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Abstract

Daily physical exercise is an essential part of life and is required for remaining healthy; it enhances therapeutic efficacy in the
elderly and prevents age-related diseases associated with lipid profile alterations, such as cardiovascular disease, diabetes
mellitus, and dementia. To more efficiently analyse the lipid profiles and unveil the effect of exercise in aged mice, we optimized
our study by examining the effects of using ionization modifiers in the mobile phase and in-source fragmentation of
lysophospholipids on the simultaneous analysis of fatty acids (FAs) including hydroxyl fatty acids, glycerophospholipids,
sphingolipids, and glycerolipids using nanoflow ultrahigh performance liquid chromatography—electrospray ionization—-tandem
mass spectrometry. We applied the optimization to investigate the lipidomic plasma alterations in young (7 weeks old) and aged
(84 weeks old) mice (C57BL/6) subjected to treadmill exercise. Of the 390 identified lipid species, 159 were quantified to
investigate ageing-related lipid species responsive to physical exercise. In particular, circulating lysophosphatidylcholine and
lysophosphatidylethanolamine levels showed a significant decrease, and lysophosphatidic acid showed a simultaneous increase
with ageing. The saturated FA (16:0 and 18:0) increased with ageing while the unsaturated FA 22:6 decreased. Dihydroxy fatty
acid (18:1 20H) showed an exercise-induced recovery against ageing. It is notable that the levels of five triacylglycerol species
significantly increased by as much as threefold with ageing, but their levels largely recovered to those observed in the young mice
after exercise. These findings can help understand the influence of ageing on lipid perturbation and the role of physical exercise
on lipidomic recovery in response to ageing-associated loss of physical status.
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LOD Limit of detection

LOQ Limit of quantitation

LPA Lysophosphatidic acid

LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine
LPG Lysophosphatidylglycerol

LPI Lysophosphatidylinositol

LPL Lysophospholipid

LPS Lysophosphatidylserine
MHFA Monohydroxy fatty acid

MRS Magnetic resonance spectroscopy
MTBE Methyl-tert-butyl ether

MUFA Monounsaturated fatty acid

nUHPLC-ESI-Nanoflow ultrahigh performance liquid

MS/MS chromatography—electrospray ionization—
tandem mass spectrometry

PC Phosphatidylcholine

PCA Principal component analysis
PCp Phosphatidylcholine plasmalogen
PE Phosphatidylethanolamine

PEp Phosphatidylethanolamine plasmalogen
PG Phosphatidylglycerol

PI Phosphatidylinositol

PS Phosphatidylserine

PUFA Polyunsaturated fatty acid

SFA Saturated fatty acid

SL Sphingolipid

SM Sphingomyelin

SRM Selected reaction monitoring
SulfoHexCer Sulfatide

T2D Type 2 diabetes

TG Triacylglycerol

Introduction

As the human life expectancy increases with advances in the
field of life science, it is increasingly important to expand the
healthspan, a healthy life expectancy, with the absence of
chronic diseases especially among older people. While nu-
merous efforts are continuously being made to promote
health-related quality of life including early disease diagnosis
and prevention, daily physical exercise has been recognized as
an essential part of life for remaining healthy by preventing
the occurrence of age-related diseases like cardiovascular dis-
ease and diabetes [1, 2], postponing the onset of dementia [3],
and enhancing the therapeutic effects before and after major
surgery [4]. As age-induced phenomenon like immune func-
tion decline [5], loss of muscle mass [6], and increased risk of
insulin resistance, obesity, and cardiovascular disease [7] are
reportedly related to the alterations in lipid profile, the effect
of physical exercise on lipid control in metabolism has gained
much attention. Lipids are the major components of biological
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membranes, but their roles are essential including energy stor-
age, signal transduction between cells, cell proliferation, and
apoptosis [8, 9]. Among various lipid classes, triacylglycerol
(TG) levels reportedly increase in muscle tissues with ageing,
and TG accumulation is associated with insulin resistance [10,
11] or cardiovascular diseases [12, 13]. However, studies re-
ported that aerobic exercise significantly lowered blood TG,
cholesterol [14], and plasma ceramide (Cer) levels, especially
saturated Cer 14:0 which is closely associated with improved
insulin sensitivity [15]. An age-induced increase of palmitate
(C16:0), the most abundant circulating saturated fatty acid
(FA)—related to decreased insulin sensitivity—is associated
with decreased muscle mass as it decreased myotube size [16].
Moreover, monounsaturated fatty acids (MUFAs) and poly-
unsaturated fatty acids (PUFAs) reportedly prevent palmitate-
induced accumulation of diacylglycerols (DG) containing sat-
urated fatty acyl chains (18:0 and 20:0), which promote insu-
lin resistance.

Lipids are classified into eight different categories includ-
ing glycerophospholipids (GPL), glycerolipids (GL),
sphingolipids (SLs), fatty acyls, sterols, saccharolipids,
prenols, and polyketides [17]. Lipid analysis often requires a
systematic characterization of lipid molecular structures
followed by quantification based on mass spectrometry
(MS). Chromatographic separation before MS is required
due to the complicated nature of lipid molecular structures that
vary with respect to polar head groups, the degree of
unsaturation, and length of acyl chain. In the case of FAs,
gas chromatography (GC)-MS has been widely utilized as it
provides high-speed separation with enhanced detection capa-
bility compared with LC-MS [18-22]. However, FA analysis
with GC-MS requires a derivatization of FA into volatile com-
pounds like fatty acid methyl esters. Moreover, it is not pos-
sible to analyse other polar lipids together with FA using GC-
MS in a single run. For analysing biological and pathological
influences on lipid perturbation, a comprehensive analytical
platform must be developed to ensure consistent sample prep-
aration and analysis. Liquid chromatography coupled to
electrospray ionization—tandem MS (LC-ESI-MS/MS) is
commonly utilized to analyse most polar lipids in their intact
forms. As nanoflow LC offers improved separation efficiency
and detection capability along with the requirement of a re-
duced sample injection amount when combined with ESI-MS/
MS [23], it can serve as a powerful tool for global and targeted
quantitative lipidomic analyses. In our laboratory, nanoflow
ultrahigh performance LC (nUHPLC)-ESI-MS/MS has been
utilized to study lipidomic perturbations in plasma from pa-
tients with Alzheimer’s diseases and mild cognitive impair-
ments [24], brain tissues of mice with high-fat diet [25], and in
urinary exosomes from patients with prostate cancer [26].

Here, optimization was accomplished first by investigating
the effects of ionization modifiers in the mobile phase and in-
source fragmentation of lysophospholipids (LPLs) on the
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simultaneous analysis of FAs including hydroxyl fatty acids
(HFAs) with GPLs, SLs, and GLs using nUHPLC-ESI-MS/
MS. As FAs and LPLs have similar polarities, resulting in co-
elution in reversed phase LC, FA anions must be distin-
guished from the possible fatty acyl fragment ions produced
from LPLs having a common acyl chain structure via in-
source fragmentation during ESI. Next, our protocol was ap-
plied to investigate the lipidomic alterations in mice plasma
from both young (7 weeks old) and aged (84 weeks old)
mouse (C57BL/6) groups that were subjected to a treadmill
exercise for a period of 3 weeks compared with mouse groups
without exercise. Plasma lipids from each group (young and
aged) were comprehensively analysed using non-targeted
identification of lipid molecular structures followed by
targeted quantification compared with each control group.
Exercise-induced changes in individual lipid profiles
perturbed by ageing were statistically examined to assess
lipidomic signatures in the form of the exercise-responsive
lipids in response to ageing.

Materials and methods
Reagents

The following lipid standards were purchased from Avanti Polar
Lipids Inc. (Alabaster, AL, USA) and Matreya, LLC. (Pleasant
Gap, PA, USA). A total of 34 lipid standards were used to opti-
mize the nUHPLC-ESI-MS/MS run conditions, fatty acid (FA)
14:0, FA 15:0, FA 16:0, FA 18:2, FA 20:0, FA 20:4, FA 22:6,
monohydroxy FA (MHFA) 14:0 (20H), MHFA 22:6 (170H),
dihydroxy FA (DHFA) 20:4 (SOH, 120H), lysophosphatidic
acid (LPA) 18:0, phosphatidic acid (PA) 14:0/14:0,
lysophosphatidylglycerol (LPG) 14:0, LPG 18:0,
phosphatidylglycerol (PG) 14:0/14:0, lysophosphatidylinositol
(LPI) 18:0, phosphatidylinositol (PI) 18:0/20:4,
lysophosphatidylserine (LPS) 18:1, LPS 17:1,
phosphatidylserine (PS) 14:0/14:0, lysophosphatidylcholine
(LPC) 16:0, phosphatidylcholine (PC) 18:0/18:1, PC
plasmalogen (PCp) P-18:0/22:6, lysophosphatidylethanolamine
(LPE) 16:0, LPE 18:0, phosphatidylethanolamine (PE) 12:0/
12:0, PE 16:0/16:0, PE plasmalogen (PEp) P-18:0/22:6, cer-
amide (Cer) d18:1/22:0, sphingomyelin (SM) d18:1/16:0,
monohexosylceramide (HexCer) d18:1/12:0, sulfatide
(SulfoHexCer) d18:1/24:0, diacylglycerol (DG) 16:0/18:1, triac-
ylglycerol (TG) 18:1/18:1/18:1, and cardiolipin (CL) 14:0/14:0/
14:0/14:0. The following 14 lipid standards with odd-numbered
or deuterated fatty acyl chains as non-endogenous lipids were
added to lipid extracts as internal standards for targeted quantita-
tive analysis, FA 15:0, LPA 17:1, LPG 13:0, LPI 13:0, PI 15:0/
18:1(d7), LPC 18:1(d7), PC 15:0/18:1(d7), LPE 18:1(d7), PE
15:0/18:1(d7), Cer d18:1(d7)/24:0, SM d18:1/18:1(d9), HexCer
d18:1(d7)/15:0, DG 15:0/18:1(d7), and TG 15:0/18:1(d7)/15:0.

The following 16 lipid standards were spiked into lipid extracts
as external standards along with internal standards to establish
calibration curves to calculate limit of detection (LOD) and limit
of quantitation (LOQ), FA 19:0, LPA 17:0, LPG 17:1, LPI 17:1,
PI 16:0(d31)/18:1, LPC 17:1, PC 17:0/17:0, PC P-18:0/18:1(d9),
LPE 17:1, PE 17:0/17:0, PE P-18:0/18:1(d9), Cer d18:1(d7)/
24:1, SM d18:1/17:0, HexCer d18:1/17:0, Ds-DG 18:0/18:0,
and Ds-TG 17:0/17:1/17:0. Methyl-tert-butyl ether (MTBE)
and HPLC grade solvents including water, methanol,
isopropanol, and acetonitrile were purchased from Avantor,
Inc. (Center Valley, PA, USA). Ammonium hydroxide (AH)
and ammonium formate (AF) used as LC solvent ionization
modifiers were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Fused silica capillary tubes with inner diameters of 20, 50,
and 100 pum and an outer diameter of 360 um were purchased
from Polymicro Technology, LLC (Phoenix, AZ, USA).
Watchers® ODS-P C-18 particles (3 um and 100 A) from Isu
Industry Corp. (Seoul, Korea) and ethylene bridged hybrid
(BEH) particles (1.7 pm) unpacked from ACQUITY UPLC®
BEH C18 column (2.1 mm x 100 mm) of Waters™ (Milford,
MA, USA) were used as packing materials for analytical reverse
phase LC columns.

Animals and physical exercise

The two groups of C57/BL6 male mice, 7-week-old mice
(young group, n=11) and 84-week-old mice (aged group,
n=10), were purchased from Korea Research Institute of
Bioscience and Biotechnology (KRIBB), Daejeon, Korea.
Mice in each group were randomly divided into a sedentary
group (control) and an exercise group and housed in standard
conditions with food and water ad libitum, young control (YC,
n=0), young with exercise (YX, n=>5), aged control (AC,
n=135), and aged with exercise (AX, n =5). Exercise was per-
formed using a treadmill for 3 weeks, with two sessions
(30 min each) per day and 5 days a week. Mice in each exer-
cise group were adapted to and familiarized with treadmill for
3 days at various speeds (15 min/session at a 0 m/min for
3 min, 5 m/min for 2 min, and 8 m/min for 10 min). Two
sessions of treadmill training were provided each day. At each
session, mice began with 3-min of warm-up running at three
consecutive speeds (5, 8, and 10 m/min for 1 min each). Next,
the speed was ramped up to 12 m/min and maintained for
30 min. The training speed was increased by 2 m/min at every
week and resumed to 5 m/min for 2 min to cool down. After a
1-h break, the second training session was performed with the
same protocol.

Body fat and lean body masses were measured by using
magnetic resonance spectroscopy (MRS) with a Minispec LF-
50 from Bruker BioSpin (Billerica, MA, USA) at 24-h after
the last exercise session. Average body weight, body fat, and
glucose levels are listed for each group in Table S1 of the
Electronic Supplementary Material (ESM).
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Blood samples were collected after the scheduled experi-
ments for all groups. Plasma sample was collected in a
heparin-treated tube using cardiac puncture during deep an-
aesthesia with isofluorane (Henry Schein Animal Health, OH)
and O,, centrifuged at 2500 rpm for 15 min, and stored at —
80 °C until lipid analysis. Animals were maintained in accor-
dance with the National Institutes of Health guidelines.
Animal experiments were approved by the Institutional
Animal Care and Use Committee of Seoul National
University (SNU-171226-3).

Lipid extraction

For the identification of lipid molecular structures, the same
amount of plasma sample from each mouse was pooled to a
total volume of 25 puL for each mouse group. For lipid quan-
tification, 25 pL of an individual plasma sample added with
internal standards was used. Plasma samples were dried first
under N, gas using an Evatros Mini evaporator from Goojung
Engineering (Seoul, Korea). Dried plasma samples were ex-
tracted with MTBE/methanol according to a previous protocol
[27]. Briefly, each dried lipid sample was mixed with 300 puL
of methanol and incubated for 10 min in an ice bath. One
thousand microlitres of MTBE was added to the mixture, the
mixture was vortexed for 1 h, and 250 pL of water was added
before incubating for another 10 min. The mixture was cen-
trifuged at 1000g for 10 min, and the organic supernatant was
transferred to another centrifuge tube. The remaining aqueous
layer was mixed with 300 uL of MTBE and vortexed for
10 min. Mixtures were tip-sonicated for 2 min and
centrifugated at 1000g for 10 min. The resulting organic layer
was removed to merge with the previously collected organic
layer. The organic solution containing lipid extracts was dried
under N, using an evaporator. Dried lipid extracts were
reconstituted in 200 uL of chloroform:methanol (1:9, v/v)
and stored at — 80 °C. The stored lipid extracts were diluted
with 200 uL of water:methanol (1:9, v/v) before nUHPLC-
ESI-MS/MS analysis.

nUHPLC-ESI-MS/MS analysis

Here, two sets of nUHPLC-ESI-MS/MS systems were
employed for lipid analysis, a Dionex Ultimate 3000
RSLCnano system with LTQ Velos ion trap mass spectrome-
ter from Thermo Fisher Scientific (San Jose, CA, USA) for
non-targeted lipid identification and a nanoACQUITY UPLC
system from Waters™ (Milford, MA, USA) coupled with a
TSQ Vantage triple-stage quadrupole mass spectrometer sys-
tem from Thermo Fisher Scientific for targeted lipid quantifi-
cation based on selected reaction monitoring (SRM) method.
Reversed phase capillary LC columns were prepared in the
laboratory using a 100 um-L.D. fused silica capillary by fab-
ricating a pulled-tip end and packing with Watchers® ODS-P
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C-18 particles (3 um and 100 A) for a 5 mm portion of the tip
followed by packing the rest (7 cm) with 1.7-um ACQUITY
UPLC BEH resin under nitrogen gas at 1000 psi. The column
to the nUHPLC system and ESI-MS were connected using the
same procedure as described elsewhere. nUHPLC separation
of lipids was done with binary gradient elution using
water:acetonitrile (9:1, v/v) for mobile phase A and
acetonitrile:methanol:isopropanol (2:2:6, v/v) for mobile
phase B. To optimize a run condition for the simultaneous
analysis of FAs with other lipid classes, ionization modifiers
were tested by varying the AF concentration in 0.05% AH.
ESI voltages of 3 kV in the positive ion mode and 1.5 kV in
negative ion mode were used at a heated ion transfer tube
temperature of 350 °C.

The pooled lipid extract sample of each group was used for
global lipid identification. One microlitre of each extract was
injected into the capillary column via autosampler using mo-
bile phase A at a flow rate of 1.0 pL/min for 7.5 min. After
loading the sample, the pump flow rate was changed to
10.0 puL/min at split mode and the final column flow rate
was adjusted to 300 nL/min. Gradient elution began with
60% of the mobile phase B; this was increased to 70% for
10 min, to 100% for 17.5 min, maintained at 100% for
12.5 min, and resumed to 0%. Re-equilibration of the analyt-
ical column was conducted for 10 min. Data-dependent colli-
sion-induced dissociation (CID) experiments were performed
with 40% normalized collision energy. The lipid molecular
structures were identified using LiPilot software, a PC-based
software developed in our laboratory [28].

For targeted lipid quantification, individual lipid extract
samples spiked with internal standards were analysed by
injecting 1 pL of each extract using the same analytical col-
umn employed during global identification. The sample load-
ing was done with mobile phase A at a flow rate of 1.0 uL/min
for 7.5 min. The valve was switched for sample elution in split
mode, and the pump flow rate was changed to 15.0 puL/min.
However, the column flow rate was adjusted to 300 nL/min by
applying a pressure tube at the split end. Gradient elution
began at 60% of the mobile phase B; this was increased to
70% for 3 min, 90% for 12 min, and further to 100% for
5 min. It was resumed to 0% after another 5 min of column
washing at 100% B. During SRM quantification, the polarity
switching mode was utilized to alternatively detect the lipid
ion in positive and negative ion modes, LPC, PC, PCp, LPE,
PE, PEp, Cer, SM, HexCer, DG, and TG were detected in
positive ion mode, and FA, MHFA, DHFA, LPA, LPG,
LPI, and PI were detected in the negative ion mode. Types
of precursor and product ions and the collision energy value
assigned for each lipid class type used for SRM quantification
are listed in Table S2 (see ESM). The quantified amount of
each lipid species was calculated as the corrected peak area,
the ratio of the peak area of a species to the area of the IS
specific to each lipid class, and it was converted to a pmol/uL.
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amount using the calibration curve. In the case of FA from
plastics like tubes and micro tips that could interfere with FA
analysis, endogenous FA signals were corrected by computa-
tionally removing the exogenous FA signal [29, 30].

Two-way analysis of variance (ANOVA) was utilized to
analyse the data and simultaneously evaluate the ageing and/
or exercising effects of the four mouse groups. Post hoc anal-
ysis was conducted using a Bonferroni test with SPSS soft-
ware (version 20.0, IBM Corp., Armonk, NY, USA). All data
were log-transformed prior to statistical analysis. Principal
component analysis (PCA) was performed using Minitab 17
software.

Results

Effect of ionization modifiers on simultaneous
analysis of FAs with other lipid classes

Targeted lipid quantitation using nUHPLC-ESI-MS/MS
can be facilitated using polarity switching methods in
which lipid detection alternates between positive and neg-
ative ion MS modes. The polarity switching lipid analysis
decreases the analysis time without running the same sam-
ple separately in both ion modes. However, a suitable
type of mixed ionization modifier that can ionize lipid
molecules in either the positive or negative ions is neces-
sary. For simultaneous analysis of FAs with other lipid
classes in blood plasma using nUHPLC-ESI-MS/MS with
the polarity switching method, the ionization efficiencies
of FAs and other lipids must be investigated by varying
the composition of ionization modifiers. Figure S1 (see
ESM) shows the variation of MS intensities for 17 lipid
classes including four FAs by varying the composition of
ammonium formate (AF) at a fixed (0.05%) ammonium
hydroxide (AH) concentration. While MS intensities of
anionic lipids like FA, PS, PG, PI, PA, and CL that were
monitored in the negative ion mode used to be most ef-
fective with 0.05% AH alone, the MS intensities of neu-
tral polar lipids including PC, PE, and TG in positive ion
mode were relatively poor. The addition of 5 mM AF to
AH enhanced neutral polar lipid ionization, but it deteri-
orated the ionization of anionic lipids. For the efficient
ionization of both anionic and neutral polar lipids,
0.5 mM AF added to 0.05% AH was selected as an opti-
mum concentration that can be applied for simultaneous
analysis of all lipids including FAs. Figure S2 (see ESM)
shows the base peak chromatograms (BPCs) of standard
lipid mixtures for which run conditions were used for
structural determination of lipids from mouse plasma sam-
ples in both positive and negative nUHPLC-ESI-MS/MS
ion modes, separately.

Characterization of FA along with other lipid classes
using nUHPLC-ESI-MS/MS

When FA and LPG with a common acyl chain in a lipidome
sample are analysed using RPLC, their retention times can be
similar. In this case, there is a chance to detect the FA precur-
sor ion ([M-H]") simultaneously with the fatty carboxylate
fragment ions ([RCOQ]") produced by in-source fragmenta-
tion of LPG during ESI. Therefore, the degree of in-source
fragmentation of LPG was investigated using lipid standards
of LPG 14:0 and FA 14:0. Figure 1a shows the extracted ion
chromatogram (EICs) of LPG 14:0 (m/z 455.3, t.=4.48 min)
and PG 14:0/14:0 (m/z 665.4, t.=20.25 min) as forms of [M-
H] in the top chromatogram which was compared with the
EIC of m/z 227.3 showing the detection of [M-H] ions of FA
14:0 at 4.22 min and [RCOO] ions at 4.48 min produced
from the in-source fragmentation of LPG 14:0, which were
resolved based on retention times. The calculated peak area of
[RCOQO] ions from LPG 14:0 was 0.7% compared with that
for LPG 14:0—which can be negligible—for quantifying FAs
together with other lipids. As SRM-based quantitation was
performed here with triple quadrupole MS while data-
dependent CID experiments for the global identification of
lipids were performed with ion trap MS, a similar investiga-
tion was made at an even elongated gradient run condition
with triple quadrupole MS to separate FA 14:0 and LPG
14:0, and the corresponding EICs in Fig. 1b demonstrated a
complete separation of the two regioisomers (the first peak for
LPG with the acyl chain located at sn-2 position and the last
tall peak at sn-1 position) of LPG 14:0 at the top chromato-
gram, demonstrating the resolving power of the home-made
nUHPLC column employed here. However, [RCOO] frag-
ment ions from LPG 14:0 were not observed in the bottom
extracted chromatogram of Fig. 1b based on m/z 227.3.
Further ISF investigation from other lysophospholipids
(LPLs) showed that acyl carboxylate fragment ions were not
detected from LPI 18:0, LPA 18:0, and LPS 17:1 as shown in
Fig. S3 (see ESM).

Non-targeted identification and SRM-based lipid
quantification

Lipid structure was determined using pooled plasma samples
(one pooled sample from both control groups and the other
from both exercise groups), and their BPCs are shown in Fig.
S4 (see ESM). A total of 390 lipids including 20 FAs and 17
HFAs were identified from the pooled plasma samples based
on MS/MS spectra obtained using data-dependent collision-
induced dissociation experiments based on ion trap MS of
nUHPLC-ESI-MS/MS. Among 390 lipid species, SRM-
based quantification was accomplished for 159 lipid species
using triple quadrupole MS interfaced with nUHPLC because
lipid species below the limit of quantitation (LOQ) were
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Fig. 1 a Extracted ion
chromatogram (EIC) of LPG 14:0
(m/z 455.3, t,=4.48 min) and PG
14:0/14:0 (m/z 665.4, t,=

20.25 min) as [M-H] ion forms
(top) and EIC of m/z 227.3
showing [M-H] ions of FA 14:0
(t,=4.22 min) and [RCOO]"
fragment ions (¢, = 4.48 min)
(bottom) produced by the frag-
mentation of LPG 14:0 during
ESI in the negative ion mode of
nUHPLC-ESI-MS/MS (ion trap)
and b EICs of LPG 14:0 (top) and
m/z 227.3 (bottom, showing FA
14:0 and no fragment ions) using
nUHPLC-ESI-MS/MS (QQQ)

Fig. 2 Volcano plots of
quantified lipid species showing
exercise effects in a young and b
aged groups and ageing effects ¢
without exercise and d with
exercise. The acronyms A, Y, C,
and X represent aged, young,
control, and exercise, respectively
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Fig. 3 Principal component analysis (PCA) plots showing differences in
lipid profiles between 4 mice groups. The acronyms A, Y, C, and X
represent aged, young, control, and exercise, respectively. Plots are based
on lipid species showing statistical main effect of ageing and/or exercise,
or interaction effect between ageing and exercise (p value < 0.05)

excluded and lipids in the classes of PC, PE, and TG were
quantified based on the total length and number of double
bonds in their acyl chains. The limit of detection (LOD)/
LOQ values ranged from 0.006/0.021 pmol for SM 18:0/
18:0 D5 in the linear concentration range of 1-500 fmol to
0.078/0.260 pmol for LPA 17:0 in the range of 1-1000 fmol.
Detailed LOD/LOQ values of the sixteen lipid classes are
listed in Table S3 (see ESM) and the calibration curves in
Fig. S5 (see ESM). Quantified results of individual lipid spe-
cies of the four mouse groups are listed in Table S4 (see ESM)
represented by the normalized lipid amount (pmol/puL) along
with the relative abundance values in each lipid class. Detailed
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Fig. 4 Total amount (based on corrected peak area relative to IS) of all
lipids in each lipid class showing ageing and/or exercising effects: * for
p<0.05, = for p<0.01, and #x= for p <0.001 exhibiting ageing effect;
T forp <0.05, 1 for p <0.01, and Tt for p <0.001 exhibiting exercising

information on acyl chain structures of PC, PE, and TG is
listed in Table S5 (see ESM).

Effect of ageing and exercise on mouse plasma lipid
profiles

Alterations in individual lipid amounts among the four mouse
groups were represented using Volcano plots (—log (p value)
vs. log, (fold ratio) in Fig. 2), which illustrated the exercise
effect in the (a) young group (fold ratio of YX/YC) and (b)
aged group (AX/AC) and the ageing effect (c) without exer-
cise (AC/YC) and (d) with exercise (AX/YC). Vertical lines in
the Volcano plot represent a 1.5-fold decrease (left) and in-
crease (right), and the horizontal line is equivalent to a p value
of 0.05. It appears that only a few species show significant
changes after exercise in both young (plot a) and aged (b)
groups. However, a number of species showed significant
increases or decreases (> 1.5-fold and p < 0.05) after ageing
without exercise (plot c), but their numbers were significantly
decreased after exercise (plot d) in the aged group (vs. YC).
This represents that the effect of exercise on the change in
lipid profiles is larger in the ageing group than in the young
group. This implies that ageing-induced changes were de-
creased by exercise. Ageing effect between the two exercise
groups (AX vs. YX) is compared in Fig. S6 (see ESM), show-
ing that the ageing effect in the exercise groups is less serious
than those without exercise. Differences in the overall lipid
profiles were examined using principal component analysis
(PCA) based on lipid species showing a prominent effect
(p <0.05) on ageing and/or exercise and statistical interaction
between ageing and exercise in Fig. 3. The PCA plot shows
that the difference in lipid profiles after ageing is obvious as
data points of the aged groups (both AC and AX) clustered
apart from those of the young groups. In addition, the exercise
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effect. Straight lines above bar graphs represent the main effect of ageing
or exercising and lines with sticks represent an interaction effect between
ageing and exercising effects (A aged, Y young, C control, and X
exercise)
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Fig. 5 Heat map of lipid species
showing significant changes

(p <0.05 by two-way ANOVA)
in the AC and AX groups com- FA 161
pared with YC. Underlined spe-
cies represent high abundance
species in each lipid class 16:1_ OH
16:2_OH
HFA 18:1 OH
18:1_20H
LPC
16:0
18:1
18:2
LPE 20:5
22:5
22:6
LPA 3,
34:1
36:1
36:2
PC 36:3
36:4
38:3
38:4
PE 406
Pl 18:1/20:4
HexCer d18:1/22:0
a18:3%:0
d18:1/24:0
d18:0/16:2
d18:1/16:1
d18:1/18:0
SE[S d18:1/22:0
di18:1/22:1
d18:1/24:1
48:0
48:1
26
50:0
50:1 Z-score
50:2
50:3 -3.0
3
52:3
TG 524
54:3
15 00
)5
56:3
56:6
56:7
25 3.0
58:7
58:8
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60:12

effect was larger in the ageing groups than in the young  the corrected peak area relative to the peak area of each inter-
groups. nal standard. Concentrations of internal standards spiked to

Figure 4 shows the differences in the total lipid amount of  lipid extract sample were 25 to 675 fmol/uL as listed in
each lipid class among the four mouse groups expressed with ~ Table S3 (see ESM), and 1 puL of the internal standard mixture
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Table 1 Lipid species showing
exercise effect alone and exercise- Class Acyl chain AC/YC AX/AC
induced recovery against ageing
with statistical significance Fold ratio p value Trend Fold ratio p value Trend
FA 22:0 1.15+£0.23 0.415 - 0.72+0.19 0.048 !
18:1 20H 0.80+0.11 0.166 - 1.33+0.20 0.011 i
PC 36:2 1.24+0.05 0.053 - 1.34+£0.05 0.013 1
TG 48:0 2.65+£0.26 <0.001 1 0.57+0.06 0.008 l
52:4 2.03+0.14 0.015 i 0.75+0.05 0.012 l
54:4 241+0.18 0.003 i 0.60+0.04 0.040 l
56:3 3.69+0.49 <0.001 i 0.57+0.07 0.035 l
58:7 3.93+£1.09 0.012 i 0.57+0.10 0.018 l
LPE 22:5 0.48+0.14 <0.001 l 1.66+£0.53 0.007 i

was included in each nUHPLC-ESI-MS/MS run injection.
Lipid classes showing a significant change (p < 0.05) among
the four groups were marked with * and 1 along with the
different type of lines (straight line for ageing or exercising
effect and a line with sticks for an interaction effect between
ageing and exercising effects) above the bar graph. Among
lipid classes, LPC and LPE tended to decrease with ageing,
while PC, LPA, SM, and TG increase with ageing. Moreover,
LPE showed exercise-induced decrease in the young group,
and TG decreased after exercise in both the young and ageing
groups. PC, LPC, SM, and TG exhibited the main effect either
in exercise or ageing based on statistical analysis, and HexCer
and LPE showed the interaction effect between ageing and
exercise. HexCer appeared to have no exercise effect in the
young group and no ageing effect, but it exhibited an exercise
effect in the ageing group. LPE showed an exercise effect only
in the young group with an ageing effect. Lipid species show-
ing significant difference (p < 0.05) in the AC and AX groups
compared with YC were selected, and their relative amounts
were illustrated using the heat map in Fig. 5. The heat map
shows ageing-induced decreases in FA, HFA, LPC, and LPE
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Fig. 6 Normalized peak area for lipid species (vs. internal standard)

showing ageing effect only without exercise effect. The acronyms A, Y,
C, and X represent aged, young, control, and exercise, respectively.
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species and increases in LPA, PC, and TG in the aged groups.
However, it shows remarkable decreases in the levels of most
TG species after exercise. Some individual lipid species of
other classes showed recovery trends, too. This will be further
investigated.

Alterations in individual lipid levels after ageing and
exercise

The effect of ageing-/exercise-induced lipid perturbation was
further examined with individual lipid species showing signifi-
cant changes based on the two-way analysis of variance test.
Subsequently, lipid species showing the main effect (ageing or
exercise effect) and the interaction effect between ageing and
exercise were plotted with the individual lipid amounts of the
four mouse groups in Fig. S7 (see ESM). Next, lipids were
classified into two categories: lipids with significant ageing effect
alone without being influenced by exercise and lipids showing an
exercise effect with or without being related to ageing effect in
Figs. 6 and 7, respectively, with p values obtained by post hoc
Bonferroni test analysis. While levels of five LPC (14:0, 16:0,
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Statistical significances of #, =*, and ##=* represent for p <0.05,
p<0.01 and p <0.001, respectively
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Fig. 7 Normalized peak area for a exercise effect without aging effect b Exercise-induced recovery against aging
lipid species showing a exercise 3- 16+ _ . T - _
effect without ageing effect and b @ — L JYC @ 35 (o 5 3 s LJyc
exercise-induced recovery against 4 . AC 4 304 + el . AC
ageing (A aged, Y young, C con- 2 1 12 EmAX 2 R i+ I AX
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16:1, 18:1, and 22:5), four LPE (16:0, 18:1, 20:5, and 22:6), and
PE 40:6 species were decreased after ageing, four LPA (18:0,
20:3, 20:4, and 20:5), two FA (16:0 and 18:0), and two PC (36:4
and 38:4) increased with ageing in Fig. 6. Figure 7a shows the
lipid species (HFA 18:1 20H and PC 36:2) exhibiting an
exercise-induced increase in their levels without a significant
influence by ageing except the decrease in FA 22:0. However,
Fig. 7b shows five TG species representing significant increases
after ageing followed by remarkable decreases after exercise;
however, an opposite trend was observed in case of LPE 22:5.
Data for these lipid species in Fig. 7 are listed in Table 1
expressed with the fold ratio values (AC/YC and AX/AC).

Discussion

Low plasma LPC levels indicate an ageing phenotype associ-
ated with an impairment of mitochondrial oxidative capacity
in adults; this is related to the increase of insulin resistance and
poor muscle quality in older adults [31, 32]. Ageing-
associated changes in lipids were found with decreased LPC
16:0 and 16:1 along with an increased PC 38:4 in the mouse
serum [33, 34], which agreed with our observations. While
most LPE species showed two- to threefold decreases with
ageing, they were not responsive to physical exercise except
LPE 22:5 which showed a remarkable recovery toward the
level observed in the young group after exercise. LPE and
LPC levels reportedly decreased with metabolic diseases like
type 2 diabetes (T2D), a phenomenon that is strongly associ-
ated with ageing [35], but little is known about its function.
However, LPE is known to play a role in slowing cellular
senescence in plants [36] and is known to inhibit phospholi-
pase D, which increases its activity in ageing [37]. As LPE can
also act as a signalling molecule [38], future study is required
to determine the role of LPE 22:5 in ageing and exercise. LPC
is also a precursor to LPA which is a platelet activator that is
highly accumulated in atherosclerotic plaque. Therefore, LPA
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is known to be strongly associated with the progress of car-
diovascular diseases like acute coronary syndrome, a signifi-
cant risk factor to older age [39, 40]. A decrease in the levels
of circulating LPC and LPE species and a simultaneous in-
crease in LPA in the ageing group in our study showed that
typical lipidomic alterations occurred in animals examined
after ageing. However, physical exercise was not significantly
effective at recovering the perturbed LPC, LPE, and LPA
levels except for LPE 22:5.

In the case of FA, ageing increased the levels of saturated FA
(16:0 and 18:0) species, but those of unsaturated FA 22:6 de-
creased. Studies on age-associated changes in FA showed that
saturated FA elevation induced inflammation and metabolic dis-
orders like insulin resistance, and FA 16:0, a major saturated FA,
was reported to largely increase in the plasma of older human
adults [41, 42] and patients with type 2 diabetes [43]. It was
reported that long-chain SFAs like FA 16:0 or FA 18:0 induced
cytotoxicity, but unsaturated FAs like arachidonic acid (FA 20:5)
or docosahexaenoic acid (FA 22:6) prevented cytokine-induced
cell death and promoted insulin secretion [44]. While FA levels
in our study showed the same trends reported in the literature, the
FA species in Fig. 6 did not significantly respond to physical
exercise. However, HFAs show a similar trend upon ageing
and exercise with relatively weak statistical evidence. While
FA 16:1 OH showed an ageing-associated decrease but showed
a weak recovery effect in response to physical exercise, FA
18:1 20H showed an exercise-induced recovery although the
influence on ageing was not significant. FA 16:1 OH and
18:1 20H were relatively high abundance HFAs among the
seventeen identified HFA species (ESM Table S4), but the
amounts of the two HFA species were relatively small compared
with those of other FAs. Therefore, it is not yet clear how to
distinguish exercise-induced HFA recovery.

High TG level is a significant risk factor for metabolic
diseases including T2D, cardiovascular diseases (CVD), and
obesity, phenomena that are frequently observed in elderly
people [45, 46]. Exercise-induced decreases in circulating



Exercise-induced recovery of plasma lipids perturbed by ageing with nanoflow UHPLC-ESI-MS/MS

8013

TG levels have been reported in a number of studies involving
athletes after marathon running and diabetic patients with ex-
ercise [47, 48]. It was also reported that sarcopenic obesity
may increase the risk of CVD more than simple obesity due
to the increased levels of several TG species [49]. The in-
creased serum TG level in sarcopenic obesity was decreased
by aerobic and resistance exercise, and the risk of metabolic
diseases like CVD can be lowered [50]. This study showed
that ageing significantly increased the levels of five TG spe-
cies containing highly unsaturated acyl chains by as much as
threefold with ageing, but exercise largely recovered their
levels close to the levels in the young group. In accordance
with the TG level, the fasting glucose level tended to decrease
in exercise mice of the aged group (ESM Table S1). It is clear
that individual TG levels significantly perturbed by ageing can
be improved by physical exercise.

This study demonstrated the simultaneous analysis of FAs
including HFAs, GPLs, SLs, and GLs using nUHPLC-ESI-
MS/MS. This was used to elucidate the effect of exercise on
variations in the plasma lipid profiles of mice against the age-
ing effect, which can be useful to understand the physiological
influence of ageing on lipid perturbation in relation to many
adult diseases and the physicochemical roles of physical ex-
ercise on lipidomic recovery against ageing-associated loss of
physical status.
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