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Aging refers to the intracellular accumulation of reactive oxygen species that damages proteins, DNA, and
lipids. As alterations in lipid metabolism may trigger metabolic disorders and the onset of metabolic dis-
eases, changes in lipid profiles can be closely related to aging. In this study, a comprehensive lipidomic
comparison between 4- and 25-month-old mice was performed to investigate age-induced changes
in the lipid profiles of mouse serum, kidney, and heart using nanoflow ultrahigh-performance liquid
chromatography-electrospray ionization-tandem mass spectrometry. Quantitative analysis of 279 of the
542 identified lipids revealed significant changes upon aging, mainly showing decreased levels in the
three types of samples. Exceptionally, most triacylglycerols showed significant increases in heart tissue.
The kidney was influenced more by aging than the serum and heart. The highly abundant lipids in each
lipid class with significant decreases (> 2-fold, p < 0.01) were lysophosphatidic acid 18:1, lysophos-
phatidylinositol 20:4, and ceramide d:18:1/24:0 in serum; lysophosphatidylglycerol 16:0 in heart tissue;
and eight phosphatidylethanolamines (20:4, 22:6, 36:2, 36:3, 38:4, 38:5, 38:6, 40:6, and 40:7), two car-
diolipins (72:7 and 72:8), and lysophosphatidylcholine 18:0 in kidney tissue. The findings indicate the

potential of lipidomic analysis to study characteristic age-related lipid changes.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Aging is characterised in part by the progressive decline in
metabolic function with increased risks of disease and death
[1-4]. The global fertility rate and human life expectancy continue
to decline and increase, respectively. However, the health life
expectancy or ‘healthspan’ has not increased substantially. Elderly
people who are sick can remain sick longer and simultaneously
suffer from several chronic diseases [5]. As the global number
of people over age 65 is expected to reach 1.6 billion by 2050,
representing approximately 16.7% of the total global population of
9.4 billion [6], it is necessary to improve the healthspan through
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early diagnosis and prevention of diseases, as well as extension of
life expectancy.

Aging in cells is generally characterised by decreased au-
tophagic activity and the intracellular accumulation of reactive
oxygen species (ROS) due to oxidative stress [7,8]. Oxidative dam-
age to proteins, DNA, lipids, and subcellular species in cells play
important roles in aging [9,10] and may cause age-related diseases
such as diabetes, cardiovascular diseases, and neurodegenerative
diseases among others [1,4,8]. Numerous efforts have sought
to identify molecular biomarkers of aging including leukocyte
telomere length, 8-hydroxydeoxyguanosine involved in DNA re-
pair, growth hormone, and insulin-like growth factor [11-15]. In
particular, alterations in lipid metabolism are reported to trigger
metabolic disorders, such as diabetes and cardiovascular disease
[16,17]. Lipid profiles including oxidised lipids are expected to be
associated with aging. Several studies have explored the relation-
ship between lipids and age-related diseases [18-21]. However,
only a few studies have compared lipid changes with aging effects.
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These include assessments of continuous increase in triacylglycerol
(TG) levels with age [22,23], cardiovascular disease and diabetes
[24,25], and an increase in sphingomyelin (SM) levels in the amyg-
dala and central nervous system of aged rats [26,27]. Since lipids
play important roles in cell signalling in addition to energy stor-
age and the maintenance of cellular structures, a comprehensive
comparative lipidomic analysis at the molecular level is important
to unveil the role of lipids in aging in the context of an improved
healthspan.

Analysis of lipids is often complicated due to the diversity of
their molecular structures. Based on structure, lipids are classified
as glycerophospholipids, glycerolipids, sphingolipids, sterols, fatty
acids, prenols, saccharolipids, and polyketides according to the
LIPID MAPS nomenclature [28]. As lipid molecular structures vary
with the polar head groups, length and degree of unsaturation of
the acyl chain, and glycan attachment, lipidomic analysis in biolog-
ical systems requires systematic determination of lipid molecular
structures followed by targeted quantification. Liquid chromatog-
raphy coupled with electrospray ionization-tandem mass spec-
trometry (LC-ESI-MS/MS) has been utilized as a powerful method
to analyse complicated lipid mixtures in their intact condition
[29-32]. The detection limit can often be lowered to a few
femtomoles when incorporating capillary LC in a nanoflow
rate regime [31]. Recently, the use of nanoflow ultrahigh per-
formance LC with tandem MS (nUHPLC-ESI-MS/MS) facilitated
lipid analysis with high-speed quantification (< 20 min) of
several hundred lipids with the use of a selected reaction
monitoring (SRM) method [33]. In our laboratory, this ap-
proach has been widely applied to study lipidomic alterations
in the plasma of patients with Alzheimer’'s disease [21], in
exosomes recovered from the urine of patients with prostate
cancer [34], and from different brain regions of mice consuming
a high fat diet [35].

In this study, the effect of aging on the lipid profiles of mice
was investigated at the molecular level using nUHPLC-ESI-MS/MS.
A comprehensive lipid analysis using the serum, heart tissue,
and kidney tissue of 4- and 25-month-old C57BL/6 N mice was
accomplished by non-targeted identification of lipid structures
using data-dependent collision-induced dissociation experiments
followed by SRM quantification of targeted lipid species. Age-
associated changes in the lipidome of the two organs displaying
the highest resting metabolic rates were examined for an in-
creased understanding of the roles of lipids in the aging process
and to assess lipidomic signatures for early detection or prediction
of aging.

2. Experimental
2.1. Reagents

For the optimization of nUHPLC-ESI-MS/MS run conditions, a
total of 33 lipid standards were utilized: LPC 12:0, LPC 16:0, PC
12:0/12:0, PC 16:0/16:0, PC P-18:0/22:6 (PC plasmalogen), LPE 14:0,
LPE 18:0, PE 12:0/12:0, PE P-18:0/22:6, PE P-18:0/18:1, LPA 12:0,
PA 18:0/18:0, LPG 18:0, PG 16:0/16:0, PG 18:0/18:0, LPI 18:0, LPI
20:4, PI 18:0/18:0, PI 18:0/20:4, LPS 16:0, LPS 18:1, PS 12:0/12:0,
PS 16:0/18:1, PS 18:0/18:0, DG 16:0/18:1, TG 18:0/18:0/18:1, SM
d18:1/16:0, HexCer d18:1/12:0, HexCer d18:1/16:0, SulfoHexCer
d18:1/12:0, and CL 14:0/14:0/14:0/14:0 from Avanti Polar Lipids
Inc. (Alabaster, AL, USA), and Cer d18:1/14:0 and Cer d18:1/22:0
from Matreya, LLC. (Pleasant Gap, PA, USA). CL 14:0/14:0/14:0/14:0
and the following 18 lipid standards with odd-numbered fatty acyl
chains as non-endogenous lipids were used as internal standards
added to lipid extract samples for targeted quantification: LPC 17:0,
PC 13:0/13:0, LPE 17:1, PE 17:0/17:0, LPA 17:0, PA 17:0/17:0, LPG
17:1, PG 15:0/15:0, LPI 17:1, PI 12:0/13:0, LPS 17:1, PS 17:0/17:0, Ds5-

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, and SulfoHexCer d18:1/17:0 from Avanti Po-
lar Lipids Inc. HPLC grade solvents including H,0, acetonitrile
(CH3CN), methyl alcohol (CH30H), isopropanol, and methyl-tert-
butyl ether (MTBE) were purchased from Avantor Performance
Materials (Center Valley, PA, USA). Ammonium hydroxide (NH4OH)
and ammonium formate (NH4HCO,) used for ionization modifiers
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fused
silica capillary tubes with inner diameters of 20, 50, and 100 um
(outer diameter of 360 um for all) were purchased from Polymicro
Technology, LLC. (Phoenix, AZ, USA). The packing material used to
prepare of a pulled-tip capillary column comprised 1.7 wm ethy-
lene bridged hybrid (BEH) particles unpacked from an ACQUITY
UPLC® BEH C18 column (2.1 mm x 100 mm) purchased from
Waters™ (Milford, MA, USA).

2.2. Animals

C57BL/6 N female mice purchased from Central Lab. Animal
Inc. (Seoul, Korea) were maintained in the animal facility at Korea
Mouse Phenotyping Center, Seoul National University, for 4 months
(young group, n = 10) and 25 months (aging group, n = 9). Ani-
mals of each group were sacrificed on the same day by inducing
euthanasia using CO, gas and were perfused for quality control of
tissue samples. After removing blood from the body through per-
fusion, the kidney and heart tissues were extracted. The left and
right side of the kidney were collected separately, and both sides
were mixed evenly for each sample. Animal experiments were con-
ducted following the ‘Guide for Animal Experiments’, edited by
the Korean Academy of Medical Sciences, and were approved by
the Institutional Animal Care and Use Committee of Seoul National
University. Body weight and weights of the kidney and heart were
measured and are listed in Table S1.

2.3. Lipid extraction

Tissue samples were lyophilised before lipid extraction and
then crushed into a fine powder. For non-targeted lipid identifica-
tion, an equal portion of individual samples in each group were
mixed to prepare a pooled sample as a representative of each
group, including a total of 100 uL for serum and a total of 8 mg
for the kidney and heart. For targeted lipid quantitation, individual
animal samples (100 L for serum and 8 mg for tissue from each
animal) were used for lipid extraction. Individual serum samples
were first dried in a model Bondiro MCFD 8508 freeze dryer vac-
uum centrifuge (IIShinBioBase, Yangju, Korea) and the lyophilized
powder was mixed with 300 uL of methanol in an ice bath and
incubated for 10 min. Individual tissue samples were each added
to 150 uL of a 9:1 (v/v) solution of H,O and phosphate-buffered
saline and tip-sonicated for 1 min in an ice bath. Each mixture was
dissolved in 300 uL CH3OH in an ice bath and vortexed for 10 min.
Following incubation for serum samples or vortexing for tissue
samples, 1 mL of MTBE with 100 uL of MS-grade H,0 was added
to each sample and the mixture was vortexed for 1 h [36]. After
vortexing, the mixture was centrifuged at 1000 x g for 10 min
and the organic layer was transferred to a new tube. The aqueous
layer was mixed with 400 uL of MTBE and vortexed for 10 min at
1000 x g. The resulting organic layer was added to the previously
collected extract. The organic solvent of the final mixture was re-
moved using the freeze dryer vacuum centrifuge for 3 h. During
evaporation, the tube was wrapped with a MillWrap PTFE mem-
brane (0.45 pum; Millipore, Bedford, MA, USA) to minimise the loss
of lipids. Dried lipid powders were re-constituted in CHCl3:CH3OH
(1:9, v/v) at a concentration of 10 ug/uL and stored at —80 °C. For
nUHPLC-ESI-MS/MS analysis, each stored lipid sample was further
diluted to 2 pug/uL with CH30H:H,0 (9:1, v/v).
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2.4. nUHPLC-ESI-MS/MS

Lipid analysis was performed using two sets of nUHPLC-ESI-
MS/MS systems: a Dionex Ultimate 3000 RSLCnano System with
LTQ Velos ion trap mass spectrometer from Thermo Fisher Scien-
tific (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 MS system
from Thermo Fisher Scientific for targeted quantification. Analytical
columns were prepared in the laboratory using fused silica capil-
lary tubes (100 pum inner diameter (L.D.), 360 wm outer diame-
ter, 7 cm long). Prior to packing, a capillary tube exposed to flame
was extended and tapered to produce a sharp needle-like tip for
the self-emitter in the MS experiment. The end portion (~ 5 mm)
of the pulled-tip column was filled with 3 um of 100 A Watch-
ers® ODS-P C-18 particles from (Isu Industry Corp., Seoul, Korea) to
form a self-assembled frit and the rest (6.5-cm) was packed with
1.7-um XBridge® BEH resin under nitrogen gas at 1000 psi. The
capillary column was connected with a capillary tube (50 pm 1.D.)
from the nUHPLC pump via a PEEK micro-cross (IDEX Health &
Science, Oak Harbor, WA, USA). The other two ports of the micro-
cross were connected with a pressure capillary tube (20 pm 1.D.)
and an on/off switching valve to split the pump flow. For binary
gradient elution, the same set of mobile phase solutions was used
for both nUHPLC systems: H,0:CH3CN (9:1, v/v) for mobile phase
A and CH30OH:CH3CN:IPA (2:2:6, v/v) for mobile phase B. Both so-
lutions were added with a mixture of ionization modifiers, 0.05%
NH4OH and 5 mM NH4HCO,, which are universal for both positive
and negative ion modes of MS detection.

Non-targeted lipid identification was carried out with pooled
lipid extracts. For each sample group, 3 ug of lipid extract was
loaded onto the analytical column from an autosampler using
mobile phase A at a flow rate of 1.0 uL/min for 7 min. Gradient
elution began with 60% of mobile phase B at a pump flow rate
adjusted to 9 uL/min with the switching valve on for flow splitting
to deliver 300 nL/min to the analytical column. Mobile phase B
was ramped up to 80% for 11 min, raised to 100% for 20 min, and
maintained for 7 min at 100%. Then, mobile phase B was decreased
to 0% (100% A) and re-equilibrated for 10 min prior to the next run.
The m/z range of a precursor MS scan was set to 300-1000 m/z
for lipid detection in which range CL species were detected as
[M-2H]2~ form. The ESI voltage was set to 3.0 kV for both positive
and negative ion modes. For data-dependent MS/MS experiments,
40% normalized collision energy was utilized. The lipid molecular
structures were identified with LiPilot, a PC-based software created
in our laboratory [37]. Targeted quantification of lipids was per-
formed with each lipid extract of an individual animal, which was
added along with 19 internal standards (ISs). For each injection,

2 g of lipid extracts containing 1 pmol of each IS were loaded
onto the same analytical column with mobile phase A for 7 min at
1 pL/min. After sample loading, the switching valve was adjusted
to the split mode and the total pump flow rate was set at 16
uL/min (300 nL/min for analytical column). Gradient elution be-
gan at 60% B, was ramped to 100% for 20 min, maintained at 100%
B for 4 min, and resumed at 100% A. For quantification of lipids,
SRM-based analysis was performed by scanning the precursor ion
and a selected product ion in data-dependent CID experiments in
the polarity switching mode (alternating detection at positive and
negative ion mode) of the triple-stage quadrupole MS system. This
involved LPC, PC, LPE, PE, DG, TG, SM, Cer, HexCer, and SulfoHexCer
in the positive ion mode and LPA, LPG, PG, LPI, PI, LPS, PS, MLCL,
and CL in the negative ion mode. For SRM quantification, each lipid
class was assigned different CID energies: 20 V for LPE, PE (except
PEp), and LPS; 30 V for LPA, PA, LPG, PG, LPI, DG, TG, Cer, HexCer,
and SulfoHexCer; 35 V for PS; 40 V for LPC, PC, PEp, SM, and CL as
listed in Table S2 along with the type of precursor and quantifier
ion of each lipid class. The amounts of individual lipid species were
determined by calculating the corrected peak area (the ratio of the
peak area of a species to the area of the IS specific to each lipid
class), which is a good estimate of the pmol/mg for tissue sample.
Serum lipid levels were normalized to the sample volume follow-
ing the recently established guidelines for MS-based lipidomics
for blood [38]. Student’s t-test was performed with SPSS software
(version 20.0, IBM Corp., Armonk, NY, USA) and the principal com-
ponent analysis (PCA) was performed using Minitab 17 statistical
software (http://www.minitab.com).

3. Results
3.1. Non-targeted identification and SRM quantification

Structural determination of lipids from mouse samples was
conducted using nUHPLC-ESI-MS/MS in run conditions optimized
with a mixture of lipid standards as shown in Fig. 1. Base peak
chromatograms (BPCs) demonstrated the high-performance lipid
separation by the homemade column: 14.0 + 4.2 s for the av-
erage peak width and 0.5 + 0.3% for the average RSD in reten-
tion time of all standards. Determinations of lipid molecular struc-
tures were made from fragment ion spectra obtained by a data-
dependent CID experiment. An example is the PC plasmalogen
(PC P-18:0/22:6, peak # 10 in Fig. 1a) in Fig. 2, which shows (a)
the chromatogram and (b) data-dependent CID spectra of the par-
ent ion (m/z 818.6) obtained at 19.49 min. Fragment ion spectra
shows the dissociation of the acyl chain in the form of ketene at
m/z 491.5 (1, [M + H-RCH=C = 0]") and the dissociation of an
ether-linked alkyl chain at m/z 550.5 (2, [M + H-R'CH=CHOH]")

a. ESI(+) 99% B b. ESI(-) 1. LPA 12:0
2.LPI20:4
8 " 16: 7 3.LPS 18:1
1 _1.LPC16:0
3XI03 | " 2.LPE 14:0 SX107 12 4.LPG 18:0
2x10 80 - 9 3. PC 12:0/12:0 7x10 5. SulfoHexCer
e 4. PE 12:0/12:0 4 d18:1/12:0
A 5. HexCer d18:1/12:0 6. PS 12:0/12:0
e 6. Cer d18:1/14:0 7. PC 12:0/12:0
< o  7-SMdi8:1/16:0 8. HexCer d18:1/12:0
: 8. HexCer d18:1/16:0 9. PG 16:0/16:0
4 9. PC 16:0/16:0 10. SM d18:1/16:0
[} 10. PC P-18:0/22:6 11. P 18:0/18:0
- 3 11. PE P-18:0/22:6 12. PE P-18:0/18:1
A= 7 12. DG 16:0/18:1 13. Cer d18:1/22:0
N 5 11 13.Cer d18:1/22:0 8 14. CL 14:0/14:0/14:0/14:0
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4 | 14 10
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Fig. 1. Base peak chromatograms (BPCs) of lipid standards in (a) positive and (b) negative modes of nUHPLC-ESI-MS/MS. Both runs used the same gradient condition (%, B).
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Fig. 2. Structural determination of PC P-18:0/22:6 standard in the positive ion
mode of nUHPLC-ESI-MS/MS: (a) an extracted ion chromatogram (EIC) and (b)
MS/MS spectra with the fragment ion pattern in the molecular structure (top).

along with further loss of trimethylamine at m/z 508.5 (3, [M + H-
R'CH=CHOH-N(CH3)3*]). Non-targeted lipid identification of the
lipid extract samples (serum, kidney tissue, and heart tissue from
young and old mice) was performed under the same run condi-
tions used in Fig. 1 and their BPCs are shown in Fig. S1.

A total of 542 unique lipids from all sample groups were iden-
tified with their molecular structures. Of these, only 279 lipids
were quantified by SRM using nUHPLC with triple quadrupole MS.
The limit of detection (LOD, 3 x s/m) and the limit of quantita-
tion (LOQ, 10 x s/m) values of lipid standard of each lipid class
were calculated from the calibration curves of standards spiked to
each type of samples (s for standard deviation of the y intercept
and m for the slope of the calibration curve) and are listed in Ta-
ble S3. Briefly, LOD/LOQ values ranged from 0.011/ 0.038 pmol for
PG 15:0/15:0 to 0.071/0.236 pmol for CL 14:0/14:0/14:0/14:0 when
spiked to serum and the calibration curves are in Fig. S2. The ma-
trix effects were assessed by spiking internal standards to sample
lipid extracts as 82.2 ~ 119.2% and the relative standard deviation
(RSD,%) was lower than 14.8 as listed in Table S4. The intra-day
and inter-day variations were measured by analyzing the internal
standard mixture between the sequence of targeted quantitation
by nUHPLC-ESI-MS/MS. RSD values of the intra-day and the inter-
day variations were less than 12.9 and 11.5%, respectively, and the
relative error (RE,%) values were less than 14.0 and 12.6% as listed
in Table S5.

Table S6 lists the lipid amount of each quantified lipid species
from individual animals compared between the young and aging
groups for the three sample types. The data for% (Y) in Table S6

represents the relative abundance of each species in the corre-
sponding lipid class based on the young group data. Values marked
in bold are high-abundance species in which high-abundance was
defined as a lipid with a relative abundance higher than 100% di-
vided by the lipid numbers in the class. Among lipid classes, PC,
PE, TG, and CL were quantified by the total number of carbons and
double bonds. The information concerning the identified isomeric
chain structures is listed in Table S7.

3.2. Perturbations in lipid profiles upon aging

Overall changes in the individual lipid levels of mice upon ag-
ing were viewed using Volcano plots of -logjy (p-value) vs. log,
(fold-change (A/Y)). In Fig. 3, the data points in the upper left and
upper right regions are lipids that displayed significant > 2-fold
decreases and increases (p < 0.01), respectively. Few lipid species
in serum were decreased. However, in the kidney tissue, many
lipids were significantly decreased, and some were significantly in-
creased. However, more lipids were increased in the heart tissue
of older mice. Detailed changes in lipid class and individual lipid
species are illustrated in the stacked bar graph in Fig. S3. Eight of
15 lipid classes (LPC, PE, PI, PS, TG, SM, Cer, and CL) examined in
this study exhibited > 2-fold changes among one of the three sam-
ple types in the aging group. Chain structures marked in the right
of each bar of Fig. S3 were high-abundance species in each lipid
class with the remaining species designated as “low”. Variation in
the total amount of lipid classes was visualised in Fig. 4 by plotting
the fold changes (A/Y) in each lipid class obtained by calculating
the ratio of the summed amounts of lipids in each class between
young and aging mice. Apparently, LPI, SM, Cer, and HexCer in the
serum, and LPC, LPE, PE, PS, and CL in the kidney were significantly
reduced (> 2-fold, p < 0.01) in the aging group compared to the
young group. A large increase in TG (p < 0.05) was observed in the
heart tissue of the aging group. The reason for the relatively high
p-value for TG species will be explained later.

Among the 279 quantified species, lipids showing significant
changes (> 2-fold, p < 0.01) including low abundance species were
plotted on a heat map (Fig. 5). All the serum lipids in Fig. 5a were
lowered upon aging and most kidney lipids in Fig. 5b were sig-
nificantly lowered, except for several TG and a Cer. Although most
lipid species showing significant changes exhibited decreased lev-
els, seven TG species in heart tissue were increased in the aging
group. The overall change was further illustrated with the PCA plot
in Fig. 6. Data points representing the lipid profiles of the heart
and kidney of individual animals were clustered away from those
in the young group, whereas alterations in the serum lipid profiles
were not significant. These observations support the view that al-
terations in the lipid profiles of the heart and kidney tissues of the
aging group were relatively larger than those of serum.

Serum Kidney Heart

6 . 61 6
o 5 Iy o 5 o 5
E 4 : . E 4 . E 4 -
< - < - ]
g 3 s 34 g 3

24 e 24 . 2
% 11 . % 11 sé 1
oh I3 ,-;bf_l o0 o
S0 S o] S0
1 1 1

3210 1 2 3 32 -1 0 1 2 3 B3 -2 -1 0 1 2 3

log,(Fold change) log,(Fold change) log,(Fold change)

Fig. 3. Volcano plots of quantified lipid species (163 from serum, 204 from kidney, and 201 from heart) showing differences in the serum, kidney tissue, and heart tissue
between the aging and young groups. The horizontal border line in each Volcano plot represents p = 0.01, and the two vertical lines represent a 2-fold increase (+1) and

decrease (—1) in the fold-change (aging/young), respectively.
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Fig. 4. The fold-change (A/Y) in the total amount of lipids in each lipid class (*p < 0.05, **p < 0.01).
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Fig. 5. Heat map of lipid species showing significant changes (> 2-fold, p < 0.01) in the aging group compared to the young group. Species marked with bold numbers of

acyl chain structures are high-abundance species in each lipid class.

Variations at individual lipid levels were plotted by sorting out
the high-abundance lipids in each class with significant differ-
ences (* for p < 0.05 and ** for p < 0.01) in Fig. S4. As ob-
served in the PCA plot of serum samples, only PI 18:0/20:4 and
three SM species (d18:1/16:0, d18:2/16:0, and d18:1/24:1) were
significantly (p < 0.01) reduced. In case of the kidney, two LPC
species (18:0 and 18:2), PE (38:4 and 40:6), CL (72:7 and 72:8), and
SM d18:1/16:0 were significantly reduced. Though five TG species
(50:2, 52:4, 54:2, 54:3, and 54:4) were markedly increased (> 2-

fold) in the heart tissue, their p values were not statistically sig-
nificant (< 0.05) because three mice in the aging group did not
show increases in TG levels (Fig. 5c), whereas the other six ani-
mals showed remarkable increases.

The ratio of the total amounts of PC to PE (PC/PE) was examined
in the kidney and heart tissues upon aging (Fig. 7a). The average
PC/PE in the kidney was significantly (p < 0.01) increased in the
aging group, whereas the difference in the heart was not statisti-
cally significant. This is supported by the fold ratio (A/Y) of nine
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Fig. 6. Principal component analysis (PCA) plots showing differences in lipid pro-
files between the aging and young groups. Plots are based on lipid species showing
significant differences (> 2-fold and p-value < 0.01).

PE species in Fig. 7b, which were largely reduced only in the kid-
ney, whereas changes in the total amount of PC upon aging were
negligible (Fig S5).

Changes in plasmalogen lipids, which protect cells against dam-
age from ROS, were investigated by plotting the fold-change (A/Y)
of five PC plasmalogen (PCp) and five PE plasmalogen (PEp)
species. As shown in Fig. S6, although the overall amounts of plas-
malogen in the serum, kidney tissue, and heart tissue did not ap-
pear to be altered, significant decreases (> 2-fold, p < 0.01) were
found in four PEp species in kidney tissue upon aging, whereas
PC P-18:1 was increased to some degree in kidney tissue. More
substantial alterations in plasmalogen lipid levels upon aging were
found in PEp than PCp and in kidney tissue than in heart tissue.

Quantified results were further screened to select high-
abundance lipid species showing significant differences (> 2-fold
and p < 0.01). They included 3, 16, and 2 in the serum, kidney
tissue, and heart tissue of the aging group, respectively (Table 1).
The lipids presented in this table showed statistical differences of
p < 0.001, except for the three species marked with ** indicating
p < 0.01. In serum, LPA 18:1 and LPI 20:4 were reduced by half,
but Cer d:18:1/24:0 was significantly reduced by >10-fold in the
aging group. In case of kidney tissue, a considerable number of
lipids [LPC 18:0, nine PE species including two LPE, PG 16:0/18:1,
DG 18:0_20:4, SM d18:1/16:0, and two CL (72:7 and 72:8)] were
reduced. The underdash ‘_’ in the acyl chain information of DG
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was used between the two acyl chain structures because the ex-
act chain locations could not be completely resolved, whereas ‘[’
was used for lipids when the acyl chain locations at sn-1 and sn-2
could be differentiated by MS/MS spectra. However, TG 54:6 was
significantly accumulated (3.5-fold) in the heart tissue of the aging
group, whereas LPG 16:0 was reduced by more than 2-fold.

4. Discussion

Lipid alterations found in the serum, kidney, and heart tissues
of aged mice in this study can be compared with those in literature
describing lipidomic perturbations in age-related disease. Overall
LPC levels were significantly (p < 0.01) decreased in the kidney
and heart tissues of aged mice. Although the decrease in serum
was only approximately 20%, it was statistically significant (p <
0.01) and similar to the decrease of LPC levels in the plasma of
patients with metabolic syndrome [39].

PE is the second most abundant glycerophospholipid after PC in
mitochondria and is important for mitochondrial function during
the aging process [40]. Reduction in the levels of PE compromises
the membrane fluidity of mitochondria, which results in reduced
respiratory capacity and impaired fusion and fission, leading to
accelerated aging [41-43]. Deficiency of PE by only 20-30% in
mammalian mitochondria impairs cell growth and ATP synthesis
[40]. The levels of most PE species from the skeletal muscle
mitochondria of old (78-week-old) mice can be significantly re-
duced [42]. In this study, 18 of 26 identified PE species showed
significantly reduced levels in the aged kidney, whereas negligible
changes were observed for these in the heart tissue and serum.
There are two pathways involved in the synthesis of the majority
of PE in mammalian cells: the CDP-ethanolamine pathway on the
endoplasmic reticulum (ER) and the phosphatidylserine decarboxy-
lase (PSD) pathway in the mitochondrial inner membrane [42].
Since most PE in mammalian mitochondria are produced from
PS by PSD, reduced PS levels could result in decreased PE [40].
However, a study on the relationship between aging and PE levels
postulated that reduction of PE levels by depletion of PSD activity
accelerated the production of age-related ROS and death [44]. Be-
cause the relationship between decreased PE levels and aging has
been revealed by few studies only, the decrease in PS cannot be
clearly correlated with PE at present. However, the present study
also showed significant reduction (~ 2 fold) in PS levels in kidney
along with a decrease in most PE species.

Similarly, levels of high-abundance CL species (72:6, 72:7, and
72:8) were reduced in the kidney, but there were no changes in
most CLs in the heart tissue. Kidney tissue has the second highest
mitochondrial content after heart tissue and requires sufficient
energy from mitochondria for waste removal from the blood,
reabsorption of nutrients, balancing electrolytes, and maintaining
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Fig. 7. a) PC/PE ratios between the aging (A) and young (Y) groups based on the corrected peak area (vs. IS) in the kidney and heart and b) the fold changes (A/Y) of

individual PE species from the serum, kidney, and heart. (**p < 0.01).
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Table 1

High-abundance lipid species altered significantly (>2-fold and p < 0.001, except for § with p < 0.01) in the serum, kidney tissue, and heart tissue of the aging group,

represented with fold-change (A/Y) and the relative abundance in each lipid class.

Class Chain structure m/z Abundance% (Y) Fold-change (A/Y) p-value
Serum LPA 18:1 435.5 70.1 0.48 + 0.04 0.000002
LPI 20:4 619.5 71.9 0.45 + 0.02 0.000001
Cer d18:1/24:0 650.5 45.9 0.08 + 0.01 0.000487
Kidney LPC 18:0 524.5 25.2 0.39 £+ 0.03 0.000013
LPE 20:4 502.5 29.7 0.43 4+ 0.03 0.000002
22:6 526.5 25.8 0.43 £+ 0.02 0.000031
PE 36:2 744.5 4.6 0.46 + 0.04 0.001453 §
36:3 742.5 5.0 0.32 + 0.04 0.000231
36:4 740.5 10.0 0.32 4+ 0.03 0.000130
38:4 768.5 30.9 0.36 £0.04 0.000296
38:5 766.5 15.7 0.35 + 0.04 0.000437
38:6 764.5 8.9 0.29 £+ 0.02 0.000020
40:6 792.5 6.8 0.44 + 0.03 0.004231
40:7 790.5 6.5 0.35 £+ 0.03 0.000206
PG 16:0/18:1 747.5 233 0.47 + 0.03 0.000138
DG 18:0_20:4 662.5 17.3 0.22 4+ 0.03 0.000008
SM d18:1/16:0 703.5 57.7 0.44 £+ 0.03 0.000129
CL 72:7 724.5 37.9 0.38 + 0.06 0.000242
72:8 737.5 43.1 0.46 + 0.07 0.002300 ¢
Heart LPG 16:0 483.5 51.1 0.41 £+ 0.06 0.000112
TG 54:6 896.5 29 3.54 +£ 0.34 0.007357 &

acid-base homeostasis [45-47]. CL is the characteristic glyc-
erophospholipid exclusively located in the inner mitochondrial
membrane and is involved in maintaining membrane fluidity, gen-
erating ATP, and controlling the activity of cytochrome C oxidase
during apoptosis [48,49]. Because increased levels of oxidative
stress and CL deficiency have been implicated in the mitochondrial
dysfunction associated with several pathophysiological conditions,
including diabetes, heart failure, neurodegeneration, and aging
[48-50], decrease in the level of high-abundance CLs in the
kidney may imply that kidney is more influenced by aging than
the heart.

Plasmalogens protect unsaturated lipid chain structures against
oxidative damage by ROS [51]. In this study, four PEp species
were significantly reduced in the kidney, but no change in heart
tissue was noted. Reductions of PE, CL, and PEp were found in
the kidney, whereas changes of these species in heart tissue were
negligible, supporting the view that the lipid levels of the kidney
were more affected by aging than those in the heart. PC/PE ratio
was reported as an indicator of cell membrane integrity and the
progression of steatohepatitis, in which liver failure was associated
with a decreased PC/PE ratio due to the depletion of hepatic PC
[52]. A recent study on the skeletal muscle lipids upon a high
fat diet showed increased levels of PE leading to a decrease in
the PC/PE and suggested that an abnormally high or low PC/PE
ratio can be harmful, and that the PC/PE balance should be main-
tained [53]. However, aged mice of our study showed an opposite
trend in which the PC/PE ratio was increased in kidney due to
a significant reduction in PE levels, whereas PC levels were not
altered. While the PC/PE ratio did not change in the heart due to
negligible changes in both the PC and PE levels of heart tissue, the
significant increase in the PC/PE ratio in the kidney can be a char-
acteristic factor of kidney the caused by the age-related depletion
of PE, that may impair respiratory capacity and eventually disturb
cell integrity.

PI has an anti-inflammatory role as PI delivers arachidonic acid
(20:4), a precursor of eicosanoids, which are inflammatory media-
tors, by regulating immune responses [54,55]. In this work, more
than 70% of all Pls in the serum, kidney tissue, and heart tissue
contained arachidonic acid. In aged mice, the total PI level was
decreased in the serum, but not in the kidney and heart tissues.
Moreover, the most abundant PI 18:0/20:4 was significantly re-

duced in serum. These results suggest that the decline of anti-
inflammatory roles upon aging can be related with the reduced
levels of serum PI containing an arachidonic acyl chain.

TG is strongly related with metabolic diseases including type 2
diabetes, cardiovascular disease, non-alcoholic fatty liver disease,
and obesity with TG accumulation in blood and tissues [22,25,56].
In particular, TGs were reported to be accumulated in tissues rich
with mitochondria in aged rats, such as the muscle, heart, and
liver, but not in the kidney because TG accumulation was caused
by the impaired mitochondrial function, which was induced by
decreased mitochondrial fusion and autophagic disruption [56].
We observed a similar trend with significant accumulation of most
TG species in heart tissue, but not in kidney tissue, supporting
that TG accumulation in the heart is a characteristic change in
heart tissue lipids upon aging. It is also noted that PG 22:6/22:6,
presumably a bis(monoacylglycero)phosphate, which is a structural
isomer of PG with each acyl chain attached to its two glycerol
units, was increased in the heart tissue of aged mice.

In conclusion, we conducted a systematic examination of lipid
alterations at the levels of both lipid classes and individual lipid
molecules in the serum, kidney, and heart tissues between 4- and
25-month-old mice. Lipidomic analysis of serum and the two tis-
sues revealed decreasing patterns for most lipid classes except for
TG, which was increased in heart tissue upon aging. Among the
lipid species showing significant decreases, critical changes were
found for LPA 18:1, LPI 20:4, and Cer d:18:1/24:0 in the serum and
LPG 16:0 in heart. Decreases in kidney lipids were found among
broad lipid classes, LPC 18:0, LPE (20:4 and 22:6), CL (72:7 and
72:8), and six high-abundance PE species (36:2, 36:3, 38:4, 38:5,
38:6, 40:6, and 40:7), which were reduced by 2~3-fold and re-
sulted in a decreased PC/PE ratio; however, the PC/PE ratio in the
heart was not altered. Moreover, significant decreases were ob-
served at the level of lipid class, such as LPC, LPE, PE, PS, and CL
(> 2-fold) in kidney. Though the kidney and heart tissues displayed
the highest resting metabolic rates [57], the present results suggest
that lipid metabolism in the kidney is more influenced by aging
than that in the heart.

Although the current study aimed to evaluate lipidomic al-
terations observed upon aging by selecting the two energy-
demanding organs related to metabolic diseases, the results indi-
cate the potential of lipidomic profiling to investigate age-related
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changes in lipids, which can be utilized to develop possible lipid
signatures in order to distinguish the physiological status of aging.
Future studies on the development of lipidomic signatures for the
early detection of aging and on lipid changes induced by aging will
be performed in the presence and absence of physical exercise in
an animal model.
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