Zhao et al. Lipids in Health and Disease (2020) 19:104
https://doi.org/10.1186/512944-020-01253-3 L|p|ds in Health and Disease

RESEARCH Open Access

Recovery of brain DHA-containing ")
phosphatidylserine and ethanolamine
plasmalogen after dietary DHA-enriched
phosphatidylcholine and

phosphatidylserine in SAMP8 mice fed with
high-fat diet

Ying-Cai Zhao', Miao-Miao Zhou'?, Ling-Yu Zhang', Pei-Xu Cong’, Jie Xu', Chang-Hu Xue'”, Teruyoshi Yanagita®,
Naigiu Chi®, Tian-Tian Zhang', Feng-Hai Liu®" and Yu-Ming Wang'?"

Abstract

Background: Glycerophospholipids were the main components of cerebral cortex lipids, and there was a close
association between lipid homeostasis and human health. It has been reported that dietary DHA-enriched
phosphatidylcholine (DHA-PC) and phosphatidylserine (DHA-PS) could improve brain function. However, it was
unclear that whether supplementation of DHA-PC and DHA-PS could change lipid profiles in the brain of dementia
animals.

Methods: SAMP8 mice was fed with different diet patterns for 2 months, including high-fat diet and low-fat diet.
After intervention with DHA-PC and DHA-PS for another 2 months, the lipid profile in cerebral cortex was
determined by lipidomics in dementia mice.

Results: High-fat diet could significantly decrease the levels of DHA-containing PS/pPE, DPA-containing PS, and AA-
containing PE, which might exhibit the potential of lipid biomarkers for the prevention and diagnosis of AD.
Notably, DHA-PC and DHA-PS remarkably recovered the lipid homeostasis in dementia mice. These might provide a
potential novel therapy strategy and direction of dietary intervention for patients with cognitive decline.

Conclusions: DHA-PC and DHA-PS could recover the content of brain DHA-containing PS and pPE in SAMP8 mice
fed with high-fat diet.

Keywords: Alzheimer's disease, Lipid profile, DHA, Phosphatidylserine, Phosphatidylcholine

* Correspondence: Liufenghai2006@126.com; wangyuming@ouc.edu.cn
®Department of Clinical Laboratory, Qingdao Municipal Hospital (Group),
Qingdao 266011, Shandong Province, People’s Republic of China
'College of Food Science and Engineering, Ocean University of China,
Qingdao 266003, Shandong, China

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12944-020-01253-3&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:Liufenghai2006@126.com
mailto:wangyuming@ouc.edu.cn

Zhao et al. Lipids in Health and Disease (2020) 19:104

Introduction

Alzheimer’s disease (AD) is a progressive multifarious
neurodegenerative disorder [1]. The clinical manifesta-
tions of AD are characterized with memory impairment,
aphasia, agnosia, visual spatial skills impairment, execu-
tive dysfunction, personality and behavioral changes, etc.
[2]. Long-term care insurance for the dementia patients
will be a serious social burden following the aging soci-
ety. Alzheimer’s patients had significant lipid changes in
the brain tissue along with the pathological changes.
Dietary habits could affect the occurrence and develop-
ment of AD, and the effect of lipids on brain pathology
of AD patients has been controversial. Several studies
have suggested that high-fat diet could increase the risk
of AD, while others have found that specific structural
lipids might have a protective effect on cognitive func-
tion via antagonizing the effects of western diet 3, 4].
The different effects of high-fat diet might be attributed
to the saturation of fatty acids and the molecular types
of lipids.

DHA is the most abundant omega-3 fatty acid in the
brain [5]. As a major component for the growth and
maintenance of nervous system, docosahexaenoic acid
(DHA) can cross the blood-brain barrier through the
Mfsd2a to provide the raw material for the formation of
neuronal cell membrane [6]. Phosphatidylcholine (PC),
transported by phosphatidylcholine transporter between
membranes, is the main component of biofilm. It is suf-
ficient to activate the endogenous ligand for the nuclear
receptor peroxisome proliferator-activated receptors
(PPAR-«a) in hepatocytes [7]. Phosphatidylserine (PS) is
the major acidic phospholipid class that accounts for
13-15% of the phospholipids in the human cerebral cor-
tex, and it is localized exclusively in the inner leaflet of
the plasma membrane in neural tissues [8]. As part of
protein docking site in signal pathways, PS can interact
with Akt, Raf and protein kinase C to ensure the growth
and differentiation of nerve cells [9]. It has been re-
ported that DHA enriched phospholipids could suppress
the activation of microglia and astrocytes, and amelior-
ate Ap-induced neuroinflammation via inhibiting the
proinflammatory factors such as IL1p and TNFa [10].
Our previous study showed that DHA-PS (DHA
enriched phosphatidylserine) has more significant effect
than DHA-PC (DHA enriched phosphatidylcholine) on
alleviating Ap-induced cognitive deficiency [11]. DHA
was mainly integrated with PS in nervous system, total
PS level in brain tissue would increase after supplemen-
tation with DHA [12]. In an open-label extension study,
daily intake of 100 mg DHA-PS could improve memory
and maintain cognitive level in dementia patients [13].
However, it was unclear that whether supplementation
of DHA-PC and DHA-PS could change lipid profiles in
the brain of dementia animals.

Page 2 of 12

Lipidomics could systematically identify the key lipid
biomarkers in pathological process by determining lipid
profiles, and may ultimately demonstrate the functional
properties in different physiological status. Various stud-
ies have revealed the momentous changes of lipids in
brain tissue and serum of dementia patients during the
pathological process of AD wusing lipidomics [14].
SAMPS is a naturally occurring mouse line that displays
a phenotype of accelerated aging and is consistent with
the pathological characteristics of AD. The objective of
this study was to elucidate the effects of dietary DHA-
PC and DHA-PS on the changes of AD brain lipid pro-
file, and lipidomic analysis was carried out to evaluate
the lipid composition in cerebral cortex of cognitive de-
ficiency model SAMP 8 mice fed with high-fat diet.

Materials and method

Preparation of DHA-PC and DHA-PS

Total lipid was exacted from squid (Stenoteuthis. ouala-
niensis) roe according to the method of Folch [15].
DHA-PC was then purified from total lipid via silica-gel
column chromatography with the successively multiple
elution of chloroform, acetone and methanol. DHA-PS
was synthesized from DHA-PC by phospholipase D as
the method described by Wang et al. [16]. The purity of
DHA-PC and DHA-PS was confirmed to be 94.7 and
95.1% by HPLC-ELSD [17].

Fatty acid analysis

The fatty acid compositions of DHA-PC and DHA-PS
were analyzed by gas chromatography. Extracted lipid
was dissolved and methylated with 2 mol/L hydrochloric
acid in methanol for 1 h before injecting into gas chro-
matography Agilent 7820A (Agilent Technologies Inc.)
with a flame ionization detector. Nitrogen was used as
carrier gas. The analysis was carried out with a capillary
column Supelcowax (30 m x 0.32mm LD and 0.25um
film thickness; Sigma-Aldrich Inc). The temperature of
injector and detector was 230 °C and 250 °C, respectively.
The temperature of oven started from 170 to 230°C at
the rate of 3°C/min and retained at 230 °C for 20 min.
The relative content of each fatty acid was shown in
Table 1.

Animals and diets

All male SAMP8 mice (20 + 2 g, 8 months) were housed
at SPF animal room under the temperature of 20 +2°C
and the humidity of 60% with a 12/12 h light/dark cycle
(light starting at 8 a.m.). At the adaptation period, 8 mice
were fed with low fat diet and other 24 mice were
treated with high-fat diet. At the age of 10 month, the
SAMP8 mice were divided into 4 groups (8 animals per
group): low fat group (LF) fed with standard diet (AIN-
93 M), high-fat group (HF) fed with high-fat diet, DPC
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Table 1 Main fatty acid composition of DHA-PC and DHA-PS

fatty acid composition (%) DHA-PC DHA-PS
Palmitic acid (C16:0) 28.08 £ 0.26 28.16 £ 0.17
Palmitoleic acid (C16:1) 0.54 + 0.01 067 £ 0.02
Stearic acid (C18:0) 1556 +0.11 1538 +0.14
Arachidonic acid 1.54 + 007 1.63 +0.08
Oleic acid (C18:1) 137 £0.03 1.64 £ 0.05
EPA (C20:5) 1162 £ 0.09 1209 £ 0.11
DHA (C22:6) 3528 £ 035 3448 £ 047
other fatty acid 755+ 021 758 +0.19

group fed with high-fat diet containing 1% (w/w) DHA-
PC and DPS group fed with high-fat diet containing 1%
(w/w) DHA-PS. The mice were continuously treated
with corresponding diets for another 2 months. The in-
gredients of each diet were summarized in Table 2 and
all the four groups got the same treatment during animal
feeding period. The study protocols were approved by
the ethical committee of experimental animal care at
Ocean University of China (Qingdao, China). After 2
months of intervention, animals were sacrificed and the
cortex were quickly separated from brain tissue on ice,
then were frozen in liquid nitrogen and stored at -
80°C.

Cerebral cortex lipid extraction

The cerebral cortex was crushed in phosphate buffer
using tissue homogenizer. The total lipid was extracted
from cerebral cortex using a modified Bligh/Dyer pro-
cedure [18]. Briefly, the tissue homogenate was extracted
with 20-fold volume of chloroform: methanol 2:1 (v/v)

Table 2 Composition of experimental diets (g/kg diet)

Ingredients g/kg LF HF DHA-PC DHA-PS
Casein 140.0 140.0 140.0 140.0
Corn starch 617.7 430.7 430.7 430.7
Sucrose 100.0 100.0 100.0 100.0
Corn oil 239 46.0 46.0 46.0
Lard 19.1 184.0 174.0 174.0
Mineral mix? 350 350 350 350
Vitamin mix” 100 100 100 100
Cellulose 50.0 50.0 50.0 50.0
L-cystine 25 25 25 25
Choline bitartrate 18 18 18 18
t-butylhydroquinone 0.008 0.008 0.008 0.008
DHA-PC - - 100 -
DHA-PS - - - 100

Note:"-", not detected
@ AIN-93 M mineral mix
b AIN-93 M vitamin mix
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and incubated for 1h in a thermomixer. The mixture
was then centrifuged at 10000 g, 4 °C for 5 min. Deion-
ized H,O was added to the obtained supernatant before
vortex. After centrifugation, the lower organic phase
were vacuumed to remove the solvent. The obtained
lipids were then dissolved in water/acetonitrile/isopropa-
nol 1:1:2 (v/v/v) for further analysis.

Lipidomic analysis

The polar lipids were separated by NP-HPLC using Phe-
nomenex Luna 3 pm micron silica column (150 x 2.0
mm; Phenomenex Inc.) treated with mobile phase A
chloroform: methanol: ammonia water (89.5:10:0.5) and
mobile phase B chloroform: ethanol: ammonia water:
water (55:39:0.5:5.5) at a flow rate of 0.25 mL/min. Gra-
dient elution was performed with 5% B for 5 min, a step
to 40% B until 12 min and maintained for 4 min, a linear
decrease to 30% B and maintained for 15 min, and re-
equilibration from 33 min to 38 min with 5% B. Mass
spectrometry multiple reaction monitoring (MRM)
mode was established for comparative analysis of various
polar lipids.

All experiments were carried out by Exion UPLC-
QTRAP 6500 PLUS (Sciex Inc.) liquid chromatography-
mass spectrometry with the analysis carried out in the
electrospray ionization (ESI) mode. The conditions were
as follows: curtain gas =20 psi, ion spray voltage = 5500
V, turbo spray source temperature =400 °C, ion source
gas 1 = 35 psi, ion source gas 2 = 35 psi [19].

Statistical analysis

Results were presented as mean and standard deviation
(Mean £ SD) in tables and figures. The comparison be-
tween LF and HF groups was carried out by student’s t-
test *P < 0.05, **P < 0.01. Differences among three groups
HF, DPC and DPS were tested by one-way ANOVA
(Turkey’s test) and different letters (a, b, ¢) indicated dif-
ferent significance at P < 0.05.

Results
Alterations of glycerophospholipids
Glycerophospholipids, such as phosphatidylcholine,

phosphatidylethanolamine (PE) and phosphatidylinositol,
is one of the most abundant lipid classes in cerebral cor-
tex. After 8 weeks of DHA-PC and DHA-PS interven-
tion, the alteration of glycerophospholipid molecular
species in the cerebral cortex was shown in Fig. 1. There
were only small changes with no significance in the
levels of the main glycerophospholipid classes. PC and
PE are the primary constituents in the cerebral cortex
and account for more than 60% of the total glyceropho-
spholipid as represented. The result indicated that the
contents of PC and PE in cerebral cortex were not easily
affected by exogenous phospholipids intake (Fig. 1). PS,
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Fig. 1 The alteration of glycerophospholipid classes in cerebral cortex of SAMP8 mice in four groups. Glycerophospholipid composition was
measured following two 2-month dietary intervention. Results were presented as mean and standard deviation (n = 8). The comparison of LF and

HF group was tested by unpaired two-tailed student’s t-test. Different letters among HF, DPC and DPS groups represented significant difference
at P < 0.05 determined by one-way ANOVA (Tukey's test)

a brain-specific nutrition, is abundant in brain tissue
and is essential in terms of memory function, which
account for 10-20% of total phospholipids in the
brain. Nevertheless, dietary DHA-PS did not have
much impact on the changes of molecular species.
DHA-PC supplementation could slightly improve the
PS instead of PC content but with no significance in
cerebral cortex compared with DHA-PS (Fig. 1).
However, the PS levels were did not changed among
the four groups.

Despite relatively low abundance, lyso-phosphatidylethanolamine
(LPE) exhibited the most obvious change in lipid clas-
ses (Fig. 1). Supplementation of DHA-PC and DHA-
PS significantly raised the content of LPE (P < 0.05) in
comparison with LF and HF groups, which might be
attributed to the specialty of its direct transfer into
brain tissue [20]. After digestion and absorption, gly-
cerophospholipids were hydrolyzed to form lysopho-
spholipid, which could be transported to various
tissues and organs in the form of chylomicron in the
circulatory system. Lysophospholipid could enter the
brain through the blood-brain barrier and be reused
to synthesize new lipids. This property might be the
reason for changes of lysophospholipid content after
intake of DHA enriched phospholipids.

The fatty acid composition of each glycerophospholipid
As for PS molecular species, 18:0/18:1, 18:0/20:3, 18:0/22:
6 and 20:1/18:2 are the main fatty acid species as shown in
Table 3. Consistent with the previous study, 18:0/22:6 has
the highest abundance with the content of 28% in PS, and
DHA is the predominated polyunsaturated fatty acid
(Fig. 2) [21]. Although total PS level did not appreciably
change after intervention with different diets for 2 months
(Fig. 1), DHA-PC/PS group could significantly change the
fatty acid composition of PS, especially the polyunsatur-
ated fatty acids composition (Table 3). High-fat diet re-
duced the relative content of 18:0/22:6-PS. Interestingly,
the level of 18:0/22:6-PS could be restored to that of LF
group after supplementation with DHA enriched
phospholipids.

In Table 4, 16:0/22:6, 18:0/18:1, 18:0/20:4, 18:0/22:6,
18:1/20:3, 18:1/22:5 make up the main fatty acid com-
position for PE molecular species, in which 18:0/20:4
and 18:1/20:3 exhibited significant difference between
the four dietary groups. DHA-containing PE, as essen-
tial components, could increases membrane fluidity,
which played an important role in the composition of
membrane phospholipids and brain function. High-fat
diet could decrease the level of 18:0/20:4, interest-
ingly, 18:0/20:4 content could be recovered after
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Table 3 The lipid profile of PS in cerebral cortex after dietary intake of DHA enriched phospholipids

Fatty LF HF DPC DPS
Acid (%) Mean + SD Mean + SD Mean + SD Mean + SD
18:0/18:1 8.02 + 0.85 8.67 + 0.61° 6.13+0.11° 8.66 £ 1.21°
18:0/20:1 1.90 + 064 244+010° 149+ 017" 2114013
18:0/20:3 26.56 + 1.66 26.03 + 1.51 27.34 + 1.60 25.77 + 3.42
18:0/20:4 097 + 056 159+ 0.11 157 +0.12 095 +0.10
18:0/22:4 206 + 031 251+028° 153+010" 210 +030 %
18:0/22:5 119 +0.10 266+015" 109+012°¢ 173+019°
18:0/22:6 28.93 + 1.86 24.98 + 0.86 2852+ 1.25° 28.25+1.35°
18:1/18:1 149 +0.14 191 + 025 155+ 0.16 167 + 008
18:1/20:3 0.88 + 0.29 077 +0.13 053 + 007 080+ 0.11
18:1/226 0.88 + 023 077 0.15 049 = 0.11 081 +0.12
20:1/18:2 25.65 + 2.68 26.02 + 1.91 28.54 + 1.90 25.77 + 1.22
22:4/22:6 148 +0.15 165+ 0.13 125+013 138+ 030

The comparison between LF and HF groups was carried out by student’s t-test *P < 0.05, **P < 0.01. Differences among three groups HF, DPC and DPS were tested
by one-way ANOVA (Turkey’s test) and different letters (a, b, ) indicated different significance at P < 0.05

DHA-PC and DHA-PS intervention. The changes of
18:1/20:3 were in accordance with 18:0/20:4 among
the four groups.

As the major component of glycerophospholipids, PC
is one of the important bioactive substances. It has been
reported that there existed close link between PC and
disorders including cardiovascular diseases, liver diseases
and nervous system diseases [22]. The predominant mo-
lecular species of PC was 16:0/18:1. In the cerebral cor-
tex of dementia mice, different dietary conditions did
not change the compositional characteristic of PC even
if polyunsaturated fatty acids were ingested (Table 5).
The PC with low unsaturation could endow the stability
of cell membranes.

Ether-linked phospholipid and plasmalogen have more
potent biological activities in brain function compared
with glycerophospholipid, however the possible underlying
mechanism has not been illustrated yet. It has been re-
ported that the levels of plasmalogen, especially those with
polyunsaturated fatty acids, could significantly be de-
creased in the brain of Alzheimer’s patients [23]. As
shown in Fig. 1, the levels of ethanolamine plasmalogen
(pPE) and choline plasmalogen (pPC), as the main compo-
nents of plasmalogen in the brain, did not significantly
change. Notably, distinct alteration appeared in the abun-
dance of PUFA-containing plasmalogen. Administration
of high-fat diet slightly decreased14:0p/20:4 pPC in com-
parison with LF group, and DHA-PC instead of DHA-PS
obviously recovered its level (Table 6). In the molecular
species of pPE, 16:0p/22:6 and 18:0p/22:6 exhibited distinct
alteration, which was consistent with DHA-containing PS
(Table 7). The level of ether-linked phospholipids, including
alkyl ether analog of phosphatidylcholine (ePC) and alkyl
ether analog of phosphatidylethanolamine (ePE), was

relatively few in glycerophospholipids and did not signifi-
cantly change among the four diet-treated groups (Table 8
and Table 9).

PUFA content in glycerophospholipid

The main long chain fatty acids in glycerophospholipid
from cerebral cortex are arachidonic acid (AA), eicosa-
pentaenoic acid (EPA), docosapentaenoic acid (DPA)
and DHA, which are consistent with those of the whole
brain [24]. As the main PUFA of the membrane
phospholipid, AA and its metabolites possess the power-
ful physiological activity in nerve and immune system
[25]. AA has higher content in molecular species PE, PC,
pPC, pPE and ePE compared with other glyceropho-
spholipids including PS and ePC (Fig. 2). Although there
was no significant difference in the level of AA in most
glycerophospholipids, such as PC, pPC, pPE and Epe,
after the intervention, interestingly, high-fat diet inter-
vention could significantly decrease the level of AA-
containing PE, and both DHA enriched phospholipids
groups could recover it to that of LF group (Fig. 2b). As
presented in Fig. 2, DPA was mainly concentrated in PS,
PE and pPE, only the DPA level in PS was different
among four different dietary groups. HF and DPS groups
could remarkably increase the level of DPA-containing
PS, while there was no significance change between
DHA-PC group and LF group.

EPA, an important source of n-3 PUFA for the whole
body, can effectively prevent cardiovascular diseases and
supply essential nutrients for the brain [20]. In the cere-
bral cortex, EPA was only detected in PE and pPE mo-
lecular species, which might be attributed to that PE and
pPE were responsible for the membrane fluidity due to
the presence of large amounts of polyunsaturated fatty



Zhao et al. Lipids in Health and Disease

(2020) 19:104

Page 6 of 12

% of total PS

% of total PC

I LF

Phosphatidylserine (PS)

[a

40

o

Phosphatidylcholine (PC)

25+

20+

—
o

HF Bm DPC DPS

B

Phosphatidylethanolamine (PE)
30+ a a

|;| "

w a a

< 20 a 728

8 b T s

e -

k]

2 101

Phosphatidylethanolamine plasmalogen (pPE)

401 o
2a
a2

g 30 a?a 2

3 TIT

£ 20-

e

hai

] a

a
® 01222 G817

Ether-linked phosphatidylethanolamine (ePE)

60+
50+

Q. 404

% of total ePE

aaa
T
aaa
L] A L] = L]
L M &

Fig. 2 (See legend on next page.)
A

% of total ePC

% of total pPC

Phosphatidylcholine plasmalogen (pPC)

30+

10+

20+

K3

Ether-linked phosphatidylcholine (ePC)

15+
a
104 ald T
T
5=
N ) ND ND
v 1 1 1
\a \a \a
L g & n




Zhao et al. Lipids in Health and Disease (2020) 19:104 Page 7 of 12

(See figure on previous page.)

Fig. 2 The relative abundance of polyunsaturated fatty acid (PUFA) including AA, EPA, DPA and DHA attached glycerophospholipid following
different dietary interventions within 2 months. a The relative percentage of each PUFA attached phosphatidylserine (PS) occupied in total PS of
cerebral cortex. b The relative percentage of each PUFA attached phosphatidylethanolamine (PE) occupied in total PE of cerebral cortex. ¢ The
relative percentage of each PUFA attached phosphatidylcholine (PC) occupied in total PC of cerebral cortex. d The relative percentage of each
PUFA attached phosphatidylcholine plasmalogen (pPC) occupied in total pPC of cerebral cortex. e The relative percentage of each PUFA attached
phosphatidylethanolamine plasmalogen (pPE) occupied in total pPE of cerebral cortex. f The relative percentage of each PUFA attached ether-
linked phosphatidylcholine (ePC) occupied in total pPE of cerebral cortex. g The relative percentage of each PUFA attached ether-linked
phosphatidylethanolamine (ePE) occupied in total ePE of cerebral cortex. ND meant that substance were not detected. Results were presented as
mean and standard deviation (n =8). The comparison of LF and HF group was tested by unpaired two-tailed student’s t-test *P<0.05;*P<0.01;
Different letters among HF, DPC and DPS groups represented significant difference at P < 0.05 determined by ANOVA (Tukey's test)

Table 4 The lipid profile of PE in cerebral cortex after dietary intake of DHA enriched phospholipids

Fatty LF HF DPC DPS
Acid (%) Mean + SD Mean + SD Mean + SD Mean + SD
16:0/18:1 148 + 0.09 142+ 0.14 145 +0.18 148 +0.10
16:0/182 0.20 + 003 0.13 + 0.09 0.17 + 005 0.16 + 007
16:0/20:2 054 + 008 1194021 ™ 033+016° 045+ 007 °
16:0/20:4 144 + 040 128 + 040 127 +£0.15 125+ 007
16:0/22:1 150 + 033 151 + 042 1134027 124 + 007
16:0/22:4 109 + 0.24 035+017 " 025+010° 0.75 + 0.06
16:0/22:5 196 + 0.08 275+018 " 172+039° 172+012°
16:0/22:6 478 £ 1.30 527 + 1.26 454 + 0.40 537 + 1.24
16:1/20:4 0.10 = 001 0.09 + 001 006 + 003 007 + 002
16:1/226 0.05 + 0.02 003 + 002 006 + 002 ? 001 +001°
18:0/160 0.12 + 005 0.14 + 0.09 0.12 + 0.06 0.11 +002
18:0/18:1 9.68 + 2.22 9.54 + 1.58 8.72 + 0.67 9.36 + 0.47
18:0/182 191 +0.11 2344098 174+ 026 175+0.19
18:0/20:1 142+ 028 151+ 028 118 + 021 124+ 024
18:0/20:4 9.82 + 1.88 7.13£0.65° 11.08 + 1.05 * 9.31 £ 0.51%F
18:0/22:4 142 + 035 150 + 0.22 1134030 1244011
18:0/22:6 16.05 + 4.01 17.05 + 3.08 16.69 + 1.29 17.27 £ 1.00
18:1/18:1 333 +027 393 £ 1.11 314+ 104 303 + 059
18:1/18:2 4,69 +0.19 5.10 + 0.92 537 + 0.31 453 + 0.42
18:1/20:3 9.87 + 0.56 7.86 + 0.21™ 8.87 + 0.88 °° 10.10 + 1.06 °
18:1/204 151 +0.11 167 + 020 146 + 022 1344023
18:1/20:5 457 £ 0.26 433 £1.13 5.19 + 0.49 437 £ 0.55
18:1/22:4 0.02 + 001 003 + 001 003 + 002 0.03 + 001
18:1/22:5 15.08 + 1.39 16.51 + 1.13 15.90 + 1.25 16.32 + 0.99
18:1/226 151 + 009 143 +0.12 151 +0.19 1374013
18:2/20:4 4,57 + 0.47 4.29 + 0.69 5.19 + 0.77 433 + 0.63
18:2/226 048 + 0.06 064 +0.19 071 %025 074 + 029
20:4/20:4 050 £ 0.13 064 +0.19 071 £0.11 074 + 026
20:4/22:6 008 + 002 008 + 002 008 + 001 007 + 002
22:4/22:6 0.15 + 002 020 +003 ™ 012 +002° 0.15+002°
226/22:6 0.07 + 002 0.09 + 003 0.10 + 002 0.10 + 004

The comparison between LF and HF groups was carried out by student’s t-test *P < 0.05, **P < 0.01. Differences among two groups HF, DPC and DPS were tested
by one-way ANOVA (Turkey’s test) and different letters (a, b) indicated different significance at P < 0.05
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Table 5 The lipid profile of PC in cerebral cortex after dietary
intake of DHA enriched phospholipids (Continued)

Fatty LF HF DPC DPS Fatty LF HF DPC DPS
Adid (%) Mean £ SD Mean + SD Mean £+ SD Mean + SD Acid (%) Mean + SD Mean + SD Mean + SD Mean + SD
13:0/225 0214003 038+008" 010+005® 014+006°  190/221 001+001 001+002  001+000 001000
13:0/226 145 £ 0.15 138 £0.08 152 £029 132+£018 20:0/16:0  0.06 £ 0.03 0.06 £ 0.03 0.06 £ 0.04 0.06 £ 0.04
15:0/181 035 £ 0.04 040 £ 0.07 033 £0.09 032 +£0.14 20:0/182 0.23 £0.10 020 £ 0.15 021 £ 002 020 £ 0.05
15:0/22:6 4.93 +0.89 5.31+1.03 4.67+0.59 498 +0.95 20:0/204  0.28 + 0.06 027 +£0.14 0.20 + 0.20 022 +0.03
15:1/204 021 £0.12 038+005™ 010+002° 014+006P 20:0/22:4  0.02 £ 0.01 0.02 £ 001 0.01 £ 001 0.02 £ 001
16:0/140 026 £ 0.06 029 + 0.08 024 + 0.15 0.25 £ 0.03 20:1/14:0 19.13 +£1.23 20.36 + 2.10 19.01 £3.06 19.40 = 0.71
16:0/150 027 £0.14 0.26 £ 0.03 025+ 0.13 0.25 + 0.06 20:1/15:0  0.02 £ 0.01 0.02 + 001 0.02 + 001 0.02 + 001
16:0/16:0 14.72 + 0.77 14.05+1.77 1454+ 1.15 13.74 + 1.88 20:1/20:4  0.07 £ 0.03 0.15+004 ™ 003+002° 004+001P
16:0/16:1 298 £ 0.25 299 + 0412 219+0152 281 +040% 20:1/22:6  0.08 + 0.01 0.07 = 0.04 0.07 +£ 0.03 0.08 + 0.03
16:0/170 0.18 £ 0.05 0.20 £ 0.09 0.18 £ 0.03 0.17 £ 0.07 20:4/22:6 026 £ 0.05 0.26 + 0.05 025+ 0.14 0.25 + 0.09
16:0/17:1 061 £0.11 0.66 £ 0.28 056 £0.29 055+ 0.16 22:4/22:6 002 £ 0.02 0.03 £002 0.02 £ 002 0.00 £ 0.00
16:0/18:1 18.34+2.80 18.08 £ 290 19.36 +0.58 19.27 + 1.72 22:5/22:6 001 £ 0.00 001 + 0012 0.00 £ 0.00°  0.00 + 0.00°
16:0/182 146 £032 175+ 0.26 1.69 + 032 190 + 0.05 22:6/22:6  0.06 + 0.03 0.05 + 0.01 0.08 + 0.04 0.06 + 0.03
16:0/19:1  0.23 £ 0.06 0.26 £ 0.03 025 £ 0.07 023 £ 0.09 The comparison between LF and HF groups was carried out by student’s t-test
*P < 0.05, **P < 0.01. Differences among two groups HF, DPC and DPS were
16:0/203 0334020 031£0.10 037 +021 033 £013 tested by one-way ANOVA (Turkey’s test) and different letters (a, b) indicated
160/204 526070 5734065  444+044 5224076 different significance at P < 0.05
160/221  018+008 018+005  017+004 017 +004 acids [26] (Fig. 2b and e). However, there were no sig-
16:0/22:6 5.58 +0.83 520+ 1.14 592+1.56 5.23+0.84 nificant differences among these four diet-treated group,
160/242 004+003 004+002  004+003 004 +001 indicating that the EPA level in the brain might be rela-
16:1/182  004+001  004+001 0034002 004+ 002 tively stable.
16:1/19:1  0.02 £ 0.01 0.03 £0.02 0.02 £0.02 0.02 £ 0.01 As the most abundant long chain PUFA, DHA ex-
N hibited the high levels in the molecular species of gly-
16:1/204  0.13 £ 0.05 0.02 + 0.01 0.02 + 0.01 0.03 £ 0.02 Cerophospholipid except for ePE, meanwhile obvious
16:1/226 015+008 012+004  015+007  0.14+003 changes were reflected in pPE and PS. In pPE, the
16:1/247 011+007 013+£002  012+003  0.13+002 relative content of DHA-containing pPE significantly
170/204 008+007 005+004 007 +003 005+ 002 decreased after dietary intake of high-fat diet, which
170/242 001000 001+001  001+000 001 + 00 was consistent with the previously reported results
17:1/181 002 £ 0.02 0.03 + 0.02 0.02 + 0.01 0.02 £ 0.03 that high—fat could accelerate . aging and dern.entia
. [27]. Notably, the supplementation of DHA enriched
17:1/204 034 +£009 017 £ 004 0.19 £ 0.04 0.13 £ 0.07 phOSphOlipidS, including DHA-PC and DHA-PS, obvi-
180/13:0 004+003 004+001  004=001 003+ 00] ously increased DHA-containing pPE and DS levels
180/160 374+026 388+085  346+077 370+ 053 o ] , )
Table 6 The lipid profile of pPC in cerebral cortex after dietary
18:0/17:1  0.01 £ 0.01 0.02 + 0.01 0.02 + 0.01 0.02 £ 0.01 intake of DHA enriched phospholipids
18:0/18:1 6.14+123 601086 512+062 610145 [\ oy (r HF DPC DPS
180/182 268+072 196+022° 297+070%® 337+0132 (%) Mean+SD Mean+SD  Mean+SD  Mean+SD
180/204 110010  045+008° 318+084% 095+£020°  140p/204 1328+320 1122+242° 170041822 1303 +238 %
18:0/22:1  0.03 £ 0.02 0.04 £0.03 0.03 £0.02 0.04 £ 0.02 14:0p/22:6 722 £156 771 +182 8.08 + 2.36 790 + 1.55
18.0/226 353+ 1.04 326 + 032 3.66 + 0.83 330 £ 0.88 16:0p/204 948 £073 925+ 2.16 b 712+096° 996+102°
18:0/24:1 002 £ 0.01 0.02 + 0.01 0.02 £ 0.01 0.02 £ 0.01 16:1p/212 522 +299 470+ 134 3.86 + 0.84 592 + 159
18:0/242 002 £ 0.01 0.02 £ 0.01 0.02 £0.01 0.02 £ 0.01 180p/19:1 493 £072 560+ 1.54 3.90 + 0.10 442 + 054
18:1/182 0.17 £ 0.04 020 £ 0.11 023 £0.19 022 £0.17 182p/19:1 522 075 194 + 096 " 386+ 1122 592+190°
18:1/18:3 090 = 0.07 1.09 +0.21 090 £ 0.15 1.22 £0.19 20:0p/19:1 5465 £ 501 5959 +360 56.18+393 5285+ 6.87
18:1/204 160 £ 0.14 178 £ 0.63 135+ 048 1.62 = 031 The comparison between LF and HF groups was carried out by student’s t-test
181/226 128 + 035 127 023 148 + 030 138 4029 *P < 0.05. Differences among two groups HF, DPC and DPS were tested by

one-way ANOVA (Turkey's test) and different letters (a, b) indicated different
significance at P < 0.05
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Table 7 The lipid profile of pPE in cerebral cortex after dietary intake of DHA enriched phospholipids
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Fatty Acid LF HF DPC DPS

06) Mean + SD Mean + SD Mean + SD Mean + SD
16:0p/16:0 0.12 + 002 0.12 + 005 009 + 003 0.10 + 002
16:0p/18:1 209 + 030 2234033 195+ 0.17 2104019
16:0p/20:4 239+ 073 215 +038 173+0.12 195 +0.13
16:0p/22:4 240 + 047 204 +019 149 + 022 184+ 0.12
16:0p/22:5 084 + 025 1304025 ™ 012+ 004" 0.16 + 006 °
16:0p/22:6 11.58 + 1.22 8.55 + 0.60 1093 + 1.16 ° 10.77 + 1.06 °
16:0p/24:7 038 + 021 038 + 0.06 044 + 007 039 + 005
18:0p/16:0 033 + 008 030 + 0.08 024 + 007 024 + 006
18:0p/18:1 238+ 026 241+ 022 213+036" 269+017°
18:0p/20:1 058 + 0.15 056 + 0.18 050 +0.18 060 + 0.19
18:0p/20:3 11.56 + 3.09 14.76 + 2.38 14.84 + 1.74 14.16 + 1.48
18:0p/20:4 325+ 086 357 + 065 281 +032 310+ 037
18:0p/22:4 412 095 358 + 0.64 282+ 034 336 +0.26
18:0p/22:5 027 + 007 037 £0.16 0.11+004" 0.15+003°
18:0p/22:6 15.94 + 0.93 13.88 £ 0.62 ™ 15.84 £+ 0.75° 15.49 + 0.66 °
18:1p/16:0 196 + 0.27 211 + 040 184 +0.18 199 + 0.24
18:1p/18:1 444 +123 552 + 061 419+ 034 476 + 062
18:1p/20:1 113 + 007 101018 094 + 021 120+ 0.16
18:1p/20:4 403 + 079 389 + 034 319 + 094 382+ 032
18:1p/20:5 10.59 + 2.17 9.55 + 1.09 10.56 + 1.68 9.81 + 0.38
18:1p/22:1 0.14 + 0.04 0.15 + 004 0.13 + 004 0.14 + 003
18:1p/22:4 236 + 045 2214010 199 + 046 225 + 049
18:1p/22:5 11.55 + 1.93 13.56 + 1.67 1471 £ 1.45 13.08 + 2.57
18:1p/22:6 5.53 + 0.59 5.62 + 0.68 6.36 + 1.21 5.77 + 1.09
18:2p/20:4 0.00 + 0.00 012 +002™ 000 =000 ® 008 =003 ?
18:2p/22:6 0.04 + 001 0.06 + 0.02 2 005 +002°? 001 +000°

The comparison between LF and HF groups was carried out by student’s t-test *P < 0.05, **P < 0.01. Differences among two groups HF, DPC and DPS were tested

by one-way ANOVA (Turkey’s test) and different letters (a, b) indicated different significance at P < 0.05

compared with HF group, which reached to that of
LF group.

Discussion

Brain function depends on the homeostasis of nerve sys-
tem, which was associated with the phospholipid of cel-
lular membrane. The cerebral cortex possesses the most
DHA content in the total fatty acid composition com-
pared with hippocampus and other brain regions. More
importantly, DHA, especially in the form of plasmalo-
gen, in the cortex decreased the most during the patho-
logical process of AD [28]. Therefore, the changes of
lipid profile might be observed in the cerebral cortex
under the condition of neurodegenerative disorder after
different dietary patterns. In the present study, the main
glycerophospholipid molecular species were not signifi-
cantly changed after administration with DHA enriched
phospholipids and high-fat diet for 2 months in SAMP8

mice. The reason might be that the dose of DHA
enriched phospholipids was not enough to dramatically
alter fatty acid composition in the brain. In our previous
study, the intervention of DHA enriched phospholipids
at 300 mg/kg body weight could significantly alleviate
pathology symptoms in AB-induced AD, but not change
the whole brain DHA level [11]. The brain is a closed
system isolated by blood-brain barrier, and supplementa-
tion of exogenous lipids may not cause significant
changes in the lipid composition of the brain.

The different cross-regionally peroxidability index are
due to changes in the type of unsaturated fatty acid that
participates in membrane composition. Owing to the
lipid and fatty acid composition, cerebral cortex has high
peroxidability index. Therefore, the PUFA content in
glycerophospholipid could reflect the oxidative stress
status in the brain to some extent. There were signifi-
cant changes in the levels of PUFA in some specific
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Table 8 The lipid profile of ePC in cerebral cortex after dietary intake of DHA enriched phospholipids

Fatty Acid LF HF DPC DPS
06) Mean + SD Mean + SD Mean + SD Mean + SD
16:0e/16:0 16.18 + 1.94 15.10 + 1.85 17.05 + 1.51 1457 + 2.52
16:0¢/16:1 12.74 + 2.77 11.48 + 3.00 11.20 + 2.12 11.40 £ 1.45
16:0e/18:1 32.72 £ 4.27 30.81 + 4.53 34.32 + 3.85 32.86 + 4.60
16:0¢/182 488 + 215 448 + 124 396 + 1.89 4524034
16:0e/19:1 075 + 054 076 + 022 040 +0.10 047 + 009
16:0e/22:1 8.46 + 1.81 1121+1.11° 821+ 1.43° 8.66 + 0,93 °°
18:0e/16:0 7.01 £235 6.13 £ 1.20 5.97 £ 1.51 5.62 + 0.58
18:0¢/18:1 187 + 088 186 + 0.20 187 +0.18 202 + 146
18:0e/182 240 + 033 256 + 042 232+ 036 290 + 0.50
18:0e/22:1 088 + 023 117 + 045 081 +0.12 100 + 0.12
18:0e/22:6 7.21 £1.37 8.56 + 1.44 8.83 + 1.40 10.46 + 1.68
18:08/2322 072 + 026 094 + 019 112 + 008 107 + 050
20:0e/19:1 418 + 049 494 %150 394 + 050 445+ 083

Differences among two groups HF, DPC and DPS were tested by one-way ANOVA (Turkey’s test) and different letters (a, b) indicated different significance at

P<0.05

molecular species, including DPA-containing PS, DHA-
containing PS/pPE, and AA-containing PE, among the
four dietary treated groups.

Plasmalogens are critical for human health and have
established roles in neuronal development, the immune
response and as endogenous antioxidants [29]. Plasmalo-
gen was decreased significantly in human brain with AD,
in which ethanolamine plasmalogen was the main com-
ponent [30, 31]. The ethanolamine plasmalogen has
good antioxidant activity owing to its vinyl ether double
bond and n-3 polyunsaturated fatty acids. Although the
overall level of ethanolamine plasmalogen were not ob-
served, the level of DHA-containing pPE were signifi-
cantly changed after administration with different diets.

It has been reported that both DHA-PC and DHA-PS
administration could remarkably mitigate cognitive defi-
ciency in AB-induced rats, in which the effect of DHA-
PS was better than that of DHA-PC [11]. Moreover,
Zhou et al. [32] reported that both DHA-PC and DHA-
PS significantly improved the cognitive deficits in
SAMP8 mice fed with high-fat diet using maze tests.
DHA-PS presented more notable benefits than DHA-PC
on inhibiting AP pathology, mitochondrial damage,

Table 9 The lipid profile of ePE in cerebral cortex after dietary
intake of DHA enriched phospholipids

Fatty Acid  LF HF DPC DPS

06) Mean+SD  Mean+SD  Mean+SD  Mean+SD
16:0e/22:4 44.68 + 451 49.28 + 3.88 49.34 + 3.41 49.09 % 4.45
180e/182 066+030 0504012 050012 073+ 021
18:0e/20:4 53.32 + 455 49.28+3.99 4935 +3.34 49.09 + 4.46
180e/225 134+032 094+014 081011 109+ 03]

neuroinflammation. In the present study, no remarkable
changes were observed in the lipid profile of cerebral
cortex in SAMP8 mice after administration with DHA-
PC and DHA-PS for 2 months, suggesting us that the al-
teration of brain lipid composition might not be the
main reason for their different efficiencies. The possible
underlying molecular mechanism might be closely re-
lated to the different polar groups in phospholipids.
Cholinergic system played an important role in the treat-
ment for dementia and mental deterioration, and dietary
intake of phosphatidylcholine could accelerate the bio-
synthesis of acetylcholine in vivo [33]. It has been re-
ported that administration of egg PC could improve
memory and maze-learning ability in mice with demen-
tia by raising the acetylcholine level in brain [34]. Phos-
phatidylserine, as an important nutrient for cell
membrane, was essential for the activation of several key
signaling pathways in neuronal signal transduction. PS
supplementation could improve the memory functions
of the elderly with memory complaints [35], increase
acetylcholine release and the activity of Na;, K;-ATPase
in synaptogenesis [36]. DHA-PC could ameliorate cogni-
tive impairment mainly through cholinergic system,
while signal transduction molecules might be the main
reason for the effect of DHA-PS on improving memory
function.

Conclusion

Administration with DHA-PC and DHA-PS was re-
ported to improve brain function, and there was a close
association between lipid homeostasis and human
health. In the present study, the lipid profile in cerebral
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cortex was determined by lipidomics after administra-
tion with DHA-PC and DHA-PS for 2 months in high-
fat diet induced SAMP 8 mice with cognitive deficiency.
Results showed that high-fat diet could significantly de-
crease the levels of DHA-containing PS/pPE, DPA-
containing PS, and AA-containing PE. Interestingly,
DHA-PC and DHA-PS remarkably recovered the lipid
homeostasis compared with that of SAMP 8 mice feed-
ing low-fat diet although the main glycerophospholipid
molecular species were not significantly changed. It is
necessary to find more lipid biomarkers for the preven-
tion and diagnosis of AD. These results might provide a
potential novel therapy strategy and direction of dietary
intervention for patients with cognitive decline.
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