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Abstract We showed earlier that nutritional stress like star-
vation or high-fat diet resulted in phenotypic changes in the
lipidomes of hepatocyte lipid droplets (LDs), representa-
tive for the pathophysiological status of the mouse model.
Here we extend our former study by adding genetic stress
due to knockout (KO) of adipocyte triglyceride lipase (ATGL),
the rate limiting enzyme in LD lipolysis. An intervention
trial for 6 weeks with male wild-type (WT) and ATGL-KO
mice was carried out; both genotypes were fed lab chow or
were exposed to short-time starvation. Isolated LDs were
analyzed by LC-MS/MS. Triacylglycerol, diacylglycerol, and
phosphatidylcholine lipidomes, in that order, provided the
best phenotypic signatures characteristic for respective
stresses applied to the animals. This was evidenced at lipid
species level by principal component analysis, calculation
of average values for chain-lengths and numbers of double
bonds, and by visualization in heat maps. Structural back-
grounds for analyses and metabolic relationships were elab-
orated at lipid molecular species level. Relating our
lipidomic data to nonalcoholic fatty liver diseases of nutri-
tional and genetic etiologies with or without accompanying
insulin resistance, phenotypic distinction in hepatocyte LDs
dependent on insulin status emerged.ll Taken together,
lipidomes of hepatocyte LDs are sensitive responders to
nutritional and genetic stress.—Chitraju, C., M. Trotzmuller,
J. Hartler, H. Wolinski, G. G. Thallinger, G. Haemmerle,
R. Zechner, R. Zimmermann, H. C. Kofeler, and F. Spener.
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In a preceding study, we carried out intervention trials
with wild-type (WT) mice fed normal chow, exposed to
short-time starvation, or treated with high-fat diet (HFD).
The aim was to assess the effect of these forms of nutri-
tional stress on the lipidome of lipid droplets (LDs) iso-
lated from hepatocytes. Lipidomic analysis by LC-MS enabled
profiling of all species from glycerolipid and glycerophos-
pholipid classes and revealed particularly the triacylglyc-
erol (TG) lipidome to be best suited for phenotyping
nutritional stresses applied to the animals. In addition,
structural analysis by MS/MS at lipid molecular species
level provided metabolic relationships characteristic for
hepatocyte lipid metabolism (1). To further probe the
phenotypic information potential inherent in the lipi-
dome of hepatocyte LDs, we have now extended the ques-
tion to genetic stress; we have characterized a mouse
model lacking adipocyte triglyceride lipase (ATGL), which
shows a marked defect in lipid metabolism in many tissues
including the liver.

ATGL was discovered in 2004 to be the rate-limiting
enzyme for degradation of TGs to diacylglycerols (DGs)

Abbreviations: ATGL, adipocyte triglyceride lipase; CGI-58, com-
parative gene identification 58; DG, diacylglycerol; FAS, fasted before
sacrifice; FED, received control chow; HFD, high-fat diet; KO, knock-
out; LD, lipid droplet; LDA, Lipid Data Analyzer; PC, phosphatidylcho-
line; PCA, principal component analysis; PCI, principal component 1;
PC2, principal component 2; PE, phosphatidylethanolamine; PI, phos-
phatidylinositol; PS, phosphatidylserine; TG, triacylglycerol; VLC, very
long-chain; WT, wild-type; WI-FED, WT-FAS, KO-FED, KO-FAS, hepa-
tocyte LD sample groups from wild-type or knockout mice fed chow or
kept in fasted condition, respectively.
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stored in adipocyte LDs (2). Itis an enzyme located on the
LD surface and starts liberating fatty acids by hydrolyzing
TGs upon activation via protein-protein interaction with
comparative gene identification 58 (CGI-58). Adrenergic
stimulation of adipocytes initiates this first step in lypolysis
via generation of cAMP, which in turn activates PKA for
phosphorylation of perilipin 1 (and of hormone sensitive
lipase for translocation to the LD surface enabling the sec-
ond step of lipolysis). Phosphorylated perilipin 1 at the LD
surface then releases CGI-58 for interaction with ATGL
(3). As LDs are quite ubiquitously present in mammalian
cells, ATGL is broadly expressed as well. Yet in contrast to
adipocytes, expression of ATGL in hepatocytes is low. By
the same token, a body of information is known about
regulation of ATGL activity in adipocytes, but its regula-
tion in hepatocytes is unexplored. Nonetheless, data on
functional properties of ATGL in liver available from sys-
temic and liver-specific knockout (KO) mouse models, or
from humans with ATGL deficiency suggest an important
role of this enzyme in hepatocytes (4).

It was shown in many animal models that surplus accu-
mulation of liver TGs, generally termed nonalcoholic fatty
liver disease, is caused by excess food intake, inflammation,
or ER stress and is always accompanied by insulin resistance
(5-7). ATGL acting on these surplus TG stores produces
intracellular DGs that have been considered to inhibit insu-
lin signaling by activation of PKC isoforms 8, €, and 6, thus
blocking in turn phosphorylation of insulin receptor kinase
of insulin receptor substrates 1 and 2 (8, 9). Accordingly,
studies with obese humans revealed a positive correlation of
hepatic insulin resistance with intrahepatic DG levels (10)
and a strong correlation of hepatic PKCe activation with DG
amounts in hepatocyte LDs, but not with total amounts of
hepatocyte or liver DGs (11). Of note, PKC signaling is at-
tained by interaction of the kinase with sn-1,2-DGs only,
whereas direct products of ATGL-catalyzed degradation of
TGs are sn-2,3- and sn-1,3-DGs (12).

The first murine model lacking ATGL was reported
by our group in 2006 (13) and featured the prominent
though surprising finding of TG accumulation in multiple
tissues including liver without systemic insulin resistance.
These mice, in addition, developed a torpor-like state with
lowered body temperature and oxygen consumption in re-
sponse to fasting. Furthermore, it was found that ATGL-KO
animals displayed enhanced glucose tolerance and insulin
sensitivity, although insulin signaling in liver was some-
what impaired by reduced Akt phosphorylation (14). The
latter finding, however, was not supported by a subsequent
study (15). Also, hepatic ATGL-KO uncoupled glucose in-
tolerance from liver TG accumulation (16, 17).

We found by MS profiling in our preceding study that
fasting WT mice resulted in a TG lipidome in hepatocyte
LDs enriched in species having very long-chain (VLC)-
polyunsaturated fatty acids (PUFAs). HFD administration,
however, produced a TG lipidome with less unsaturated
TG species in addition to characteristic TG marker spe-
cies. At lipid molecular species level we recognized that
DG species with VLC-PUFAs were precursor candidates for
phosphatidylcholine (PC) species, the remainder for TG
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species (1). Here, we extend these studies to genetic stress-
induced lipidomes in hepatocyte LDs that emerge from
aberrant lipid metabolism in ATGL-deficient mice. Fur-
thermore, we explore whether lipidomic data can be re-
lated to liver steatoses of different etiologies.

The experimental conduct to test our working hypoth-
eses consisted of an intervention study with male WT and
ATGL-KO mice that received control chow (FED) or were
fasted before sacrifice (FAS). From excised livers we pre-
pared hepatocytes from which LDs were isolated, lipids
extracted and subjected to lipidomic LC-MS/MS analysis.
Lipid class-specific analyses were carried out at levels of
lipid species (profiling) and of lipid molecular species.
Samples analyzed were from mouse sample groups WI-FED
(control), WT-FAS, KO-FED, and KO-FAS.

MATERIALS AND METHODS

Materials
Materials used were the same as described in our preceding

paper (1).

Animals, diets, and intervention study

All animal experiments were performed in compliance with
the Austrian animal protection law. The mice were housed and
handled in accordance with good animal practice as defined by
FELASA (1). The animal welfare committees of the University of
Graz and the national authorities approved all animal experi-
ments. Male WI' ATGL-KO C57BL/6 mice (13) aged 6 weeks
were used in this study. Mice were maintained on a regular light
(14 h)-dark (10 h) cycle and fed standard laboratory chow diet
(sniff® Spezialdidten, Soest, Germany) for 6 weeks (FED groups),
or were fasted 14 h prior to sacrifice (FAS groups). Three animals
per group were kept in one cage with ad libitum access to food
and water. During the intervention period, mouse weights were
monitored regularly. At the end of the 6 week trial period, ani-
mals were euthanized at 8:00 AM under anesthesia.

Isolation procedures, microscopy, and enzyme tests

Isolation of hepatocytes and subsequently hepatic LDs, confo-
cal laser scanning microscopy of isolated hepatocytes, and mea-
surement of total acylglycerols and of proteins present in isolated
LDs were carried out essentially as described earlier (1).

Determination of LD lipid profiles and molecular
species by LC-MS/MS

LDs isolated from hepatocytes were measured individually
(three each for WI-FED, WT-FAS, KO-FED, and KO-FAS sample
groups) according to the hyphenated approach described by us
earlier (18). In brief, samples were spiked with 40 nmol TG
17:0/17:0/17:0, 1.2 nmol PC 12:0/12:0, 2.4 nmol phosphatidyle-
thanolamine (PE) 12:0/12:0, and 4 nmol phosphatidylserine (PS)
12:0/12:0 as internal standards and lipids were extracted with
methyl tertbutyl ether (19). This ether extract was taken to dry-
ness and the remainder solubilized in around 2 ml CHCl;/meth-
anol 1:1 (v/v). For TG class determination 1:100, for all other
class determinations 1:4 dilutions were prepared using the same
solvent. For LC-MS/MS measurements, 200 pl aliquots were al-
ways taken from the dilutions and a solution mix of 45 LIPID
MAPS internal standards (supplementary Table I) was added,
taken to dryness and resuspended in 200 pl solvent as above.
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Fig. 1. Gross phenotyping of animal model for genetic, nutri-
tional, and super stresses. A: Characterization of stained LDs in
isolated primary hepatocytes (representative examples) by confo-
cal laser scanning microscopy. Cells were treated with neutral lipid-
specific fluorescence dye BODIPY® 493/503 for 10 min. Z-stacks
through entire cells were acquired using a 40x oil immersion objec-
tive. BODIPY® 493/503 was excited at 488 nm and detected be-
tween 500 and 550 nm. Transmission images were recorded with
differential interference contrast (DIC) optics. Fluorescence images
represent maximume-intensity projections of generated z-stacks. B:
Amount of LD acylglycerols relative to LD protein found in iso-
lated LDs, determined by enzyme tests (mean + SD, n = 3). ¥*¥*P<
0.001.

LC-MS/MS and data analysis

Ultra high-performance liquid chromatography, lipid mass
spectrometry, and analysis of lipid molecular species with Lipid
Data Analyzer (LDA) (20) were carried out with the same instru-
ments and methods as described before (1).

Statistical treatment of data

Relative values for mass spectrometric data of each lipid species
(in percent or per thousand) per lipid class pertain to the interven-
tion study and are means + SD of three animals per sample group.
For mass spectrometry data, total class amounts were calculated as
sum from individual lipid species, standardized by sets of internal
standards for each lipid class (supplementary Table I) as described
previously (18). The standard deviation of the lipid class is a result of

the individual standard deviations of each species determined by the
law of error propagation (21). An independent two-sample #test for
equal sample sizes and equal variance was used to assess statistical
significance of the observed changes at levels of P < 0.05, 0.01, and
0.001, respectively. Quantitative mass spectrometric data for each
lipid species in nmol (or wmol) per LD sample are presented as
means + SD (n = 3). These additional values were calculated by LDA
based on the same sets of internal standards mentioned above. For
better comparability, data were normalized to the amount of acylg-
lycerols measured by the TG kit (Inﬁnit}?rM Triglycerides Reagent).
Principal component analysis (PCA) was performed in R (R Devel-
opment Core Team, R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Aus-
tria) using the function prcomp with default parameters. Principal
component 1 (PC1) and principal component 2 (PC2) loadings are
recorded in supplementary Table II.

Supplementary information

Detailed lipidomic data elaborated together with their statisti-
cal treatment are listed in supplementary Tables III-X. Data rep-
resent quantitative values for lipid species in both their relative
contribution (in percent or per thousand) to respective lipid
classes and their absolute contribution in nmol or pmol/g total
acylglycerols. These data are complemented with those on lipid
molecular species resulting from MS/MS analysis of individual
lipid species when sufficient amounts were available.

RESULTS

Lipid deposition in hepatocyte LDs in response to
genetic and nutritional stresses

Freshly isolated hepatocytes were treated with “green”
BODIPY to stain hydrophobic acylglycerols of LDs for in-
spection by confocal laser scanning microscopy. Figure 1A
demonstrates that ATGL deficiency results in accumula-
tion of LDs with enhanced diameters (KO-FED). Diame-
ters were even more enhanced due to nutritional stress
exerted by fasting WT animals (WT-FAS). Interestingly,
combined genetic and nutritional stresses (KO-FAS, “super
stress”) reversed these pathogenic phenotypes almost to a
phenocopy of the control (WI-FED), which is likely due to
defective adipose tissue lipolysis causing a reduced flux of
fatty acids to the liver.

Next, we isolated LDs from freshly prepared hepatocytes
by nitrogen cavitation and gradient centrifugation. Abso-
lute amounts of acylglycerols (mostly TGs) in relation to

TABLE 1. Effect of fasting and ATGL-KO on lipid class composition in isolated hepatocyte LDs

Lipid Class Relative to Total Lipids (mol%)

Lipid Class WT-FED KO-FED WT-FAS KO-FAS

TG 97.9 +15.5 08.8 + 14.1 97.4+13.8 98.6+21.5
DG 0.43 £ 0.06 0.61 + 0.1 1.60 + 0.25"" 0.62 + 0.14™
PC 0.85+0.12 0.28 + 0.03" 0.51 + 0.05*™ 0.33 + 0.05™¢
PE 0.50 + 0.06 0.18 £ 0.02" 0.31 = 0.04™" 0.30 + 0.05"

PI 0.20 + 0.06 0.07 £ 0.01 0.12 +0.012" 0.10 + 0.02

PS 0.06 + 0.007 0.02 £ 0.003™ 0.03 = 0.003™" 0.03 + 0.005™"
SM 0.024 + 0.003 0.006 + 0.001* 0.014 + 0.002*™ 0.010 + 0.002"

Data are presented in mol% from total lipids in each group and are calculated from absolute amounts of
individual lipid species obtained by LC-MS and then normalized to acylglycerols (supplementary Tables III-X).
Values are expressed as means + SD (n = 3). Pvalues: * refers to WI-FED group, ® to KO-FED group, ‘ to WI-FAS

group (“"°P< 0.5, “"P<0.01).

Genetic stress signatures in hepatocyte lipid droplets
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LD protein revealed a 2-fold increase for WI-FAS and
KO-FED samples, whereas combined effects in KO-FAS
brought back TG amounts close to WI-FED samples. These
quantitative data are shown in Fig. 1B; they also support
the interpretation of the micrographs.

In Table 1 we present quantitative analyses of hepato-
cyte LD lipid classes as determined by LC-MS. For better
comparison, data are expressed relative to total lipids for
each sample group. As expected, the TG class with over 97
mol% is most prominent; statistically different amounts
are not seen in this mode of presentation. Yet, this mode
revealed that all other classes except phosphatidylinositol
(PI) respond statistically differently to genetic, nutritional,
and super stresses. In comparison to the control WI-FED
group, DG class increased relatively in all other sample
groups, whereas all phospholipid classes examined de-
creased significantly.

This first step in phenotyping allowed evaluation of
gross differences with respect to the pathophysiological
state of the animals. In the following, we highlight our lipi-
domic data obtained by LC-MS/MS analysis at levels of
lipid species profiles and of lipid molecular species in he-
patocyte LDs. Profiles of a lipid class are based on lipid
species annotated by number of carbon atoms:number of
double bonds (e.g., TG 52:3, PC 36:3). In lipid molecular
species, by definition, constituent acyl groups are known
(e.g., TG 16:0_18:1_18:2, PC 18:1_18:2). The “_” instead
of a “/” indicates that sn-positions of acyl groups on glyc-
erol are not identified (22).

PCA of LD lipidomes and its structural basis

Lipid species of each class in the four sample groups as
shown in Table 1 were subjected to PCA. In a nutshell,
PCA takes the abundance matrix of observed variables
(species of a lipid class) and calculates new variables called
principal components that account for most of the vari-
ance in the data. By this, data patterns are identified and
visualized by scatter plots. In addition, lipid species con-
tributing most to differences between sample groups can
be identified (supplementary Table II). We found com-
mon denominators; lipid species mainly responsible for
shifts in PC1 and PC2 were calculated and are presented
always in descending order.

All lipid species could be separated into the four sample
groups and thus phenotyped except those from PI and PS
classes. Focusing on main TG, DG, and PC classes, Fig. 2A
illustrates for TG species that nutritional stress led to posi-
tive shifts in PC1 (empty red squares) seen from WT sam-
ple groups (full red squares), ATGL KO provoked negative
shifts (full blue squares). Super stress almost “neutralized”
individual genetic and nutritional stresses as KO-FAS
(empty blue squares) became almost identical to WT-FED
in PCI. In PC2, negative shifts clearly characterized this
super stress by separation from all other sample groups.
PCA of DG species shown in Fig. 2B separated in PCI ge-
netic (blue squares) from nutritional stress (red squares),
whereas PC2 separated WI-FED (control, full red squares)
by a huge positive shift from all other sample groups. Anal-
ysis of the PC lipidome (Fig. 2C) resulted in a separation
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Fig. 2. Phenotyping by PCA of TG, DG, and PC species from WT-
FED (full red), WI-FAS (empty red), KO-FED (full blue), and KO-
FAS (empty blue) sample groups. Data for each species is based on
per thousand relative to total amount of TG, DG, and PC class,
taken from supplementary Tables III-V, respectively (n = 3). Cor-
responding PCA loadings are shown in supplementary Table II.
Panels (A), (B), and (C) demonstrate that sample groups can be
clearly separated by PCI and PC2. The cumulative variance ex-
plained by the two principal components is over 88% indicating
that they already contain most of the information provided by TG,
DG, and PC profiles. In comparison to FED sample groups, the KO
effect always generated a clear shift in PC1.

of FED (full squares) from FAS (empty squares) sample
groups in PCI and of KO (blue squares) from WT (red
squares) sample groups in PC2.

Our understanding of long-chain and VLC fatty acid
biosynthesis indicates a correlation between chain exten-
sion and increased desaturation, i.e., with more and lon-
ger VLC acyl residues in the lipid molecule, higher
numbers of double bonds are found. Based on the quanti-
tative values (in percent or per thousand) for each species



relative to total amounts of TG, DG, and PC, respectively
(reported in supplementary Tables III, IV, and V), the
bars in the histograms shown in Fig. 3 are the result of
calculations of average chain-lengths and average num-
bers of double bonds in TG, DG and PC species and re-
flect such correlation. Most important, in comparison to
WT-FED all other sample groups of TG and DG glycero-
lipid classes are characterized by a significant average
chain-length and number of double bonds. Of note, the
drastic reduction, in particular on the average number of
double bonds due to the KO effect, is reversed by addi-
tional fasting (KO-FAS sample group) as the average dou-
ble bond number is now closer to that of the WT-FED
sample group. This is in accordance with the neutralizing
effect alluded to above.

Figure 3 also demonstrates that the situation is totally
different for PC species. ATGL-KO led to highly signifi-
cant increases of average values for chain-length and num-
ber of double bonds. Fasting has a rather moderate impact
in comparison to WI-FED, but in combination with the
KO effectled to a drastic reduction of average chain-lengths

Average chain lengths
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and numbers of double bonds in comparison to all other
sample groups (super stress).

TG lipidomes in hepatocyte LDs are markers for the
mode of stress applied to the animals

Lipidomic analysis of TG species from hepatocyte LDs
from control animals (WT-FED) and from those kept under
gene and/or nutritional stress (KO-FED, WT-FAS, KO-FAS)
resulted in up to 100 species ranging in either sample
group from TG 32:0 to 60:14. C;, to Csg species predomi-
nated the TG species profile for the WT-FED group as ex-
pected from our previous study (1). Yet, individual features
for each sample group over the whole carbon number
range were found upon construction of respective heat
maps. They are based on the quantitative TG species data
deposited in supplementary Table III, i.e., calculated rela-
tive to 100% (sum of all species) that proved to be supe-
rior to the use of absolute amounts.

Thus, the heat map shown in Fig. 4 highlights changes
relating to total TG content for a given TG species. First,
ATGL KO and/or exposure of the animals to fasting nearly
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PC species. Whereas DG patterns follow somewhat TG patterns, PC patterns are opposite to both of them,
but all with high significances. Data are based on the sum of species values per thousand relative to total
amount of TG, DG, and PC class taken from supplementary Tables III-V, respectively. *P < 0.05; **P < 0.01;
##%P < (.001 in comparison to WI-FED; "P< 0.05; “"P< 0.001 in comparison to WI-FAS (n = 3).
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Fig. 4. Heat map visualizing phenotypes of TG lipidomes detected in WI-FED, KO-FED, WT-FAS, and KO-
FAS sample groups (n = 3 each). Calculations are based on per thousand of a given TG species relative to
total TG content (supplementary Table III). Colors encoding the rectangular cells are the ratio of the species
value relative to the mean of the four groups of one lipid species. If in a row all of the four cells are black,
there is no or little difference in the relative contribution of this lipid species. Red and green correspond to
higher and lower ratios, respectively. Gray cells represent species not detected.

eliminated TG species from Csy to Cyg (red cells in Fig. 4
only in WT-FED column); lipidomic analyses at TG molecu-
lar species level (supplementary Table III) demonstrated
that these are all species containing a medium-chain fatty
acid residue. Second, the KO effect became visible by the
dark to bright green colors for species of the KO-FED sam-
ple group, particularly for the losses in the Cg9—Cys and Cig—
Cgo ranges. Third, WT-FAS data reveal an enrichment of
highly unsaturated TG species from Cyg to Cg, at the high
end of double bond numbers. Finally, fasting of ATGL-KO
animals resulted in a resurgence of VLC-PUFA. This was
again in accordance with the neutralizing effect observed in
PCA, placing TG species from KO-FAS near to the WI-FED
sample group (Fig. 2A). Taken together, these data indicate
that nutritional stress, as well as genetic stress, results in a
phenotypic signature of TG species in hepatocyte LDs.

A specific point is shown in Fig. 5, where values of
marker TG species for steatosis after HFD administration
are compared with those of respective values of WI-con-
trol, short-time fasting, and the ATGL-KO effect. The first
two data sets are taken from the preceding study (1), the
latter two from the present study. Apart from WT control,
liver steatosis was a parameter for the animals’ pathophysi-
ological status. But only HFD administration led to insulin
resistance in contrast to steatosis without insulin resistance
observed after fasting and ATGL ablation.

DG and PC lipidomes are stress sensitive as well

The heat maps for both lipid classes are shown in Fig. 6
in absolute amounts (nmol or pmol) based on internal
standards per LD sample and normalized to acylglycerols
(supplementary Tables IV and V). Differences in sample
groups can be more easily recognized in this mode. The
DG heat map revealed WI-FAS as the most abundant spe-
cies and WT-FED as the least abundant species. Moreover,
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super stress ameliorated to some extent the KO stress mov-
ing the abundance of DG species toward those of the WT-
FED sample group.

Metabolic relationships between molecular species

of DGs, PCs, and TGs

In the preceding study we demonstrated that nutritional
stress strongly affected profiles of lipid species of some lipid

Rel. to total TG [%.]

Fig. 5. Marker TG species identified after HFD administration
are markers for insulin resistance as well. Data are taken from TG
lipidomes of hepatocyte LDs from mice fed a HFD (WT-HFD) in
relation to respective TG species from mice fed chow (WT-FED,
controls), from ATGL-KO mice (KO-FED), and from mice exposed
to short-time fasting (WT-FAS). Bars represent mean values (n = 3).
Data for WI-HFD and WT-FED sample groups are taken from our
preceding study (1), those for KO-FED and WT-FAS sample groups
from the current study. For simplicity error bars are omitted, but
can be retrieved from supplementary tables in either publication.
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Fig. 6. Heat maps of DG and PC species detected in WI-FED,
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lations are based on absolute amounts determined by LC-MS and
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species (supplementary Tables IV and V, respectively). Colors en-
coding the rectangular cells are the ratio of the species value rela-
tive to the mean of the four groups of one lipid species. Clear
phenotypes can be recognized for DG lipidomes, to a lesser extent
for PC lipidomes.

classes found in hepatocyte LDs. In addition, structures of
lipid molecular species derived from respective lipid species
by MS/MS analysis allowed recognition of metabolic rela-
tionships between molecular species of these lipid classes
(1). Similarly, the effects of genetic stress studied here led
to lipid species and lipid molecular species, particularly for
DG and PC classes (data in supplementary Tables IV and V,
respectively), whose structures provided insights on meta-
bolic relationships as presented in Table 2.

From the metabolic point of view, the data in Table 2 can
be interpreted for all four sample groups that DG molecu-
lar species up to 38:4 can serve as precursors for PC molecu-
lar species. Vice versa, PC molecular species can be degraded
by phospholipase C to DG molecular species. Interestingly,
from 38:5 to 40:8 (below gray line in Table 2) respective DG
molecular species in WI-FED sample groups were not de-
tected, but still under fasting and KO conditions (WT-FAS,
KO-FED, and KO-FAS). Consequently, DG and PC meta-
bolic relationships can be possible here only under genetic,
nutritional, or super stress. Further inspection of Table 2
reveals differences at the molecular species level between
sample groups (gray shaded) for a given species: A case in
point were species 40:8, where DG molecular species were
not detected in WT samples, whereas DG and PC 18:2_22:6
molecular species were identified in KO samples; the latter,
however, differed in the presence of minor 20:4/20:4 mo-
lecular species. The example of species 38:6 indicated
that the abundance of constituent acyl groups can also

characterize sample groups: A DG molecular species was
not identified in WI-FED, in WT-FAS molecular species
16:0_22:6 and 18:2_20:4 were equally present, whereas in
KO-FED 16:0_22:6 and in KO-FAS 18:2_20:4 molecular spe-
cies predominated.

In the previous paper we reported impressive product-
precursor relationships between DG and TG molecular
species after HFD administration [Table 3 in (1)]. This
was not so prominently observed in this study. Consider-
ing the data for TG molecular species identified here (sup-
plementary Table III), we conclude for 36:2 species (gray
shaded in Table 2) that predominant DG 18:1/18:1 is
mainly converted to TG molecular species. In contrast,
minor DG 18:0_18:2 is converted to respective and pre-
dominant PC molecular species. In WT samples, DG mo-
lecular species could also be the result of the degradation
of TG molecular species by ATGL and, consequently, in
ATGIL-KO samples DG molecular structures could be dif-
ferent. This was not the case; DG molecular structures shown
in Table 2 were not different as determined by MS/MS.

DISCUSSION

By the criteria of genetic background, age, mainte-
nance, and diet regimes for the male mouse models, the
current intervention trial with three animals per sample
group corresponded with those of the two preceding trials
(1). In fact, WI-FED and WT-FAS sample groups in the
current trial corresponded to the WI-FED and WT-FAS
sample groups in the nutritional stress study. Comparisons
of respective data at lipid species levels revealed similar
percent or per thousand contributions to total lipid class
within biological tolerances. Thus, at lipid species level
maximum differences were recognized to be 5% for very
few TG and PC species only. At lipid molecular species
level structural determination by MS/MS of constituent
fatty acids agreed in all details for major species, yet some
differences were observed for minor species regarding
constituent PUFA and VLC-PUFA residues. Overall, the
comparisons confirmed our conclusions drawn in the for-
mer study. This offered a solid basis for interpretation of
data obtained in the genetic stress study here.

TG lipidomes certainly were the phenotypic highlights
in this study. Gross investigation of absolute TG amounts
by enzymatic test and microscopy (Fig. 1) revealed huge
effects in response to both genetic and nutritional stresses.
Calculation of quantitative MS data relative to total amount
of lipid species per sample group did not indicate the dif-
ferences for TG amounts between sample groups. It did
reveal a clear preponderance of the TG class (sum of all
TG species amounts) over all other lipid classes in the four
sample groups (Table 1).

Inspection at TG and molecular species levels allowed
gauging the information for separation of and distinction
between the four sample groups. Interestingly, in-depth
analysis using PCA did single out main TG species (see
supplementary Table II) responsible for the separation of
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TABLE 2. DG and PC molecular species identified in hepatocyte
LDs from all sample groups

Molecular species
WT-FAS KO-FED

Shorthand Lipid
notation class

WT-FED KO-FAS

34:2 DG 16:0_18:2 16:0_18:2 16:0 _18:2 16:0_18:2
16:1_18:1 16:1 18:1 16:1 18:1 16:1_18:1

PC 16:0_18:2 16:0_18:2 16:0_18:2 16:0_18:2

34:3 DG 16:1_18:2 16:1_18:2 16:1_18:2
PC 16:1_18:2 16:1_18:2 16:1 18:2 16:1_18:2

36:2 DG 18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:0_18:2 18:0_18:2 18:0_18:2 18:0_18:2

PC 18:0_18:2 18:0_18:2 18:0_18:2 18:0_18:2
18:1/18:1 18:1/18:1 18:1/18:1 18:1/18:1
18:1_18:2 18:1 18:2 18:1 18:2 18:1 18:2
16:0_20:3 16:0_20:3 16:0_20:3 16:0_20:3
PC 18:1_18:2 18:1_18:2 18:1_18:2 18:1_18:2

36:4 DG 16:0_20:4 16:0_20:4 16:0_20:4 16:0_20:4
18:2/18:2 18:2/18:2 18:2/18:2 18:2/18:2

PC 16:0_20:4 16:0_20:4 16:0_20:4 16:0_20:4
18:2/18:2 18:2/18:2 18:2/18:2
18:0_20:4 18:0_20:4 18:0_20:4 18:0_20:4
18:1_20:3 18:1_20:3 18:1_20:3

PC 18:0 _20:4 18:0_20:4 18:0_20:4 18:0_20:4

36:3 DG

38:4 DG

38:5 DG 18:1_20:4 18:1_20:4
PC 16:0_22:5 16:0_22:5 16:0_22:5 16:0_22:5
18:1_20:4 18:1_20:4
18:2_20:4 16:0_22:6 18:2_20:4
16:0_22:6 18:2_20:4 16:0_22:6
PC 16:0_22:6 16:0_22:6 16:0_22:6 16:0_22:6
18:2_20:4 18:2_20:4 18:2_20:4 18:2_20:4

38:6 DG

406 DG 18:0_22:6 18:0_22:6 18:0_22:6
18:1_22:5 18:1 _22:5 18:1_22:5
18:0_22:6 18:0_22:6 18:0_22:6 18:0_22:6
20:2_20:4 20:2_20:4
40:7 DG 20:2_20:5 20:2_20:5 20:2_20:5 20:2_20:5

PC 18:1_22:6 18:1 _22:6 18:1_22:6 18:1_22:6

40:8 DG 18:2_22:6 18:2_22:6

20:4/20:4

PC 18:2_22:6 18:2_22:6 18:2_22:6 18:2_22:6
20:4/20:4 20:4/20:4 20:4/20:4

Data from supplementary Tables IV and V. Main molecular species
are presented in bold.

the stress conditions (Fig. 2A). Predominant increases of
TG b4:5, 54:6, and 54:4 were characteristic for the WT-FAS
state (empty red squares), which was in accordance with
our finding that PUFA-containing TG species become en-
riched under fasting conditions. Conversely, enrichments
in TG 52:2 and 52:3 were the major determinants for the
negative shift in PC1 (full blue squares), indicating still
the presence of prominent TG species having shorter
chain-lengths and lower numbers of double bonds as a re-
sult of ATGL KO. Finally, separation of the super stress
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(torpor-like pathophysiological status) from all other sam-
ple groups became possible in PC2 (empty blue squares),
affected predominantly by TG 56:7 and 56:8. The main
TG species listed here were characteristic for both genetic
and nutritional stresses and implicated that double bonds
were the main determinants for separation by PCA.

Figure 3 shows for the TG lipidome of the KO-FED sam-
ple that the values for average chain-lengths and numbers
of double bonds are 52.7 and 3.65, respectively. This is in
support for the selection of TG 52:2 and 52:3 by PCA as
main separation determinants for the defect in TG catabo-
lism present in ATGL-KO mice. The HFD effect on WT ani-
mals reported in the preceding paper lowered the average
double bond number further to 3.4 (1). All this indicated
that evaluation of average numbers of quantitative lipidomic
species data enables phenotyping a pathophysiological
status of the animal model. In addition, the same quantita-
tive MS data allowed exploring information at the levels of
individual TG species in the four sample groups; this is il-
lustrated by the heat map shown in Fig. 4. Of note, the
values shown do not represent the direct values deter-
mined by MS (supplementary Table III), rather the MS
values for each TG species from the four sample groups
are averaged and displayed as ratios representing gains or
losses against the average value. This is visualized by the
tint and intensity of the colors. Clearly, TG lipidomes
emerging from this approach are specific for genetic, nu-
tritional, and super stresses. When we included the HFD
data from the previous study (1) as the fifth lipidome and
recalculated the values, again each TG lipidome had a dis-
tinguishable pattern (data not shown).

Ample evidence exists in the literature that TG accumu-
lation in the liver is a result of obesity and diabetes. Fur-
thermore, nonalcoholic fatty liver diseases of different
etiologies are associated with insulin resistance. An excep-
tion is the ATGL-KO animal model exhibiting high in-
sulin sensitivity despite liver TG storage. Figure 5 shows
that HFD application to WT animals produced marker
TG species (1). These species were not predominant in
fasted WT animals and ATGL-KO animals despite steatosis.
Consequently, species identified are a marker for HFD-in-
duced steatosis and insulin resistance. As mentioned be-
fore, in 2006 our group found that ATGL-KO led to fatty
liver but not to systemic insulin resistance (13). This find-
ing was supported by a very recent study, where HFD feed-
ing to liver-specific ATGL-KO mice enhanced liver TG
contents and primary hepatocytes derived from these liv-
ers exhibited improved glucose tolerance despite unal-
tered insulin signaling (16). Importantly, diseases are
known to be caused by inactive ATGL protein due to a
genetic defect (neutral lipid storage disease with myopa-
thy) (23), or to be caused by functional ATGL yet inactive
by lack of functional coactivator CGI-58 (neutral lipid stor-
age disease with ichtyosis, Chanarin-Dorfman syndrome)
(24). In either case, enhanced liver TG levels were ob-
served, but without insulin resistance and glucose intoler-
ance (25). We daresay that these diseases will have a clearly
distinguishable phenotypic imprint on the hepatocyte
lipidome.



Turning to the DG lipidome, we report in Table 1 that
fasting produced a distinct effect on DG amounts present
in hepatocyte LDs. An almost 4-fold increase relative to
total lipid content was measured upon short-time fasting,
an 0.5-fold increase upon KO-effect, whereas super stress re-
turned the fasting DG level to levels measured in ATGL-KO
mice. We conclude that substantial enhancement of DG
amounts in the liver (6, 26), particularly in hepatocyte LDs
(11), can be considered a further indicator of insulin resis-
tance; this does not apply to the smaller DG increases
caused by ATGL deficiency, however. In line with this, a
long-term study with liver-specific ATGL-KO mice revealed
progressive hepatosteatosis, but unchanged insulin tol-
erance; a compensatory mechanism was suggested by
reduced DG acyltransferase 2 mRNA (responsible for TG
synthesis) and increased lipolysomal activity for TG degra-
dation (17). The opposite approach, liver-specific overex-
pression of ATGL, resulted in amelioration of steatosis
combined with increased B-oxidation and improved insulin
signaling, but did not affect insulinemia (17, 27). Also, we
demonstrated here that various types of fatty livers resulting
from genetic and nutritional stresses can be characterized at
DG lipidome level. This was evidenced by PCA (Fig. 2), aver-
age values for chain-length and number of double bonds
(Fig. 3), and heat map (Fig. 6) of DG species. Moreover, simi-
lar distinction for the DG lipidome from HFD-caused fatty
liver (1) with insulin resistance can be recognized in a respec-
tive DG heat map as well (data not shown).

Including the PC lipidome into the discussion, it is in-
teresting to note that PCA of DG and PC species, respec-
tively, separated sample groups class specifically, i.e., totally
different in PC1 as well as in PC2 (Fig. 2B, C). Figure 3,
however, indicates with respect to average calculations
that the fasting effect did matter to some extent in the DG
class, but not in the PC class. In contrast, the KO effect led
to drastic changes in both average values, but in opposite
directions for DG and PC classes. As deduced from Table
2, DG molecular species with higher chain-lengths and
numbers of double bonds were preferably channeled into
PC class as a result of ATGL-KO, and more so under super
stress condition. These shifts of constituent VLC-PUFA
could be the determinants for the different PCA separa-
tion of sample groups in DG and PC classes.

Taken together, our study provides evidence that the
pathophysiological status of the animal model exposed to
genetic or nutritional stress, or both together, can be as-
sessed by lipid class lipidomes of hepatocyte LDs, in par-
ticular those of TG, DG, and PC species. Moreover, TG and
DG lipidomes reflect the insulin status of the animal B
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