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study the biochemical mechanism(s) underpinning lipo-
toxicity ( 4–9 ). 

 The demand for systematic identifi cation and quantifi -
cation of global cellular lipids for the aforementioned pur-
pose has greatly facilitated the rapid spread of lipidomics 
research in recent years ( 10–12 ). Although extensive utili-
zation of bioinformatics and computational algorithms 
for accurate identifi cation and quantifi cation of individual 
lipid molecular species and classes ( 13–17 ) is still a key 
node in lipidomics  , the greatest challenge   of bioinformat-
ics for lipidomics research currently is the interpretation 
of alterations in biological functions resulting in adaptive 
or pathological changes in lipid metabolism and/or ho-
meostasis ( 18 ). 

 One of the most powerful platforms in lipidomics prac-
tice is multidimensional mass spectrometry-based shotgun 
lipidomics (MDMS-SL) ( 15, 19 ). At its current stage of 
development, MDMS-SL enables us to analyze over 30 
lipid classes and hundreds to thousands of individual lipid 
species, collectively representing more than 95% of the to-
tal content of a cellular lipidome directly from the lipid 
extracts of limited biological source materials ( 15, 19 ). 
However, it has remained a challenge to utilize the vast 
datasets associated with the MDMS-SL platform, e.g., to 
develop a bioinformatic approach for the interpretation 
of lipidomic networks of TAG biosynthesis and thus reveal 
their association with lipotoxicity under pathophysiologi-
cal conditions. The development of such an approach 
would signifi cantly advance the practical use of the plat-
form for investigating the association of altered TAG mass 
with any (patho)physiological changes. 

 Recently, we have successfully developed dynamic simu-
lation approaches for understanding the remodeling 
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  Triglycerides are an important class of lipids that largely 
exist as triacylglycerol (TAG) species, although a small 
amount of ether-linked triglyceride species are also pres-
ent in biological systems ( 1 ). The main biological role of 
TAG species is to serve as energy storage depots. As meta-
bolic syndrome becomes increasingly prevalent, the excess 
levels of TAG mass that manifest in the organs have been 
frequently blamed as a causal factor of pathophysiological 
complications associated with those organs ( 2 ). The term 
of “lipotoxicity” has been generally used to describe this 
epidemiological phenomenon ( 3, 4 ). Numerous technol-
ogies and animal models have been created and applied to 
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powder with a stainless-steel mortar and pestle and stored at 
 � 80°C for lipid analysis. 

 Analysis of lipids by mass spectrometry 
 Lipids were extracted from mouse tissue powders by a modi-

fi ed Bligh and Dyer method as previously described ( 23 ). Inter-
nal standards for quantifi cation of individual molecular species 
of lipid classes were added prior to lipid extraction ( 23 ). 
MDMS-SL analyses were performed with a QqQ mass spectrom-
eter (Thermo Fisher Scientifi c TSQ Vantage, San Jose, CA) 
equipped with an automated nanospray device (Triversa Nano-
mate, Advion Biosciences, Ithaca, NY) and operated with Xcali-
bur software as previously described ( 24, 25 ). Identifi cation and 
quantifi cation of lipid molecular species were performed using 
an automated software program as previously described ( 15 ). 
Lipid extraction for acyl-CoA analysis, and identifi cation and 
quantifi cation of acyl-CoA species by matrix-assisted laser desorp-
tion/ionization time-of-fl ight mass spectrometry were performed 
as we previously described ( 20 ). The results are included in sup-
plementary Table I for comparison. 

 Tandem MS analyses of TAG lithium adducts in the product 
ion mode were performed by using a Q-Exactive mass spectrom-
eter (Thermo Fisher Scientifi c, San Jose, CA) equipped with an 
automated nanospray apparatus (Advion Bioscience, Ithaca, NY). 
The NanoMate apparatus was controlled by Chipsoft 8.3.1 soft-
ware. An ionization voltage of 1.20 kV and a gas pressure of 
2.00 psi were employed for the MS analyses. All mass spectra were 
recorded under Xcalibur 2.2.48 software with an AGC value of 
1 × 10 6  in the full MS mode for up to 120 ms, in which the mass 
resolution of the analyzer was set at 140,000 (m/ � m, fwhm at  m/z  
200), and the product ion spectra were performed with higher-
energy collisional dissociation (HCD) at 30.0 eV and gas pressure 
of 1 mT. 

 Model for simulation of TAG ion profi les 
 To quantitatively describe the TAG biosynthesis process, we 

developed an algorithm which simulated the ion profi les of TAG 
species determined by MDMS-SL. The simulation was based on 
the known TAG biosynthesis pathways of diacylglycerol (DAG) 
reacylation ( 26 ) (  Fig. 1  ).  These pathways include the DAG pools 
resulting from  i ) the dephosphorylation of phosphatidic acid 
(PA) (DAG  PA  );  ii ) the reacylation of monoacylglycerol (MAG) 
species (DAG  MAG  ), which could result from multiple sources in-
cluding dephosphorylation of lysophosphatidic acid, TAG/DAG 
hydrolysis with lipase activities, and reacylation from glycerol 
( 26, 27 ); and  iii ) to a minimal extent, the hydrolysis of phosphati-
dylinositol (PI) species through phospholipase C (PLC) activities 
(DAG  PI  ). It should be pointed out that phosphatidylinositol-4,5-
diphosphate [PI(4,5)P 2 ] species are the known substrates of PLC 
with a high turnover rate. Therefore, PLC hydrolysis of PI(4,5)P 2  
may result in a larger amount of DAG mass than that yielded 
from PI hydrolysis. However, the DAG species from PI(4,5)P 2  
largely serve as signaling molecules instead of TAG synthesis. 
Moreover, since the DAG composition resulting from PI(4,5)P 2  
species is generally similar to that from PI species, the contribu-
tion of PI(4,5)P 2  hydrolysis pathway to TAG synthesis can be cov-
ered by the representation of PI-DAG pathway. In our simulation, 
we assumed that the cellular acyl-CoA profi le was similar to the 
fatty acyl composition of the individual TAG pool. This assump-
tion was validated by measurement of acyl-CoA profi les of mouse 
heart, liver, and skeletal muscle (supplementary Table I). There-
fore, each of the TAG ion profi les was simulated with one of 
three weighting parameters, K 1 , K 2 , and K 3 , which were iterated 
utilizing PA composition, fatty acyl composition of TAG species, 
and PI composition (all of which were derived from MDMS-SL 

processes of cardiolipin, phosphatidylcholine (PC), and 
phosphatidylethanolamine species ( 20, 21 ) based on the 
known biological pathways and MDMS-SL-derived data. 
The parameters derived from the simulation can be used 
to assess the enzymatic activities that meditate the extent 
of remodeling of those lipid classes. Herein, we developed 
a novel simulation approach following a similar reasoning 
to determine the contributions of individual TAG biosyn-
thesis pathways to TAG pools, thereby recapitulating the 
enzymatic activities involved in TAG biosynthesis. More-
over, the compositions of individual TAG species, includ-
ing all isomeric and isobaric ones, were automatically 
determined from the simulation. The accuracy of this sim-
ulation approach was validated by comparisons of a variety 
of fatty acyl profi les derived from simulation to those ac-
quired from neutral loss scans (NLS) of the correspond-
ing FAs   from TAG species as previously described ( 22 ) as 
well as by direct product ion analysis of individual TAG 
ions. In this study, we applied this novel approach to deter-
mine the differential contributions of different biosynthe-
sis pathways to the TAG pools present in mouse heart, 
liver, and skeletal muscle, and to dissect alterations in the 
biosynthesis of mouse liver TAG species induced by feed-
ing with a high-fat (HF) diet. We believe that development 
of this bioinformatic approach for simulation of TAG ion 
profi les will not only allow us to determine alterations 
in TAG biosynthesis in health and disease but also greatly fa-
cilitate a better understanding of the molecular mechanism(s) 
underpinning lipotoxicity. 

 MATERIALS AND METHODS 

 Materials 
 All phospholipid species and heptadecanoeyl-CoA used as in-

ternal standards were purchased from Avanti Polar Lipids, Inc. 
(Alabaster, AL). Triheptadecanoeylglycerol (T17:1 TAG) was 
purchased from Nu Chek Inc. (Elysian, MN). All of the solvents 
were obtained from Burdick and Jackson (Honeywell Interna-
tional Inc., Muskegon, MI). All other chemical reagents were at 
least analytical grade or the best grade available and obtained 
from Fisher Scientifi c (Pittsburgh, PA), Sigma-Aldrich Chemical 
Co. (St. Louis, MO), or as indicated. 

 Animal studies and tissue collection 
 The protocols for animal experiments were conducted in ac-

cordance with the National Institutes of Health guidelines for 
humane treatment of animals and were approved by the Animal 
Studies Committee of Sanford-Burnham Medical Research Insti-
tute. One-month-old mice were fed with either a HF diet com-
posed of 43% of calories from fat (TD 01381, Harlan Teklad, 
Madison, WI) containing TAG composed of long chain FAs 
(mostly 16:0 and 18:1) or the standard mouse chow (Rodent 
Chow 5053, Purina Mills Inc.) for four weeks. At the indicated 
age, animals were euthanized by asphyxiation with CO 2 . Tissue 
samples, including heart, liver, and skeletal muscle, were imme-
diately harvested, perfused with ice-cold, diluted (10×) PBS, blot-
ted with Kimwipes, and freeze-clamped at the temperature of 
liquid nitrogen. The tissue wafers were pulverized into a fi ne 



Bioinformatics for shotgun lipidomics of triacylglycerols 1025

pathways were calculated as: 
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 respectively, Thus, the normalized total TAG level of an organ 
was the sum of individual TAG pools as: 
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 with the restraint: 
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 Accordingly, the levels of individual TAG ions including all 
isobaric and isomeric species were the sum of the levels of 
all individual TAG species with identical nominal mass. The 
criterion for our simulation was to achieve a TAG ion profi le 
that maximized the linear correlation coeffi cient compared 
with that determined experimentally. 

 Finally, the level of a fatty acyl of a TAG ion was calculated fi rst 
by summing the levels of all TAG species with identical nominal 
mass carrying the fatty acyl and then dividing by 3. A factor of 2 
or 3 was multiplied if a TAG species contained two or three of an 
identical fatty acyl. 

 Validation of the simulated TAG ion profi les 
 The accuracy of the simulated TAG ion profi les (thereby sup-

porting the rationale of the hypothesized model used for simula-
tion) was not only determined with a good linear correlation 
coeffi cient as aforementioned but also could strictly be validated 
by two approaches. It was demonstrated that determination of 

analysis), respectively, (see below). These K parameters repre-
sented the relative contributions of the different DAG pools re-
sulting from the PA, MAG, and PI pathways to TAG synthesis. 

 In each of the reacylation steps as indicated ( Fig. 1 ), the cor-
responding acyltransferase acylated a hydroxy group of glycerol 
at positions 1, 2, and 3 to yield MAG, DAG, and TAG, respectively, 
with fatty acyl-CoA based on the fatty acyl composition derived 
from TAG pools. We introduced a parameter of k s  (s = 1, 2, and 3) 
at each step in the form   of exp(-k 1 .x j ), exp(k 2 .x j ), or exp(-k 3 .x j ), 
respectively, where both k 1  and k 3  represents simulated decay 
constants, k 2  represents a simulated enhancing constant, and x j  is 
the number of double bonds present in the j th  fatty acyl chain. 
The parameters and their formats represent the selectivity of 
fatty acyl chains by the corresponding acyltransferase to refl ect 
that saturated fatty acyls are enriched at the  sn -1 and 3 positions, 
whereas unsaturated fatty acyls are largely acylated to the  sn -2 
position ( 28 ). Therefore, the levels of individual TAG species 
resulting from the PA-DAG pathway were calculated as: 

  1 3 ji jij
TAG  K PA . FA .exp k .xPA  (1) 

 and the TAG pool resulting from the PA-DAG pathway was 
calculated as: 
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 where (PA) i  and (FA) j  are the compositions of the i th  PA species 
and of the j th  fatty acyl chain, respectively. Similarly, the TAG 
pools resulting from MAG-DAG and PI-DAG pathways were 
also calculated as: 
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 respectively. Therefore, the normalized levels of individual 
TAG pools resulting from the PA-DAG, MAG-DAG, and PI-DAG 

  Fig.   1.  Illustration of triacylglycerol biosynthesis model for simulation of triacylglycerol ion profi les. TAG 
species are de novo synthesized with reacylation of DAG species of different pools produced mainly through 
dephosphorylation of PA (DAG  PA  ) and reacylation of MAG (DAG  MAG  ) as well as, to a lesser degree (as indi-
cated with a broken line arrow), through hydrolysis of PI with PLC activities (DAG  PI  ). The contributions of 
these pathways to the TAG pools were determined through simulation of individual TAG ion profi le with 
parameters of K 1 , K 2 , and K 3 , respectively, which are the probabilities of individual DAG pools being reacy-
lated to TAG. In addition, the parameters of k 1 , k 2 , and k 3  were used in the  sn -1, 2, and 3 reacylation steps of 
TAG species in the forms of exp(-k 1 .× j ), exp(k 2 .× j ) and exp(-k 3 .× j ), respectively, where k 1  and k 3  represents a 
simulated decay constant, k 2  represents a simulated enhancing constant, and x j  is the number of double 
bonds present in the corresponding fatty acyl chain. MGAT and DGAT denote MAG and DAG acyltransferases, 
respectively. The multiple arrows at the k 1  step indicate that MAG species could yield from a variety of 
sources (see text).   
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to (e.g., liver) 0.95 between the simulated and MS-deter-
mined TAG ion profi les was obtained (  Table 1  ).  Simulated 
TAG ion profi les were well matched to those experimen-
tally determined utilizing the hypothetical model and lipi-
domics data with the indicated parameters (  Fig. 2  ).  

 These results indicate that the MAG-DAG pathway 
(i.e., K 2 ) is the sole or major synthesis pathway contribut-
ing to the TAG pool present in mouse skeletal muscle or 
heart, respectively, while both MAG-DAG and PA-DAG 
(i.e., K 1 ) pathways equally contribute to the TAG pool 
present in mouse liver ( Table 1 ). Moreover, the contribu-
tion of the PI hydrolysis pathway (i.e., K 3 ) to those TAG 
pools might be negligible. The simulation results further 
indicate that the degree of selective reacylation with DGAT 
activity (i.e., k 3 ) during TAG synthesis in all three exam-
ined organs was negligible, whereas considerable selectiv-
ity of other reacylation steps (i.e., k 1  and k 2 ) were exhibited 
in mouse liver ( Table 1 ). 

 Validation of the simulation approach for determination 
of TAG ion profi les 

 As each individual TAG ion represents a combination 
of numerous isomeric and isobaric TAG species, a good 
match between the simulated and experimentally deter-
mined TAG ion profi les is a necessary condition for simu-
lation, but it does not suffi ciently guarantee that the levels 
of all those isomeric and isobaric species of an individual 
TAG ion also match accurately. Therefore, these simu-
lated TAG species must be validated by an independent 
method. 

 Although it is not impossible to quantitatively analyze 
the composition of isobaric/isomeric TAG species after 
resolution by multiple column steps, the current fi eld lacks 
an effective approach to defi nitively demonstrate the exis-
tence of these species. The identities of TAG species have 
only been indirectly determined through tandem MS anal-
ysis of the fatty acyl components of an individual TAG ion 
in combination with the total numbers of carbon atoms 
and double bonds, which are the known restrictions of 
individual TAG species after determination of the TAG 
ion  m/z  ( 22, 29, 30 ). Accordingly, both product ion analy-
sis of individual TAG ions and MDMS-SL analysis of an 
entire TAG profi le could be used to validate the deter-
mined TAG ion profi le from simulation. 

 It has been previously demonstrated that individual 
isomeric and isobaric TAG species can be identifi ed and 
quantifi ed from the cross peaks of a TAG ion with the 

individual TAG species, including isobaric and isomeric ones, by 
MDMS-SL was achieved by using the cross peaks of a TAG ion 
with those of NLS of all potentially existing fatty acyl chains present 
in TAG species ( 22 ). These cross peaks in two-dimensional mass 
spectrometry represent the fragment ions of the precursor TAG 
ion (see Results). Therefore, good matches between the fatty acyl 
compositional profi les extracted from the simulation described 
above and those acquired from MDMS-SL analysis provided a 
critical validation of our simulation approach, the hypothesized 
model, as well as the determined TAG species. Accordingly, valida-
tion was performed through examination of the linear correlation 
coeffi cients of the simulated individual fatty acyl profi les with the 
corresponding ones determined by NLS. 

 Alternatively, the fatty acyl profi le of an individual TAG ion could 
be directly examined by tandem mass spectrometric analysis of 
the TAG ion of interest in the product ion mode. However, it 
should be noticed that this latter approach has a few limitations, 
including:  1 ) limited dynamic range; therefore, the existence of   
very low abundance fatty acyls is unable to be detected and the 
fatty acyl profi les of low abundance TAG ions are hard to be vali-
dated;  2 ) it is not quantitative without correction for differential 
fragmentation; and  3 ) it is complicated with the presence of other 
fragments, such as those from neutral losses of lithium fatty 
carboxylates. 

 Miscellaneous 
 Protein concentration was determined utilizing a bicinchoninic 

acid protein assay kit (Pierce, Rockford, IL) using BSA as a stan-
dard. All data were presented as the means ± SD of at least three 
separate animals. Statistical signifi cance was determined by a 
two-tailed Student  t -test in comparisons with control, in which 
* P  < 0.05 and ** P  < 0.01. 

 RESULTS 

 Representative simulation of TAG ion profi les present in 
mouse heart, liver, and skeletal muscle 

 To exemplify the performance of simulation algorithm 
with the hypothesized model ( Fig. 1 ), we analyzed the 
mass content of individual lipid species of PA, PI, and TAG 
classes from mouse heart, liver, and skeletal muscle by 
MDMS-SL (supplementary Table I). The composition of 
fatty acyls present in TAG pools of these organs was also 
derived from the levels of TAG species (supplementary 
Table I). By fi nely iterating the parameters of K 1 , K 2 , and 
K 3  with a step size of 0.001, as well as the parameters of k 1 , 
k 2 , and k 3  with a step size of 0.01, a correlation coeffi cient 
( � ) of better than (e.g., skeletal muscle and heart) or close 

 TABLE 1. Simulated parameters representing the contributions of TAG biosynthesis pathways and the 
selectivity of reacylation manifest in mouse organs 

Sample K 1 K 2 K 3 k 1 k 2 k 3  � 

Skeletal muscle 0 1.000 0 0.11 ± 0.09 0.05 ± 0.05 0.01 ± 0.01 0.977 ± 0.007
Heart 0.145 ± 0.033 0.825 ± 0.043 0.030 ± 0.014 0.01 ± 0.01 0 0 0.960 ± 0.015
Liver 0.493 ± 0.031 0.507 ± 0.031 0 0.47 ± 0.15 0.23 ± 0.05 0 0.943 ± 0.007

The determined TAG levels of mouse skeletal muscle, heart, and liver by MDMS-SL (supplementary Table I) 
were simulated with the TAG biosynthesis pathways as illustrated in  Fig. 1 . The parameters of K 1 , K 2 , and K 3  represent 
the contributions of individual pathways (i.e., PA-, MAG-, and PI-DAG pathways, respectively) to the TAG pools. The 
parameters of k 1 , k 2 , and k 3  represent the degrees of acyltransferase selectivity to the different fatty acyl chains at 
the  sn -1, 2, and 3 positions of TAG species, respectively (see text for details).
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that the hypothetical model and all aforementioned as-
sumptions for simulation ( Fig. 1 ) are reasonable to the 
extent of the simulated accuracy (see Discussion). 

 In an alternative approach, the presence of the simu-
lated fatty acyls of a particular TAG ion could be validated 
by product ion analysis of this TAG ion. For example, 
the product ion mass spectrum of the TAG ion at  m/z  863.7 
present in mouse liver lipid extracts displays numerous 
fragment ions corresponding to neutral losses of FAs or 
lithium fatty carboxylates (  Fig. 5A  , inset),  as well as fatty 
acylium ions ( Fig. 5 ). The presence of the simulated FAs 
in the product ion mass spectrum further validates the 
simulation ( Fig. 5B ). 

 Determination of isomeric and isobaric TAG species 
from simulation 

 At the current stage of development of lipidomics, it 
is diffi cult, although not impossible ( 31 ), to identify the 
TAG regioisomers resulting from linkages of the fatty acyl 
chains to different glycerol positions. But MDMS-SL allows 
us to readily determine the different isomers containing 
variable fatty acyl chains that constitute individual TAG 
ions ( 22 ). For example, the lithiated TAG ion at  m/z  863.7 
was crossed with the NL spectra of 16:2, 16:1, 16:0, 18:3, 
18:2, 18:1, 18:0, 20:3, and 20:2 fatty acyl chains, indicating 

ions present in NLS of all potentially existing FA chains 
of TAG species ( 22 ).   Fig. 3    shows an example of the analy-
sis of mouse liver TAG species, wherein a broken line 
indicates that the TAG ion at  m/z  863.7 crosses with 
the peaks present in the spectra of NL252 (16:2 FA), 
NL254 (16:1 FA), NL256 (16:0 FA), NL278 (18:3 FA), 
NL280 (18:2 FA), NL282 (18:1 FA), NL284 (18:0 FA), NL306 
(20:3 FA), NL308 (20:2 FA), etc. These cross-peak inten-
sities represent the abundance of the fragment ions of 
 m/z  863.7 TAG ion after separate losses of the indicated 
fatty acids. The intensities of all these cross peaks are 
tabulated (supplementary Table II). A good simulation 
may be validated only if all of the cross peaks derived 
from the simulation match well with those acquired 
from MDMS-SL analysis (i.e., all NL spectra). This valida-
tion also affi rms the accuracy of our simulation ap-
proach and hypothesized TAG biosynthesis model. 

 A good match [i.e., a linear correction coeffi cient ( � ) 
of approximately 0.95] was essentially found between 
the individual FA profi les obtained from simulation and 
MDMS-SL analysis for all of the NLS of fatty acyl chains 
from all examined TAG datasets.   Fig. 4    shows some repre-
sentative comparisons of the abundant fatty acyl chains 
present in the mouse heart TAG pool. The comparisons not 
only validate the simulated TAG profi les but also suggest 

  Fig.   2.  Comparisons of the ion profi les of triacylglycerol species yielded from simulation with those acquired from MS analysis. Lipid 
extracts of mouse heart, liver, and skeletal muscle were prepared with a modifi ed Bligh-Dyer procedure ( 23 ). TAG ion profi les displayed as 
lithiated TAG species (solid bars) of mouse heart (A), liver (B), and skeletal muscle (C) were obtained from NLS of all potentially present 
fatty acyl chains in TAG species in the presence of a small amount of lithium hydroxide   in the positive-ion mode as previously described ( 22 ). The 
corresponding TAG ion profi les simulated (hatched bars) with the simulated parameters listed in  Table 1  were displayed for comparison.   
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with 10 double bonds (with a theoretical mass of 863.6735 
Da) if present, as the nominal resolution mass spectrome-
ter used for MDMS-SL analysis was not capable of resolv-
ing them. 

 In our simulation, the probable prevalence of each indi-
vidual isomeric and isobaric species was calculated from 
each TAG biosynthesis pathway, whereas the sum of these 
isomeric and isobaric species was used to compare the 
intensity of a corresponding TAG ion determined by 
MDMS-SL. Therefore, development of this simulation al-
gorithm automatically projected the content of individual 
isomeric and isobaric species of each detected TAG ion. 
Accordingly, 919, 1795, and 823 TAG species were readily 
projected in this study from the simulation of TAG ion 

the presence of these fatty acyls with abundance of the peak 
intensities ( Fig. 3 ). Since a lithiated TAG ion at  m/z  863.7 
should predominantly contain species with a total of 55 
carbon atoms (3 from glycerol and 52 from fatty acyl chains) 
with 3 double bonds (with a theoretical mass of 863.7674 
Da), isomeric TAG species of 16:2-18:1-18:0, 16:1-16:0-20:2, 
16:0-16:0-20:3, 16:1-18:1-18:1, 16:0-18:1-18:2, 16:0-18:0-18:3, 
16:1-18:1-18:1, and other low abundance species were man-
ually identifi ed with these criteria as previously described 
( 22 ). Unfortunately, automation of this identifi cation process 
does not exist. Therefore, this process was very labor-
intensive and inaccurate. The process was further compli-
cated by the possibility that isomeric TAG species may be 
isobaric with the TAG species containing 56 carbon atoms 

  Fig.   3.  Representative two-dimensional mass spectrometric analyses of triacylglycerol species in a mouse 
liver lipid extract. NLS of all naturally existing fatty acyl chains (i.e., the building blocks of TAG species) of 
a mouse liver lipid extract were used to determine the identities of each lithiated TAG molecular ion, deconvolute 
isomeric/isobaric species, and quantify individual TAG species by comparisons with a selected internal stan-
dard (i.e., T17:1 TAG, shown in NL268). Collision activation was performed with collision energy of 35 eV 
and gas pressure of 1 mT on a triple quadrupole mass spectrometer (TSQ Vantage, Thermo Fisher Scientifi c, 
San Jose, CA). All displayed mass spectral traces are normalized to the base peak in each trace of NLS.   
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by MDMS-SL. We found that liver TAG content only slightly 
increased (from 442.65 ± 48.97 nmol/mg protein when 
mice were fed with a standard chow to 473.57 ± 42.94 
nmol/mg protein with a HF diet). However, the composition 
of fatty acyl chains was signifi cantly changed in different 
directions (  Table 2  ).  The composition of fatty acyl chains 
corresponding to those endogenously synthesized (e.g., 
14:1, 16:1, and 18:1) was signifi cantly reduced whereas 
the composition of essential FAs representing uptake and 
storage (e.g., 18:2, 20:4, 22:3, 22:4, 22:5, and 22:6) signifi -
cantly increased ( Table 2 ). These results indicate the re-
duction of de novo FA synthesis. 

 When we simulated the TAG ion profi les of liver ex-
tracts of mice fed with a HF diet, we found that the con-
tribution of MAG-DAG pathway (i.e., K 2 ) to the liver TAG 
pool increased approximately 10% (i.e., from 0.507 ± 
0.031 with a standard chow to 0.554 ± 0.030 with a HF 
diet,  P  < 0.05), whereas the reacylation selectivity is virtu-
ally identical (i.e., k 1 , from 0.47 ± 0.15 to 0.49 ± 0.04; k 2 , 
from 0.23 ± 0.08 to 0.20 ± 0.01; no change with k 3 ) be-
tween the conditions. These fi ndings, in combination 
with the reduction of de novo FA synthesis, indicate that 
mechanisms to deposit excess energy into the TAG pool 
through uptake of FAs dominate in mouse liver after 

profi les of mouse skeletal muscle, heart, and liver, respec-
tively. Clearly, the numbers of these simulated TAG species 
were much larger than those manually determined ( 22, 32 ). 
As an example, a list of the identifi ed and quantifi ed TAG 
species from the simulation of mouse myocardial TAG 
profi les is given (supplementary Table III). 

 It should be emphasized that the simulation approach 
only determined the composition of individual TAG spe-
cies. However, the mass levels of individual simulated TAG 
species may be readily calculated from the total TAG mass 
levels determined by MDMS-SL if necessary. 

 Determination of the altered mouse liver TAG 
biosynthesis after feeding with a HF diet 

 It is well known that after feeding with a HF diet, the 
uptake and storage of fat increase in liver ( 33 ). We spec-
ulated that our simulation should be able to recapitulate 
alterations in contributions of the different TAG synthe-
sis pathways to liver TAG pool after HF diet feeding. 

 To test this hypothesis, we treated mice with a HF diet 
for a short period (four weeks) and determined the con-
tent and composition of TAG species present in the liver 

  Fig.   4.  Comparisons of the representative fatty acyl profi les of mouse myocardial TAG species yielded from simulation with those ac-
quired from MS analysis. Lipid extracts of mouse heart were prepared with a modifi ed Bligh-Dyer procedure ( 23 ). Fatty acyl (FA) profi les 
of 16:0 (palmitate, A), 18:1 (oleate, B), and 18:2 (linoleate, C) determined by neutral loss scanning of the corresponding fatty acid masses 
as previously described ( 22 ) (solid bars) were compared with those derived from simulation (hatched bars). The linear correlation coeffi -
cients between the corresponding data sets were indicated.   
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 As a proof of concept, we assessed the contributions of 
different TAG biosynthesis pathways to the TAG pools of 
mouse heart, liver, and skeletal muscle utilizing this simu-
lation approach. The results are consistent with what peo-
ple have generally recognized, i.e., that TAG pools in 
skeletal muscle serve as a storage depot of free FAs through 
the MAG-DAG pathway, whereas de novo synthesis of TAG 
species through the PA-DAG pathway greatly contributes 
to mouse liver TAG pool. Increased contribution of the 
MAG-DAG pathway to the liver TAG pool after mice were 
fed with a HF diet strongly supports this notion ( 34 ). 

 The simulated data would be best validated by direct 
comparisons between the cellular activities of enzymes in-
volving individual TAG biosynthesis pathways and those 
derived from simulation. However, assessment of these in-
dividual enzymatic activities can usually be performed only 
under optimal experimental conditions for a particular 
enzyme. The comparison of activities determined directly 
from those enzymatic assays remains challenging, and al-
though isotope-labeling experiments may provide some 
insights into FA distribution and the turnover rates of de 
novo TAG synthesis, it is very diffi cult to clearly dissect the 
contributions of individual biosynthesis pathways to a TAG 
pool through such an approach. Accordingly, in the cur-
rent study, we employed MS approaches by either compar-
ing all simulation-derived FA profi les to those obtained by 

feeding with a HF diet. This result is consistent with those 
of previous observations ( 33 ). 

 DISCUSSION 

 In the current study, we developed and validated a novel 
approach for the simulation of the synthesis of TAG spe-
cies and determined the contributions of individual bio-
synthesis pathways to the TAG pool using lipidomics data. 
The work was signifi cant on two levels. First, to the best of 
our knowledge, this was the fi rst study to substantiate the 
contributions of individual TAG biosynthesis pathways to 
TAG pools, as well as the fi rst to assess substrate selectivity 
in TAG biosynthesis by using a bioinformatics approach. 
Second, with the simulation, the mass levels of individual 
TAG species, including those of isomeric and isobaric 
ones, could be automatically assessed, greatly facilitating 
the accuracy and speed of lipidomic analysis of TAG spe-
cies. It is clear that this bioinformatic tool in combination 
with lipidomics analysis could allow us to reveal potential 
biochemical mechanisms underpinning TAG accumula-
tion under different pathophysiological conditions, which 
is of particular signifi cance at a time when obesity and li-
potoxicity are becoming epidemic. 

  Fig.   5.  Representative product ion analysis of triacylglycerol lithium adducts in the positive-ion mode. 
Tandem MS analysis of a lithiated TAG ion at  m/z  863.7666 was performed on a Thermo Scientifi c Q-Exactive 
mass spectrometer utilizing a precursor isolation window of 0.4 Th by the quadrupole mass fi lter. Collision 
activation was carried out with higher energy collisional dissociation in the HCD cell at 30.0 eV and gas pres-
sure of 1 mT. The resultant fragment ions were analyzed in the Orbitrap. The peaks indicated with asterisks 
are the fragment ions corresponding to the neutral losses of lithium fatty carboxylates from the TAG molecu-
lar ion.   
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with lipase activities ( 26 ), in addition to possible direct 
acylation of glycerol ( 27 ). 

 A huge number of TAG species, the majority of which 
were of low or very low abundance, were obtained from 
simulation (e.g., supplementary Table III). The presence of 
such a huge number of TAG species might be physiologi-
cally correct, but is very diffi cult to validate experimentally 
due to technological limitations. Rather, the question is 
whether it is meaningful to have such a number of species 
in biological systems. Although we cannot exclude the pos-
sibility that the metabolite(s) of these low abundance TAG 
species play an important role in biological functions, we 
believe that these species are largely the resultant products 
of nonselective TAG biosynthesis. 

 In summary, we developed and validated a novel bioin-
formatic approach for simulation of TAG ion profi les, 
which allowed us to mathematically analyze biosynthesis 
pathways through the interpretation of lipidomics data. 
We assessed the contributions of different biosynthesis 
pathways to TAG pools in mouse heart, liver, and skeletal 
muscle and examined changes to these pathways in mouse 
liver induced following treatment with a HF diet. It was 
proved that bioinformatic simulation provides a powerful 
vehicle to determine altered TAG biosynthesis pathways 
under pathophysiological conditions. We believe that this 
type of assessment could provide deep insights into the 
biochemical mechanisms underpinning the TAG accumu-
lation that is characteristic throughout the development 
of obesity and lipotoxicity.  
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