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Total triacylglycerol (TAG) level is a key clinical marker of metabolic and cardiovascular diseases. However, the
roles of individual TAGs have not been thoroughly explored in part due to their extreme structural complexity.
We present a targeted mass spectrometry-based method combining multiple reaction monitoring (MRM) and
multiple stage mass spectrometry (MS?) for the comprehensive qualitative and semiquantitative profiling of
TAGs. This method referred as TriP-MS3 - triacylglycerol profiling using MS? — screens for more than 6700 TAG

K_e)’_WOTdS-' species in a fully automated fashion. TriP-MS3 demonstrated excellent reproducibility (median interday

];I_”dsl 1 I CV ~ 0.15) and linearity (median R? = 0.978) and detected 285 individual TAG species in human plasma. The
ot T

Faz;yafigce o8 semiquantitative accuracy of the method was validated by comparison with a state-of-the-art reverse phase lig-

uid chromatography (RPLC)-MS (R? = 0.83), which is the most commonly used approach for TAGs profiling. Fi-

Mass spectrometry
nally, we demonstrate the utility and the versatility of the method by characterizing the effects of a fatty acid de-

saturase inhibitor on TAG profiles in vitro and by profiling TAGs in Caenorhabditis elegans.
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1. Introduction

Triacylglycerols (TAGs) are glycerolipids composed of three fatty
acids (FAs) esterified to a glycerol backbone and are specialized in the
storage and transport of FAs. The hydrolytic cleavage of TAGs by lipoly-
tic enzymes releases FAs, which are i) the main source of energy pro-
duction via f-oxidation, ii) precursors for lipid and membrane synthe-
sis, and iii) mediators in cell signaling processes [1,2]. Most cells have
the capacity to synthesize and store TAGs, but adipose tissue, liver and
intestine are the most adept, while skeletal muscle and heart also accu-
mulate TAGs during fasting or exercise [3]. Intracellular TAGs are
stored in organelles called lipid droplets and in plasma they are trans-
ported in different lipoprotein-containing vesicles (chylomicrons, very-
low density lipoproteins, low density lipoproteins). Excess of total TAG
content in blood have been associated with a wide array of metabolic

Abbreviations: TAG, Triacylglycerols: FA; Fatty acids: MRM, Multiple
reaction monitoring: MS; Mass spectrometry: LC, Liquid chromatography: MS2:
Tandem mass spectrometry: MS3: Multiple stage mass spectrometry: IS; Internal
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diseases including diabetes, cardiovascular and neurodegenerative dis-
ease [4] [-] [7]. While this association has long been recognized, the
role of individual TAG species has been understudied largely because of
technical challenges. Some recent reports showed that not all TAGs be-
have similarly in diabetes and cardiovascular diseases, hence individual
TAG molecules may carry important diagnostic, prognostic or mecha-
nistic information [8]. In addition, a recent multi-omics study revealed
two distinct sub-populations of TAGs responding differently to acute
aerobic exercise depending on their FA composition [9].

Mass spectrometry (MS) is the technology of choice to analyze com-
plex lipids due to its high sensitivity, specificity and resolution [10]. Ex-
tensive TAG cataloguing has been challenging due to their high com-
plexity and similarity [11]. The combination of three different FAs
gives rise to thousands of possible TAG molecules, many of which have
the same nominal mass, without even considering sn-positional iso-
mers, double-bond positions and cis/trans configurations. For instance,
up to 43 TAGs with the same mass (878.8 = 0.1 Da, [M + NH4]*) can
be generated with common even and odd chain esterified FAs ranging
from 10 to 22 carbons [12]. Furthermore, 18 TAG species were identi-
fied in a murine macrophage line (RAW 264.7) with 49 carbons and 2
unsaturations, demonstrating the level of complexity of these lipids in
biological samples [12].

TAG profiling is typically performed by liquid chromatography MS
(LC-MS) [13] [-] [17]. These methods rely on high resolution mass
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spectrometers, tandem MS (MS?) and high chromatographic resolution
using reverse phase LC columns (e.g. C18, C30). LC-MS approaches are
typically untargeted meaning that any TAG above an abundance
threshold will be detected. These approaches rely on the chromato-
graphic resolution of TAG isobars and suffer from run-to-run variation
which impairs data quality especially in large-scale studies. In addition,
processing software must be finely tuned to enable confident auto-
mated lipid identification with minimal misidentification rate [8].

On the other hand, targeted lipidomics methods are typically higher
throughput, achieve robust quantification and data processing is fast
and straightforward. However, limited structural information is ob-
tained in MS?, identifying only one FA contained in the molecule [18].
Most of these approaches use multiple reaction monitoring (MRM),
which consists of filtering ions before and after fragmentation based on
m/z values. Each pair of m/z values are known as a “transition” and in
the context of TAG analysis they correspond to the parent TAG mole-
cule and the TAG molecule without one of its FA. Complete TAG char-
acterization can be achieved using multiple stage MS (MS?3) where the
ions filtered after MS? fragmentation are further fragmented and all the
product ions detected. These methods use quadrupole ion-trap or linear
ion-trap MS and have been applied to the qualitative characterization of
a small number of TAGs [12,19]. Such approach was never employed as
a comprehensive screening tool.

In this work, we describe a fully automated shotgun MS strategy us-
ing MRM combined with MS® to comprehensively profile TAG species
in a qualitative and semiquantitative manner. This method was called
TriP-MS3 - triacylglycerol profiling using MS® — and provides unparal-
leled TAG coverage in a variety of matrices.

2. Material and methods

2.1. Chemicals and reagents

Internal standard (IS) d5-TAG 16:0/18:0/16:0 (cat# 860902), was
purchased from Avanti Polar Lipids (Birmingham, AL). LC-MS-grade
solvents and mobile phase modifiers were obtained from Fisher Scien-
tific (water, methanol), Sigma-Aldrich (ammonium acetate, methyl-
tert butyl ether (MTBE)) and Acros Organics (dichloromethane).

2.2. Human plasma

Lyophilized control plasma (Sciex, cat# 4386703) was reconstituted
following vendor specifications. For linearity analysis, lyophilized con-
trol plasma was reconstituted at 10X (10 times concentrated relative to
normal plasma concentration) and serial dilutions were performed until
0.01X (100 times diluted).

2.3. HepG2 cells and culture condition

Human hepatocellular blastoma cells (HepG2) (ATCC HB8065)
were cultured in Gibco Dulbecco's Modified Eagle Medium:Nutrient
Mixture F-12 (DMEM/F-12, 1:1) (Thermo Fisher Scientific, cat#
11320033) supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin, and maintained in an incubator at 37 °C under hu-
midified 5% CO, conditions. A stock solution of the A5/A6 desaturase
inhibitor CP-24879 (Sigma Aldrich, cat# C9115), was prepared at
30 mM concentration in DMSO. HepG2 cells were seeded in 100 mm
tissue-culture treated dishes (40,000 cells cm~2) and treated 72 h after
seeding with 0.1% DMSO (control) or 30 uM CP-24879 in complete
DMEM/F-12. After 24 h, cells were rinsed with warm Dulbecco's phos-
phate buffered saline (DPBS), trypsinized, resuspended in 2 mL DPBS
after centrifugation (500 g for 5 min) and counted (Bio-Rad TC20 auto-
mated cell counter). Cell suspensions were centrifuged at 500 g for
10 min at 4 °C, supernatants were discarded, and cell pellets were
stored at —80 °C until extraction for MS analysis.

2.4. Caenorhabditis elegans lipid droplets

Lipid droplet isolation was performed from whole worms as de-
scribed before with small alterations [20]. Briefly, 2000 synchronized
adult day 1 hermaphrodite C. elegans were used for a 2 h egg lay on 10
large 10 cm RNAI plates. After 72 h, worms were washed off the plates,
collected by gravity settling and washed one time with PBS. Worms
were transferred to empty RNAI plates for 15 min to clear bacteria from
the gut. Worms were transferred in 25 mM Tris-HCl; 1 mM EDTA and
protease inhibitor cocktail (Sigma Aldrich, P2714) and lysed with 7
strokes in a pre-chilled wheat stainless-steel tissue grinder. From here
on all steps were performed on ice and solutions were precooled. Lysate
was centrifuged at 4 °C at 200 g for 5 min. An equal volume of sucrose
was added and centrifuged at 4 °C at 200 g for 5 min. Supernatant was
transferred to a 13.2 mL thin wall ultraclear centrifuge tube (Beckman-
Coulter) and layered with a gradient of 0.27 M sucrose, 0.135 M su-
crose and 750 pL top solution buffer (25 mM Tris-HCl; 1 mM EDTA;
protease inhibitor (Sigma Aldrich, P2714)). The samples were cen-
trifuged in a SW41 Ti swinging bucket rotor using a Beckman XE-90 ul-
tracentrifuge at 35,000 rpm for 30 min at 4 °C. The top cloudy layer
which contained the lipid droplets was transferred via a glass pipet to a
protein low bind Eppendorf tube and spun at 18,000 g for 10 min. The
bottom, aqueous layer was removed, approximately 500 pL of super-
natant was shock frozen in liquid nitrogen and stored at —80 °C until ex-
traction for MS analysis. Purity of the lipid droplet isolation was mea-
sured by Western blot.

2.5. Lipid extraction

Lipids were extracted in a random order using a biphasic separation
with MTBE, methanol and water [21]. Briefly, 260 pL of ice-cold
methanol and 40 pL of 0.01 mg mL! of d5TAG IS in
methanol:dichloromethane were added to 40 pL of sample (plasma or
4e6 — 6e6 HepG2 cells resuspended in 40 pL of water). The mixture was
vortexed for 20 s and 1000 pL of ice-cold MTBE was added. Then the
mixture was incubated under agitation for 30 min at 4 °C. After addi-
tion of 250 pL of water, the samples were vortexed for 1 min and cen-
trifuged at 14,000 g for 10 min at room temperature. The upper phase
containing the lipids was collected and dried down under nitrogen. The
dry extracts were reconstituted with 300 pL of 9:1 methanol:toluene
with 10 mM of ammonium acetate and centrifuged at 14,000 g for
5 min before analysis by MS. Water (40 pL) extracted using the same
protocol was used as a blank control. For lipid droplets (~500 pL), the
same protocol was used adjusting volumes to maintain the aqueous/or-
ganic solvents proportions.

2.6. TriP-MS3 method

2.6.1. Mass spectrometry

Flow injection analysis (FIA) was performed using 1:1
dichloromethane:methanol with 10 mM of ammonium acetate as run-
ning solution at 4 pL min~! using a Nexera X2 UHPLC system (Shi-
madzu) and TAGs were analyzed using a QTRAP 5500 mass spectrome-
ter (Sciex). The method comprises the following steps: 1) sample injec-
tion (50 pL, 0.75 min), 2) signal stabilization (3 min), 3) MS? followed
by MRM data acquisition (14 and 5 min, respectively), 4) sample injec-
tion (50 pL, 0.75 min), 5) signal stabilization (3 min), 6) MS® data ac-
quisition (14 min), and 7) system washing with running solution at
150 pL min~! (4.5 min). The overall run time was 45 min per sample.
Two injections were needed to acquire MS? data due to the time needed
for the instrument to perform all the scans. The flow rate and injection
volume were optimized so the signal was stable throughout the MS3 and
MRM acquisition time. In the protocol presented, MS® is run before
MRM in the first injection but the order does not affect the method. MS
parameters were set as follows: Spray Voltage = 4.1 kV (ESI positive
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mode), Temp. = 300 °C, Curtain gas = 17, Collision Gas = HIGH, Ion
Source Gas 1 = 15, Ion Source Gas 2 = 32, Declustering Poten-
tial = 80, Entrance Potential = 10, Collision Energy = 36, Excitation
Energy = 0.3. Collision energy for MRM and excitation energy for MS?
experiments were optimized to yield the highest amount of neutral-loss
ions in MRM mode and acyl cation ions in MS3 modes using some of the
most abundant TAGs in human plasma. These settings were then used
for all the lipids detected with the method. TAG species were detected
in positive mode with an ammonium adduct. The MS® and MRM transi-
tion lists are provided in Supplementary Tables 2 and 3, respectively.
Data acquisition was performed in a random order.

2.6.2. Data processing

MRM transitions data and MS? spectra were quantified using Multi-
Quant (Sciex) and result tables were exported as text files. Downstream
data processing was done using an in-house analysis pipeline written in
R (version 3.6.2). Briefly, MRM signals lower than 5X blank signal were
discarded and TAG features concentrations were estimated using the
transition corresponding to the loss of FA 16:0 for the IS d5-TAG 16:0/
18:0/16:0 by dividing endogenous TAG feature signal by IS signal and
multiplying by IS concentration. The details explaining why this transi-
tion was used can be found in section 3.1. TAG species identification
was performed at MS® level with the detection of both [RCO]* and
[MAG-H20] " ions from one or both of the two remaining fatty acids
(the first one was lost during the MRM event). Peaks below a noise
threshold were discarded with a threshold assigned to each MS? spec-
trum that was found to be proportional to MS® TIC. Threshold values
may be dependent on the type of instrument and the status of the instru-
ment. If no MS? peak was above the noise threshold for a given MRM
transition, then the molecule was reported as a TAG feature. TAG
species semiquantification was performed by summing signals from
both [RCO]* and [MAG-H20]* ions originating from the same FA.
Then, signal intensities for each FA were normalized (ranging from 0 to
1) by dividing by the sum of all FA intensities detected in the MS? spec-
trum. Finally, TAG species concentration was determined by multiply-
ing the normalized intensity to the concentration calculated at the
MRM level. In cases where both FAs from the same TAG species were
detected, both normalized intensities were summed before calculating
the concentration. If a TAG species was measured in more than one
MRM transition, the TAG species with the lower concentration was se-
lected to prevent for overestimation in cases where a FA was present
more than once in the molecule. Only the measurements of MRM transi-
tions that do not correspond to pairs of TAG-FAs present in TAG species
identified, are reported as TAG features. The calculations described
above assume similar fragmentation and ionization efficiencies.

TAG species and TAG features with a coefficient of variation
(CV) > 0.3 in biological triplicates (same sample, different extractions)
were discarded (typically corresponding to less than 5% of the measure-
ments). Absolute lipid concentrations were reported in plasma and
HepG2 cells in pg mL~! and pg.1e6 cells~!, respectively. Relative abun-
dances were reported for lipid droplets, where individual TAG abun-
dances were normalized to total TAG.

2.7. LC-MS analysis

2.7.1. LC conditions

Lipids were separated using an Accucore C30 column
2.1 x 150 mm, 2.6 pm (Thermo Scientific, cat# 27826-152130) and
mobile phase solvents consisted in 10 mM ammonium acetate and 0.1%
formic acid in 60/40 acetonitrile/water (A) and 10 mM ammonium ac-
etate and 0.1% formic acid in 90/10 isopropanol/acetonitrile (B). The
gradient profile used was 30% B for 3 min, 30-43% B over 5 min,
43-50% B over 1 min, 55-90% B over 9 min, 90-99% B over 9 min and
99% B for 5 min. Lipids were eluted from the column at 0.2 mL min~!,
the oven temperature was set at 30 °C, and the injection volume was

5 pL. Autosampler temperature was set at 15 °C to prevent lipid aggre-
gation.

2.7.2. Mass spectrometry

The Q Exactive plus was equipped with a HESI-II probe and oper-
ated in full MS scan mode for all the samples in positive mode. MS/MS
spectra were acquired in data-dependent acquisition mode on pooled
samples. The source conditions were as follows: Spray Volt-
age = 3.5 kV (ESI positive mode), Vaporizer = 200 °C, Capillary
Temp. = 375 °C, S-Lens = 55.0%, Sheath Gas = 40, Auxiliary
gas = 8, Sweep Gas = 0. The acquisition settings were as follows: AGC
(MS) = 3e6, AGC (MS?) = 1le5, Maximum Injection Time
(MS) = 200 ms, Maximum Injection Time (MS?) = 50 ms, Mass
Range = 260-1900 Da, Resolution MS = 70,000 (FWHM at m/z 200),
Resolution MS? = 35,000 (FWHM at m/z 200), MS? spectra were ac-
quired in top-10 ions in each cycle, Isolation Window = 1.0 m/z, Dy-
namic Exclusion = 12 s, Normalized Collision Energy (NCE) = 25-30.
External calibration was performed using an infusion of Pierce LTQ Ve-
los ESI Positive Ion Calibration Solution.

2.7.3. Data processing

TAG species were identified by matching the precursor ion mass to a
database and the experimental MS/MS spectra to a spectral library con-
taining theoretical fragmentation spectra using LipidSearch software
version 4.1 (Thermo Scientific) [22]. TAG species quantification was
done using the IS d5-TAG 16:0/18:0/16:0. Peak areas of endogenous
TAGs were divided by the IS peak area and multiplied by the IS concen-
tration.

2.8. Statistical analysis

Technical triplicates (injections from the same sample) were used to
calculate linearity and CV in section 3.2. Biological triplicates (mea-
surements taken from distinct samples) were used in sections 3.3 and 3.
5. To compare quantitative measurements using different methods,
Pearson coefficient of determinations were calculated using mean log2
TAG species concentrations measured by TriP-MS3 and LC-MS meth-
ods. When analyzing TAG profile changes following treatment with a
desaturase inhibitor in HepG2 cells, two-tailed Mann-Whitney test was
performed on six biological replicates (measurements taken from dis-
tinct samples) and the p-values were adjusted for multiple comparisons
using Benjamini-Hochberg method. As indicated in the figure captions,
comparative analyses were performed at TAG group or FA composition
levels. TAG group abundances were calculated by summing the concen-
tration of all TAG species and TAG features containing the same num-
ber of carbons and unsaturations. FA composition was determined by
summing the concentration of all TAG features and all TAG species con-
taining a given FA. For TAG species with one FA present more than
once, the concentration was multiplied by the number of times the FA
was present in the molecule. The accuracy presented in Fig. S1 was cal-
culated as follows: Error % = (|Calculated value-Reference value|)/
Reference value x 100. The reference value corresponds to the concen-
tration obtained with the LC-MS approach.

3. Results
3.1. TriP-MS3 method development

We sought to develop a MS method that would comprehensively
quantify TAG species in any matrixes. In this context, we designed a hy-
brid method combining MRM and MS?® experiments called TriP-MS3,
leveraging the capabilities of quadrupole ion-trap instruments to per-
form both experiments on the fly. With this approach, the three FAs
contained within each TAG molecule are identified as follows: 1) the
identity of one FA is obtained from the MRM transition, 2) the daughter
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ion generated ([M-(FA + NH3)]*) is collected in the ion-trap and fur-
ther fragmented (MS?) allowing the identification of a second FA as acyl
cation ([RCO]*) and/or [MAG-H20]* ions (Fig. 1a), and 3) the iden-
tity of the third FA is deduced from the mass of the parent TAG species
[12]. Hereafter, TAG molecules with known FA composition, including
the number of carbons and unsaturations for each of the three FAs (e.g.
TAG 16:0_16:1_18:0), will be referred to as “TAG species”. FA (sn) and
double bond positions are not considered. On the other hand, low abun-
dance TAGs that do not meet the MS? sensitivity threshold (see section
2.6.2) are characterized by only one FA by MRM and are referred to as
“TAG features” (e.g. TAG 50:1-FA 16:0).

The first step of the method development consisted in designing a
transition list that would cover the maximum number of TAG species in
a reasonable time frame. Typical MRM experiments for TAGs involves
up to three transitions per TAG molecule; one for each FA. However,
since MS?® experiments contain information on the remaining two FAs,
only one transition per molecule is needed which reduces the number of
transitions. The MS3 transition list was adapted from the Lipidyzer plat-
form MRM transition list for TAGs [18]. This list was initially generated
by selecting the minimum number of transitions to cover all possible
TAG species composed of 40-62 carbons and containing at least one
common FA with 14-22 carbons as listed in Supplementary Table 1.
The criterion used to select transitions was to include FAs (e.g. 16:0,
16:1, 18:0 and 18:1) present in most FA combinations in each TAG
group (e.g. TAG 50:1). As an example, only 4 TriP-MS3 transitions were
necessary to cover 13 theoretical TAG species containing a total of 50
carbons and one unsaturation instead of 14 MRM transitions (Table 1).
As a result, we obtained a time-effective MS? list containing 404 MRM
transitions (Supplementary Table 2) that allows a semi-targeted screen-
ing of over 6700 TAG species. Since MS? is less sensitive than MRM, low
abundance TAG species that do not meet a certain intensity threshold

are only measured in MRM mode and reported as TAG features with
only one FA identified (see section 2.6.2). To increase the coverage in
samples with low TAG concentration, 226 transitions from the
Lipidyzer MRM list excluded in the MS? list were added to the MRM
transition list expanding the final number of transitions to 630
(Supplementary Table 3). This strategy provides structural information
for abundant species and high sensitivity detection for minor species.
TriP-MS3 was developed to estimate individual TAG species concen-
trations in an automated fashion. First, TAG feature abundances are es-
timated using one spiked-in deuterated TAG by dividing endogenous
TAG feature signal by IS signal and multiplying by IS concentration. In
this work, d5-TAG 16:0/18:0/16:0 is used and can be detected using
two transitions corresponding to the neutral loss of FAs 16:0 and 18:0.
The best transition was determined empirically by comparing the esti-
mation accuracy with a LC-MS method. The highest accuracy was ob-
tained using the transition corresponding to the loss of two FAs 16:0
(Supplementary Fig. 1). Second, the relative abundance of TAG species
identified within each transition are estimated from MS? fragment in-
tensities and combined with the semiquantitative measurement of the
corresponding transition (TAG feature) from the MRM acquisition to es-
timate TAG species concentrations (see section 2.6.2 for more details).
In the example presented in Fig. 1b, the MS? spectrum originated from
the transition corresponding to the loss of FA 16:0 from TAG 50:1 led to
the identification of 3 individual TAG species including TAG
16:0.16:0_18:1, TAG 16:0_16:1_18:0 and TAG 16:0_14:0_20:1. This TAG
feature TAG50:1-FA16:0 was quantified at the MRM level using the
spiked-in deuterated TAG and was estimated at 10 pg mL~!. Individual
TAG species concentrations were then estimated by 1) calculating the
proportion of each TAG species (ranging from 0 to 1) from the MS?
spectrum (the signal from each FA belonging to the same TAG species
were summed) and 2) multiplying by the TAG feature estimated con-
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Fig. 1. Data acquisition principles of TriP-MS3. (a) Simplified schematic representation of species produced from MRM and MS? fragmentation experiments. MRM
produces [M-(FA + NH3)]* following the neutral loss of one FA and MS? fragmentation of this ion generates up to 4 ions called [RCO]* and [MAG-H20]* for each
remaining 2 FAs. (b) TriP-MS3 identification and semiquantification workflow using TAG 50:1 as an example. Following the neutral loss of FA 16:0, the MS?® spec-
trum present signal from 6 individual FAs leading to the identification of 3 individual TAG species TAG 16:0_16:0_18:1, TAG 16:0_.16:1_.18:0 and TAG
16:0_14:0_20:1. For simplicity, only the most abundant [RCO]* ions are represented for each FA. The TAG feature TAG 50:1-FA 16:0 concentration is estimated at
the MRM level using the spiked-in deuterated TAG standard. TAG species concentrations are estimated using the relative abundance of signals from FAs at the MS?

level.
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Table 1

Number of transitions needed by MRM and TriP-MS3 approaches to cover 13
possible FA combinations in TAG 50:1. The first column contains 13 possible
TAG species, the second column contains all the MRM transitions needed to
measure all FAs present in those species. Finally, the third column contains
the TriP-MS3 transitions necessary to measure all the 13 TAG species listed in
the first column (there is no correlation in rows).

TAG 50:1 species

MRM transitions (n = 14) TriP-MS3 transitions (n = 4)

(n =13)
14:0.16:0_20:1 TAG 50:1-FA 14:0 TAG 50:1-FA 16:0
14:0_16:1_20:0 TAG 50:1-FA 14:1 TAG 50:1-FA 16:1
14:1.16:0_20:0 TAG 50:1-FA 15:0 TAG 50:1-FA 18:0
14:0.18:0_18:1 TAG 50:1-FA 15:1 TAG 50:1-FA 18:1
14:1.18:0_18:0 TAG 50:1-FA 16:0
15:0.17:0_18:1 TAG 50:1-FA 16:1
15:1.17:0.18:0 TAG 50:1-FA 17:0
15:0.17:1.18:0 TAG 50:1-FA 17:1
15:0.16:0_19:1 TAG 50:1-FA 18:0
15:1.16:0_19:0 TAG 50:1-FA 18:1
15:0.16:1_19:0 TAG 50:1-FA 19:0
16:0_16:1_18:0 TAG 50:1-FA 19:1
16:0.16:0_18:1 TAG 50:1-FA 20:0

TAG 50:1-FA 20:1

centration (see section 2.6.2 for more details). In this example, TAG
16:0.16:0_.18:1, TAG 16:0_16:1_18:0 and TAG 16:0_14:0_20:1 estimated
concentrations were 6 ug mL~!, 3 pg mL~!, and 1 pg mL~!, respec-
tively. Finally, a processing pipeline was developed to automatically re-
port semiquantitative results from all detected TAG species and features
(see section 2.6.2).

3.2. Technical performances of TriP-MS3

The performance of the method was assessed by evaluating the cov-
erage, linearity, and intra- and inter-day reproducibility. TriP-MS3
identified 285 TAG species and 289 TAG features in human plasma
demonstrating a high heterogeneity in composition and broad coverage
(Fig. 2). To assess the linearity of the method, plasma samples were an-
alyzed at different concentrations ranging 3 orders of magnitude from
10X (10 times concentrated) to 0.01X (100 times diluted) as compared
to normal plasma concentration. At 0.01X, only 18 TAG species were
fully characterized, however, 127 TAG features could still be measured.

The number of TAG species increased substantially at higher concentra-
tions with 240-293 species identified in samples ranging from 0.5X to
10X concentrated (Fig. 3a). The linearity of TAG species and TAG fea-
tures was calculated on the whole range of concentrations (0.01-10X)
but also on a restricted range that captures more TAG species (0.5-10X).
The linearity was excellent for both ranges with all TAGs presenting a
Pearson coefficient of determination (R2) above 0.90 and a median R2
above 0.97 (Fig. 3b). The dilution curve for TAG 18:1_18:0_16:0 is
shown as an example in Fig. 3c. Intra- and inter-day reproducibility of
Trip-MS3 was excellent with 93.8% and 91.4% of all TAG species and
features detected in human plasma presenting a coefficient of variation
(CV) < 0.2 (Fig. 3d).

3.3. Assessment of TriP-MS3 quantitative measurement accuracy

In order to validate the semiquantitative results obtained with TriP-
MS3, we compared its performance with a RPLC-MS method using high
chromatographic resolution (C30). We also compared the results with
an MRM method using the MRM transition list of the Lipidyzer plat-
form. In order to allow comparison of the three methods, TAG species
and features concentrations were summed by number of carbons and
unsaturations and the results were reported at the TAG group level (e.g.
TAG 52:2).

Overall, the quantitative estimations obtained with Trip-MS3 ap-
proach were very similar to the LC-MS method (Fig. 4a). In addition,
TAG species concentrations measured by Trip-MS3 and LC-MS methods
correlated very well (R?2 = 0.834) demonstrating similar estimations at
the species level (Fig. 4b). However, the MRM method overestimated
the abundance of several TAG groups when compared to the LC-MS
method. This overestimation was not equally distributed among all
TAG groups and was more prominent for the most concentrated TAGs
groups (e.g. TAG 50:1, TAG 50:2, TAG 52:2, and TAG 52:3) (Fig. 4a).
This is explained by the fact that the same TAG species can be measured
up to 3 times and the more abundant species are measured by more
transitions compared to low abundant ones in the MRM transition list
since it is optimized for human plasma. As shown in Table 1, TAG
16:1_.18:0_16:0 can be measured as TAG 50:1-FA 16:0, TAG 50:1-FA
16:1, and TAG 50:1-FA 18:0. Moreover, in the MRM transition list of
the Lipidyzer platform, the abundant TAG group 52:2 is measured by 9
transitions while the lower abundant TAG group 53:2 is measured with
4 transitions. In contrast, TriP-MS3 does not suffer from this problem
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Fig. 2. Three-dimensional representation of individual TAG species identified in human plasma by TriP-MS3 (n = 285). Each dot is colored by its concentration and

represents a TAG species composed of the FAs indicated on the axes.
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since only one transition is used for each TAG species. Therefore, TriP-
MS3 method circumvents this issue by only reporting non-redundant
information.

3.4. TriP-MS3 suitability to recapitulate expected TAG composition changes
in vitro

We determined whether our method could measure TAG profile
changes following the treatment of a human liver cancer cell line
(HepG2) with the A5/A6 desaturase inhibitor CP-24879 [23]. This cell
line was selected due to the central role of hepatocytes in TAG metabo-
lism [24]. In HepG2 cells, Trip-MS3 was able to quantify 350 TAG
species and 228 TAG features. Inhibition of the desaturase activity is ex-
pected to result in an increase of TAGs containing saturated fatty acids
(SFAs) and mono-unsaturated fatty acids (MUFAs) and a decrease of
TAGs containing poly-unsaturated fatty acids (PUFAs) similarly to a re-
cent report in mouse Inner Medullary Collecting Duct 3 (IMCD3) cells
[25]. As expected, we observed an increase of TAGs containing SFAs
and MUFAs at the FA composition and TAG group levels upon treat-
ment with CP-24879 (Fig. 5). Semiquantitative estimates for all de-
tected TAGs are reported in Supplementary Table 4.

3.5. Expanded coverage and versatility of TriP-MS3

The MRM transition list from the Lipidyzer platform was assembled
with the objective to optimize coverage of lipids in blood. Hence, such a
method will miss lipids with different FA composition in different bio-
logical samples (e.g. different organisms, cell types, tissues, biofluids,
etc). In order to demonstrate the versatility of our TriP-MS3, the TAG
content of human plasma and C. elegans lipid droplets as measured by
MRM and TriP-MS3 were compared. C. elegans was selected as a proof-
of-principle because of its unique TAG content; in particular TAGs in C.
elegans are rich in FAs with odd carbon numbers [26]. TriP-MS3 suc-
cessfully quantified 320 TAG species and 261 TAG features in C. elegans
lipid droplets. In human plasma, the coverage of MRM and TriP-MS3
approaches was similar for the most abundant TAGs. However, TriP-
MS3 expanded the coverage of less abundant TAGs including those with
unconventional FAs species (e.g. 15:1, 17:1, 19:0, etc.) (Fig. 6a). In C. el-
egans, TriP-MS3 detected TAGs containing FAs with odd carbon num-
bers (e.g. 17:1, 19:1 and 19:0) that were missed by the MRM method
(Fig. 6b). Some of these species were present in high concentrations in-
cluding TAGs containing FA17:1 that were among the most abundant
species. These observations are in line with previous studies showing
high abundance of FA17:1 in C. elegans TAGs [27,28].
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4. Discussion

In this work, we present a MS-based approach called TriP-MS3 for
the comprehensive analysis of individual TAG species irrespective of
the sample type. To the best of our knowledge, this is the first shotgun
method designed to perform comprehensive individual TAG identifica-
tion and semiquantification using a combination of MRM and MS? ex-
periments. We demonstrated high coverage, sensitivity, linearity, and
reproducibility as well as compared the concentration estimations with
a state-of-the-art LC-MS method.

TriP-MS3 uses direct flow injection and thus circumvents many of
the issues related to LC separation of TAG species. Even though column
technologies have improved in the recent years with the introduction of
high resolution C30 RPLC columns, base peak chromatographic separa-
tion of isobaric TAG species required to obtain accurate quantification
remains challenging. In addition, retention time (RT) deviations often

observed in large projects composed of hundreds of samples can impair
RT alignment accuracy and thus quantitative measurements. Further-
more, annotation accuracy for LC-MS methods relies on the acquisition
of high-quality MS/MS spectra ideally triggered at the apex of a peak.
In reality, MS/MS experiments are often performed early or late in the
peak increasing the chances of contaminating MS/MS spectra with frag-
ments from isobaric TAGs eluting nearby which can lead to misidentifi-
cations [8,29].

In contrast to conventional targeted methods where each analyte
needs to be previously considered before the acquisition, TriP-MS3 was
designed to use the minimum number of MRM transitions and most pos-
sible fragment ions in MS? experiments are targeted to cover over 6700
individual TAGs which provides increased coverage and versatility.
TriP-MS3 was able to detect 285 TAG species in human plasma in com-
parison to state-of-the-art LC-MS methods with ~110 species [17] in the
same time range (30 min—45 min total run time). We also demonstrate
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that TriP-MS3 was efficient in analyzing TAGs in different matrixes
where TAG profiles vary substantially with the detection of 350 and
320 TAG species in human liver cells and C. elegans, respectively. For
instance, Trip-MS3 successfully detected abundant TAGs containing
odd chain FAs in C. elegans [27,28].

Trip-MS3 is limited by the fact that it only reports the number of car-
bons and unsaturations in FAs; structural details such as linear or
branched acyl chains, double bond, sn-positions, and cis/trans configu-
rations are not distinguished. For instance, TriP-MS3 detects high levels
of TAGs containing FA 17:1 in C. elegans, however, the FA measured is
not a 17-carbon chain with one unsaturation but a dietary cyclopropane
FA (FA 17A) [30]. In addition, Trip-MS3 doesn't differentiate fully es-
terified TAGs from TAGs with one or more alkyl-ether or alkenyl-ether
fatty acids because of the instrument limited resolution. High resolution
mass spectrometry (HRMS) is required to differentiate these species. In
most cases, the impact will be minimal because ether-linked TAGs are
typically present in very low abundance as reported previously [31,32].

Trip-MS3 provides semiquantification for a wide array of TAGs in a
given sample. The accuracy of reported concentrations can be affected
by differential fragmentation and ionization efficiencies as well as FA
sn-position. In the presented method, we apply the same collision and
excitation energies to all lipids which doesn't take into account varying
fragmentation efficiencies depending on the TAG structure. In addition,
the method doesn't consider FA (sn) positions which are known to im-
pact the MRM fragmentation with FAs in sn-2 position being favored
over FAs in sn-1 and sn-3 positions [12]. Despite these limitations, we
have demonstrated that Trip-MS3 reports accurate TAG lipid species
concentrations in comparison to a state-of-the-art RPLC-MS HRMS
method using one IS.

To perform quantitative (instead of semiquantitative) analysis, each
endogenous TAG should be quantified using a deuterated version of the
same TAG. However, this option is impractical because i) one would
need to know in advance which TAGs will be detected in a sample, ii) a
limited number of deuterated TAGs are commercially available and iii)
the use of many IS will cause the experiment to be prohibitively expen-
sive. Alternatively, quantification could be performed using a handful
of IS and selecting the most similar IS for quantification. However, such
an approach will still be biased by the TAG FA composition [33]. For
practicality, we decided to use one IS and estimate TAG species concen-
trations assuming similar ionization and fragmentation efficiencies IS
[34]. A single IS is also typically used to quantify TAGs in LC-MS meth-
ods which suffer from the same biases [35]. However, direct infusion
methods will produce more accurate results as compared to LC-MS ap-

proaches because of differential matrix interferences between the IS
and the molecular species analyzed that elute at different retention
times [33].

5. Conclusion

Altogether, TriP-MS3 combines the advantages of shotgun targeted
methods (reproducible, sensitive, ease of data analysis) with a broader
coverage and the level of structural information of untargeted LC-MS
methods. We believe that the possibility to estimate in a high through-
put manner not only TAGs concentrations but also their complete FA
composition will be valuable to understand the role of these molecules
in health and disease.
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