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Understanding the tissue distribution of phospholipids and glycerolipids in animal models enables promoting the pharma-
cokinetic study of drugs and related PK predictions. The measurement of lipid compositions in animal models, usually mice and
rats, without a standardized approach hindered the accuracy of PBPK investigation. In this work, high resolution mass spec-
trometry was applied to profile the tissue distribution of phospholipids and glycerolipids in 12 organs/tissues of mice and rats.
Using this method, not only the amounts of phospholipids and glycerolipids in each organ/tissue but also the fatty acid
compositions were acquired. In order to explore the interspecies specificity of lipid distribution in different organs/tissues, three
animal species including CD1 mice, NMRI mice, and Wister rats were used in this systematic study. Globally, more organ
specificity was observed. It was found that the brain is the organ containing the most abundant phosphatidylserine lipids (PSs) in
all three animal models, leading to brain tissues having the most concentrated acidic phospholipids. Diverse fatty acid com-
positions in each lipid class were clearly revealed. Certain tissues/organs also had a specific selection of unique fatty acid
compositions, for example, unreferenced FA(18:2) in the brain. It turned out that the access of free fatty acids affects the
incorporation of acyl chain in phospholipids and glycerolipids. In the analysis, ether lipids were also profiled with the observation
of dominant ePEs in brain tissues. However, little interspecies difference was found for fatty acid constituents and tissues
distribution of phospholipids and glycerolipids.

1. Introduction

Phospholipids and glycerolipids are major lipid constituents
of cell membranes. They are also involved in many cellular
processes in health and disease. Various diseases have been
reported to correlate with lipid metabolism [1-5] and several
studies revealed changes in lipid regulation in animal and
human tissues for different diseases [6-10]. The primary
tunction of the highly abundant phospholipids and glyc-
erolipids though is to support the structure of the cellular
membrane. The lipid composition of cell membranes and
tissues plays an important role in determining the

pharmacokinetics (PK) of drugs, in particular their tissue
partitioning which to a large extent is controlled by the lipid
components in the body tissues [11-15]. There is great
interest in accurate a priori predictions of drug-tissue
partition coeflicients based on the tissue composition in
human or preclinical animal species'”. Physiologically based
PK (PBPK) models, therefore, need to account for species
differences in lipid constituents that determine drug-tissue
distribution. Although previous reports suggest the exis-
tence of species differences in the lipid tissue composition
[16], lipid constituents in various animal strains have mostly
been investigated individually in different studies using
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different protocols [17-19]. However, measurements using
different methods and techniques may introduce a signifi-
cant amount of bias into interspecies comparison and their
corresponding PK predictions and different tissue dissection
and storage conditions may also lead to inaccuracies of lipid
investigation. Therefore, there is a need for a more sys-
tematic analysis of animal species and strain differences of
tissue lipid constituents using the same analytical approach.

Mass spectrometry (MS) is a powerful tool for com-
prehensive lipidomic analysis including accurate molecular
identification and quantitation. Multiple analytical plat-
forms with MS have been developed. Shotgun lipidomics
based on direct infusion was first introduced for complex
lipid analysis using distinctive neutral loss scans [20-24].
Coupling of liquid chromatography (LC) powers and sim-
plifies large-scale analysis of MS for complicated biological
systems. Targeted lipidomics using LC-MS/MS is an alter-
native method for lipid analysis [25-27]. Selected reaction
monitoring (SRM) is applied for data acquisition, supplying
high sensitivity and wide linearity. Recently, high resolution
MS has become more popular for comprehensive lipid
analysis [28-31]. Data-dependent acquisition (DDA) en-
ables confident lipid identification based on MS/MS as-
signment. The presence of abundant MS/MS spectral
libraries, for example, LipidBlast, LIPID MAPS, or Lip-
idSearch, allows the comprehensive analysis of lipidome in
cells and animals [32-35].

In this work, phospholipids including phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphati-
dylinositol (PD), phosphatidylserine (PS),
phosphatidylglycerol (PG), cardiolipin (CL), and lyso-
phospholipids (LPLs) and glycerolipids including diglycer-
ide (DG) and triglyceride (TG) in 12 organs/tissues of Wistar
rats and CD1 and NMRI mice were profiled using Orbitrap
based high resolution mass spectrometry. Lipid identifica-
tion using DDA and MS-based quantitation was applied.
Specific strategies for false positive elimination were used to
improve the confidence of lipid analysis. Using this method,
the fatty acid constituents of phospholipids and glycerolipids
could be resolved. This allows the comparison of lipid
composition in the animal organs of species and strains.
Ether lipids including plasmanyl- and plasmenyl-phos-
pholipids were also analyzed to explore the animal organ or
species dependency of acyl chain components.

2. Materials and Methods

2.1. Sample Collection of Rats and Mice. All animal experi-
ments were conducted in accordance with the German
animal welfare laws and approved by local authorities.
Animals were kept on a diet based on rodent’s ssniff™™
pellets “Ratte/Maus-Haltung” (ssniff-Spezialdidten GmbH,
Soest, Germany) and water ad libitum. Tissue samples of
brain, heart, liver, kidney, spleen, stomach, lung, muscle,
small intestine, large intestine, skin, and fat were collected
from individual male Wistar rats (HsdRCCHan:Wistar,
Envigo, NL; weight range: 256-302 g), female NMRI mice
(Cr:NMRI BR, Charles River, Germany; weight range:
28-30g), and female CD1 mice (Crl:CD1(Icr), Charles
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River, Germany; weight range: 27-31 g) with nine replicates,
respectively. Solid tissues were excised, briefly washed with
isotonic NaCl solution to wash off blood residues. The
stomach and the intestines were additionally cleared of their
content with NaCl washing solution. The whole organs were
collected, except for skin (4 cm?, belly), fat (5g, abdominal
fat), and muscles (5g, belly/leg). All samples were imme-
diately shock frozen in liquid nitrogen after preparation.

2.2. Lipid Extraction from 12 Organs/ Tissues of Wistar Rat and
CDI and NMRI Mice. Lipids were extracted as previously
described [36]. Briefly, 50 mg wet tissue samples were ho-
mogenized in 500 yL of chloroform/methanol (v:v=2:1)
with an internal standard solution. Aqueous was subse-
quently added. Solutions were vortexed for 1-2min and
prepared for extraction with three replicates. Then, samples
were centrifuged for 5mins at 1000 rpm for phase separa-
tion. The lower organic layer was transferred using a glass
syringe and dried under nitrogen. Lipid samples were stored
in —80°C dry pellets. During lipid extraction, 5mL glass
tubes were used in order to avoid contamination.

2.3. Lipidomic Analysis Using LC-MS/MS. Reverse phase
chromatography was selected for LC separation using
CORTECS C18 Column (2.1 x 100 mm, Waters). Mobile
phase A was made by mixing 400 mL of HPLC-grade water
containing 0.77g of ammonium acetate with 600 mL of
HPLC-grade acetonitrile (pH ~7). Mobile phase B contained
10% ACN and 90% IPA (v/v). Data was acquired using Q
Exactive Orbitrap mass spectrometer (Thermo, CA) coupled
with UHPLC system Ultimate 3000 (Thermo, CA). Data-
dependent acquisition (DDA) was performed with
70,000 MS resolution and 17,500 MS/MS resolution. MS/MS
spectra were acquired from the top 10 most intense pre-
cursors. Stepped NCE (normalized collision energy) of 15,
25, 35 was applied for fragmentation.

2.4. Identification of Phospholipids and Glycerolipids.
Lipids were identified using LipidSearch software v4.1.16
(Thermo, CA). LipidSearch v4.1.16 has 1,500,000 fragment
ions of 71 subspecies in the database. It allows lipid iden-
tification based on MS/MS match [23] and ID-based
quantitation was performed. Mass tolerance of 8 ppm and
15 ppm was set for precursor and fragment, respectively. The
displayed m-score threshold was selected as 5 and grades A,
B, C, D were all used for ID quality filter. Adducts of +H,
+NH4 were used for positive mode search and-H,
+CH3COO™ were chosen for negative mode. Thresholds of
m-core and chromatographic peak shapes were applied to
eliminate false positives.

2.5.  Quantitation of Phospholipids and Glycerolipids.
Stock solutions of 10 mg/mL PC (18:0/18:0), PE (18:0/18:
0), PI (16:0/16:0), PS (16:0/16:0), PG (18:0/18:0), CL
(18:1/18:1/18:1/18:1), DG (16:0/18:0), and TG (16:0/16:
0/18:0) were prepared. Then, a series of calibration solu-
tions, with concentrations of from 1 ng/mL up to 200 yg/mL,
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were diluted using CH2CI2: MeOH =2: 1. Internal standard
solution containing PC (14:0/14:0), PE (14:0/14:0), PI (8:
0/8:0) PS (14:0/14:0), PG (14:0/14:0), CL (14:0/14:0/
14:0/14:0), DG (14:0/14:0), and TG (16:0/16:0/18:0)-
D7 were made. Equal volumes of calibration solution and
internal standard solution were mixed. Injection volume of
1 uL was used for the analysis.

2.6. Analysis of Glycerophospholipids and Glycerolipids in
Mouse Brain Tissues. C57BL/6 mice at the age of 12 and 96
weeks were dissected and lipids in frozen brain tissues were
extracted according to the protocols in section 2.2. Five
replicates were used in the analysis. Glycerophospholipids
were analyzed in negative ion mode using UHPLC-Q
Exactive Orbitrap MS whereas DG and TG lipid molecules
were analyzed in positive ion mode. The acyl chain com-
ponent analysis was performed for each lipid class based on
the abundance of lipid molecules. The abundance of lipid
molecule was considered to contribute equally to each fatty
acid component. Therefore, the percentage of specific acyl
chain components in a certain lipid class was calculated
using the total abundance of lipids containing this com-
ponent divided by the total abundance of all lipid molecules
in this class.

3. Results and Discussion

3.1. Analysis of Phospholipids and Glycerolipids in Mice and
Rats. In this analysis, data-dependent MS/MS acquisition
(DDA) was applied for lipid identification with MS-based
quantitation as shown in Figure 1. LipidSearch, which
contains millions of predicted fragment ion information was
applied to assign lipid molecules based on MS/MS frag-
ments. However, due to the extraordinary presence of fake
molecular identification using LipidSearch, the strategies to
remove unreliable assignments were utilized to reduce false
positive results [37]. Briefly, the chromatographic behavior
and MS/MS match were evaluated for each lipid species. The
molecules with poor peak shapes or low confidence of MS/

Orbitrap
DDA
acquisition

=

MS/MS-based lipid
identification

False positive
elimination

(=

FiGure 1: Schematic showing the workflow to perform lipidomics analysis for tissues/organs.

MS matching score (m-score) were eliminated as false
positives. However, the threshold of peak shape or m-score
was unique for each lipid class depending on the data
quality. Moreover, the signals from in-source decay or
polymerization also had to be excluded as artificial ones, for
example, dimethylated PE (dMePE) or fatty acid ester of
hydroxyl fatty acid (FAHFA) [37].

For lipid quantitation, exogenous internal standards
including PC(14:0/14:0), PE (14:0/14:0), PS (14:0/14:0),
PG (14:0/14:0), CL (14:0/14:0/14:0/14:0), DG (14:0/14:
0), and TG (16:0/16:0/18:0)-D7 were applied for quan-
tification of each lipid class with PG (14:0/14: 0) also used as
an internal standard of phosphatidylinositol (PI). PC (18:0/
18:0), PE (18:0/18:0), PI1 (16:0/16:0), PS (16:0/16:0), PG
(18:0/18:0), CL (18:1/18:1/18:1/18:1), DG (16:0/18:0),
and TG (16:0/16:0/18:0) were selected as representative
molecules for quantitation. Generally, glycerolipids generate
the featured fragment of the head group or neutral loss in
positive mode and fatty acid fragments in ion negative mode,
whereas triglyceride (TG) and diglycerides (DG) were ob-
served to have a unique neutral loss of acyl chains in MS/MS
spectra from positive ion mode, giving information of fatty
acid composition (Figure S1). Therefore, phospholipids were
quantified using chromatographic areas in negative ion
mode since they provide the acyl chain component infor-
mation, whereas TG and DG were quantified in positive ion
mode. The quantitation was adjusted using the models in
Figure S2 to correct for the effect of °C heavy isotopes and
response factors for various acyl chain length [38, 39].

3.2. Global Profiling of Phospholipids and Glycerolipids. In
order to compare the strain or organ dependence of lipid
constituents, phospholipids, and glycerolipids including
LysoPC, LysoPE, LysoPS, PC, PE, PG, PS, PI, CL, DG, and
TG in 12 organs/tissues from Wistar rats, CD1 and NMRI
mice were profiled. There were 9 replicates for each organ/
tissue. A total of 1144 lipid molecules from 324 tissues were
confidently identified based on MS/MS spectra match and
quantified using chromatographic areas of precursors. The



International Journal of Analytical Chemistry

‘JUIWRINSEIU 10 Pasn aIom wuamuzgwh QUIN .vdwwﬁ\ﬁmwko ME\ME ST Sjualliaanseall 9] [[e JO jrun ayf,

€e6el L'6€¢€ LY19 LThT 817 veet [aiai4 0'88CT 8'6TET 66611 G'LSE 0°L¥9 spidiy rennaN
€'6T¢T 6961 899¢¢ 6'89%¢ 8'L68T T08%¢ LVILT 9°LSTT 9'GTL Toory YO1LT 6'CLTE sprdijoydsoyd [ennaN
LeL 871 TYor A4S Gere voLY €vS 9°8¢T 6°€LT L10T 6VLL ¥'65S sprdijoydsoyd s1proy
T'S6€F6°59¢1 €€81 FT'8TE 7'88T F ¥°68S LT0TFT'EET 00TF8LE T9LFLLT1 L1601  S°080% 9T61 F5°0LT1 S0ETF89IET LYYSF LY96 TEETFO'EPE S'60% F 1919 OL
6V FLLT CEFITI L9FEST 6'0FL6 90F 0¥ SIFLS €LIFLO09 TTFSLI TEF6T €L8FESET YeEFOCl S9F80¢ od
06F0°LE 0L F¥LY €TCF6T8 607 F I'9VT 8'GTFI'S6L TSTF9'86T LEFECLI 89F 168 TIF6'86 TIEF0901 9SIFIVL S9SF 01T Sd
6V F6TI 6'8F ¢SS 09T +T'L8 SEFVIV S9F8TS CTIIF0€8 LTFTIT TTF00¢ SSFTYY LTIF0LT TOT+TTS 667 F6'991 Id
60F9°¢ T#+091 8V FETT TV F66C LTF6'SE 8TFILE 7OFST 80FT9 FIT+601 TeEFQL TEIFTST T8I+60L Od
8'8ET FFH'€0OTT 6'8TT+9778S €'GETFOTCIT S0S F8°69L1 TPLF¥'8€TT L09F6'9S€T 0TL¥80€9 06T F¥'6¥S L0€F5°00€ €'88€ F 79981 TTLIFV'68S 9PIF9'6TFT qd
6'GY F8'6L8 L'8STFSTI8 6'60€ F 8°THIT CTICTF 60491 8'8GFLCIOT €8S F8'%80C S'60T F8'SL0T ST FV'169 STBFCIV LOETT F0'T0¥T €0SEF9°LE6 6'CCTFSPSLT Od
ITF6S 89F €T 0'99F§'52C puFpu puFpu puFpu PUFPU PuUFPU puFpu 00710 puFpu puFpu Sd1
8TFOYT 6'9SF I'SP1 6'S0T F€TLT 60F¥¢E 9TFT8I 0CTF901 LOFOT 90F¥E 60F6'1 TITFSSY YOEF6IIT PSTFTIS ad1
TSEF08IT 998 F9°95C S0STFL6T¢ 0'EF8PT 6'€FSLT S9FLLT 60FTL TeFvel 9TFV'6 6VEFS LY €8EFSIL EVIFLLY 0d1
PEFLTL 9TF09 8ITFOFY STFESE LTFL6T 6'SFLLS 8EFEBI LTFTEL 0% F€0T 01T F 609 L6FTET 6LIFST6 0
oewolg uaardg uns JunsajuI-§ suediQ

oewo)s pue “uddlds ‘UD[S QUISIIUI-G WOIJ eIep Y} sapnpuy ()

9'8L1C €°LT8 STo61 19¢T 96T '8ve L'€0L 8164 Tosy TSLYT YIIel YYD spidiy rennan
TeT66 §'88LT 1'208¢ 9°06C¢ 9¥eST 8'950T 7'56801 0°0€09 ¥'60959 L'65ST T8Tvs T'L6ge sprdijoydsoyd rennaN
8'0TT 6'0LT v1ee 8'L19 STvY T661T €'6TL esy 6705 8'T6T v1ss 8095 spidioydsoyd aipy
0°08€T +8°011C 6 LLTF L'ST8 6'8STF TT68T L99FSFIT 0T6FS'6LT CYSFTIECE 8'L0TFST09 0'TOT F9¥€L 696 F¥'T6¢ S000T F9°€THT 9'GLY F9'98T1 88T F L7801 DL
90V F8'L9 9EFIIL €TFES €61F91L TTFLIT VEFECT 90T+ Z'101 V8IFTLS TITF8LS S6F91S 6'LF6TT TSFL6T oa
6 SFETS S6F0S9 T8F6°0L 9VLI F8'18€ VSTFIILL €8TF6°SSS 0°€ITFL09T LETFIVIL TI¥ F€€0T 9TTFT8ET Tey F6°€T¢ €6TFE8LT Sd
TV ¥90¢ TLFESE T8F¢LY 081F6'1¥ 0LFTEY T'8F6LST €9TF 1991 8LFS6CI TSTFIF01T ETIFEVL YT F60C1 0TTFSIFL Id
CIFeET 9TFOST 0V F¥€C 8TLFVSIT P'8TFTIIC S8Y F9'6hF 9TFTOT VTFLLY 96 F60¢ TzF6°st 9EFE6T TLF88¢ Od
8FIT+ I'TheC SEETF €LV 9691 07981 S'L89F9'899C TRETFCLVIT 8'GSFCTIST 00LTF€'SEST 6'6¥F F S Th61 9'8IT+5°09CC FECEF GEIPT ¥'0LE FTT88T 8 LLTFLIPST qd
LTREF T'E9F9 678 F8L8TI CISTFS1L8T LT61 F0%T9 S'8LF0°5S8 807 F8'LIS 0'8¢¥ + §'SFT9 9706 F6'S6LE 9'€8T +5°60T¢ LLSTFTLLET 089 F0'6T€T 9961 +6'8TLL od
puFpu puFpu puFpu puFpu 00FT0 puFpu puFpu puFpu puFpu 00%20 puFpu puFpu Sd1
SEIFTIIT €TF99 ISF8TVI puFpu 99FI¥C 6'0FL0T CLFGTL 675 +8'86 86F8LT 6LFTLI TLTF¥€01 TOT+8'LY qdT
Y9EF6'L8 VOF8TT VI F8¢€S 0CF6L TI9FT8T TEF6'SI V6EFLTOT SY6FLT61 TSTFSIIT 007+ 8101 S9EFIECIT 0CIFLEL od1
9LTFLETT 99F¢G'SS Y9Fg6L 96FL'8T 9TF¥01 SEFYSE T6EF¥T8T 86 F9IST €CTFIPI1 T6FTY9 TOIFTLL 08T FTL6 0
JpsNA Sun I2ATT JunsajuI-T suediQ

Jpsnw pue hm:-: IOAT] QUIISIIUL-T WOLJ BIRp Y} sapnpu] (q)

vIve SGLT €orT €'LeS jiadnt 970¢ 0'8L£61 T'981¢ TL0Ts Tesl 6'6¢ 1844 spidyy rennan
7’8158 $'808S €089 6'STLL T6LTY Ty T'SL9 0168 L°0¥% €TEE8T 11596 €6 spidrjoydsoyd rennan
9'6¥CT LT6L 78871 L'LES 9vse j4id 99¢ 6101 6'€8 Tvvee 99891 8'€0TC spidioydsoyd iproy
PELF 86T 0 €S FFL9T 0T6+LTIET T8YTF 0067 LT8F 0TI 066 FLT6T 0F60€ F¥'STT61 S'80€ F I'€60¢€ S'6L8FVELOS TO0T+08C €ETF6'9C STF¥¢ OL
89F 9T 60FT18 LTFOVI 98FEC LY TIF9¢ 7SF66 09¢ ¥9779¢ 00T F6C6 SETFYEET LT9FTSST 07 F0€l SSFL0T oa
0'TCF6'909 T8EFIEEE 6'€EF 6T 0STF0'TL 06F8F¥ VLF08L T8FS¥C 8'TCIF0'89 TTIF€6S 0 LETFTTEBT LL8F96LIT 71y FOVPCT Sd
8LFFLIT 9'6F89C1 'Ly +8°S0V 9V FSSE 9SFOSY T'8F6°68 CEFLS T8FI'61 9SF 091 TOLF0¥61 TBTFSSET 6'CTFTT6T Id
TTFLOE 98F6'EL TTeFL191 LSFT6Y VSFIVY 69F819 T0FC0 0TF¥e T0FT0 $EFF0S 89F9¢L LYF056 Od
L'EEETF L'G6VS TZSTF0°00SC L9STFE€LLEE 9'8ETFSEI9€E 61T F9'8¢91 L8ITFE€SE91 6V FTIVT LSETFTEEh 9'ESFT681 LI9SSFETLECT VTPITF870L9 S LITF €0TIS ad
L'69T F L'996T P89 FVT6IC 6'SPTF9TTEE 9VHT F9°LO0OF T'ICT ¥ 0'89€T 0°STIF 7697 999 F 19Tk T6€1 F59¢h TI9EFLOIT TP FSTI6Y 6'SLE F6'806T 6'81CF0°6L0V Od
PuUFpuU puUFpu puFpu PuUFpU PUFpU puUFpu PuUFpuU ‘puFpu puFpu 00FT0 ‘puFpu ‘puFpu SdT
TEF8FC L'LF00S TSFO8F 0CCHFTHY 6TCIF0LS STFTEY puFpu T8F6'L L0F80 9TF68 €FF¥0T 6'TF08 qdT
LTFTIE TI9FT99 S8FTSS 8TC+909 9CTFGCIT TILFTEC6 VIFST 06FG€El CIFTIT 0GFLSE PEFOLI CTFIIT OdT
LSEFOVIY T6FGLST 9€EEF 085 STEF6'I8E LT FL0TT 861 F9TST TIFT¢ VLFCSTT 9EFT8 60T F¥'891 S9CF8L6T 0°€9F0°0LY 10
Kaupry BRLE)S 1eq urexg suediQ

Aaupny pue 9Ieay 9ej ‘ureiq woij elep Ay} sapnpuj (&)
ry o1 RIIAN o1 1ad ey o1rur YNNI o1 1ad ey ao1ur TIIAIN o1 1ad ey ao1ur TIIAN o1 Tad sopads [eunuy
Qo1 YIAN 21 1(qD woxy wuswwﬁ\mﬁdwhc C1 Ut sassed -u:m: 1T Jo EOEﬁuEENSO T 97149V],

‘Sjel Ie)SIA\ pue



International Journal of Analytical Chemistry

PE PI
Stomach Stomach Stomach Stomach
Spleen Spleen Spleen Spleen
Skin Skin Skin Skin
S-Intestine S-Intestine S-Intestine S-Intestine
Muscle Muscle Muscle Muscle
A Lung Lung a Lung a Lung
1} Liver Liver © Liver C Liver
L-Intestine L-Intestine L-Intestine L-Intestine
Kidney Kidney Kidney Kidney
Heart Heart Heart Heart
Fat Fat Fat Fat
Brain Brain Brain Brain

0 20 40 60 80 100

PE PC PI
Stomach Stomach Stomach Stomach
Spleen Spleen Spleen Spleen
Skin Skin Skin Skin
S-Intestine S-Intestine S-Intestine S-Intestine
Muscle Muscle Muscle Muscle
= Lung = Lung %‘ Lung = Lung
E Liver E Liver Z Liver ; Liver
L-Intestine L-Intestine L-Intestine L-Intestine
Kidney Kidney Kidney Kidney
Heart Heart Heart Heart
Fat Fat Fat Fat
Brain Brain Brain Brain
0 20 40 60 80 100
PE PC PI
Stomach Stomach Stomach Stomach
Spleen Spleen Spleen Spleen
Skin Skin Skin Skin
S-Intestine S-Intestine S-Intestine S-Intestine
Muscle Muscle Muscle Muscle
I Lung Lung ) Lung Lung
§ Liver Liver é Liver Liver
L-Intestine L-Intestine L-Intestine L-Intestine
Kidney Kidney Kidney Kidney
Heart Heart Heart Heart
Fat Fat Fat Fat
Brain Brain Brain Brain
0 20 40 60 80 100
CL
Stomach Stomach Stomach Stomach
Spleen Spleen Spleen Spleen
Skin Skin Skin Skin
S-Intestine S-Intestine S-Intestine S-Intestine
Muscle Muscle Muscle Muscle
—_ Lung Lung 5 Lung Lung
O Liver Liver © Liver Liver
L-Intestine L-Intestine L-Intestine L-Intestine
Kidney Kidney Kidney Kidney
Heart Heart Heart Heart
Fat Fat Fat Fat
Brain Brain Brain Brain

0 20 40 60 80 100

(a)

FiGgure 2: Continued.
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FIGURE 2: Acyl chain percentage compositions of PE, PC, P, PG, PS, CL, DG, and TG in 12 organs/tissues of CD1, NMRI mice, and rats
(n=9). Each color represents a different fatty acid chain. The acyl chains with less than 1% were not included in the figures for better

visualization.

quantitation of these 11 lipid classes in each organ/tissue is
displayed in Table 1. Phosphatidic acid (PA) was excluded
from the analysis due to the poor linearity and chromato-
graphic behavior in this method. Overall, organ specificity
was more obvious compared to animal species dependency.
Lung has the highest PG level among all the organ/tissues,
whereas brain tissues contain much higher levels of PS lipids
in all animals. Notably, the most abundant lysophospholipid
levels were observed in the stomach, especially for lyso-
phosphatidylcholine. It has been known that lysophos-
pholipids facilitate fat emulsion and nutrient absorption in
the digestive system. Therefore, high levels of lysophos-
pholipids in the stomach may be related to the unique
function of these lipid molecules. In order to use the results
as input into tissue composition-based equations of PBPK
models [40], the lipids were classified as acidic phospholipids
(CL, PG, PI, and PS), neutral phospholipids (LPC, PC, LPE,
and PE), and neutral lipids (DG and TG) and the amounts
were calculated by the sum of corresponding lipid levels as
listed in Table 1. However, in our measurement, the brain
has the most abundant acidic phospholipids in all three
animal species due to its high level of PS.

3.3. Acyl Chain Components in Phospholipids and
Glycerolipids. All phospholipids and glycerolipids were
composed of acyl chains with diverse chain length and
double bonds. It has been proposed that the acyl chain
composition may play a biological function due to the di-
verse structures [41, 42]. In our method, the fatty acid
compositions of phospholipids and glycerolipids in animal
organs/tissues were able to be profiled and compared.
Figure 2 demonstrates the acyl chain compositions of PC,
PE, PS, PG, PI, CL, DG, and TG in 12 organs/tissues of CD1
and NMRI mice as well as Wistar rats. The acyl chains with
less than 1% were not included in the figures for better
visualization. Clearly, animal strain specificity was rarely
observed among these three animals for most lipids. The
heatmaps in Figure 3 confirmed the clustering of fatty acid
constituents in 12 organs/tissues of three animal strains.
More obvious animal strain similarity was observed based
on the clustering results, in which muscle, skin, heart, liver,
and fat tissues are more alike. Among all the organs/tissues,
heart and liver are highly similar in fatty acid components.

However, a certain animal strain dependency of acyl
chain components was seen for some lipid species.
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F1GURE 3: Heatmap clustering of fatty acid constituents in 12 organs/tissues of CD1 and NMRI mice and rats (n =9). Analysis was performed
using MetaboAnalyst (http://www.metaboanalyst.ca). Distance measure of Elucidation and clustering algorithm of Ward were applied in

the analysis.

Phosphatidylcholine (PC) and phosphatidylglycerol (PG)
tended to incorporate more FA (22:6) in CD1 and NMRI
mice compared to Wistar rats, especially for brain, heart,
small intestine, stomach, and liver (Figures 4(a) and 4(b)). In
contrast, triglycerides in Wistar rats had more preference of
FA (18:3) compared to CD1 and NMRI mice (Figure 4(c)).
In Figure 2, the similarity of acyl chain constituents among
different organs/tissues was observed with the exception of
the brain. FA (18:2) is extremely unfavored in brain tissue
for all phospholipids and diglycerides. Although FA (18:2)
accounts for about 70% of the cardiolipin acyl components
in all other tissues, the brain only contains ~7% of FA (18:2)
and favors FA (18:1) and FA (20:4) instead (Figure 4(d)).

Lipid remodeling is a well-known strategy to help the
lipids adapt a specific biological function in various organs/
tissues. Unlike the symmetric structure of cardiolipin with
dominant FA (18:2) in mouse heart, liver, and muscle, a more

diverse acyl chain composition has been reported in brain
tissue [43, 44]. Our profiling results demonstrate consistent
observation and conclude that the brain is the only excep-
tional organ among all 12 organs/tissues. It has been hy-
pothesized that the diversified fatty acid composition in
cardiolipins is related to the reduced mitochondrial bioen-
ergetic efficiency in the brain [43, 45]. However, the overall
unfavored incorporation of FA (18:2) was observed in most
lipids except triglycerides (Figure 2). Free fatty acids were
analyzed in all tissues/organs of the rodent species/strains
tested. A relative abundance of free FA (18:2) in brain tissues
was lower by at least an order of magnitude compared to all
other tissues (Figure S3). Therefore, the composition of free
fatty acids in the brain may be the result of unfavored in-
corporation of FA (18:2) in phospholipids and glycerolipids
after lipid remodeling. Notably, the acyl chain components in
triglycerides are distinct from the ones in diglycerides due to
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FIGURE 5: Absolute amounts of ether lipids as quantified in 12 organs/tissues from CD1 and NMRI mice and rats (n=9).

the lipid remodeling process [46]. FA (18:0) and FA (20:4)
contents were highly reduced in triglycerides, indicating
scarce usage of these two fatty acids as energy store.

3.4. Analysis of Ether Lipids in 12 Organs/Tissues of Rats and
Mice. Ether lipids refer to the phospholipid molecules with
an alkyl or alkenyl chain attached to an ether bond instead of
an acyl chain at sn-1 position. Two types of ether lipids,
plasmanyl- and plasmenyl-phospholipids, exist in mam-
malian cells and animals [47, 48]. Plasmanyl-phospholipids
carry the ether bond at an alkyl group, whereas plasmenyl-
phospholipids contain the ether bond at an alkenyl group at
sn-1 position. Plasmenyl-phospholipids, normally called
plasmalogens, can protect from cellular damage due to re-
active oxygen species (ROS) and play a role in cell signaling
processes [5, 49]. The most common ether lipids are plas-
manyl- and plasmenyl-phosphatidylcholines (referred to as
ePC) and phosphatidylethanolamines (referred to as ePE).

The amounts of ether lipids were quantified in 12 organs/
tissues from Wistar rats and CD1 and NMRI mice as dis-
played in Figure 5. Although organ/tissue specificity was
observed, high similarity within animal strains was found for
the distribution of ether lipids in general. Apparently,
among all the organs/tissues, brain contains the highest
levels of ePEs. Only weak species differences were observed
for ether lipid distribution among 12 organs/tissues, with
CD1 mice containing much fewer ether lipids compared to
NMRI mice and Wistar rats.

3.5. Analysis of Acyl Chain Components in Brain Tissue of Aged
Mice. Using the method established above, the acyl chain
constituents of phospholipids and glycerolipids in brain
tissues of aged mice are analyzed in Figure S4. The per-
centage of acyl chain composition was calculated based on
each lipid species. The results indicated that FA (16:1) in PI,
FA (17:0) in PG, and FA (16:1e) in PE had less percentage
contribution in mice brain of 2 years old. However, FA (18:

2e) in PE, FA (22:6) in PG, and FA (19:0) in TG had higher
incorporation level in lipids in aged mice brain.

4. Conclusion

In this work, we profiled the phospholipids and glycerolipids
in 12 organs/tissues from Wistar rat and CD1 and NMRI
mice. The high resolution MS/MS fragments were applied to
assign the fatty acid component of lipid molecule and
strategies to reduce false positive identifications were used to
eliminate unreliable results. A total of 1144 lipids belonging
to LysoPC, LysoPE, LysoPS, PC, PE, PG, PS, PI, CL, DG, and
TG class were reliably identified and relatively quantified.
Organ dependency of phospholipids and glycerolipids was
observed in all three animal species/stains examined. The
acyl chain components in 12 organs/tissues of mice and rats
also revealed that each lipid class has a unique pattern of
fatty acid compositions. However, rare animal species
specificity was observed except for FA (22:6) in PC and PG.
An unfavored FA (18:2) incorporation in phospholipids,
especially in cardiolipins was observed in brain tissue. The
analysis of free fatty acids turned out that the deficiency of
FA (18:2) in brain tissues may be caused by the access of this
FF. The plasmenyl-phosphatidylethanolamines (ePEs) were
the most abundant ether lipids in all organs/tissues, with the
brain containing the highest levels of ePEs. This supports the
potential function of ether lipids, especially plasmalogens in
neurodegenerative diseases. The aged mice were applied
using this approach to investigate the change of fatty acid
compositions during the aging process. We did observe
certain acyl chain in PG, PI, and TG had changed percentage
contributions in 2-year-old mouse brains. In PE lipids, only
ether chain showed the difference during aging. Overall, the
systematic analysis of the lipid molecule distribution in all
major organs/tissues of Wistar rats, NMRI mice, and CD1
mice provides a coherent basis for the prediction of drug
partition coeflicient using mechanistic tissue composition-
based equations commonly used in PBPK modeling [50].
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and CL in negative ion mode and DG, TG in positive ion
mode, respectively. Figure S2: (a) Equation to correct the
effect of natural 13C heavy isotopes for quantitation of
glycerophospholipids and glycerolipids. (b) Equation to
correct the response factors of various acyl chain length
based on references for quantitation of glycerolipids. Figure
S3: Abundance percentage of free FA(18:2) in all detected
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NMRI mice, and (c) Wistar rats. Figure S4: Heatmap of acyl
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Analysis was performed using MetaboAnalyst (). Distance
measure of Elucidation and clustering algorithm of Ward
were applied in the analysis. (Supplementary Materials)
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