:1 upregu-
lated, and 2 PC O- species (PC O- 16:1-16:0, PC O- 18:2-18:2) downregulated in plasma from
HFrEF patients (S5 Table and Fig 5B and 5C). PC O- species were depleted from the same FAs
(C16:0; C16:1, and C18:2) which were concurrently increased in PE species, suggesting a

Table 1.

Parameters control subjects HFrEF patients
n=10 N=13

Age [years] 43.3 [25-81] 59.2 [24-81]

Height [cm] 179.4 + 6.6 177.6 £ 8.1

Weight [kg] 81.8+6.5 86.0 + 12.2

Body mass index [kg/m*] 25.5+2.7 27.3+3.6

previous MI [%] 0/10 [0] 4/13 [30.8]

Previous stroke [%] 0/10 [0] 2/13 [15.4]

LV ejection fraction [%] 60.9+3.3 25.0 +4.8

Shown are means + SD, [min.-max.], or [%]; MI: myocardial infarction; LV: left ventricular

https://doi.org/10.1371/journal.pgen.1007171.t001
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error of differentially changed lipid species (see B.). Colors represent log10 adjusted p-values as indicated. Lipid classes: Cer:
ceramide, DAG: diacylglycerol, LPC: lyso-phosphatidylcholine, LPE: lyso-phosphatidylethanolamine, PC: phosphatidylcholine,
PC O-: phosphatidylcholine-ether, PE: phosphatidylethanolamine, PE O-: phosphatidylethanolamine-ether, PI:
phosphatidylinositol, SE: sterol ester, SM: sphingomyelin, ST: sterols, TAG: triacylglycerol.

https://doi.org/10.1371/journal.pgen.1007171.9g005

possibility of selective FA partitioning to distinct glycerophospholipid classes in HFrEF (S5
Table and Fig 5B and 5C).

Taken together, our data from human plasma samples demonstrate that the presence of
HFrEF is accompanied by a dysregulation of individual lipid classes and lipid species. Interest-
ingly, comparable changes in PE species were observed in failing mouse hearts and in plasma
from HFrEF patients.

Discussion

In this study, we demonstrated for the first time that pressure-induced cardiac failure is
accompanied by marked changes in the cardiac lipidome. The most robust alteration in lipid
species was an upregulation of distinct PE species in failing wt-hearts. Perturbation of adipose
tissue lipolysis in atATGL-KO mice led to an improvement of pressure-induced heart failure
accompanied by the prevention of cardiac PE induction. Pressure-induced cardiac PE induc-
tion resulted in a decreased PC/ PE-ratio and a concurrent increase in apoptotic marker
expression in failing wt-hearts, a process which was absent in atATGL-KO hearts. Taken
together, this study demonstrates that the cardiac lipidome undergoes profound changes dur-
ing heart failure development. The absence of these changes in atATGL-KO mice suggests that
non-cardiac tissues such as adipose tissue, and in particular ATGL-mediated adipose tissue
lipolysis, participate in the regulation of the cardiac lipidome.

The role of ATGL in heart failure development and cardiac metabolism has been previously
studied, with most studies focusing mainly on cardiac ATGL function [18-20]. In this study,
we concentrated on adipose ATGL and the impact of adipose tissue lipolysis on the develop-
ment of pressure-induced LV failure. Whereas previous studies demonstrated that perturba-
tion of cardiac ATGL resulted in the accumulation of TAG and impaired systolic LV function
[9, 18, 21], we showed that the deletion of ATGL in adipose tissue prevents pressure-induced
LV failure. This finding suggests that adipose tissue lipolysis has a deleterious effect during
heart failure development. These data are in accordance with the positive association between
augmented adipose tissue lipolysis and impairment of LV function in heart failure [5, 6]. The
relevance of adipose tissue lipolysis in heart failure development has recently been supported
by a study in mice deficient for the adipose-specific perilipin-1 isoform [22]. Perilipin-1 has
been shown to prevent TAG hydrolysis in adipocytes [22, 23]. The lack of perilipin-1 in these
mice resulted in enhanced fat tissue lipolysis associated with the development of hypertrophic
cardiomyopathy and LV failure [22]. Together, these data support a role for adipose tissue
lipolysis in the pathogenesis of LV failure.

Communication between the heart, the vasculature and other organs has been recently
described as an important pathophysiological mechanism involved in the development of car-
diovascular disease [24]. Cross-talk between skeletal muscle—heart, or between kidney—
heart/ vasculature has gained increasing attention in the treatment of diseases such as cardiac
cachexia or the cardiorenal syndrome [24, 25]. Adipose tissue communicates with multiple
organs such as liver and skeletal muscle [14], or as described in this study with the heart.
Whether this cross-talk will result in new therapies for heart failure requires additional studies.
Recently, Schweiger and colleagues characterized a new small molecule inhibitor of ATGL,
named Atglistatin, in a mouse model of diet-induced obesity [26]. They described that
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Atglistatin preferentially inhibits lipolysis in adipose tissue thereby improving weight gain,
insulin resistance and liver steatosis, demonstrating that an adipose tissue-based pharmacolog-
ical therapy of non-adipose organs might be feasible. [26].

Lipidomic analysis using advanced MS-technologies has been recently utilized in cardiovas-
cular research for the identification of new biomarkers in the context of risk prediction [27].
Stegemann and colleagues [27] identified plasma TAGs and CEs with short acyl chains and
low degree of unsaturation, such as TAG54:2 and CE16:1, as strong predictors for cardiovascu-
lar disease in the Bruneck cohort. In contrast to the analysis in blood plasma, data on lipid pro-
filing in cardiac tissue are very limited and have focused primarily on lipid class analysis.
These data have shown that in patients with heart failure and obesity or diabetes, cardiac TAG
levels are increased [28]. In contrast, in the absence of metabolic disease, cardiac TAG levels
were significantly decreased in patients with advanced heart failure undergoing left ventricular
assist device (LVAD) implantation, while Cers and DAGs were increased [29]. In a recent
review, Schulze and colleagues [30] concluded from this that cardiac lipotoxicity in heart fail-
ure is primarily driven by Cers and DAGs and not TAGs. In the present study, Cers, DAGs,
and TAGs were not significantly increased in failing hearts from wt-mice or in human plasma.
On the contrary, cardiac Cer levels were mildly reduced in failing LVs from wt-mice. One
explanation for this discrepancy might be the absence of systemic insulin resistance in our
study. Systemic insulin resistance was significantly induced in patients with heart failure in the
LVAD study [29], whereas in our model, pressure overload-mediated LV failure was not
accompanied by an impairment of insulin sensitivity or glucose tolerance. This supports the
notion, also described by Chokshi and colleagues [29] that the occurrence of systemic insulin
resistance in heart failure is linked to the regulation of cardiac Cer- and DAG-levels, a process
not present in our model.

In addition, we found an increase of cardiac PIs in wt-TAC mice compared to sham mice, a
regulation absent in atATGL-KO mice. PIs are important precursors of PI (4,5) biphosphate
(PIP,), a crucial generator of two second messenger molecules, DAGs and inositol 1,4,5-tri-
phosphate (IP3) [31]. Both signaling molecules have been shown to be involved in the patho-
genesis of cardiac hypertrophy and heart failure [32, 33]. Thus, the upregulation of PIs in
failing wt-hearts together with the absence of the regulation in atATGL-KO mice, may provide
one potential additional underlying mechanism of the observed cardiac phenotype in our
model.

The results described in this study are the first to demonstrate an induction of cardiac PE
species during the development of LV failure. Furthermore, we showed that these cardiac lipi-
dome changes were dependent on adipose tissue lipolysis. PEs are the most abundant phospho-
lipids in mammalian cells, and are predominantly located in plasma membranes and
mitochondrial membranes [34]. Disruption of whole-body PE synthesis in CTP:phosphoetha-
nolamine cytidylyltransferase (Pcyt2) +/- mice resulted in myocardial hypertrophy and cardiac
dysfunction in male mice [35]. However, these mice also developed a pronounced metabolic
syndrome with abdominal obesity, hyperlipidemia, insulin resistance and liver steatosis which
likely mediated the cardiac phenotype, thus making a direct comparison with our model diffi-
cult [35]. In this study, we found increased levels of PEs in human plasma samples and signifi-
cantly higher levels of individual cardiac PE species during heart failure. Our data point
towards a functional role of selected PE species in the pathogenesis of LV failure. Moreover, the
reduction in circulating levels of distinct FAs in atATGL-KO mice predominantly affected the
level of cardiac PE species, suggesting on the one hand that cardiac lipid species concentration
is determined by plasma FA levels, and on the other hand that the FA distribution into different
lipid classes occurs in a head group-specific manner. This process of cardiac FA partitioning
into different cardiac lipid classes, and its functional relevance has recently gained greater
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attention [36]. In the context of pathological cardiac hypertrophy and failure, incorporation of
oleate (C18:1) and linoleate (C18:2), but not other FAs, into cardiac DAGs has been associated
with profound LV hypertrophy and systolic failure [36, 37]. In our analysis, DAG species were
not significantly altered in failing wt-hearts, but two DAG species (16:0-18:2; 18:2-18:2) were
elevated in plasma from HFrEF patients. Since DAGs are required for PE synthesis via the Ken-
nedy pathway [34], the increase in cardiac tissue PE species observed in our study may be a
potential consequence of higher circulating DAG levels. The fact that cardiac DAGs were not
elevated in our model may suggest that our analysis was performed at a different time point
during the pathogenesis of LV hypertrophy or failure compared to previous studies [36].

How does the increase in PE species affect the development of LV failure during pressure
overload, and can the absence of this regulation explain why atATGL-KO mice are protected
from LV failure? PEs are major constituents of plasma membranes [34]. Previous work in pri-
mary rat cardiomyocytes demonstrated that an increase of membrane PE content induces sar-
colemmal destabilization and destruction [38]. Moreover, lowering the PE levels in
cardiomyocytes, as seen for distinct PE-species in atATGL-KO mice, attenuated cardiomyo-
cyte damage induced by ischemic or metabolic stress by maintaining the physicochemical
properties of the sarcolemma [38]. Similarly, the ratio of PCs to PEs has been identified as a
determinant of membrane integrity [17]. Decreased PC/ PE ratios induced membrane perme-
ability in hepatocytes resulting in cell damage [17]. We calculated species-specific PC/PE ratios
and discovered significant decreases accompanied with an increased Bax and cleaved caspase 3
expression only in failing wt-hearts but not in atATGL-KO hearts. Since we analyzed whole
heart tissue we can currently not exactly define the cellular/ subcellular localization of the
observed PC/PE ratio changes. There are several potential scenarios connecting the decreased
PC/PE-ratio with the increased pro-apoptotic level of Bax/ cleaved caspase 3. Bax is known to
control the intrinsic pathway of apoptosis promoting mitochondrial outer membrane (MOM)
permeabilization and the release of pro-apoptotic factors [39]. In addition, changes of MOM 's
lipid composition including a dysregulation of PE content or a decrease of the PC/PE ratio can
affect the biogenesis of MOM proteins as well as Bax function [39, 40]. Thus, these data suggest
that high cardiac PE levels and subsequent low PC/ PE ratios may affect MOM integrity
thereby promoting Bax-mediated apoptosis. An alternative way may involve the extrinsic arm
of apoptosis by which extracellular stress signals via death receptors initiate intracellular pro-
apoptotic signaling. Death receptor signaling involves receptor redistribution into membrane
lipid rafts, and lipid raft assembly is, at least in part, controlled by membrane lipid composition
[41, 42]. Thus, one may hypothesize that changes of plasma membrane PC/PE content possibly
augment death receptor signaling thereby promoting cardiomyocyte apoptosis, a process
absent in atATGL-KO mice. However, future experiments are required to delineate the exact
link between the decreased PC/PE ratios, increased Bax/ cleaved caspase 3 expression, and the
impact on myocardial apoptosis.

An additional mechanism of how enhanced ATGL-activity/ AT-lipolysis and increased car-
diac PE-levels may impair cardiac function might be the modulation of B-adrenergic signaling.
Cardiac B2-adrenergic stimulation has been recently shown to be protective in CHF [43]. In
parallel, phospholipids have been identified as G-protein-coupled receptor modulators, and in
particular, increased levels of membrane PEs stabilize the B2-receptor in an inactive state [44].
Thus in addition to pro-apoptotic effects, the cardiac PE-increase in our study may have
affected cardiac function by inhibiting protective cardiac f2-signaling.

We also identified changes in cardiac sphingolipid and CL levels. In particular, CLs have
been implicated in the regulation of cardiac energy metabolism and function [45, 46]. A
decrease in CLs, which are major mitochondrial membrane phospholipids, results in mito-
chondrial dysfunction with impaired oxidative phosphorylation, and has been associated with
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LV dysfunction [47]. In our study, we observed a reduction in CL 76:12 and it is possible that
CL depletion may also have contributed to pressure-induced LV failure in our model.

Finally, changes in distinct plasma lipid classes and individual lipid species were shown in a
small group of HFrEF patients when compared to a non-HFrEF control group. These data
allude to the presence of lipidomic plasma changes in human heart failure which have been
previously described in a metabolomics study [48]. In our study, the changes in selected PE
species in human plasma corresponded to the changes in cardiac PE species observed in mice
with LV failure, and this observation may be the first to suggest that PE dysregulation also
occurs in human HFrEF pathogenesis. However, correlations between plasma/ serum and car-
diac lipid compositions need to be judged very cautiously. For instance, the phospholipid com-
position varies markedly between plasma/ serum and tissues [49]. PEs, highly abundant in
cardiac tissue, represent only 4% of the phospholipid fraction in plasma [50]. Tonks and col-
leagues investigated the correlation between plasma and muscle glycerolipids, sphingolipids,
and cholesterol esters [51]. Of the 40 detected sphingolipid species in plasma and muscle only
8 correlated significantly [51]. This is further supported by a recent work from Ji and col-
leagues investigating the concentration of Cer species in serum and cardiac tissue samples
from control and heart failure patients [52]. From 7 Cer species significantly regulated in
serum only 3 exhibited significant changes in myocardial samples [52]. Together these data
indicate a more complex relationship between tissue and plasma/ serum lipid composition. It
is very likely that during the process of FA partitioning secreted FAs from adipose TAGs are
incorporated into distinct plasma/ serum lipid classes which differ from the acceptor lipid
class in target organs such as the heart [36].

Taken together, the results of this study demonstrate for the first time that perturbation of adi-
pose tissue lipolysis by deletion of AT-specific ATGL leads to an improvement in pressure-
induced heart failure, and can prevent potentially deleterious cardiac lipidome changes such as
PE induction. Furthermore, we showed that the development of LV failure is associated with a
distinct lipidomic profile in human plasma and mouse hearts, suggesting a process of cardiac FA
partitioning into different cardiac lipid classes. Further studies are required to improve our under-
standing of the underlying mechanisms and functional consequences of cardiac FA partitioning
during heart failure, and to identify novel therapeutic targets for the treatment of this disease.

Materials and methods
Animals

Male adipose tissue specific adipose triglyceride lipase (ATGL) deficient mice (atATGL-KO)
and control littermates (wt) were generated, as described previously [12]. Mice were random-
ized to sham or transverse aortic constriction (TAC) operated groups. The TAC procedure
was performed as previously described [53]. The detailed TAC protocol is provided in the S1
Supporting Information. Eleven weeks after surgery, mice were euthanized under isoflurane
anesthesia by cervical dislocation.

All animal procedures were performed according to the guidelines of the Charité Universi-
tiatsmedizin Berlin and were approved by the Landesamt fiir Gesundheit und Soziales (Berlin,
Germany) for the use of laboratory animals and according to the current version of the Ger-
man Law on protection of animals.

Echocardiography

Echocardiographic analysis was performed 11 weeks after sham/TAC-intervention, using
Vevo 770 high-resolution imaging system with a 30-MHz transducer (RMV-707B; VisualSo-
nics, Toronto, Canada) as described previously [12].
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Intraperitoneal glucose and insulin tolerance tests

Animals were metabolically phenotyped after 10 weeks. Intraperitoneal glucose tolerance tests
(ipGTT) and intraperitoneal insulin tolerance tests (ipITT) were performed using a dose of 1
g/kg body weight (BW) glucose and by injecting 0.25 U/kg BW insulin (ActrapidHM, Novo
Nordisk), respectively, as described previously [54]. Tail vein blood was used for glucose quan-
tification during ipGTT and ipI'TT using a Glucometer (Precision Xtra, Abbott).

HL-1 cell culture

Mouse HL-1 cardiomyocytes, kindly provided by W.C. Claycomb (Louisiana State University,
LA) were cultivated and stimulated, as described previously [12]. Briefly, cells were starved for
24h and afterwards stimulated for 6 h with a mix of C16:0, C18:1 and C18:2, dissolved in 10%
FFAs-free BSA. For experiments FAs were used in both equimolar- or 5x lower- serum con-
centration (FAmix and FAmix —low, respectively).

mRNA analysis and western blotting

mRNA analysis and western immunoblotting were performed as previously described [55].
The details of these procedures are outlined in the S1 Supporting Information.

Histology

Cardiac tissue samples were formalin-fixed, paraffin-embedded and stained with Hematoxy-
lin/Eosin, and Picrosirius red, and analyzed, as previously described [12, 56].

Cardiac myocyte cross sectional area was assessed using H/E-stained sections of myocar-
dium. Perimeter of the cell borders of 50 myocytes cut transversally were measured using cell-
Sens (Olympus). Myocytes were selected in up to ten 400x microscopic fields each separated
into 20 equally sized squares. Only one transversally myocyte per square was measured to
increase representativeness. Fibrotic content (collagen fibers stained with picrosirius red) was
assessed from the total cross section by a blinded expert in veterinary pathology using an anal-
ysis software (Olympus) and a semi-quantitative scoring system (0 = no fibrosis, 1 = occasion-
ally collagen fibers (mild), 2 = several collagen fibers (moderate), 3 = massive accumulation of
collagen fibers (severe)).

Human blood samples

Human fasting plasma samples were collected from healthy subjects and patients with systolic
heart failure (HFrEF) at the Division of Cardiology, University Hospital RWTH Aachen, Ger-
many. Human plasma was isolated from EDTA blood samples by centrifugation at 2000rpm
for 10min. Supernatant was collected and stored at -80°C as 200uL aliquots. Left ventricular
(LV) ejection fraction was assessed by standard echocardiography. Blood sampling and clinical
data collection and analysis was approved by an institutional review board (Ethics committee
University Hospital RWTH, Aachen, Germany), and all participants provided written
informed consent.

FA- and TAG analysis of mouse blood and white adipose tissue samples

Mouse serum was isolated from whole blood. Blood samples were placed for 60min at room
temperature for induction of coagulation. Afterwards, samples were centrifuged at 5000rpm
for 5min at 4°C, and supernatant (serum) was collected. For FA serum profiling, 40ul samples
of murine serum were hydrolyzed under alkaline-methanolic conditions, neutralized and
diluted 1:10 in methanol containing internal FA standards. The HPLC measurement (Agilent

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 17/24


https://doi.org/10.1371/journal.pgen.1007171

@'PLOS | GENETICS

Adipose ATGL and cardiac lipidome

1200 HPLC system), coupled with an Agilent 6460 triple quad MS was performed, as described
previously [12]. Serum concentration of FFAs was measured using a HR-NEFA kit (WAKO),
as described previously [12]. TAGs in serum were determined using the DiaSys Triglycerides
ES kit (DiaSys GmbH), according to the manufacturer’s instructions.

Lipids from adipose tissue were extracted using a two-step chloroform/ methanol proce-
dure [57]. Samples were analyzed by direct infusion on a QExactive mass spectrometer
(Thermo Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences).
Further details see section Lipidomic Analysis.

Lipidomic analysis

Lipid extraction and analysis of mouse LV samples (3mg per sample) and human plasma (15pl
per sample) were performed as described previously [58, 59] at Lipotype GmbH: Lipids were
extracted using a two-step chloroform/methanol procedure [57]. Samples were spiked with
internal lipid standard mixture containing: cardiolipin 16:1/15:0/15:0/15:0 (CL), ceramide
18:1;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0 (HexCer), lyso-
phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanol-
amine 17:1 (LPE), lyso-phosphatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI),
lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/
17:0 (PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG),
phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0
(CE), sphingomyelin 18:1;2/12:0;0 (SM), triacylglycerol 17:0/17:0/17:0 (TAG). After extraction,
the organic phase was transferred to an infusion plate and dried in a speed vacuum concentra-
tor. 1st step dry extract was re-suspended in 7.5 mM ammonium acetate in chloroform/metha-
nol/propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution of methylamine
in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using
Hamilton Robotics STARlet robotic platform with the Anti Droplet Control feature for
organic solvents pipetting.

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo
Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples
were analyzed in both positive and negative ion modes with a resolution of Rm/z = 200 =
280000 for MS and Rm/z = 200 = 17500 for MSMS experiments, in a single acquisition.
MSMS was triggered by an inclusion list encompassing corresponding MS mass ranges
scanned in 1 Da increments [59]. Both MS and MSMS data were combined to monitor CE,
DAG and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE,
PE O-, PG, PI and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE
O-, LPI and LPS as deprotonated anions; Cer, HexCer, SM, LPC and LPC O- as acetate
adducts. Data were analyzed with in-house developed lipid identification software based on
LipidXplorer [60, 61]. Only lipid identifications with a signal-to-noise ratio >5, and a signal
intensity 5-fold higher than in corresponding blank samples were considered for further
data analysis.

Bioinformatic data analysis and statistics

Measured lipid amounts were normalized to total lipid amount in samples and log-trans-
formed to approach a symmetric and approximative normal distribution. Lipid species with
missing values across many samples were removed from further analysis, and in total, we eval-
uated the results of 225 lipid species in the mouse and 147 in the human data set. Normal dis-
tribution was checked visually by using Q-Q plots. Depending on their scale and distribution,
results are given in proportions, mean, standard deviation or standard error of the median
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with 25% to 75% quartiles as indicated. Statistical tests for significance were performed by
using the tow-tailed t-test or Mann-Whitney-U-test as appropriate. Multivariable analysis was
done by linear and robust linear regression with log-transformed relative lipid amounts as
dependent and experimental or clinical conditions, age and BMI, as independent variables.
For class level comparisons only, we used regression or median imputation of missing values.
To avoid alpha inflation, p-values were adjusted by the Benjamini-Hochberg procedure [62].
Adjusted p-values of less than <0.1 were considered to be significant. All analyses were per-
formed with R version 3.3.1. See S1 Supporting Information for further details regarding data
analysis.

To compare differences between groups of mice phenotypes, we performed two-way
ANOVA (Bonferroni posttest), two-way ANOVA with repeated measures (Bonferroni post-
test) or t-test, as appropriate, and data was analyzed with GraphPad Prism Software. Statistical
significance was assumed at p<0.05. Vertical lines in the histograms indicate
means + standard error of the mean (SEM). The n-number is indicated for each experiment.

Supporting information

S1 Text. (Material and methods): A detailed description of the used methods and materials
is shown.
(DOCX)

S§1 Table. Cardiac phenotype/ echocardiographic analysis of atATGL-KO mice and wt-lit-
termates, 11 weeks after TAC/ sham surgery.
(DOCX)

S2 Table. MS-based shotgun lipidomics analysis of heart tissue samples (LV) isolated 11
weeks after intervention (sham or TAC) from wild-type (wt) or atATGL-KO mice. Shown
are raw data lipid concentrations in pmole.

(CSV)

$3 Table. PC/ PE-ratios calculated from raw data presented in S2 Table.
(CSV)

$4 Table. ID, age (years) and body mass index (BMI) from HFrEF (n = 13) and non-HFrEF
(n = 10) patients.
(CSV)

S5 Table. MS-based shotgun lipidomics analysis of human plasma samples from HFrEF-
patients (n = 13) and non-HFrEF controls (n = 10). Shown are raw data lipid concentrations
in pmole.

(CSV)

S1 Fig. A: ATGL mRNA expression in cardiac endothelial cells. Cardiac endothelial cells
were isolated from cardiac tissue of atATGL-KO- and wt-mice using a Langendorff perfu-
sion system, collagenase Type II digestion and CD31 microBeads Macs Miltenyi Biotec Sys-
tem, as described in methods. QRT-PCR studies of ATGL expression, relative to 18S were
carried out using total RNA isolated from those cells (mean and SEM, n = 3-4, n.s.: statistical
non-significant). B: MS-based shotgun lipidomics analysis of Triacylglycerol (TAG) species
in white adipose tissue samples (WAT) isolated 11 weeks after intervention (sham) from wt-
and atATGL-KO mice. *p<0.05 vs. wt sham. C: Profile of selected serum FAs in sham-oper-
ated mice analyzed by rapid resolution HPLC/ Tandem MS. (mean and SEM, n = 5, unpaired
ttest). *p<<0.05 vs. wt sham. D: WB analysis of HL-1 cells cultivated in starving (0.5% FBS) or
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full medium (10% FBS), using antibodies against cleaved caspase 3, loading control: beta-
Actin (BActin).
(TIF)

Acknowledgments

The authors thank Christiane Sprang, Beata Hoeft and Manuela Sommerfeld (Charité-Univer-
sitaetsmedizin Berlin, Institute of Pharmacology, CCR, Berlin, Germany) for their excellent
technical support. Parts of this work will be used in the doctoral theses of J. Salatzki and E.
Smeir.

Author Contributions

Conceptualization: Anna Foryst-Ludwig, Robert Klopfleisch, Sebastian Dunst, Michal A.
Surma, Christian Klose, Frank R. Heinzel, Erin E. Kershaw, Dieter Beule, Nikolaus Marx,
Ulrich Kintscher.

Data curation: Janek Salatzki, Anna Foryst-Ludwig, Kajetan Bentele, Annelie Blumrich, Jana
Grune, Niklas Beyhoff, Robert Klopfleisch, Christian Klose, Michael Rothe, Frank R. Hein-
zel, Alexander Krannich, Dieter Beule, P. Christian Schulze, Nikolaus Marx.

Formal analysis: Janek Salatzki, Anna Foryst-Ludwig, Kajetan Bentele, Annelie Blumrich, Elia
Smeir, Zsofia Ban, Sarah Brix, Jana Grune, Niklas Beyhoff, Robert Klopfleisch, Sebastian
Dunst, Michal A. Surma, Christian Klose, Michael Rothe, Frank R. Heinzel, Alexander
Krannich, Dieter Beule, Nikolaus Marx, Ulrich Kintscher.

Funding acquisition: Nikolaus Marx, Ulrich Kintscher.

Investigation: Janek Salatzki, Anna Foryst-Ludwig, Annelie Blumrich, Elia Smeir, Zsofia Ban,
Sarah Brix, Jana Grune, Niklas Beyhoff, Robert Klopfleisch, Sebastian Dunst, Michal A.
Surma, Christian Klose, Michael Rothe, Frank R. Heinzel.

Methodology: Janek Salatzki, Anna Foryst-Ludwig, Zsofia Ban, Niklas Beyhoff, Robert Klop-
fleisch, Sebastian Dunst, Michal A. Surma, Christian Klose, Michael Rothe, Frank R. Hein-
zel, Alexander Krannich, Erin E. Kershaw, Dieter Beule, P. Christian Schulze, Ulrich
Kintscher.

Project administration: Anna Foryst-Ludwig, Christian Klose, Nikolaus Marx, Ulrich
Kintscher.

Resources: Erin E. Kershaw, Dieter Beule, P. Christian Schulze, Nikolaus Marx, Ulrich
Kintscher.

Software: Kajetan Bentele, Alexander Krannich, Dieter Beule.

Supervision: Anna Foryst-Ludwig, Christian Klose, Frank R. Heinzel, Erin E. Kershaw, Dieter
Beule, P. Christian Schulze, Nikolaus Marx, Ulrich Kintscher.

Validation: Robert Klopfleisch, Michal A. Surma, Christian Klose.

Visualization: Anna Foryst-Ludwig, Kajetan Bentele, Robert Klopfleisch, Frank R. Heinzel,
Dieter Beule.

Writing - original draft: Anna Foryst-Ludwig, Frank R. Heinzel, Nikolaus Marx, Ulrich
Kintscher.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 20/24


https://doi.org/10.1371/journal.pgen.1007171

@'PLOS | GENETICS

Adipose ATGL and cardiac lipidome

Writing - review & editing: Janek Salatzki, Anna Foryst-Ludwig, Kajetan Bentele, Annelie

Blumrich, Elia Smeir, Zsofia Ban, Jana Grune, Niklas Beyhoff, Robert Klopfleisch, Sebastian
Dunst, Michal A. Surma, Christian Klose, Michael Rothe, Frank R. Heinzel, Alexander
Krannich, Erin E. Kershaw, Dieter Beule, P. Christian Schulze, Nikolaus Marx, Ulrich
Kintscher.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS, et al. Plasma norepinephrine as a
guide to prognosis in patients with chronic congestive heart failure. N Engl J Med. 1984; 311(13):819—
23. https://doi.org/10.1056/NEJM198409273111303 PMID: 6382011.

Leimbach WN Jr., Wallin BG, Victor RG, Aylward PE, Sundlof G, Mark AL. Direct evidence from intra-
neural recordings for increased central sympathetic outflow in patients with heart failure. Circulation.
1986; 73(5):913-9. PMID: 3698236.

Young SG, Zechner R. Biochemistry and pathophysiology of intravascular and intracellular lipolysis.
Genes Dev. 2013; 27(5):459-84. Epub 2013/03/12. https://doi.org/10.1101/gad.209296.112 PMID:
23475957.

Sengenes C, Berlan M, De Glisezinski |, Lafontan M, Galitzky J. Natriuretic peptides: a new lipolytic
pathway in human adipocytes. FASEB J. 2000; 14(10):1345-51. PMID: 10877827.

Polak J, Kotrc M, Wedellova Z, Jabor A, Malek I, Kautzner J, et al. Lipolytic effects of B-type natriuretic
peptide 1-32 in adipose tissue of heart failure patients compared with healthy controls. J Am Coll Car-
diol. 2011; 58(11):1119-25. https://doi.org/10.1016/j.jacc.2011.05.042 PMID: 21884948.

Lommi J, Kupari M, Yki-Jarvinen H. Free fatty acid kinetics and oxidation in congestive heart failure. Am
J Cardiol. 1998; 81(1):45-50. PMID: 9462605.

Morigny P, Houssier M, Mouisel E, Langin D. Adipocyte lipolysis and insulin resistance. Biochimie.
2016; 125:259-66. https://doi.org/10.1016/j.biochi.2015.10.024 PMID: 26542285.

Riehle C, Abel ED. Insulin Signaling and Heart Failure. Circ Res. 2016; 118(7):1151-69. https://doi.org/
10.1161/CIRCRESAHA.116.306206 PMID: 27034277.

Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C, Rozman J, et al. Defective lipolysis
and altered energy metabolism in mice lacking adipose triglyceride lipase. Science. 2006; 312
(5774):734-7. https://doi.org/10.1126/science.1123965 PMID: 16675698.

Ahmadian M, Abbott MJ, Tang T, Hudak CS, Kim Y, Bruss M, et al. Desnutrin/ATGL is regulated by
AMPK and is required for a brown adipose phenotype. Cell Metab. 2011; 13(6):739-48. Epub 2011/06/
07. https://doi.org/10.1016/j.cmet.2011.05.002 PMID: 21641555.

Schoiswohl G, Stefanovic-Racic M, Menke MN, Wills RC, Surlow BA, Basantani MK, et al. Impact of
Reduced ATGL-Mediated Adipocyte Lipolysis on Obesity-Associated Insulin Resistance and Inflamma-
tion in Male Mice. Endocrinology. 2015; 156(10):3610—24. https://doi.org/10.1210/en.2015-1322 PMID:
26196542.

Foryst-Ludwig A, Kreiss| MC, Benz V, Brix S, Smeir E, Ban Z, et al. Adipose Tissue Lipolysis Promotes
Exercise-induced Cardiac Hypertrophy Involving the Lipokine C16:1n7-Palmitoleate. J Biol Chem.
2015; 290(39):23603—15. https://doi.org/10.1074/jbc.M115.645341 PMID: 26260790.

Cao H, Gerhold K, Mayers JR, Wiest MM, Watkins SM, Hotamisligil GS. Identification of a lipokine, a
lipid hormone linking adipose tissue to systemic metabolism. Cell. 2008; 134(6):933—44. https://doi.org/
10.1016/j.cell.2008.07.048 PMID: 18805087.

Olefsky JM. Fat talks, liver and muscle listen. Cell. 2008; 134(6):914—6. https://doi.org/10.1016/j.cell.
2008.09.001 PMID: 18805088.

Lee KY, Russell SJ, Ussar S, Boucher J, Vernochet C, Mori MA, et al. Lessons on conditional gene tar-
geting in mouse adipose tissue. Diabetes. 2013; 62(3):864—74. https://doi.org/10.2337/db12-1089
PMID: 23321074.

Eichmann TO, Kumari M, Haas JT, Farese RV Jr., Zimmermann R, Lass A, et al. Studies on the sub-
strate and stereo/regioselectivity of adipose triglyceride lipase, hormone-sensitive lipase, and diacylgly-
cerol-O-acyltransferases. J Biol Chem. 2012; 287(49):41446-57. https://doi.org/10.1074/jbc.M112.
400416 PMID: 23066022.

Li Z, Agellon LB, Allen TM, Umeda M, Jewell L, Mason A, et al. The ratio of phosphatidylcholine to
phosphatidylethanolamine influences membrane integrity and steatohepatitis. Cell Metab. 2006; 3
(5):321-31. https://doi.org/10.1016/j.cmet.2006.03.007 PMID: 16679290.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 21/24


https://doi.org/10.1056/NEJM198409273111303
http://www.ncbi.nlm.nih.gov/pubmed/6382011
http://www.ncbi.nlm.nih.gov/pubmed/3698236
https://doi.org/10.1101/gad.209296.112
http://www.ncbi.nlm.nih.gov/pubmed/23475957
http://www.ncbi.nlm.nih.gov/pubmed/10877827
https://doi.org/10.1016/j.jacc.2011.05.042
http://www.ncbi.nlm.nih.gov/pubmed/21884948
http://www.ncbi.nlm.nih.gov/pubmed/9462605
https://doi.org/10.1016/j.biochi.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26542285
https://doi.org/10.1161/CIRCRESAHA.116.306206
https://doi.org/10.1161/CIRCRESAHA.116.306206
http://www.ncbi.nlm.nih.gov/pubmed/27034277
https://doi.org/10.1126/science.1123965
http://www.ncbi.nlm.nih.gov/pubmed/16675698
https://doi.org/10.1016/j.cmet.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21641555
https://doi.org/10.1210/en.2015-1322
http://www.ncbi.nlm.nih.gov/pubmed/26196542
https://doi.org/10.1074/jbc.M115.645341
http://www.ncbi.nlm.nih.gov/pubmed/26260790
https://doi.org/10.1016/j.cell.2008.07.048
https://doi.org/10.1016/j.cell.2008.07.048
http://www.ncbi.nlm.nih.gov/pubmed/18805087
https://doi.org/10.1016/j.cell.2008.09.001
https://doi.org/10.1016/j.cell.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18805083
https://doi.org/10.2337/db12-1089
http://www.ncbi.nlm.nih.gov/pubmed/23321074
https://doi.org/10.1074/jbc.M112.400416
https://doi.org/10.1074/jbc.M112.400416
http://www.ncbi.nlm.nih.gov/pubmed/23066022
https://doi.org/10.1016/j.cmet.2006.03.007
http://www.ncbi.nlm.nih.gov/pubmed/16679290
https://doi.org/10.1371/journal.pgen.1007171

@'PLOS | GENETICS

Adipose ATGL and cardiac lipidome

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Haemmerle G, Moustafa T, Woelkart G, Buttner S, Schmidt A, van de Weijer T, et al. ATGL-mediated
fat catabolism regulates cardiac mitochondrial function via PPAR-alpha and PGC-1. Nat Med. 2011; 17
(9):1076-85. https://doi.org/10.1038/nm.2439 PMID: 21857651.

Kienesberger PC, Pulinilkunnil T, Sung MM, Nagendran J, Haemmerle G, Kershaw EE, et al. Myocar-
dial ATGL overexpression decreases the reliance on fatty acid oxidation and protects against pressure
overload-induced cardiac dysfunction. Mol Cell Biol. 2012; 32(4):740-50. https://doi.org/10.1128/MCB.
06470-11 PMID: 22158969.

Zierler KA, Jaeger D, Pollak NM, Eder S, Rechberger GN, Radner FP, et al. Functional cardiac lipolysis
in mice critically depends on comparative gene identification-58. J Biol Chem. 2013; 288(14):9892—904.
https://doi.org/10.1074/jbc.M112.420620 PMID: 23413028.

Kienesberger PC, Pulinilkunnil T, Nagendran J, Young ME, Bogner-Strauss JG, Hackl H, et al. Early
structural and metabolic cardiac remodelling in response to inducible adipose triglyceride lipase abla-
tion. Cardiovasc Res. 2013. https://doi.org/10.1093/cvr/cvt124 PMID: 23708736.

LiuS, Geng B, Zou L, Wei S, Wang W, Deng J, et al. Development of hypertrophic cardiomyopathy in
perilipin-1 null mice with adipose tissue dysfunction. Cardiovasc Res. 2015; 105(1):20-30. https://doi.
org/10.1093/cvr/cvu214 PMID: 25416668.

Brasaemle DL. Thematic review series: adipocyte biology. The perilipin family of structural lipid droplet
proteins: stabilization of lipid droplets and control of lipolysis. J Lipid Res. 2007; 48(12):2547-59. https://
doi.org/10.1194/jIr. R700014-JLR200 PMID: 17878492.

Godecke A, Haendeler J. Intra- and Interorgan Communication in the Cardiovascular System: A Special
View on Redox Regulation. Antioxidants & redox signaling. 2017; 26(12):613-5. https://doi.org/10.
1089/ars.2017.6988 PMID: 28073290.

Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Cardiorenal syndrome. J Am Coll Cardiol.
2008; 52(19):1527-39. https://doi.org/10.1016/j.jacc.2008.07.051 PMID: 19007588.

Schweiger M, Romauch M, Schreiber R, Grabner GF, Hutter S, Kotzbeck P, et al. Pharmacological inhi-
bition of adipose triglyceride lipase corrects high-fat diet-induced insulin resistance and hepatosteatosis
in mice. Nat Commun. 2017; 8:14859. https://doi.org/10.1038/ncomms 14859 PMID: 28327588.

Stegemann C, Pechlaner R, Willeit P, Langley S, Mangino M, Mayr U, et al. Lipidomics Profiling and
Risk of Cardiovascular Disease in the Prospective Population-Based Bruneck Study. Circulation. 2014;
129(18):1821-31. https://doi.org/10.1161/CIRCULATIONAHA.113.002500 PMID: 24622385.

Sharma S, Adrogue JV, Golfman L, Uray |, Lemm J, Youker K, et al. Intramyocardial lipid accumulation
in the failing human heart resembles the lipotoxic rat heart. FASEB J. 2004; 18(14):1692—700. https://
doi.org/10.1096/fj.04-2263com PMID: 15522914,

Chokshi A, Drosatos K, Cheema FH, Ji R, Khawaja T, Yu S, et al. Ventricular assist device implantation
corrects myocardial lipotoxicity, reverses insulin resistance, and normalizes cardiac metabolism in
patients with advanced heart failure. Circulation. 2012; 125(23):2844-53. https://doi.org/10.1161/
CIRCULATIONAHA.111.060889 PMID: 22586279.

Schulze PC, Drosatos K, Goldberg IJ. Lipid Use and Misuse by the Heart. Circ Res. 2016; 118
(11):1736-51. https://doi.org/10.1161/CIRCRESAHA.116.306842 PMID: 27230639.

Irvine RF. A short history of inositol lipids. J Lipid Res. 2016; 57(11):1987-94. https://doi.org/10.1194/jlr.
R071712 PMID: 27623846.

Kockskamper J, Zima AV, Roderick HL, Pieske B, Blatter LA, Bootman MD. Emerging roles of inositol
1,4,5-trisphosphate signaling in cardiac myocytes. J Mol Cell Cardiol. 2008; 45(2):128—47. https://doi.
org/10.1016/j.yjmcc.2008.05.014 PMID: 18603259.

Kawaguchi H, Sano H, lizuka K, Okada H, Kudo T, Kageyama K, et al. Phosphatidylinositol metabolism
in hypertrophic rat heart. Circ Res. 1993; 72(5):966—72. PMID: 8477530.

Vance JE. Phospholipid synthesis and transport in mammalian cells. Traffic. 2015; 16(1):1-18. https://
doi.org/10.1111/tra.12230 PMID: 25243850.

Basu P, Alibhai FJ, Tsimakouridze EV, Singh RK, Paglialunga S, Holloway GP, et al. Male-Specific Car-
diac Dysfunction in CTP:Phosphoethanolamine Cytidylyltransferase (Pcyt2)-Deficient Mice. Mol Cell
Biol. 2015; 35(15):2641-57. https://doi.org/10.1128/MCB.00380-15 PMID: 25986609.

Kolwicz SC Jr. Lipid partitioning during cardiac stress. Biochim Biophys Acta. 2016; 1860(10):1472-80.
https://doi.org/10.1016/j.bbalip.2016.03.028 PMID: 27040509.

Saburi Y, Okumura K, Matsui H, Hayashi K, Kamiya H, Takahashi R, et al. Changes in distinct species
of 1,2-diacylglycerol in cardiac hypertrophy due to energy metabolic disorder. Cardiovasc Res. 2003;
57(1):92-100. PMID: 12504818.

Post JA, Bijvelt JJ, Verkleij AJ. Phosphatidylethanolamine and sarcolemmal damage during ischemia or
metabolic inhibition of heart myocytes. Am J Physiol. 1995; 268(2 Pt 2):H773-80. https://doi.org/10.
1152/ajpheart.1995.268.2.H773 PMID: 7864204.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 22/24


https://doi.org/10.1038/nm.2439
http://www.ncbi.nlm.nih.gov/pubmed/21857651
https://doi.org/10.1128/MCB.06470-11
https://doi.org/10.1128/MCB.06470-11
http://www.ncbi.nlm.nih.gov/pubmed/22158969
https://doi.org/10.1074/jbc.M112.420620
http://www.ncbi.nlm.nih.gov/pubmed/23413028
https://doi.org/10.1093/cvr/cvt124
http://www.ncbi.nlm.nih.gov/pubmed/23708736
https://doi.org/10.1093/cvr/cvu214
https://doi.org/10.1093/cvr/cvu214
http://www.ncbi.nlm.nih.gov/pubmed/25416668
https://doi.org/10.1194/jlr.R700014-JLR200
https://doi.org/10.1194/jlr.R700014-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17878492
https://doi.org/10.1089/ars.2017.6988
https://doi.org/10.1089/ars.2017.6988
http://www.ncbi.nlm.nih.gov/pubmed/28073290
https://doi.org/10.1016/j.jacc.2008.07.051
http://www.ncbi.nlm.nih.gov/pubmed/19007588
https://doi.org/10.1038/ncomms14859
http://www.ncbi.nlm.nih.gov/pubmed/28327588
https://doi.org/10.1161/CIRCULATIONAHA.113.002500
http://www.ncbi.nlm.nih.gov/pubmed/24622385
https://doi.org/10.1096/fj.04-2263com
https://doi.org/10.1096/fj.04-2263com
http://www.ncbi.nlm.nih.gov/pubmed/15522914
https://doi.org/10.1161/CIRCULATIONAHA.111.060889
https://doi.org/10.1161/CIRCULATIONAHA.111.060889
http://www.ncbi.nlm.nih.gov/pubmed/22586279
https://doi.org/10.1161/CIRCRESAHA.116.306842
http://www.ncbi.nlm.nih.gov/pubmed/27230639
https://doi.org/10.1194/jlr.R071712
https://doi.org/10.1194/jlr.R071712
http://www.ncbi.nlm.nih.gov/pubmed/27623846
https://doi.org/10.1016/j.yjmcc.2008.05.014
https://doi.org/10.1016/j.yjmcc.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18603259
http://www.ncbi.nlm.nih.gov/pubmed/8477530
https://doi.org/10.1111/tra.12230
https://doi.org/10.1111/tra.12230
http://www.ncbi.nlm.nih.gov/pubmed/25243850
https://doi.org/10.1128/MCB.00380-15
http://www.ncbi.nlm.nih.gov/pubmed/25986609
https://doi.org/10.1016/j.bbalip.2016.03.028
http://www.ncbi.nlm.nih.gov/pubmed/27040509
http://www.ncbi.nlm.nih.gov/pubmed/12504818
https://doi.org/10.1152/ajpheart.1995.268.2.H773
https://doi.org/10.1152/ajpheart.1995.268.2.H773
http://www.ncbi.nlm.nih.gov/pubmed/7864204
https://doi.org/10.1371/journal.pgen.1007171

@'PLOS | GENETICS

Adipose ATGL and cardiac lipidome

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pena-Blanco A, Garcia-Saez AJ. Bax, Bak and beyond—mitochondrial performance in apoptosis.
FEBS J. 2017. https://doi.org/10.1111/febs.14186 PMID: 28755482.

Becker T, Horvath SE, Bottinger L, Gebert N, Daum G, Pfanner N. Role of phosphatidylethanolamine in
the biogenesis of mitochondrial outer membrane proteins. J Biol Chem. 2013; 288(23):16451-9. https:/
doi.org/10.1074/jbc.M112.442392 PMID: 23625917.

Lotocki G, Alonso OF, Dietrich WD, Keane RW. Tumor necrosis factor receptor 1 and its signaling inter-
mediates are recruited to lipid rafts in the traumatized brain. J Neurosci. 2004; 24(49):11010-6. https://
doi.org/10.1523/JNEUROSCI.3823-04.2004 PMID: 15590916.

Simons K, Sampaio JL. Membrane organization and lipid rafts. Cold Spring Harb Perspect Biol. 2011; 3
(10):a004697. https://doi.org/10.1101/cshperspect.a004697 PMID: 21628426.

Schmid E, Neef S, Berlin C, Tomasovic A, Kahlert K, Nordbeck P, et al. Cardiac RKIP induces a benefi-
cial beta-adrenoceptor-dependent positive inotropy. Nat Med. 2015; 21(11):1298-306. https://doi.org/
10.1038/nm.3972 PMID: 26479924,

Dawaliby R, Trubbia C, Delporte C, Masureel M, Van Antwerpen P, Kobilka BK, et al. Allosteric regula-
tion of G protein-coupled receptor activity by phospholipids. Nat Chem Biol. 2016; 12(1):35-9. https://
doi.org/10.1038/nchembio.1960 PMID: 26571351.

Le CH, Mulligan CM, Routh MA, Bouma GJ, Frye MA, Jeckel KM, et al. Delta-6-desaturase links poly-
unsaturated fatty acid metabolism with phospholipid remodeling and disease progression in heart fail-
ure. Circ Heart Fail. 2014; 7(1):172-83. https://doi.org/10.1161/CIRCHEARTFAILURE.113.000744
PMID: 24284026.

Sparagna GC, Johnson CA, McCune SA, Moore RL, Murphy RC. Quantitation of cardiolipin molecular
species in spontaneously hypertensive heart failure rats using electrospray ionization mass spectrome-
try. J Lipid Res. 2005; 46(6):1196—204. https://doi.org/10.1194/jIr. M500031-JLR200 PMID: 15772420.

Dolinsky VW, Cole LK, Sparagna GC, Hatch GM. Cardiac mitochondrial energy metabolism in heart fail-
ure: Role of cardiolipin and sirtuins. Biochim Biophys Acta. 2016; 1860(10):1544—54. https://doi.org/10.
1016/j.bbalip.2016.03.008 PMID: 26972373.

Cheng ML, Wang CH, Shiao MS, Liu MH, Huang YY, Huang CY, et al. Metabolic disturbances identified
in plasma are associated with outcomes in patients with heart failure: diagnostic and prognostic value of
metabolomics. J Am Coll Cardiol. 2015; 65(15):1509-20. Epub 2015/04/18. https://doi.org/10.1016/j.
jacc.2015.02.018 PMID: 25881932.

Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose tissue and blood in humans and
its use as a biomarker of dietary intake. Prog Lipid Res. 2008; 47(5):348-80. https://doi.org/10.1016/j.
plipres.2008.03.003 PMID: 18435934.

Dougherty RM, Galli C, Ferro-Luzzi A, lacono JM. Lipid and phospholipid fatty acid composition of
plasma, red blood cells, and platelets and how they are affected by dietary lipids: a study of normal sub-
jects from ltaly, Finland, and the USA. Am J Clin Nutr. 1987; 45(2):443-55. PMID: 3812343.

Tonks KT, Coster AC, Christopher MJ, Chaudhuri R, Xu A, Gagnon-Bartsch J, et al. Skeletal muscle
and plasma lipidomic signatures of insulin resistance and overweight/obesity in humans. Obesity (Silver
Spring). 2016; 24(4):908—16. https://doi.org/10.1002/0by.21448 PMID: 26916476.

Ji R, Akashi H, Drosatos K, Liao X, Jiang H, Kennel PJ, et al. Increased de novo ceramide synthesis
and accumulation in failing myocardium. JCI Insight. 2017; 2(9). https://doi.org/10.1172/jci.insight.
82922 PMID: 28469091.

Fliegner D, Schubert C, Penkalla A, Witt H, Kararigas G, Dworatzek E, et al. Female sex and estrogen
receptor-beta attenuate cardiac remodeling and apoptosis in pressure overload. Am J Physiol Regul
Integr Comp Physiol. 2010; 298(6):R1597-606. https://doi.org/10.1152/ajpregu.00825.2009 PMID:
20375266.

Foryst-Ludwig A, Clemenz M, Hohmann S, Hartge M, Sprang C, Frost N, et al. Metabolic actions of
estrogen receptor beta (ERbeta) are mediated by a negative cross-talk with PPARgamma. PLoS
Genet. 2008; 4(6):e1000108. https://doi.org/10.1371/journal.pgen.1000108 PMID: 18584035.

Bloch M, Prock A, Paonessa F, Benz V, Bahr IN, Herbst L, et al. High-Mobility Group A1 Protein: A New
Coregulator of Peroxisome Proliferator-Activated Receptor-gamma-Mediated Transrepression in the
Vasculature. Circ Res. 2012; 110(3):394—405. https://doi.org/10.1161/CIRCRESAHA.111.253658
PMID: 22207709.

Grune J, Benz V, Brix S, Salatzki J, Blumrich A, Hoft B, et al. Steroidal and Nonsteroidal Mineralocorti-
coid Receptor Antagonists Cause Differential Cardiac Gene Expression in Pressure Overload-induced
Cardiac Hypertrophy. J Cardiovasc Pharmacol. 2016; 67(5):402—11. https://doi.org/10.1097/FJC.
0000000000000366 PMID: 26859196.

Ejsing CS, Sampaio JL, Surendranath V, Duchoslav E, Ekroos K, Klemm RW, et al. Global analysis of
the yeast lipidome by quantitative shotgun mass spectrometry. Proc Natl Acad Sci U S A. 2009; 106
(7):2136—41. https://doi.org/10.1073/pnas.0811700106 PMID: 19174513.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 23/24


https://doi.org/10.1111/febs.14186
http://www.ncbi.nlm.nih.gov/pubmed/28755482
https://doi.org/10.1074/jbc.M112.442392
https://doi.org/10.1074/jbc.M112.442392
http://www.ncbi.nlm.nih.gov/pubmed/23625917
https://doi.org/10.1523/JNEUROSCI.3823-04.2004
https://doi.org/10.1523/JNEUROSCI.3823-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15590916
https://doi.org/10.1101/cshperspect.a004697
http://www.ncbi.nlm.nih.gov/pubmed/21628426
https://doi.org/10.1038/nm.3972
https://doi.org/10.1038/nm.3972
http://www.ncbi.nlm.nih.gov/pubmed/26479924
https://doi.org/10.1038/nchembio.1960
https://doi.org/10.1038/nchembio.1960
http://www.ncbi.nlm.nih.gov/pubmed/26571351
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000744
http://www.ncbi.nlm.nih.gov/pubmed/24284026
https://doi.org/10.1194/jlr.M500031-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15772420
https://doi.org/10.1016/j.bbalip.2016.03.008
https://doi.org/10.1016/j.bbalip.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/26972373
https://doi.org/10.1016/j.jacc.2015.02.018
https://doi.org/10.1016/j.jacc.2015.02.018
http://www.ncbi.nlm.nih.gov/pubmed/25881932
https://doi.org/10.1016/j.plipres.2008.03.003
https://doi.org/10.1016/j.plipres.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18435934
http://www.ncbi.nlm.nih.gov/pubmed/3812343
https://doi.org/10.1002/oby.21448
http://www.ncbi.nlm.nih.gov/pubmed/26916476
https://doi.org/10.1172/jci.insight.82922
https://doi.org/10.1172/jci.insight.82922
http://www.ncbi.nlm.nih.gov/pubmed/28469091
https://doi.org/10.1152/ajpregu.00825.2009
http://www.ncbi.nlm.nih.gov/pubmed/20375266
https://doi.org/10.1371/journal.pgen.1000108
http://www.ncbi.nlm.nih.gov/pubmed/18584035
https://doi.org/10.1161/CIRCRESAHA.111.253658
http://www.ncbi.nlm.nih.gov/pubmed/22207709
https://doi.org/10.1097/FJC.0000000000000366
https://doi.org/10.1097/FJC.0000000000000366
http://www.ncbi.nlm.nih.gov/pubmed/26859196
https://doi.org/10.1073/pnas.0811700106
http://www.ncbi.nlm.nih.gov/pubmed/19174513
https://doi.org/10.1371/journal.pgen.1007171

@'PLOS | GENETICS

Adipose ATGL and cardiac lipidome

58.

59.

60.

61.

62.

Sampaio JL, Gerl MJ, Klose C, Ejsing CS, Beug H, Simons K, et al. Membrane lipidome of an epithelial
cellline. Proc Natl Acad Sci U S A. 2011; 108(5):1903—7. https://doi.org/10.1073/pnas.1019267108
PMID: 21245337.

Surma MA, Herzog R, Vasilj A, Klose C, Christinat N, Morin-Rivron D, et al. An automated shotgun lipi-
domics platform for high throughput, comprehensive, and quantitative analysis of blood plasma intact
lipids. Eur J Lipid Sci Technol. 2015; 117(10):1540-9. https://doi.org/10.1002/ejlt.201500145 PMID:
26494980.

Herzog R, Schuhmann K, Schwudke D, Sampaio JL, Bornstein SR, Schroeder M, et al. LipidXplorer: a
software for consensual cross-platform lipidomics. PLoS One. 2012; 7(1):e29851. https://doi.org/10.
1371/journal.pone.0029851 PMID: 22272252.

Herzog R, Schwudke D, Schuhmann K, Sampaio JL, Bornstein SR, Schroeder M, et al. A novel infor-
matics concept for high-throughput shotgun lipidomics based on the molecular fragmentation query lan-
guage. Genome Biol. 2011; 12(1):R8. https://doi.org/10.1186/gb-2011-12-1-r8 PMID: 21247462.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models. Biom J. 2008; 50
(3):346-63. https://doi.org/10.1002/bim|.200810425 PMID: 18481363.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007171 January 10,2018 24/24


https://doi.org/10.1073/pnas.1019267108
http://www.ncbi.nlm.nih.gov/pubmed/21245337
https://doi.org/10.1002/ejlt.201500145
http://www.ncbi.nlm.nih.gov/pubmed/26494980
https://doi.org/10.1371/journal.pone.0029851
https://doi.org/10.1371/journal.pone.0029851
http://www.ncbi.nlm.nih.gov/pubmed/22272252
https://doi.org/10.1186/gb-2011-12-1-r8
http://www.ncbi.nlm.nih.gov/pubmed/21247462
https://doi.org/10.1002/bimj.200810425
http://www.ncbi.nlm.nih.gov/pubmed/18481363
https://doi.org/10.1371/journal.pgen.1007171

