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A B S T R A C T

This study investigated lipid alterations in muscle tissues [gastrocnemius (Gas) and soleus (Sol)] of mice under
different diet programs (weight gain, weight maintenance, weight regain, and controls) by nanoflow ultrahigh
pressure liquid chromatography-electrospray ionization-tandem mass spectrometry. Since overloaded lipids in
the skeletal muscle tissues by excessive fat accumulation are related to insulin resistance leading to type II
diabetes mellitus, analysis of lipid alteration in muscle tissues with respect to high-fat diet (HFD) is important to
understand obesity related diseases. A total of 345 individual lipid species were identified with their molecular
structures, and 184 lipids were quantified by selected reaction monitoring method. Most triacylglycerol (TG) and
phosphatidylethanolamine (PE) species displayed a significant (> 2-fold, p < 0.01) increase in both the Gas
and Sol and to a larger degree in the Gas. However, lipid classes involved in insulin resistance and anti-in-
flammatory response, including lysophosphatidylcholine (18:0), diacylglycerol (16:0_18:1, 16:0_18:2, and
18:1_18:1), ceramide (d18:1/24:0 and d18:1/24:1), and phosphatidylinositol (18:0/20:4), showed a significant
accumulation in the Sol exclusively after HFD treatment. In addition, the lipid profiles were not significantly
altered in mice that were fed HFD only for the last 4 weeks (weight gain group), suggesting that consuming HFD
in the younger age period can be more effective in the Gas. This study reveals that lipid classes related to insulin
resistance accumulated more in the Sol than in the Gas following HFD treatment and the weight regain program
perturbed lipid profiles of the Sol to a greater extent than that by the other diet programs, confirming that the Sol
tissue is more influenced by HFD than Gas.

1. Introduction

The prevalence of overweight [body mass index (BMI) of
25–29.9 kg/m2] and obesity (BMI ≥ 30 kg/m2) has rapidly increased
worldwide and is a global public health concern. Excessive body fat
accumulation due to high-fat diet (HFD) is the major contributor to

obesity, leading to insulin resistance that further increases the risk of
cardiovascular diseases and type II diabetes mellitus (T2DM) [1].
Among the liver, adipose tissue, and skeletal muscles, lipid accumula-
tion in the skeletal muscle has been associated with the insulin re-
sistance [2,3]. Lipids are not only the major components of the cell wall
but also important sources of energy reserves and mediators in signal
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transduction between cells and are involved in cell proliferation and
apoptosis [4,5]. Lipid accumulation in skeletal muscles has been stu-
died to elucidate the relationship between lipid profiles and insulin
resistance. Among the various classes of lipids, triacylglycerol (TG),
diacylglycerol (DG), and ceramides (Cer) are reported to be associated
with the incidence of insulin resistance [6–9]. Several studies have
revealed that excess accumulation of intramuscular TG is associated
with insulin resistance in human [10,11] and animal models [12].
However, insulin sensitivity is markedly maintained in the skeletal
muscles of trained endurance athletes despite the accumulation of in-
tramuscular TG [13,14]. This could be owing to the enhanced lipid
oxidation capacity in trained athletes due to increased number of mi-
tochondria. Other studies have shown insulin sensitivity to be asso-
ciated with specific TGs with saturated acyl chains compared to the
total serum TG levels [15] and accumulation of DG in the muscle and
liver [16–18].

Obesity and T2DM are related to the type of muscle fiber, reduction
in the number of mitochondria, and their associated dysfunction [19].
Muscle fibers are grouped into three major categories: type I (oxidative
slow-twitch), type IIa (oxidative fast-twitch), and type IIb (glycolytic
fast-twitch) depending on the energy production mechanism in the cell
[20]. HFD induces pre-diabetes in young mice with mitochondrial
dysfunction and leads to a shift in the skeletal muscles from oxidative to
glycolytic type [21–24]. Studies have shown that mitochondrial density
and lipid content were higher in the soleus (Sol), a slow-twitch type I
oxidative skeletal muscle, than in the gastrocnemius (Gas), a fast-twitch
glycolytic muscle [25,26]. Excessive accumulation of lipids in glyco-
lytic muscle can be a major contributor toward insulin resistance due to
the increased activity of enzymes interfering with insulin signaling
[27]. A recent study showed that several DG and TG species accumu-
lated (> 2–3 times) in both the Gas and Sol of Zucker diabetic fatty
(ZDF) rats [28]. Nevertheless, these lipids were significantly reduced in
the Sol but not in the Gas after treadmill exercise, suggesting that
physical exercise effectively lowers the accumulated DG and TG only in
the oxidative slow-twitch fibers. The relationship between HFD and
muscle type has not been widely discussed. Studies indicate that weight
regain after reduced obesity in human and animal models led to fat
gain, which enhanced adipose tissue inflammation and impaired sys-
temic glucose tolerance [29,30]. However, the mechanisms involved in
metabolic dysfunction induced by weight regain are not fully under-
stood.

In the present study, we investigated the effect of HFD on the lipid
profiles of mouse skeletal muscles at the molecular level by using na-
noflow ultrahigh performance liquid chromatography (LC) with tandem
mass spectrometry (nUHPLC-ESI-MS/MS). Recent advances in LC-MS
facilitated the simultaneous separation and structural determination of
several hundreds of lipids from plasma/serum, urine, and tissue sam-
ples [31–35] and lipid analysis can be achieved at a high speed
(< 20 min) by employing nUHPLC-ESI-MS/MS [36,37]. Lipid extracts
from the Sol and Gas were systematically examined with variations in
diet programs, namely, weight gain, weight maintenance, weight re-
gain, and normal diet. Lipid analysis was accomplished by non-targeted
identification of molecular structures based on data-dependent colli-
sion-induced dissociation experiments during nUHPLC-ESI-MS/MS,
followed by selected reaction monitoring (SRM)-based targeted quan-
tification of individual lipid samples. With statistical evaluation, lipid
species showing significant changes in comparison with the respective
control groups were screened for characteristic lipid species for weight
gain, weight maintenance, and weight regain.

2. Materials and methods

2.1. Chemicals and reagents

A total of 19 lipid standards were used for nUHPLC optimization
and for quantification standards: lysophosphatidylcholine (LPC) 16:0,

phosphatidylcholine (PC) 12:0/12:0, PC plasmalogen (PCp) P-18:0/
22:6, lysophosphatidylethanolamine (LPE) 18:0, phosphatidylethano-
lamine (PE) 16:0/16:0, PE plasmalogen (PEp) P-18:0/18:1, phospha-
tidic acid (PA) 12:0/12:0, lysophosphatidylglycerol (LPG) 18:0, phos-
phatidylglycerol (PG) 18:0/18:0, lysophosphatidylinositol (LPI) 20:4,
phosphatidylinositol (PI) 18:0/20:4, lysophosphatidylserine (LPS) 16:0,
phosphatidylserine (PS) 12:0/12:0, diacylglycerol (DG) 16:0/18:1,
triacylglycerol (TG) 18:0/18:0/18:1, sphingomyelin (SM) d18:1/16:0,
ceramide (Cer) d18:1/14:0, Cer d18:1/22:0, monohexosylceramide
(HexCer) d18:1/12:0. In addition, 14 lipid standards with odd-num-
bered fatty acyl chain were used as internal standards for quantifica-
tion: LPC 17:0, PC 13:0/13:0, LPE 17:1, PE 17:0/17:0, LPG 17:1, PG
15:0/15:0, LPI 17:1, PI 12:0/13:0, PS 17:0/17:0, D5-DG 17:0/17:0, D5-
TG 17:0/17:1/17:0, SM d18:1/17:0, Cer d18:1/17:0, HexCer d18:1/
17:0. All lipid standards were purchased from Matreya, LLC. (Pleasant
Gap, PA, USA) and Avanti Polar Lipids, Inc. (Alabaster, AL, USA). HPLC
grade solvents (water, acetonitrile, methanol, and isopropanol) and
methyl-tert-butyl ether (MTBE) were purchased from Avantor
Performance Materials (Center Valley, PA, USA). Ammonium hydroxide
and ammonium formate were purchased from Sigma-Aldrich (St. Louis,
MO, USA). For column preparation, fused silica capillary tubes and
plumbing supplies were procured from Polymicro Technology, LLC.
(Phoenix, AZ, USA). Packing materials for preparing analytical columns
were Watchers® ODS-P C-18 particles (3 μm and 100 Å) from Isu
Industry Corp. (Seoul, Korea) and 1.7 μm ethylene bridged hybrid
(BEH) particles unpacked from ACQUITY UPLC® BEH C18 column
(2.1 mm × 100 mm) of Waters™ (Milford, MA, USA). A PEEK micro-
cross was purchased from IDEX Health & Science, Oak Harbor, WA,
USA).

2.2. Animals

Thirty-six male mice (C57BL6/N) from Central Lab. Animal Inc.
(Seoul, Korea) were used for this study. Mice at 5 weeks of age were
transferred to the animal facility at Korea Mouse Phenotyping Center
(KMPC), Seoul National University. Mice were fed with a normal diet
(NIH-31, chow diet from Zeigler Bros, Inc., Gardners, PA, USA) ad li-
bitum and tap water, before the dietary experiments began. Mice were
maintained under 24 ± 2 °C with a 12 h light/dark cycle. For HFD,
60% kcal% fat (#D12492, Research Diets, NJ, USA) were provided to
the mice. For the first 8 weeks after relocation, half the mice (n = 18)
were fed with a normal diet and the other half with HFD. At the end of
8 weeks, 6 animals in each group were sacrificed and classified as N
(control) and F (weight gain). The remaining 12 animals in both groups
were fed with normal diet for 4 weeks and then further divided into two
subgroups to be fed with either normal or HF diet for another 4 weeks.
The resulting 4 subgroups were NNN (control), FNN (weight main-
tenance), NNF (weight gain), and FNF (weight regain) as shown in
Scheme 1 (n = 6).

The two types of skeletal tissue samples (Gas and Sol) were obtained
from 6 mice in each dietary group. The mice were killed by exposure to
CO2. Animal experiments followed the ‘Guide for Animal Experiments,’
edited by Korean Academy of Medical Sciences, and were approved by
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NDND
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Scheme 1. Dietary stages of 6 different mouse groups.
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the Institutional Animal Care and Use Committee (IACUC) of Seoul
National University (Permit Number: SNU-140205-2-1). Before ex-
tracting tissues, all mice were perfused after anesthesia for sample
quality control. Changes in body weights and blood glucose and total
cholesterol levels along with details of the histopathological examina-
tion of liver tissue are provided in Lee et al. [38].

2.3. Lipid extraction

A total of 72 samples were lyophilized into fine powder. For lipid
identification purposes, the same portion of the tissue sample from each
animal was pooled together in each group (n = 6), and 4 mg was used
for lipid extraction. For targeted lipid quantification, 4 mg of each
animal sample was used. The pooled or individual tissue sample was
suspended in 150 μL of a 9:1 (v/v) mixture of H2O and phosphate-
buffered saline and subjected to tip-sonication for 1 min in an ice bath.
After sonication, 300 μL CH3OH was added to the sonicated mixture in
the ice bath and vortexed for 10 min. Lipids were extracted following a
two-stage extraction method using MTBE/CH3OH [39]. The resulting
mixture was added with 1 mL MTBE and 100 μL MS-grade H2O, vor-
texed for 1 h, and centrifuged at 1000 × g for 10 min. Then the upper
organic layer was transferred to a new tube and the remaining aqueous
layer was mixed with 400 μL CH3OH for secondary extraction followed
by centrifugation at 1000g for 10 min. The resulting organic layer was
taken out to merge with the previously collected organic layer. Organic
solvents in lipid solution were evaporated by vacuum centrifuge for 3 h.
Dried lipid extracts were re-constituted at a concentration of 10 μg/μL
with CHCl3:CH3OH (1:9, v/v), and then stored at −80 °C. For nUHPLC-
ESI-MS/MS analysis, frozen lipid extract was diluted to a concentration
of 2 μg/μL with (9:1, v/v) CH3OH:H2O. Extraction efficiency of lipids
was measured by calculating the recovery value of 14 lipid standards
(1 pmol each) spiked before and after lipid extraction of Gas tissue
based on nUHPLC-ESI-MS/MS. The recovery values were within
82.3–106.5% for all 14 standard lipids and the detailed data were
added to Table S1 of Supplementary data.

2.4. nUHPLC-ESI-MS/MS analysis of lipids

For the identification and quantification of muscle lipids, two sets of
nUHPLC-ESI-MS/MS instruments were used: a Dionex Ultimate 3000
RSLCnano System with LTQ Velos ion trap MS from Thermo Fisher
Scientific™ (San Jose, CA, USA) for non-targeted lipid identification and
a nanoACQUITY UPLC system from Waters™ coupled with a TSQ
Vantage triple-stage quadrupole MS from Thermo Fisher Scientific™ for
targeted quantification. The pulled-tip capillary column was prepared
in the laboratory by pulling one end of a fused silica capillary (100 μm
of inner diameter (ID), 360 μm of outer diameter) with flame to make a
sharp needle. The column tip (0.5-cm portion) was packed with
3 μm–100 Å Watchers® ODS-P C18 particles from Isu Industry Corp.
(Seoul, Korea) to prepare self-assembled frit under N2 gas (1000 psi)
and the rest of column (6.5-cm long) was packed with 1.7 μm BEH
particles which was unpacked from a Waters™ ACQUITY UPLC® BEH
C18 column. The analytical column was connected to nUHPLC pump
using a capillary tube (50 μm ID) via a PEEK micro-cross from IDEX
Health & Science (Oak Harbor, WA, USA) of which the other two ports
were connected with a Pt wire for ESI voltage supply and a pressure
capillary (20 μm ID) leading to on/off switching valve for splitting
pump flow.

For gradient elution, both nUHPLC-ESI-MS/MS systems use the
same set of mobile phases for binary gradient elution: H2O:CH3CN (9:1,
v/v) for mobile phase A and CH3OH:CH3CN:IPA (2:2:6, v/v) for mobile
phase B, added with a mixture of ionization modifiers (0.05% NH4OH
and 5 mM NH4HCO2) to be used in both positive and negative ion
modes. For non-targeted identification of muscular lipids with mole-
cular structures, 3 μg of the lipid extract from each pooled sample was
utilized for each nUPLC-ESI-MS/MS analysis. Sample loading to the

analytical column was made via autosampler with the mobile phase A
for 7.5 min at a flow rate of 1.0 μL/min with the switching valve off.
After completing the sample loading, the pump flow rate was increased
to 12 μL/min with the switching valve on so that the final flow rate to
the analytical column was adjusted to 300 nL/min. The gradient elution
began by ramping mobile phase B from 60% to 80% for 7.5 min, further
to 100% for 20 min, and maintained at 100% for 8 min. Then, it was
resumed to 0% and maintained for 5 min to re-equilibrate the column.
The m/z range of precursor MS scan was set to 300–1000 amu with
3.0 kV of ESI voltage for both positive and negative ion modes. For
data-dependent collision induced dissociation (CID) experiments, 40%
normalized collision energy was applied. The molecular structure of
lipid was determined from the fragment ion spectra using LiPilot, a PC-
based software developed in our laboratory [40].

For targeted quantification, lipid extract from each animal was
analyzed with the addition of 14 different internal standards (1 pmol of
each IS) in Table S2. For each sample, 3 μg of lipid extracts were loaded
to the same analytical column utilized in the non-targeted identifica-
tion. Sample loading was made with the mobile phase A at 0.8 μL/min
for 8 min. The pump flow rate during the gradient elution was 17 μL/
min which was to reduce the dwell time and the column flow rate was
adjusted to 300 nL/min using the switching valve likewise. Gradient
elution began with 60% B and was increased to 85% B for 10 min,
further to 100% for 15 min, and maintained for 5 min. Then it was
resumed to 0% B for re-equilibration. Lipid quantification was made for
the identified lipid species using selected reaction monitoring (SRM)
method in which precursor ion and one of its fragments as a quantifier
ion were scanned by the triple-stage quadrupole MS system. Types of
precursor ions and quantifier ions for each lipid class with the collision
energies specific to lipid class are listed in Table S2. For rapid SRM
quantification, each lipid species was programmed for 2-min time in-
terval (retention time ± 1 min) for detection instead of scanning all
identified lipids simultaneously. SRM quantification was made in the
polarity switching mode which detects ions at positive and negative ion
mode alternatively: LPC, PC, LPE, PE, DG, TG, SM, Cer, and HexCer in
positive ion mode, and LPG, PG, LPI, PI, PS in negative ion mode.
Collision energy was differently assigned by lipid classes (Table S2):
20 V for LPE and PE; 30 V for DG and TG; 35 V for PS; 40 V for LPC, PC,
PEp, LPG, PG, LPI, SM, Cer, and HexCer; 45 V for PI.

Limit of detection (LOD) and limit of quantitation (LOQ) for 14 lipid
classes were calculated from the calibration curve of each IS spiked to
the lipid extract of each tissue by varying concentration of the IS and
listed in Table S3. Briefly, LOD/LOQ values ranged from 0.0021/
0.070 pmol (TG 17:0/17:1/17:0 D5) to 0.096/0.318 pmol (SM d18:1/
17:0) in Gas. Lipid species below the LOQ in each lipid class was re-
moved from the quantified data lists. The quantified amount of each
lipid was reported by the corrected peak area, the ratio of peak area of
an individual lipid species in comparison with that of the class-specific
IS, which is a good estimate of the pmol amount of each species as-
suming that the polar head group is more significant factor than the
length of the acyl chain and the degree of unsaturation in this level
[41,42]. Data analysis was carried out with SPSS software (version
20.0, IBM corp., Armonk, NY, USA) for Student’s t-test and Minitab 17
(http://www.minitab.com) for principal component analysis (PCA).

3. Results

3.1. Identification and SRM quantification of muscle lipids

Non-targeted identification of muscle lipids was carried out by
nUHPLC-ESI-MS/MS at conditions optimized using lipid standards
shown in base peak chromatograms (BPCs) (Fig. S1). Relative standard
deviations of average retention time and peak width were 0.4 ± 0.3%
and 16.6 ± 6.7 s, respectively. BPCs of lipid extracts from the Gas and
Sol of both NNN and FNF groups are shown in Fig. S2. A total of 345
lipids were identified with their molecular structures, of which 184
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were quantified by SRM-based nUHPLC-ESI-MS/MS. The number of
identified and quantified lipid species in each lipid class from skeletal
muscles is listed in Table S4. The corrected peak area of each quantified
lipid species from an individual animal in the six different diet groups is
listed in Table S5. Lipid species of phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), and TG were quantified by the total num-
bers of carbons and double bonds in the acyl chains, and the isomeric
chain structures of each species were determined by collision-induced
dissociation spectra (Table S6).

3.2. Overall change in lipid profile upon HFD

Variations in individual lipid levels of the Gas and Sol tissues under
different HFD programs are represented using volcano plots, the plot of
-log10 (p-value) vs. log2 (fold change) (Fig. 1), which depicts the overall
changes in the F (vs. N) and FNF (vs. NNN) groups as well as a com-
parison of NNN with N group. Plots of the FNN and NNF groups are
shown in Fig. S3. From the volcano plots, it is evident that lipid species
with alterations after HFD treatment were mostly increased in the Sol,
and the increase was>2-fold in the F and FNF groups compared to that
in the Gas. The changes in NNN and N were not significant except for a
few species that showed an increase in the NNN group. This ascertains
that lipid profiles in the two skeletal muscles at 8 weeks of age were not
noticeably different. The overall differences in the lipid profiles of the
Gas and Sol among the six different diet groups are illustrated using
principal component analysis (PCA) (Fig. 2). The PCA plot showed that
lipid profiles of the Sol in all groups were different from those of the
Gas, and the data points of the Sol from mice after HFD treatment were
clustered away from those from mice after normal diet treatment. This
difference between the two diet groups of the Sol was relatively larger
than that observed for the Gas. However, NNN and N groups of the Sol
were in the same domain while those of the Gas were not. Figs. 1 and 2
show that lipid profiles of the Sol were more influenced by HFD than
those of the Gas.

3.3. Change in lipid classes upon HFD

Changes in the composition of the lipids after HFD treatment can be

viewed in the pie-charts (Fig. 3), depicting the relative occupancies (%)
of the five abundant lipid classes in each group and “others” for the
summed values for the remaining low abundance lipid classes. By
comparing the total amount of lipids between the Gas and Sol, HFD
appeared to significantly influence the Sol compared to the Gas. The
total lipid content in the Gas did not show a significant elevation after
the first 8 weeks of HFD treatment (1.09 for F vs. 1.00 for N), whereas
in the Sol, the increase was ~35%. The last 4 weeks of HFD treatment
resulted in 25% increase (NNF vs. NNN) in the Gas and 81% increase in
the Sol. However, in the FNF group of both the Gas and Sol, ~50%
increase was noted in comparison with the NNN groups. The mice
subjected to the last 4 weeks of HFD treatment (FNF) compared to the
FNN, both of which had HFD in the first 8 weeks, did not display a
significant alteration in the lipid amounts in both the Gas (1.49 vs. 1.51
and Sol (1.55 vs. 1.40). Further, HFD altered the relative abundance of
the lipid class. Especially, the relative abundance of PC (the most
abundant class in N and NNN groups) decreased significantly and TG
became the most abundant class of lipid after HFD treatment (F, NNF,
FNN, and FNF). In the case of the Sol, TG remained the most abundant
lipid class but the relative composition of PC decreased post-HFD due to
the increase in PE, DG, and LPC. This can be associated with the en-
hanced accumulation of TG in the Gas compared to the Sol. However,
the total amount of PC did not significantly alter upon HFD treatment as
shown in the plot of fold change in Fig. 4a. HFD-induced changes in
each lipid class can be viewed by plotting the fold changes in the four
HFD groups (Fig. 4a) by comparing F with N and the other three (FNN,
NNF, and FNF) groups relative to NNN. Corrected peak area of each
lipid class in the six different mice groups are listed in Table S7. Fold
changes of PC in the four groups were not significantly altered in all
groups of Gas except F and in the Sol of F and FNF. Lipid profiles of
NNN were not significantly different from N as shown in Fig. S4 except
that LPC and DG increased by>2.5-fold in the Gas while LPC did not
change and DG increased by about 1.5 fold in Sol, HexCer was elevated
by> 2-fold in the Sol, and both TG and Cer decreased by ~2-fold in the
Sol. These can be considered as the alterations induced by aging under
normal diet. As seen in Fig. 3, several lipid classes were elevated by
HFD in the Sol compared to the Gas. While only PE and TG showed a
significant (p < 0.01,> 2-fold) increase in the Gas of the FNN and
FNF, most lipid classes were elevated in the Sol. Further, LPC, PI, and
Cer in the Sol were significantly elevated in FNF. The PE and TG levels
of the Gas were not significantly increased in NNF compared to FNN
and FNF. This establishes the importance of the first 8 weeks of HFD on
PE and TG in the Gas over the final 4 weeks of HFD. Nonetheless, a
reverse trend was observed in the Sol. While the total PC level was not
largely changed in the two tissues, PE levels significantly increased by
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Fig. 1. Volcano plots showing the degree of the statistical p-value vs. fold
change of 184 quantified lipid species in the groups of F (vs. N), FNF (vs. NNN),
and NNN (vs. N). The horizontal dashed line represents the p-value of 0.01 and
the two vertical dashed lines are borders for the 2-fold decrease and increase.
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HFD treatment. PC/PE ratio (Fig. 4b) plotted for all six mice groups
shows a large decrease in both the tissues of all HFD treated groups,
except the Gas of the NNF group because the PE level in NNF did not
change. The changes in the PC/PE ratio affect energy production by the
mitochondria predominantly by changes in the PE levels. Energy sto-
rage molecules such as TG can accumulate with the increase in PE. In
the case of NNF, a slight change in PE could be linked with the rela-
tively low production of TG compared to that in the FNN and FNF

groups (Fig. 4a). Taken together, the effect of HFD on the Gas in the
first 8 weeks (FNN) appeared to be stronger than that in the final
4 weeks (NNF).

3.4. Lipid alterations at the molecular level

Alterations at the lipid molecular level are plotted using stacked bar
graphs by representing the corrected peak area of each species between
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the Gas and Sol of the F and N groups (Fig. 5). High abundance species
in each class were marked with acyl chain structures, and peak area of
low abundance species was grouped into the white bar marked as
“low.” High abundance lipid is defined by its relative abundance>
100%/(total number of lipids within the class). After 8 weeks of HFD
treatment, several TG in the Gas and the two LPC (18:0 and 22:6) with
the five DG species in the Sol increased by ~2-fold. Further investiga-
tion on individual species was carried out to select lipids showing
changes> 2-fold with p < 0.01 in comparison with the corresponding
control group (N or NNN) and plotted using a heat map (Fig. S5). While
most lipid species within the criteria appeared to increase with HFD in
both the Gas and Sol, LPC decreased in the Gas but increased in the Sol.
Further, TG species with relatively shorter acyl chain structure (48:3)
decreased in both tissues but those with longer acyl chains mostly in-
creased. HFD-induced alterations of the individual lipids were further
investigated by the differences in HFD programs.

Fig. 6 further illustrates the significant fold change (vs. N or vs.

NNN) of high abundance individual species from LPC, PI, DG, Cer, and
TG classes (> 2-fold, p < 0.01). A significant decrease (> 2-fold) in
LPC 16:0 and 18:0 in the Gas, which was known to be associated with
inflammation, was observed in the FNN, NNF, and FNF groups, but LPC
18:0 and 22:6 in the Sol increased > 2-fold in the F and FNF groups. In
the case of PI, which has an anti-inflammatory role, the two high
abundant PI species (16:1/18:1 and 18:0/20:4) did not change in the
Gas with HFD treatment. However, PI 16:1/18:1 increased by>2-fold
in the Sol of the F and FNF groups, and only PI 18:0/20:4 increased in
the FNF group. Among the five DG species, two DG species (16:1_18:1
and 16:1_18:2) were down-regulated to a greater extent in the Gas than
in the Sol, but the other three (16:0_18:1, 16:0_18:2, and 18:1_18:1)
were up-regulated>2-fold in the Sol. While the decrease in DG in the
Gas was observed regardless of the HFD types, its increase in the Sol
was less in the FNN group than in the other groups, suggesting that the
accumulation of DG in the Sol is associated with the final 4 weeks of
HFD treatment rather than the early stage treatments, which is in

Fig. 5. Stacked bar graphs showing composi-
tional differences in the corrected peak area (vs.
IS) of each lipid class represented with the
amount of individual lipid species in the N and F
groups of the two muscular tissue types. The
numbers (i.e. 16:0) at each bar represent the acyl
chain structure of high abundance individual
species. The “low” represents the summed
amount of the low abundance species.

Fo
ld

 c
ha

ng
e 

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Gas

* *

F
FNN

NNF
FNF

LPC PI

* *

*

*

* *

*
*
*

Sol

0
1
2
3
4

6
7
8

8
7
6
4
3
2
1
0

* *

* * * *

* *

*

*

*

* * *
* * *

*
*

**
*

* *

*

*

*

TG

F

FNN

NNF
FNF

0.0

0.5

1.0

1.5

2.0

2.5

2.5

2.0

1.5

1.0

0.5

0.0

**

*

N
.Q

.

*

*
*

* *

*

*

DG Cer

Fig. 6. Changes in the level of high abundance LPC, PI, DG, Cer, and TG species in the mice groups treated with different HFD programs: F (vs. N) and FNN, NNF, and
FNF (vs. NNN). * for p < 0.01. The under-dash “_” in the acyl chain information of DG was used because the exact chain locations could not be completely resolved,
while “/” was used for lipids when acyl chain locations at sn-1 and sn-2 can be differentiated by MS/MS spectra.

J.Y. Eum, et al. Journal of Chromatography B 1141 (2020) 122022

6



contrast to the observations with PE and TG in the Gas. Cer displayed a
similar trend to DG, where Cer (d18:1/24:0 and d18:1/24:1) did not
change or rather decreased in the Gas but significantly increased in the
Sol of the FNF group. Most high abundance TG species significantly
increased by 2–7 folds in both the Gas and Sol with HFD treatment,
except the decrease of TG 48:3 (16:1/16:1/16:1 precisely) in the Gas.
However, the accumulation of TG appeared to be higher in the Gas than
in the Sol, and the patterns of increase were slightly different depending
on the HFD program wherein most TG species in the Gas accumulated
to a lesser extent in NNF than in FNN and FNF groups.

4. Discussion

LPC is known to be an important lipid effector of fatty acid-induced
insulin resistance [43]. An earlier study revealed that increased LPC
levels in cultured rat aortic vascular smooth muscle cells induced in-
sulin resistance [44]. LPC has the role of inflammatory actions de-
pending on its fatty acyl chain, and especially saturated LPC could act
as pro-inflammatory mediators [45]. In this study, we observed that
LPC 18:0 significantly accumulated in the Sol of the F and FNF groups
while LPC 16:0 and 18:0 decreased in the Gas, indicating that HFD-
induced increase of LPC was more effective in the Sol compared to the
Gas of the FNF group. PI is known to exert an anti-inflammatory role by
delivering arachidonic acid (20:4, AA), eicosanoids precursors that are
inflammatory mediators [46,47]. An increased level of AA-containing
PI might be an indicator of inflammation occurred in skeletal tissues
[48]. Upon HFD treatment, muscle levels of high abundance PI (16:1/
18:1 and 18:0/20:4) were not significantly altered in the Gas but in-
creased substantially in the Sol of the F and FNF groups. Among these, a
large increase in PI 18:0/20:4, the most abundant PI species in the Sol,
might be related to the increased risk of inflammation. The abnormal
ratio of PC/PE is reported to be detrimental for the membrane integrity
and the energy-producing capability of mitochondria [49]. PE is the
second most abundant phospholipid after PC in the mitochondria [50]
and ATP levels are known to correlate with the PE levels [51]. A sig-
nificant decrease in PC/PE of both the muscle tissues in most HFD
groups was exclusively contributed by the elevated PE levels. This is
consistent with the results of previous studies showing a reduction in
PC/PE in the skeletal muscle due to increase in PE upon HFD treatment
[52,53].

DG and Cer activate protein kinase C, thus, acting as mediators in
the development of insulin resistance in the muscles [9]. Studies have
shown that the levels of the four DG (16:0_18:1, 16:0_18:2, 18:0_18:1,
and 18:1_18:1) in mouse skeletal muscles significantly (> 2-fold,
p < 0.05) increased after 16 weeks of HFD treatment, while Cer levels
remained constant [3]. Recent studies have also revealed an increase in
DG in the skeletal muscles upon HFD treatment and a negligible fold-
change in Cer [53]. In this study, high abundance DG (16:0_18:1,
16:0_18:2, and 18:1_18:1) in the Sol of the F, NNF, and FNF groups were
elevated>2-fold (p < 0.01). The two high abundance Cer (d18:1/
24:0 and d18:1/24:1) were elevated>2-fold only in the Sol of the FNF
group while they were not altered or rather decreased to some degree in
the Gas. These results suggest that Sol is more responsive to HFD in
terms of accumulating DG and Cer.

Excess TG accumulation in the muscles is generally considered as a
signature for insulin resistance; however, trained endurance athletes
can still maintain insulin sensitivity despite the increased intramuscular
TG accumulation [13,14]. While several high abundance TG species in
both the Gas and Sol (Fig. 6) displayed a significant increase, examining
their detailed chain structures revealed that they are mostly mono-
unsaturated acyl chains (Table S6c). Further, an overall increase in TG
pattern appeared to be larger in the Gas of the FNN and FNF groups.
This indicates that HFD in the first 8 weeks was critical for maintaining
high levels of most TG species in the Gas because the levels of most TG
in the Gas of NNF were lower than those of the FNN and FNF groups.
However, Sol TG levels in the NNF group were rather inconsistent in the

increasing patterns depending on the chain length, where TG with 52:x
showed enhanced accumulation in the NNF but TG with 54:x did not.

Lastly, the different diet programs (weight maintenance, weight
gain, and weight regain) did not affect most of the lipid profiles of the
Gas except for PE and TG, which did not significantly change in the
NNF. The results from the NNF group (fed with HFD in only the last
4 weeks) showed that the uptake of high-fat food in the younger age
period appears to be more influential in the Gas than HFD uptake only
in the later age period. However, Sol lipids altered by HFD treatment
were more elevated by the weight regain program than other HFD
programs, indicating that the Sol was more sensitive to HFD than was
the Gas. Further studies are required to evaluate the effect of HFD on
insulin resistance to elucidate the relationship between muscle and
circulating lipids.
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