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ABSTRACT

Objective: Medium-chain fatty acids (MCFAs) play an increasing role in human nutrition. In the liver, one fraction is used for synthesis of MCFA-
containing triacylglycerol (MCFA-TG), and the rest is used for oxidative energy production or ketogenesis. We investigated which enzymes
catalyse the synthesis of MCFA-TG and how inhibition of MCFA-TG synthesis or fatty acid (FA) oxidation influences the metabolic fate of the
MCFAs.

Methods: FA metabolism was followed by time-resolved tracing of alkyne-labelled FAs in freshly isolated mouse hepatocytes. Quantitative data
were obtained by mass spectrometry of several hundred labelled lipid species. Wild-type hepatocytes and cells from diacylglycerol acyl-
transferase (DGAm*/ ~ mice were treated with inhibitors against DGAT1, DGAT2, or FA [-oxidation.

Results: Inhibition or deletion of DGAT1 resulted in a reduction of MCFA-TG synthesis by 70%, while long-chain (LC)FA-TG synthesis was
reduced by 20%. In contrast, DGAT2 inhibition increased MCFA-TG formation by 50%, while LCFA-TG synthesis was reduced by 5—25%. In-
hibition of B-oxidation by the specific inhibitor teglicar strongly increased MCFA-TG synthesis. In contrast, the widely used -oxidation inhibitor
etomoxir blocked MCFA-TG synthesis, phenocopying DGAT1 inhibition.

Conclusions: DGAT1 is the major enzyme for hepatic MCFA-TG synthesis. Its loss can only partially be compensated by DGAT2. Specific in-
hibition of B-oxidation leads to a compensatory increase in MCFA-TG synthesis, whereas etomoxir blocks both [3-oxidation and MCFA-TG

synthesis, indicating a strong off-target effect on DGATT.

© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

With globally increasing prevalence of diet-induced obesity and its
associated metabolic disorders, such as non-alcoholic fatty liver dis-
ease (NAFLD), type 2 diabetes mellitus and hypertension [1,2], the
interest in healthier, alternative nutrients is also increasing. Synthetic
medium-chain triacylglycerols (MCT) with fatty acid (FA) chain length
of 8 and/or 10 carbon atoms have long been used in parenteral
nutrition [3] and as freely available food supplements (“MCT-Qil”).
Further, triacylglycerols originating from coconut- or palm kernel oil
and milk fat [4] that contain medium-chain fatty acids (MCFA-TGs) with
mostly 12 carbon atoms are becoming an increasingly important part
of general nutrition [5]. Several possible positive associations suggest
MCFA-TGs as a healthy alternative to normal long-chain FA-containing
TGs (LCFA-TGs) [6,7]. However, whether MCFA-TGs are healthy for the
general population remains a matter of debate [8,9]. MCFA-TGs
contain saturated MCFAs with a range of 8—12 carbon atoms.

Globally, MCFAs are subject to a rapid oxidative metabolism, at least
partially independent of facilitated transport that is otherwise neces-
sary to metabolize LCFAs [10]. Yet, several aspects of MCFA meta-
bolism are insufficiently understood, including the question of how the
liver synthesises MCFA-TGs. While several older studies have
described the ability of perfused liver [11] or freshly isolated hepato-
cytes [12,13] to incorporate MCFAs into TGs, the enzyme that catal-
yses this activity remains unknown. The major candidates are the two
mammalian diacylglycerol acyltransferases, DGAT1 and DGAT2 [14—
16].

Mammalian DGAT1 has its highest expression in the small intestine,
adipose tissue and the mammary gland, but is also expressed in the
liver [16—18]. Mammalian DGAT2 is highly expressed in the liver,
adipose tissue, mammary gland and the intestine [17,19,20]. Both
DGATs are located at the ER [19,21—23]; DGAT2 additionally localises
to lipid droplets (LDs) in mammalian cells [24,25] and diytyostelium
[26]. The two DGATSs have distinct metabolic functions, as indicated by
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the phenotypes of global knockout mouse models. Loss of DGATZ2 in
mice is not compatible with life [27], whereas DGAT1 knockout (’/ M)
mice are viable, show a delayed intestinal fat absorption, have a higher
energy expenditure and are resistant to high-fat diet-induced obesity,
insulin resistance and hepatic steatosis [28—30]. Using specific in-
hibitors in murine hepatocytes that were labelled with various radio-
labelled precursors, Qi et al. [31] concluded that DGAT1 and 2 cannot
compensate for each other in LCFA-TG synthesis. They proposed that
DGAT1 preferentially esterifies exogenously supplied FAs and DGAT2
endogenous FAs in the de novo pathway. In a similar setup, Li et al.
[18] found that the two DGATs quantitatively compensate for each
other, but TGs synthesized by DGAT1 are preferentially used for -
oxidation, whereas TGs synthetised by DGAT2 are destined for very
low—density lipoprotein assembly. In addition, Wurie et al. [23]
showed that DGAT2 utilises nascent diacylglycerol with de novo syn-
thesized FAs in HepG2 cells and proposed that DGAT1 acted down-
stream of DGAT2 by re-acylation of DGs formed by lipolysis. Regarding
MCFAs as substrates, studies in plants have shown more frequent
MCFA usage by DGAT1 [32—34] than by DGAT2 [35]. In cows,
quantitative trait loci for high MCFA content in milk fat are associated
with the DGAT1 locus [36], but a direct link to DGAT function in MCFA
esterification is elusive. Triggered by the phenotype of DGAT1 -/=
mice, numerous specific DGAT1 inhibitors have been developed in the
past years [37]. Some of these have become widely used research
tools [31,38—43]. Etomoxir [44] has been previously shown to sup-
press DGAT activity in H9:2 cells [45]. Since etomoxir is probably the
most frequently used experimental inhibitor of FA B-oxidation and a
drug candidate itself [46], we also studied DGAT inhibition by etomoxir
with a focus on DGAT specificity and a possible connection to MCFA
metabolism. The major tool for both aspects of this study is time-
resolved tracing of alkyne-labelled FAs. We first developed this tech-
nology with lipid class resolution and a fluorescent read-out [47] and
very recently with lipid species resolution that employs quantitative
mass spectrometry [48].

2. MATERIALS AND METHODS

2.1. Preface: nomenclature

Lipids that contain an alkyne group as a terminal triple bond play a
central role in this study. Their systematic names are difficult to read
and will be replaced by abbreviations. For fatty acids (FAs), the widely
used short nomenclature indicates the number of C-atoms and of
double bonds, i.e., oleic acid becomes FA 18:1. In the chemical sum
composition, an alkyne group is equivalent to two double bonds, so an
oleic acid with an additional terminal triple bond becomes an FA 18:3,
which normally is used to abbreviate linolenic acid with three double
bonds. In the following, we will treat the triple bond as a functionali-
sation of the FA and indicate it with a suffix “;Y”. This follows the
strategy of the LipidMaps nomenclature [49], which does not yet have
a system to indicate triple bonds in the most recent update [50]. The Y
makes the triple bond visible in the abbreviation and keeps the correct
number of double bonds in the abbreviation. In line with LipidMaps
nomenclature, this results in FA 17:0;Y for the terminal alkyne FA with
17 C-atoms, which is used as a palmitic acid equivalent. By that, both
the functionalization with a triple bond and the biochemical equiva-
lence to palmitic acid is easily accessible. Our alkyne equivalent to
oleic acid, i.e., the alkyne FA with 19C and one double bond, will then
become FA 19:1;Y. For lipid classes, we will also use the suffix Y, i.e.,
PC;Y and TG;Y indicate phosphatidylcholine (PC) and triacylglycerol
(TG) that contain an alkyne FA (FA;Y), respectively. The presence of two
FA;Y in one TG would yield TG;Y2, accordingly. In glycerolipid species

names, the “Y” will be placed after the double bond number, e.g., TG
51:2;Y is a frequent product of labelling with FA 17:0;Y. Accordingly, if
the identity of the other FA in the TG;Y is known, the molecule would
become TG 17:0;Y_16:0_18:2, if positions are known TG 17:0;Y/18:2/
16:0.

2.2. Materials

Fatty acids: FA 11:0;Y (10-undecynoic acid, TCI Deutschland GmbH),
FA 17:0;Y (16-heptadecynoic acid, alkyne-palmitate [47], FA 19:1;Y
(nonadec-9-cis-en-18-ynoic acid, previously named alkyne-oleate [47]
and FA 10:0 (decanoic acid, Merck) were used for labelling experi-
ments as stock solutions (14—20 mM in 80% EtOH). Small molecule
inhibitors: etomoxir (Eto), 30 mM in ddH,0 from Cayman Chemical;
A922500 (DGAT1 inhibitor (D1i)), 10 mM in DMSO (Sigma—Aldrich);
JNJ-DGAT2A (DGAT2 inhibitor (D2i)), 10 mM in DMSO (Tocris); Teglicar
(Tegli), 10 mM in DMSO (Avanti Polar Lipids). Twenty four-well plates
and 100-pum cell strainer were purchased from Sarstedt AG. Willliams
medium E was purchased from PAN Biotech. All other cell culture
reagents (FCS, 200 mM of glutamine stock and 10,000 U of penicillin-
streptomycin solution, Hank’s Balanced Salt Solution) were purchased
from Invitrogen or Sigma—Aldrich.

2.3. Methods

2.3.1. Isolation of hepatocytes

The following procedure for isolation of primary hepatocytes by
collagenase perfusion followed the literature [51,52] with minor ad-
aptations (permission LANUV NRW, 84-02.04.2015.A381). Eight-
week-old male C57BL/6N mice, or DGAT1 '~ mice [28] and their
respective littermate controls (C57BL/6J), were injected with heparin-
sodium (430 U in 100 pl, Ratiopharm) and anaesthetised with a
ketamin/xylazin mixture. After cannulation (Neoflon™ 26 G
0.6 x 19 mm cannula, BD Biosciences) of the portal vein, the liver was
perfused at 4 mi min~" sequentially with preperfusion buffer (Hanks’
balanced salt solution with 5 mM of EGTA (pH 7.4) and 50 pl of
heparin-sodium) for 2 min, followed by collagenase buffer (Williams
medium E, 0.125 mM of CaCl,, 0.5 mg mi~" of collagenase NB46,
Serva electrophoresis, Sigma cat. no. 17465) for 5 min. The liver was
kept at 37 °C using a 150 W heat lamp and a thermometer (ATC2000
from World Precision Instruments). Cells were released into 50 ml of
hepatocyte medium (Williams medium E, 10% FCS, 2 mM of L-
glutamine, 100 U mi~! penicillin, 100 pg of ml~" streptomycin), and
the cell suspension was centrifuged for 2 min at 20 g. The pellet,
containing the primary hepatocytes, was re-suspended in fresh he-
patocyte medium, filtered through a 100-pum nylon cell strainer and
plated out in collagenated 24-well dishes at a density of 75,000 cells
per well (12-well dishes for 150,000 cells per well, 6-well dishes for
350,000 cells per well).

2.3.2. Lipid labelling experiments

For pulse labelling experiments, hepatocytes were pre-incubated with
either small-molecule inhibitors or the respective vehicle as a negative
control in 400 p of pre-incubation medium (Williams medium E, 10%
FCS, 2 mM of L-glutamine, 100 U mI~" of penicillin, 100 g ml~" of
streptomycin and, if indicated, small molecule inhibitors: etomoxir as
indicated in figure legends, 3 uM of D1i, 15 uM of D2i and teglicar as
indicated, for 1 h. Pulse labelling was performed in 100 pl of pulse
medium (Williams medium E, 10% FCS, 2 mM of L-glutamine, 100
U mi~" of penicillin, 100 g mI~" of streptomycin with combinations of
50 uM of alkyne-labelled FAs and decanoic acid (final FA concentra-
tion: 100 pM)) for various time periods as indicated in the figure
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legends. After the labelling, the cells were washed once with cold
hepatocyte medium and once with either ice-cold phosphate-buffered
saline (PBS, TLC samples) or 100 mM of ice-cold ammonium acetate
(MS samples), depending on the lipid extraction procedure. After the
last washing step, liquid was removed completely, and the plates were
either stored at —80 °C until lipid extraction or extracted directly
thereafter.

For pulse-chase labelling experiments, hepatocytes were preincubated
and pulse-labelled as described above. The pulse medium was dis-
carded, and the cells were washed rapidly with 500 pl of prewarmed
hepatocyte medium. Then, 250 pl of prewarmed chase medium,
containing 100 uM of decanoic acid and the respective inhibitor
combination, was added to each well. Cellular metabolism was
stopped at different time points by washing the cells once with ice-cold
hepatocyte medium and once with 100 mM of ice-cold ammonium
acetate, taking care to remove as much liquid as possible after the last
washing step. Cells were then frozen at —80 °C until lipid extraction.

2.3.3. Extraction and detection of alkyne-labelled lipids

2.3.3.1. Fluorescent TLC detection. Analysis was performed as
described [47]. Briefly, lipids were extracted by sonication of multi-well
plates in MeOH/CHCI3 5/1 with subsequent removal of precipitated
proteins and two-phase separation of lipids. Lipid extracts (10 pl) were
incubated with 40 pl of 3-azido-7-hydroxycoumarin reaction mixture
(10 wl 3-azido-7-hydroxycoumarin (2 mg mi~" in acetonitrile, 250 p
of 10 mM Cu(l)BF4 in acetonitrile, 850 pul of EtOH) overnight at 43 °C in
a heating block. As standards for TLC detection, 50-pmol aliquots of
synthetic alkyne-labelled lipids in CHCI; were incubated directly in
30 pl of click reaction mixture. After the click reaction, samples were
separated by TLC (solvent I: CHCls/MeOH/H,0/acetic acid 65/25/4/1,
Solvent II: isohexane/ethlyacetate 1/1)), dried and soaked in 4% N,N-
diisopropylethylamine in isohexane). The fluorescent reporter clicked
to the lipids was imaged with excitation at 420 nm and emission at
494/20 (coumarin fluorescence signal) and 528/28 (noise signal)
bandpass emission filter set. Images were acquired, and final quan-
tification was performed using the GelPro analyser software.

2.3.3.2. Multiplexed MS detection. Analyses were performed using
the standard protocol as recently described in detail [48]. Briefly, lipids
were extracted as above, and the extracts were spiked with an internal
standard mix containing 10 different deuterium-labelled alkyne lipid
standards. To each sample, 40 p of reaction mixture (10 pl of 100 mM
of C175 in 50% MeOH, 100 pl of 10 mM Cu(l)-TFB in acetonitrile,
900 pl 100% EtOH) containing one of the azido reporters C175-
73, —75, —76 or —77 was added followed by incubation at 40 °C
for 16 h. After incubation, the samples for multiplexing (4 samples,
each reacted with one of the different C175 azido reporters) were
pooled, 2-phase-extracted with chloroform and water, chloroform
phases dried, lipids dissolved in spray buffer and analysed by MS,
using the Thermo Scientific Q Exactive Plus Hybrid quadrupole-orbitrap
mass spectrometer. The samples were sprayed at a flow rate of 10 pl/
min using the following parameters: sheath gas 4, aux gas 2, sweep
gas 0, gas heating off, spray voltage positive mode 4.0 kV, ion transfer
capillary temperature 280 °C. Because the lipids clicked with the
C175-XX reporter molecules result only in positive ions, the mass
acquisition was done in positive ion mode. For all samples from cellular
extracts, MS1 spectra were recorded from 300-1,400 m/zin 100 m/z
windows for 1.2 min, followed by MS2 scans by data independent
acquisition using inclusion lists from m/z 305.373—1400.119 in in-
tervals with m/z 1.0006 to reflect the typical mass defect of lipids at
the respective masses. Scan parameters were as follows: for MS1:
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automatic gain control (AGC) target 3 x 105, maximum ion time
800 ms, resolution 280,000, peak mode centroid, for MS2: automatic
gain control (AGC) target 2 x 10°, maximum ion time 700 ms, res-
olution 140,000, no spectral multiplexing, dynamic first mass, isolation
window m/z 1.0, stepped normalised collision energy (NCE) 10, 30, 35,
spectrum data type centroid. In addition, a second scan for double-
charged species was performed in the scan range of m/z 300—700
with MS2 scans from m/z 300.8052—700.0648 at intervals of m/z
0.5002 and an isolation window of m/z 0.7. To identify the labelled
lipids, the generated raw files were first converted to .mzmil files using
the MSconvert program. Files were then analysed using the pro-
gramme LipidXplorer [53] with MFQL scripts to identify the species by
the presence of a peak corresponding to the expected masses of the
labelled lipid class combined with the characteristic neutral loss.

2.4. Statistical analysis and data evaluation

If not stated otherwise, the data are presented as mean
values + standard deviation (SD). Within one biological replica, all
values were obtained from triplicate determinations. For all experi-
mental sets, 3 biological replicas were performed. Raw data analysis
was performed using Microsoft Excel and final statistical analysis was
done using the GraphPad software (Prism 6 or 7). For comparison of
two groups, an unpaired t-test was used. For comparisons of more
than two groups within one experimental data set, a one-way analysis
of variance (ANOVA) with Dunnetts’s multiple comparison test was
applied. When multiple comparisons were done within two or more
experimental data sets, a two-way ANOVA with Sidak’s multiple
comparison test was applied. * stands for p < 0.0332, ** for
p < 0.0021, *** for p < 0.0002, **** for p < 0.0001 and ns stands
for not significant.

3. RESULTS

3.1. Incorporation of alkyne-MCFA into TG is inhibited by DGAT1
inhibitors and etomoxir but not by DGAT?2 inhibitors

To determine the acyl-CoA chain length preference of the hepatic DGAT
enzymes, we conducted 1-h labelling experiments with simultaneous
addition of long-chain (FA 19:1;Y) and medium-chain (FA 11:0;Y)
alkyne FAs and measured LCFA-TG and MCFA-TG synthesis in the
absence or presence of DGAT inhibitors. In the negative control, both
alkyne FAs were equally incorporated into TGs (Figure 1). When DGAT1
was inhibited, FA 11:0;Y-TG formation was reduced by approximately
50% (Figure 1, D1i), while DGAT2 inhibition resulted in slightly elevated
FA 11:0;Y-TG formation (Figure 1, D2i). A combination of both DGAT1-
and DGAT2-inhibitors resulted in a nearly complete reduction of FA
11:0;Y-TG formation (Figure 1, D1i -+ D2i). The formation of FA 19:1;Y-
TG did not change significantly throughout all conditions (Figure 1,
C19). Yet, an antiparallel effect on FA 11:0;Y-TG and FA 19:1;Y-TG
formation could be observed: Upon DGAT1 inhibition, FA 11:0;Y-TG
was reduced and FA 19:1;Y-TG was slightly (but not significantly)
elevated. Upon DGAT2 inhibition, this effect was reversed. However,
these changes were only significant for FA 11:0;Y-TG but not for FA
19:1;Y-TG.

The same experimental setup was used to examine the influence of the
widely used carnitine palmitoyl transferase 1 (CPT1) inhibitor etomoxir
[54] on incorporation of alkyne MCFA and LCFA into TGs. We expected
an increased incorporation of either of the FAs due to reduced [3-
oxidation. While this indeed was observed for the FA 19:1;Y FA, the
treatment with etomoxir led to decreased FA 11:0;Y-TG levels similar
to the treatment with the DGAT1-inhibitor (Figure 2A,B, Eto and D1i).
Upon combinaton of etomoxir with the DGAT1-inhibitor, FA 11:0;Y-TG
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Figure 1: Inhibition of DGAT enzymes differentially affects MCFA or LCFA incorporation into TG. Hepatocytes (75,000 per well) were preincubated with either vehicle (con)
or 3 uM of DGAT1-inhibitor (D1i), 15 uM of DGAT2-inhibitor (D2i) or a combination of both inhibitors (D1i + D2i) for 1 h. Cells were then incubated for 1 h with a combination of
50 pM of FA 11:0;Y and 50 uM of FA 19:1;Y. The cells were washed, and lipids were extracted and analysed by click reaction with azidocoumarin followed by (A) TLC separation
and fluorescent imaging. (B) Quantification of fluorescent intensities of FA 11:0;Y-TG and FA 19:1;Y-TG upon either D1i (red), D2i (blue) and a combination of both (blue/red)
inhibitors in comparison to the negative controls. Note that the region labelled “DG;Y” contains both 1,2- and 1,3-isomers that separate on the plate as well as some free FAs. It is
not possible to unequivocally assign the bands to the respective species. The data represent mean & SD for n = 3 biological replicates. *p < 0.0332, **p < 0.0021,

***kp < 0.0002. ns, not significant.

levels were strongly reduced, whereas FA 19:1;Y-TG levels were
slightly elevated (Figure 2A+ B, Eto + D1i), similar to the combination
of both DGAT-inhibitors (Figure 1). A combination of etomoxir and the
DGAT2-inhibitor (Figure 2C,D) resulted in an inhibition of FA 11:0;Y
incorporation similar to etomoxir alone.

3.2. DGAT1 /-~ hepatocytes show reduced synthesis of MCFA-TG
For further analyses, we applied our recent MS-based labelling tech-
nology [48], which allows unambiguous identification and absolute
quantification of labelled lipid species. First, we used the alkyne
palmitate analogue FA 17:0;Y together with unlabelled FA 10:0 for
labelling of TG;Y species in WT and DGAT1 -/= hepatocytes and
analysed the absolute amounts in pmol of labelled lipid species in six
major lipid classes.

In the sum of long- and medium-chain species, DGAT1 /= hepato-
cytes had moderately elevated PC;Y amounts, whereas TG;Y, DG;Y and
PA;Y were comparable to WT cells (Suppl. Fig. 1A). Treatment with
DGAT inhibitors or etomoxir or combinations thereof did not lead to
significant changes of total incorporation of the labelled FAs into the
cellular lipids (Suppl. Fig. 1B). On the single species level, however,
major differences in TG;Y became observable. The DGAT1 —/= hepa-
tocytes had significantly lower amounts of shorter TG;Y species
(Figure 3A, TG 41:1;Y - 45:1;Y). These species contain the unlabelled
MCFA 10:0 (e.g., TG 43:0;Y = TG 17:0;Y_16:0_10:0), which can be
seen in the MS2 fragmentation pattern (not shown). This decrease was
compensated by an increase in TG;Y species with longer acyl chains
(Figure 3A, TG 51:5;Y - 57:5Y), resulting in overall similar amounts in
DGAT1~/~ and WT hepatocytes.

Within DG;Y (Figure 3B), three major species, namely DG 35:2;Y,
35:1;Y and 39:6;Y showed significantly higher concentrations in the
DGAT1 "/~ hepatocytes, whereas all other species were either equally
concentrated or slightly underrepresented. Only minor amounts of
DG;Y that contained unlabelled FA 10:0 (i.e., DG 27:0;Y) were detected.
The increased concentration of PC:Y in DGAT1~/~ hepatocytes origi-
nated mainly from two species, namely PC 35:2;Y and 39:6;Y
(Figure 3C), i.e., the combination of FA 17:0;Y with linoleic and do-
cosahexaenoic acid, respectively.

Next, we measured the influence of DGAT inhibitors on the formation of
TG;Y containing MCFA or LCFA upon labelling with FA 17:0;Y and
unlabelled FA 10:0 in WT and DGAT1~/~ hepatocytes. In WT cells
(Figure 4A left), MCFA incorporation was strongly reduced by the
DGAT1 inhibitor and by etomoxir, but not by the DGAT2 inhibitor,
confirming the observations in Figures 1 and 2. In DGAT1 ~/= cells
(Figure 4A, right), there was a >50% reduction of MCFA-TGs that was,
as expected, not further inhibited by the DGAT1 inhibitor. The DGAT2
inhibitor had a strong effect on the residual MCFA incorporation, which
was further reduced by etomoxir. For the LCFA-TG synthesis in WT
cells (Figure 4B, left), etomoxir and the DGAT1 inhibitor showed a
tendency to reduce overall incorporation; the DGAT2 inhibitor caused a
significant reduction. In DGAT1 /= cells (Figure 4B, right), there was a
clear reduction of LCFA-TG synthesis by the DGAT2 inhibitor but not by
etomoxir or the DGAT1 inhibitor.

3.3. Normalised species spectra reveal details of DGAT inhibitor
effects

To take full advantage of the information provided by the species
resolution in the data, we performed further analysis of the entire
species spectrum of the samples. Systematic comparison of lipid
species spectra is hampered by the large range of relative abundance
of species within one class and by the change of total class abun-
dance. To represent spectral changes normalised for both of these
variations, pmol amounts of each species were divided by the corre-
sponding control to obtain -fold changes (FCs), normalising for the
relative abundance of a species within the class. Species FC values of
each sample were then averaged to obtain the average FC of the lipid
class. In the next step, individual FCs were divided by the class average
FC to obtain normalised FC values (NFC). These NFC arrays indicate the
distortion of the species spectrum of a class independent of the
changes in total abundance of the class and independent of the relative
abundance of the species within the class. The average NFC within one
class is always 1, allowing comparison of spectral changes between
different classes and samples. An accumulation of species is indicated
by numbers above one (red colour) and downregulated species by
numbers below one (blue colour) (Figure 5).
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Figure 2: Etomoxir and DGAT1 inhibition have similar effects on FA 11:0;Y-TG formation. Hepatocytes (75,000 per well) were pre-incubated with either vehicle (con) or 3 uM
of DGAT1 inhibitor (D1i), 15 uM of DGAT2 inhibitor (D2i), 50 uM of etomoxir (Eto) or a combination of both inhibitors with etomoxir (D1i + Eto or D2i + Eto) for 1 h. Cells were then
incubated for 1 h with a combination of 50 uM of FA 11:0;Y and 50 uM of FA 19:1;Y. The cells were washed, and lipids were extracted and analysed by click reaction with
azidocoumarin followed by (A, C) TLC separation and fluorescent imaging. (B, D) Normalised quantification of fluorescent intensities from FA 11:0;Y-TG (filled bars) and FA 19:1;Y-
TG (grey hatched bars) upon either etomoxir (orange), D1i (red), D2i (blue) and a combination of both inhibitors (orange/red or orange/blue) in comparison to the negative controls
(black: FA 11:0;Y, grey: FA 19:1;Y). The data represent mean + SD for n = 3 biological replicates. *p < 0.0332, **p < 0.0021, ****p < 0.0001. ns = not significant.

The NFC pattern of TG;Y species in WT mice (Figure 5A) confirmed the
previous TLC data. Inhibition of DGAT1 (D1i) or treatment with etomoxir
(Eto) lead to a spectral shift from labelled MCFA-TGs (C41—C47) to
LCFA-TGs (C49—C57), while inhibition of DGAT2 (D2i) resulted in the
opposite species distribution. A combination of etomoxir and DGAT1
inhibitor resulted in an even stronger suppression of MCFA-TG syn-
thesis (Eto + D1i). In the combination of etomoxir and DGAT2 inhibitor
(Eto + D2i), the effect of etomoxir was dominant over the DGAT2 in-
hibition, resulting in a pattern that strongly resembled that of etomoxir
alone. In support of the TLC-based labelling experiments, a combi-
nation of both DGAT1 and DGAT2 inhibitor resulted in a strong
downregulation of MCFA-TGs (Suppl. Fig. 2, panel A, lanes labelled
D1i + D2i), with a pattern very similar to the combination of
etomoxir -~ DGAT2 inhibitor (Figure 5A).

In the DGAT1 '~ hepatocytes, we observed almost no effect of the
DGAT1 inhibitor on the species pattern (Figure 5 B, D1i), as expected
for a specific inhibitor in a knockout of its target. Despite the lack of
DGAT1, etomoxir treatment (Figure 5B, Eto) led to further MCFA-TG
reduction, comparable to WT cells. This pattern was also observed
upon DGAT2 inhibition and upon combination of etomoxir with either
DGAT1 inhibitor or DGAT2 inhibitor. The latter combination showed a
particularly strong suppression of MCFA-TG formation, along with a
marked upregulation within the main labelled TGs 51:3;Y - 51:1;Y, with
values >2.2.

3.4. The CPT1 inhibitors teglicar and etomoxir have opposite
effects on MCFA-TG synthesis

Next, we assessed whether the effects of etomoxir on MCFA-TG for-
mation were direct, by an effect on an enzyme in the TG synthetic
pathway, or indirect, i.e., connected to its genuine inhibitory action on
CPT1. To answer this question, we compared the alkyne-labelled TG
species profile of WT cells treated with etomoxir or teglicar [55]. This
substance is a non-cleavable analogue of palmitoyl-carnitine and in-
hibits CPT1 by a mechanism different from the irreversible covalent
modification caused by etomoxir. Both inhibitors showed opposing
effects on TG synthesis. Figure 6A shows the amounts of MCFA-TG;Y
that were detected after labelling with FA 17:0;Y + FA 10:0, nor-
malised to control conditions. While etomoxir showed a concentration-
dependent suppression, teglicar at any of the three tested concen-
trations led to a strong increase of MCFA-TG;Y. As a control, the DGAT
inhibitors caused the characteristic strong decrease with D1i, increase
with D2i and nearly complete suppression with D1i + D2i. In contrast,
the labelled LCFA-TG;Y in the same samples (Figure 6B) were nearly
unaffected by etomoxir and only weakly elevated by teglicar. In a
combined etomoxir + teglicar treatment (Suppl. Fig. 3), the negative
etomoxir effect on the MCFA-TG;Y species was dominant over the
positive teglicar effect.

While synthetic MCT oils mostly contain FA 8:0 and 10:0, MCFA from
natural sources are dominated by FA 12:0. We performed a
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Figure 3: Analyses of alkyne-labelled lipid species from wild-type (WT) or DGAT1~/~ hepatocytes, incubated with alkyne-palmitate and decanoic acid. Hepatocytes
(75,000 per well) were co-incubated with 50 M of FA 17:0;Y and 50 1M of decanoic acid (FA 10:0) for 1 h. Lipids were extracted, and alkyne-labelled species were identified and
quantified by multiplexed click-MS analysis as described in the Materials and Methods section. Absolute amounts of the lipid species within the lipid classes of (A) TG;Y, (B) DG;Y
and (C) PC;Y are shown in pmol. The data represent mean values for n = 3 biological replicates.

comparative analysis, replacing FA 10:0 by FA 12:0 in the above set of
labelling experiments. Incorporation of FA 12:0 into MCFA-TG;Y
(Figure 6C) was affected by the inhibitors in the same pattern, but
slightly less pronounced, as that of FA 10:0. Again, the LCFA-TG;Y in
the same samples was only weakly affected by inhibitors (Figure 6D).
Significantly, the fraction of MCFA-TG;Y of the total TG;Y was larger for
FA 12:0 than for FA 10:0 (32.6 +/— 0.4%vs. 16.2 +/— 0.9%, p = 2.1
E-5).

Finally, we conducted a pulse-chase experiment, in which WT he-
patocytes were pulse-labelled for 2 min with FA 17:0;Y, generating a
pool of FA 17:0;Y-labelled early metabolites of the glycerol phosphate
pathway, namely PA and DG. During the chase times of 0—10 min,
they were converted to endpoint metabolites like PC and TG. By
addition of unlabelled decanoic acid (FA 10:0) and the inhibitors to
the chase medium, the MCFA-TG formation by acylation of DGs with
decanoic acid was directly studied. In line with the previous findings,
etomoxir and the DGAT1 inhibitor as well as their combination
effectively decreased the formation of the four major MCFA-TG
species (TG 43:1;Y, 43:0;Y, 45:2;Y, 45:1;Y), originating from the
incorporation of decanoic acid into the main four labelled DGs 33:1;Y,

33:0;Y 35:2;Y, 35:1;Y (Figure 7A and Suppl. Fig. 4). Treatment with
teglicar and the DGAT2 inhibitor, however, resulted in an increased
formation of the major MCFA-TG species (Figure 7B and
Suppl. Fig. 5).

4. DISCUSSION

4.1.
TG
To incorporate an exogenous MCFA into a MCFA-TG, a cell needs
efficient (i) uptake of the MCFA, (ji) activation to the MCFA-CoA and (iii)
acylation of DG to MCFA-TG by a DGAT enzyme. Consistent with the
key role of DGAT enzymes in MCFA-TG synthesis, we found an almost
complete suppression of MCFA-TG synthesis by a combination of
DGAT1+DGAT2 inhibitors in WT hepatocytes or by inhibition of DGAT2
in DGAT1~/~ hepatocytes. We did not detect relevant DGAT-
independent incorporation of MCFAs into MCFA-TGs, confirming the
results of a previous study using radiolabelled octanoate [12].
Regarding the preference of the mammalian DGATSs for substrate chain
length or saturation, both enzymes efficiently use several different

DGAT1 is the dominant DGAT for incorporation of MCFAs into
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Figure 4: Analyses of alkyne-labelled TG species from wildtype (WT) or DGAT1 —/~
hepatocytes, treated with inhibitor combinations and incubated with alkyne-
palmitate and decanoic acid. Hepatocytes (75,000 per well) were pre-incubated with
either vehicle (con) or 50 1M of etomoxir (Eto), 3 uM of DGAT1-inhibitor (D1i), 15 uM of
DGAT2-inhibitor (D2i) or combinations of etomoxir with each DGAT-inhibitor (Eto + D1i,
Eto + D2i). Cells were then co-incubated with 50 1M of FA 17:0;Y and 50 uM of decanoic
acid (FA 10:0) for 1 h. Lipids were extracted, and alkyne-labelled species were identified
and quantified by multiplexed click-MS analysis as described in the Materials and
Methods sections. (A) MCFA-TG;Y (>_C41—C47) and (B) LCFA-TG;Y (>_C49-57). The
data represent mean + SD for n = 3 biological replicates. *p < 0.0332, **p < 0.0021
and ****p < 0.0001. ns, not significant.

unsaturated and saturated LCFA-CoAs [19]. A preference for MCFA
incorporation has been established for some plant DGATs from species
with major MCFA-TG synthesis [33—35]. To approach this question in
mammalian cells, we used the very specific inhibitors that have
become available in recent years due to the pharmacological interest in
DGATs as drug targets in metabolic diseases.

Our data clearly demonstrate that the major enzyme for MCFA-TG
synthesis is DGAT1, while DGAT2 plays a minor role. This was
shown both for acylation of unlabelled DGs with the labelled FA 11:0;Y
(TLC-based analysis, Figure 1 + 2) and for acylation of alkyne-labelled
LCFA-DGs with wunlabelled decanoic acid (MS-based analysis,
Figures 3—6), ruling out an influence of the terminal triple bond on FA
specificity of DGATs. Given the amazing speed of lipid metabolism in
hepatocytes [48], our experimental approach (1 h incubation of cells
with labelled FA, Figures 1—6) reflects a mixture of biosynthesis and
steady state distribution. This means that apart from direct effects of
inhibitors on DGAT activities, changes in deacylation-reacylation cycles
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and other secondary effects due to increased levels of DG might also
play a role. This was ruled out by pulse-chase experiments with a 2-
min time resolution that directly showed the acylation of the major
labelled long-chain DG species with unlabelled decanoic acid
(Figure 7). While inhibition of DGAT1 leads to decreased MCFA-TG
formation, inhibition of DGAT2 results in enhanced MCFA-TG forma-
tion, likely by providing a larger fraction of the labelled DG pool to the
remaining DGAT1 with its preference for MCFA-CoAs (Figure 8A).

4.2. Inhibition of CPT1 promotes MCFA-TG formation

Teglicar is a non-cleavable substrate analogue acting as a reversible
inhibitor of liver CPT1 [55,56]. It promotes formation of both MCFA-TG
and LCFA-TG (Figure 6A+ B); the effect is stronger for MCFA-TG. The
general increase can be explained by a block of -oxidation with a
compensatory increase in TG synthesis from the affected FA. The
stronger effect on MCFA relative to LCFA can be explained by the
known preference of MCFA for hepatic $-oxidation [11]. In comparison
between FA 10:0 and 12:0, the longer FA shows a smaller increase in
MCFA-TG formation upon CPT1 inhibition, is better acylated to TG and
is less dependent on DGAT1. Together, these findings indicate that the
metabolic similarity to LCFA increases with the chain length of the
MCFA. More studies will be necessary to establish a solid relationship
between chain length and metabolic behaviour.

4.3. Inhibition of DGAT activity by etomoxir

Etomoxir was originally described as an irreversible inhibitor of mito-
chondrial LCFA B-oxidation targeting CPT1 [54]. By shifting the cellular
energy utilisation from FAs to glucose, it gained interest as a potential
anti-diabetic drug improving hyperglycaemia, hyperketonaemia, and
hypertriglyceridaemia [57—59]. With an increasing understanding of
the role of B-oxidation in tumour growth and cancer metabolism, CPT1
inhibitors received rejuvenated attention as possible anti-cancer drugs
[60,61]. However, etomoxir has never been approved in clinical trials
due to severe systemic side effects [62—66]. Etomoxir has been used
as an experimental inhibitor of B-oxidation in hundreds of published
studies and is present in several commercial [3-oxidation assay kits.
For a correct interpretation of data obtained with etomoxir, more in-
formation about possible off-target effects [16,61,67] is urgently
needed. In accordance with our data, etomoxir (40 M) inhibited DGAT
activity in H9;2 cardiac myoblast cells, resulting in a 60% reduced
[14C]palmitic acid incorporation into TGs [45]. When cellular sub-
fractions from etomoxir-treated H9:2 cells were assayed for lipid
metabolic activities, DGAT activity was reduced by 80%, whereas other
enzymatic activities were unaffected. Additionally, the authors showed
that etomoxiroyl-CoA inhibited DGAT activity in vitro, establishing a
direct inhibitory action on DGAT activity. The study did not address the
specificity for DGAT1 or DGAT2 or FA preferences in this etomoxir off-
target effect.

In our study, DGAT inhibition by etomoxir in WT hepatocytes largely
phenocopied the results observed by inhibition of DGAT1 but not of
DGAT2. The TLC-based analysis showed a strong inhibition of MCFA-
TG formation and a weak inhibition of LCFA-TG formation. The com-
bination of etomoxir + DGAT1-inhibitor displayed an enhanced DGAT1
inhibitory effect, whereas etomoxir + DGAT2-inhibitor revealed com-
parable results as the combination of DGAT1 + DGAT2 inhibitor. These
observations strongly indicate that etomoxir is a specific DGAT1-
inhibitor with little effect on DGAT2. In DGAT1 '~ cells, however,
there was an effect on total MCFA-TG formation not explainable by
DGAT1 inhibition, both by etomoxir alone and in combination with the
DGAT2-inhibitor (Figure 4A). A detailed analysis of TG;Y species
spectra also showed subtle differences between etomoxir and DGAT1
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combinations and labelled with alkyne-palmitate and decanoic acid. Hepatocytes (75,000 per well) were pre-incubated with either vehicle (con) or 50 uM of etomoxir (Eto),
3 1M of DGAT1-inhibitor (D1i), 15 wM of DGAT2-inhibitor (D2i) or combinations of etomoxir with each DGAT-inhibitor (Eto + D1i, Eto + D2i). Cells were then co-incubated with
50 uM of FA 17:0;Y and 50 pM of decanoic acid (FA 10:0) for 1 h. Lipids were extracted, and alkyne-labelled species were identified and quantified by multiplexed click-MS
analysis as described in the Materials and Methods section. Normalized fold changes (NFC) in concentrations of each lipid species for each inhibitor treatment of (A) WT and
(B) ADGAT1 hepatocytes were calculated by normalisation to the negative control and to the average class fold change. The data represent mean values for n = 3 biological
replicates. Additionally, values are represented by colours; the scale is indicated by the bar at the right.

pattern. In each combination of etomoxir and DGAT inhibitors, etomoxir
was dominant in both WT and DGAT1~/~ cells. This indicates an
additional inhibitory action of etomoxir with specificity for MCFA up-
stream of DGAT1.

4.4. Limitations

This study relies to a large extent on enzyme inhibitors, which can have
off-target effects. It would be desirable to corroborate some aspects of
this study with complementary data obtained by corresponding siRNA
or gene deletion experiments. siRNA studies in hepatocytes are
hampered by the rapid de-differentiation of freshly isolated hepato-
cytes. Gene deletion experiments beyond the DGAT1 /= mice are
hampered by the fact that both DGAT2 [27] and CPT1a [70] deletions in
mice are lethal. Regarding the DGAT1 and DGAT2 inhibitor experiments
that we performed, we can be confident about our conclusions
because we have confirmed their effects on TG synthesis using other
specific DGAT inhibitors with virtually identical results (Supplementary
Figures 6 and 7). Obviously, this is not the case for the CPT1 inhibitors
etomoxir and teglicar with their opposing effects on MCFA-TG syn-
thesis. While we conclude that etomoxir most likely is an inhibitor of

DGAT1, we cannot exclude that also teglicar has off-target effects that
could contribute to the phenotype that we observed. It should also be
noted that the inhibition of DGAT1 by etomoxir is concentration-
dependent (Figure 6). The data indicate that at concentrations below
10 puM, etomoxir might still be used as an efficient CPT1 inhibitor
without a major impact on DGAT1. At higher concentrations, a sig-
nificant effect on DGAT1 must be taken into account.

5. OUTLOOK

More data are needed for a complete model that describes the chain
length dependence of MCFA acylation, CPT1-dependent and -inde-
pendent mitochondrial uptake and oxidation. Future studies must
include a complete series of MCFAs from C6 to C12 with parallel
measurement of acylation into TG, acyl-carnitine concentrations and
CO, release in the same samples.

Regarding medical aspects, the preference of DGAT1 for MCFA might
also contribute to the mild to fatal diarrhoea in patients with rare
homozygous DGAT1 mutations [68,69]. Since DGAT2 can mostly
compensate for the LCFA-TG, but not for the MCFA-TG synthesis of
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Figure 6: MCFA-TG and LCFA-TG formation upon incubation with alkyne-palmitate and FA 10:0 or 12:0 in the presence of various inhibitors. Hepatocytes (75,000 per
well) were pre-incubated with either vehicle (con) or etomoxir (Eto), teglicar (Tegli) or DGAT inhibitors (D1i, D2i). Numbers indicate inhibitor concentrations in uM. Cells were co-
incubated with (A,B) 50 M of FA 17:0;Y and 50 uM of decanoic acid (FA 10:0) or (C,D) 50 uM of FA 17:0;Y and 50 pM of FA 12:0 for 1 h in the presence of the respective
inhibitors. Lipids were extracted, and alkyne-labelled species were identified and quantified by multiplexed click-MS analysis as described in the Materials and Methods section.
(A,C) MCFA-TG;Y and (B,D) LCFA-TG;Y were quantified and are expressed as % of control. The data represent mean -+ SD for n = 3 biological replicates. *p < 0.05, **p < 0.01
and ***p < 0.001. ns, not significant.
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Figure 7: Pulse-chase analyses of MCFA-TG formation in WT primary hepatocytes, incubated with alkyne-palmitate and chased with decanoic acid upon inhibitory
treatment. After isolation, 7.5 x 10* primary mouse hepatocytes were plated in 24-well plates per well. (&) Cells were pre-incubated with either vehicle (con) or 50 1M of etomoxir
(Eto), 3 uM of DGAT1-inhibitor (D1i) and a combination of both inhibitors (Eto + D1i). (B) Cells were preincubated with either vehicle (con) or 3 uM of DGAT1-inhibitor (D1i), 15 uM
of DGAT2 inhibitor (D2i) or 50 uM of teglicar (Tegli). Cells were then incubated with 100 wM of FA 17:0;Y for 2 min and chased with 100 M of decanoic acid (FA 10:0) for either O,
1, 2, 5 or 10 min in the presence of the respective inhibitor. Lipids were extracted, and alkyne-labelled species were identified and quantified by multiplexed click-MS analysis as
described in the Materials and Methods section. Absolute amounts of the lipid species within the lipid class of MCFA-TG;Y (= of a43:1, a43:0, a45:2, a45:1) are shown in pmol, and
statistical evaluation of changes upon inhibitory treatment in comparison to the respective negative control (con) are shown for the last chase time (t = 10 min). The data represent
mean 4 SD for n = 3 biological replicates. ***p < 0.0002, ****p < 0.0001.
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Figure 8: Schematic drawing of major fluxes in FA metabolism. Fluxes of LCFA and MCFA are symbolised by blue and red arrows, respectively. (A) Baseline conditions in the
absence of inhibitors, (B) in the presence of the specific CPT1 inhibitor teglicar, and (C) in the presence of etomoxir, which inhibits CPT1 and DGAT1.
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missing DGAT1, these patients might benefit from food with reduced
content of MCFA.
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