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ARTICLE INFO ABSTRACT

Keywords: Background: Changes in protein and lipid levels may occur in the Alzheimer’s disease brain, and DHA can have
ApoE-/- mice beneficial effects on it. To investigate the impact of DHA dietary intervention on brain protein and lipid profile in
D ?IA . X . ApoE-/- mice and C57 mice.

f;itg?:nlir:;ervemmn’ proteomics Method: Three-month-old ApoE-/- mice and C57 mice were randomly divided into two groups respectively, and

fed with control diet and DHA-fortified diet for five months. Cortical TC, HDL-C and LDL-C levels and cholesterol
metabolism-related protein expression were measured by ELISA or immunohistochemistry methods. Hippo-
campus were collected for proteomic and lipidomics analysis by LC-MS/MS and differential proteins and lipid
metabolites were screened and further analyzed by GO functional annotation and KEGG pathway enrichment
analysis.

Results: DHA intervention decreased cortical TC level in both C57 and ApoE-/- mice (P < 0.05), but caused
different change of cortical HDL-C, LDL-C level and LDL-C/HDL-C ratio in C57 and ApoE-/- mice (P < 0.05).
Discrepant cortical and hippocampal LDLR, ABCG1, Lox1 and SORT1 protein expression was found between C57
and ApoE-/- mice (P < 0.05), and DHA treatment caused different changes of these proteins in C57 and ApoE-/-
mice (P < 0.05). Differential hippocampal proteins and lipids profile were found in C57 and ApoE-/- mice before
and after DHA treatment, which were mainly involved in vesicular transport and phospholipid metabolic
pathways.

Conclusion: ApoE genetic defect caused abnormal cholesterol metabolism, and affected protein and lipid profile,
as well as discrepant response of hippocampal protein and lipids profile in the brain of mice given DHA fortified
diet intervention.

plaques in the brain, and these changes are evident in specific brain
regions, and the hippocampus is one of the first cerebral areas to be
affected [2].

1. Introduction

Alzheimer’s disease (AD) is a degenerative disease of the central

nervous system, and there are a great number of existing patients with
AD in China. Due to the increasing aging population in China, the
number of aging subjects with AD increased dramatically, and the
number of AD patients in China was estimated to account for 1/4 of the
total number of cases worldwide by 2030 [1]. The pathology of AD
mainly includes the formation of neurofibrillary tangles and senile
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As one of the proteins mainly involving in the metabolism and
transport of lipids in vivo, Apolipoprotein E (ApoE) is highly expressed in
the brain [3]. There is growing evidence indicating that ApoE plays a
key role in the integrity, function, and repair of the central nervous
system after neuron injury [4]. The defect of ApoE gene induced dis-
tribution of lipid metabolism has been reported by previous studies [5,
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6]. Compared to C57BL/6 J (C57) mice, ApoE-deficient (ApoE-/-) mice
showed higher level of plasma lipids and greater hepatic lipid deposi-
tion, such as total cholesterol (TC) and low-density lipoprotein choles-
terol (LDL-C), and are more prone to develop hyperlipidemia [7].
Therefore, ApoE-/- mice have been widely used as a model for studying
the relation between lipid metabolism abnormality and AD.

Abnormal lipid metabolism commonly observed in the brain of AD
patient. Population-based study indicated that increased serum con-
centration of TC, LDL-C, non-high-density lipoprotein cholesterol (non-
HDL-C), and LDL-C/HDL-C ratio positively correlated with the acceler-
ation of global cognitive decline [8]. Disorder of cholesterol homeostasis
in the brain is thought to be a key factor in the pathogenesis of AD [9], as
cholesterol is transported primarily to the brain after binding to ApoE,
participating in the formation of plasma membrane and axon myelin
sheath, and facilitating the transmission of electroneurographic signals
[10].

Docosahexaenoic acid (DHA) is an n-3 polyunsaturated fatty acid
(PUFA). Various health benefits of DHA have been reported, such as
enhancing cognitive function, promoting neuroplasticity, and
improving neuropathy [11]. The regulatory effects of DHA on lipid
metabolism were demonstrated by published documents. For example,
DHA is effective in reducing circulating cholesterol and triglycerides
levels, and increasing HDL-C concentration, enabling the body to
maintain normal lipid metabolism homeostasis [12].

To date, few studies have reported the impacts of DHA dietary
intervention on cerebral protein and lipid profile under different ApoE
status. In this study, proteomics and lipidomics analysis were applied to
investigate the effects of DHA dietary intervention on brain protein and
lipid profile in ApoE-/- and C57 mice, aiming to clarify the potential
molecular and related signaling pathways involving in the regulatory
impacts of DHA dietary intervention on brain protein and lipid profile,
and to reveal the potential mechanisms.

2. Materials and methods
2.1. Animals and treatments

Three-month-old C57 mice and ApoE -/- mice were purchased from
the experimental animal center of Capital Medical University. According
to the baseline body weight, C57 and ApoE -/- mice were randomly split
into the control (feeding with normal diet) group and DHA-fortified diet
group, respectively. There were 12 mice in each group (half male and
half female). The animals were allowed to access to food and water
freely. Mice were housed at room temperature with a 12-hour light-dark
cycle. The animal experiment protocols were performed according to the
guide for the care and use of laboratory animals (AEEI-2015-040). Mice
in control group were given a normal control diet, and the mice in the
intervention group were treated with a DHA-fortified diet for 5 months.

Table 1
Nutrient composition of control and intervention diets (g/kg).

Control diet DHA intervention diet

Ingredients
Casein 70 70
Potato starch 215 215
Sucrose 50 50
Cellulose 25 25
L-cysteine 1.5 1.5
Choline hydrogen 0.9 0.9
Corn oil 27 22
Lard 13 13
Fish oil powder 0 5
Maltodextrin 125 125

kcal%
Protein 14.7 14.7
Carbohydrates 75.9 75.9
Fat 9.4 9.4
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The composition of experimental diet is listed in Table 1. Fish oil powder
was purchased from DSM Nutritional Products Ltd. (Switzerland). Ac-
cording to previous studies, a diet containing DHA (3.6-13 g/kg)
resulted in alterations of lipids and DHA levels in the brain [13,14].
Therefore, diet containing DHA of 5.5 g/kg was applied for dietary
intervention in present study. The dietary intake and body weight of
mice were recorded weekly during the experiment period.

2.2. Biological sample collection

At the end of dietary intervention, the mice were slaughtered and the
cortical and hippocampal tissues were collected, and then stored
immediately at —80°C for biochemical, histological, and proteomic
measurement.

2.3. Measurement of cortical cholesterol

Cortical TC, HDL-C, and LDL-C levels were measured using the assay
kits from Nanjing Jiancheng (Nanjing, China) according to the manu-
facturer’s instructions. Briefly, cortical tissues were weighed accurately,
and 0.9 % sodium chloride solution was added [weight (g): volume
(mL), 1:9], then homogenized mechanically in an ice water bath and
centrifuged at 2500 rpm for 10 min. After that, the supernatant was
collected for the measurements.

2.4. Immunohistochemistry

Immunohistochemistry (IHC) assays were performed according to
the manufacturer’s instructions. Briefly, deparaffinized and hydrated
tissues were placed in 3 % Hy05 and incubated at room temperature in
darkness for 25 min. After washing with PBS (pH 7.4), the samples were
then incubated in 3 % BSA for 30 min to reduce non-specific binding.
After incubating primary antibody overnight at 4°C with anti- low-
density lipoprotein receptor (LDLR) (1:1000, Abcam, UK), anti-
adenosine triphosphate-binding cassette transporter Gl (ABCG1)
(1:1000, Abcam, UK), anti- sortilin 1 (SORT1) (1:1000, Abcam, UK) and
anti- lectin-like oxidized low-density lipoprotein receptor-1 (LOX1)
(1:1000, Abcam, UK) respectively.

The tissues were then washed in PBS and incubated with secondary
antibody (HRP labeled) (1 : 2000, Immunoway, China) for 50 min at
room temperature. Finally, after washing with PBS, the samples were
dehydrated in an alcohol gradient and mounted using neutral gum for
scanning.

2.5. Proteomics analysis

2.5.1. Sample pretreatment

Biological replicates consisting of six males and six females from
each cohort were used for quantitative analysis (48 samples in total).
Pre-treatment of hippocampal protein samples and quantitative analysis
of proteins were following the description of previous study [15].

2.5.2. LC-MS quantitative proteomics analysis

Data-Independent Acquisition (DIA) proteomics analysis tests were
performed using Thermo U3000nano RSLC ultra-high performance
nanoliter liquid chromatography (Thermo Fisher Scientific, USA) in
tandem with Orbitrap Fusion Lumos TM quadrupole-linear ion trap-
electrostatic field orbitrap high-resolution mass spectrometry (MS)
(Thermo Fisher Scientific, USA), and data acquisition was completed
using the software XCalibur 4.3 (Thermo Fisher Scientific, USA).

The pre-treated samples were directly infused, ionized by electro-
spray, and the resulting peptide cations were separated in the gas phase
before detection by DIA with high-resolution MS [16]. The main pa-
rameters of LC-MS DIA proteomics analysis are as follows. Chromato-
graphic separation conditions: two Column Mode: Trap Column
(Acclaim PepMap C18, 3um, 100 10\, 75pum x 2 cm), Analytical Column
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(Acclaim PepMap C18, 2um, 100 A, 75um x 25 cm); mobile phase: A:
0.1 % Formic acid in water; B: 0.1 % Formic acid in 80 % Acetonitrile;
Gradient: 3 % - 6 % B in 3 min, 8 % - 30 % B in 95 min, 30 % - 99 % B in
4 min, 99 % - 99 % B in 5 min; flow rate: 300 nL/min. Mass spectrometry
detection conditions: spray voltage: 2.1 kV; capillary temperature: 300
°C; S-lens: 50 %; collision energy: 32 % HCD; resolution setting: full ms
60,000@m/z 200, DIA scans 30,000@m/z 200; Max IT: full MS 20 ms,
full MS/MS 54 ms; parent ion scanning range: m/z 350-1200; product
ion scanning range: start from m/z 200; number of windows: 80; Isola-
tion window 10 Da.

2.5.3. Protein identification and quantitative analysis

Analysis was performed using Data Independent Acquisition (DIA)
quantitative proteomics technique. Chromatogram library and
Mouse_Uniport (version 03, 2020) database were taken for protein
identification in this study. DIA results were imported into Spectronaut
14 (Biognosys AG, Switzerland), targeted extracted with mouse chro-
matography library, meanwhile, the peptide and protein false discovery
rate was strictly controlled < 1 % to obtain the final protein identifi-
cation and quantitative information. Spectronaut 14 derives normalized
protein intensity , this value was imported into Perseus (Max-Planck-
Institute of Biochemistry, Germany) and Metaboanalyst (https://www.
metaboanalyst.ca) for statistical analysis. FDR P value < 0.05 was
used as the threshold value as differentially expressed proteins (DEPs).

2.5.4. Functional analysis of DEPs

The up-regulated and down-regulated DEPs were imported into
webgestalt (http://www.webgestalt.org/) for GO and KEGG functional
annotation and enrichment analysis, respectively. The GO and KEGG
enrichment annotations were screened with FDR P value < 0.05, and the
corresponding bar and bubble plots were drafted.

2.6. Lipidomic analysis

2.6.1. Sample pretreatment

Biological replicates consisting of six males and six females from
each group were used for quantitative analysis (48 samples in total). The
hippocampal tissue was homogenized using pre cooled methanol water
extract (V/V, 8/2), centrifuged at 13000 g, 10 minutes for stratification,
and the upper layer was lipid extract.

2.6.2. UPLC-HRMS Untargeted Lipidomic Analysis

Untargeted lipidomic analysis tests were performed using Ultimate
3000 ultra-high performance liquid chromatograph coupled with Q
Exactive™ quadrupole-Orbitrap high resolution mass spectrometer
UPLC-HRMS system (Thermo Scientific, USA). The main parameters of
UPLC-HRMS Untargeted lipidomic analysis were as follows. Separation
conditions for UPLC: metabolites were separated by using an Acquity
TM HSS C18 column (Waters Co., USA, 2.1 x 100 mm), and eluted by
0.1 % formate/water and acetonitrile using linear gradient ramping
from 2 % organic mobile phase to 98 % in 10 min. Furthermore, other
mobile phases consisting of water and ammonium acetonitrile/meth-
anol both containing ammonium bicarbonate buffer salt were employed
to eluted metabolites separated on an Acquity TM BEH C18 column
(Waters Co., USA, 1.7 pm, 2.1 x 100 mm), the gradient was used as
follow: 0 min 2 % organic phase ramped to 100 % in 10 min, and other
5 min was used for column washing and quilibrating. The flowrate, in-
jection volume and column temperature were all set at the same con-
ditions, 0.4 mL/min, 5 pL and 50°C, respectively. Separation conditions
for HRMS: the quadrupole-Orbitrap mass spectrometer was all operated
under identical ionization parameters with a heated electrospray ioni-
zation source except ionization voltage including sheath gas 45 arb, aux
gas 10 arb, heater temperature 355°C, capillary temperature 320°C and
S-Lens RF level 55 %. The lipidomic analysis was profiled with full scan
mode under 70,000 FWHM resolution with AGC 1E6 and 200 ms max
injection time. 70-1000 m/z scan range was acquired. Apex trigger,
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dynamic exclusion and isotope exclusion was turned on, precursor
isolation window as set at 1.0 Da. Stepped normalized collision energy
was employed for collision induced disassociation of metabolite using
ultra-pure nitrogen as fragmentation gas.

2.6.3. Lipid identification and quantification

Metabolic profiling data were further processed using Compound
Discoverer (Thermo Scientific, USA) software. The area under the curve
was extracted as quantitative information of the metabolites using
XCalibur Quan Browser (Thermo Scientific, USA), and all peak area data
of the labeled metabolites were exported to Excel software for collated
post-statistical analysis (Microsoft, USA). Lipidomics data were pro-
cessed using LipidSearch (Thermo Scientific, USA) software, the lipid
identification was strictly manually checked and investigated one-by-
one to eliminate false positive chiefly basing on peak shake, adduct
ions behavior, fragmentation pattern, and chromatographic behavior.
Lipids in the test with a corrected FDR P value < 0.05 were considered as
differentially lipid metabolite.

2.6.4. Functional analysis of differential lipid metabolites

Metabolic pathway analyses were performed on the MetaboAnalyst
website. The pathways enrichment annotations were screened with FDR
P value < 0.05, and the corresponding bar and bubble plots were
drafted.

2.7. Statistically analysis

Statistical analysis was performed using SPSS 22.0 software.
Continuous variables were expressed as mean + standard deviation
(mean + SD). Comparisons between groups were made using Student’s
t-test or one-way ANOVA. P < 0.05 indicates that the differences are
statistically significant. Principal component analysis (PCA) was per-
formed in soft independent modeling of class analogy (SIMCA) and
clustering analysis was conducted in TB tools.

3. Results
3.1. Body weight and daily food intake of experimental animals

The body weight and its changes were summarized in Table 2, the
body weight of mice in each group increased steadily during the inter-
vention. The ApoE -/- mice showed slightly higher body weight than
C57 mice, but the difference was not statistically significant. The
average daily food consumption of mice in the four groups is shown in
Fig. 1, and there is no statistical difference in the average daily dietary
intake between the groups.

3.2. Cortical cholesterol level and cholesterol metabolism related molecule
expression

As shown in Fig. 2A, ApoE-/- mice have higher cortical TC and LDL-C
levels than C57 mice (P < 0.05). DHA intervention caused a significant
decrease in cortical TC level in both ApoE-/- and C57 mice (P < 0.05).
After DHA treatment, the cortical HDL-C level was down-regulated in

Table 2
The body weight of experimental animals (g).
Intervention C57 mice ApoE-/- mice
"
tme Control DHA group Control DHA group
group group
Baseline 2419 £3.32  26.24 + 27.19 £3.52  26.77 £+
4.65 3.22
The 5th month 26.53 +4.45  27.94 + 28.13 £5.28  27.08 +
5.70 3.40
Weight changes 2.33 +£1.83 1.70 + 4.92 0.94 £ 3.35 0.31 £1.23



https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
http://www.webgestalt.org/

L. Liu et al.

41 Em Control group
=) DHA group
20 34 T
=
8
£,
=
(=4
£
z 1
<
(=

0_

C57 mice ApoE-/- mice

Fig. 1. Average daily food intake of experimental animals during the
experimental period (g/d).

C57 mice, but up-regulated in ApoE-/- mice (P < 0.05). The DHA
treatment increased cortical LDL-C level in C57 mice, but a decrease of
LDL-C in ApoE-/- mice (P < 0.05).

As shown in Fig. 2B(a), in both cortex and hippocampus, LDLR
protein expression in ApoE-/- mice was significantly higher than that in
C57 mice (P < 0.05). DHA treatment up-regulated cortical LDLR protein
expression in C57 mice, but down-regulated the protein expression in
ApoE-/- mice (P < 0.05). After DHA treatment, LDLR protein expression
in the hippocampal CA1l region was significantly up-regulated in
ApoE-/- mice (P < 0.05), but no change was observed in C57 mice (P >
0.05). DHA treatment significantly down-regulated LDLR protein
expression in the hippocampal CA3 region in C57wt mice (P < 0.05), but
did not affect the protein expression in ApoE-/- mice (P > 0.05).

As shown in Fig. 2B(b), ApoE-/- mice displayed higher ABCG1 pro-
tein expression in cortex and hippocampal CA1 region than C57 mice (P
< 0.05). After DHA treatment, cortical and hippocampal ABCG1 protein
expression was down-regulated in ApoE-/- mice, but only up-regulated
the protein expression in the hippocampus CA3 region in C57 mice (P
< 0.05).

As shown in Fig. 2B(c), SORT1 protein expression in the hippocam-
pal CA3 region was higher in C57 mice compared to ApoE-/- mice (P <
0.05). In C57 mice, its expression was significantly up-regulated in
cortex and was down-regulated in the hippocampal CA3 region after
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DHA treatment. In ApoE-/- mice, a significant decrease was observed
only in the hippocampal CA1 region, with no significant effect observed
in the cortex and hippocampal CA3 region after DHA treatment (P >
0.05).

As shown in Fig. 2B (d), in cortex and hippocampal CAl region, the
ApoE-/- mice showed similar expression of LOX1 protein as C57 mice,
while, in hippocampal CA3 region, the ApoE-/- mice displayed much
higher LOX1 protein expression than C57 mice (P < 0.05). After DHA
treatment, the expressions of LOX1 in the cortex and both hippocampus
CA1l and CA3 were significantly up-regulated in C57 and ApoE-/- mice
(P < 0.05), and the increase was much more significant in ApoE-/- mice.

3.3. Bioinformatics analysis of DEPs

3.3.1. Protein identification and DEPs screening

The principal component analysis (PCA) results showed that the
hippocampal proteins of all groups were tightly clustered and did not
overlap with the compared groups, indicating good intra group repeat-
ability and high inter group discrimination (Fig. 3A). The differential
proteins between groups were shown in Fig. 3B. Compared with C57
control mice, 10 proteins were down-regulated and 5 proteins were up-
regulated in hippocampus in DHA treated C57 mice (Fig. 3C, D). The
down-regulated proteins mainly function as regulator in apoptosis,
inflammation, transmembrane signaling pathway, neurotransmitter
release, vesicular trafficking processes and transport vesicle docking to
the plasma membrane. The up-regulated proteins mainly participated in
the modulation of ERK signaling pathway, synapse maintenance and
neuronal survival, systemic glucose tolerance and insulin sensitivity,
controlling of proteasome function, and functioning as membrane
anchoring proteins to play a crucial role in sorting proteins into small
extracellular vesicles.

Compared with C57 control mice, 10 proteins were down-regulated
and 4 proteins were up-regulated in ApoE-/- control mice (Fig. 3C, D).
The down-regulated proteins mainly involved in lipid metabolism,
regulation of GTPase activity in neurons, neurite branching and motor
neuron axon guidance, neural stem proliferation, transport of vesicle
docking to the plasma membrane, and neurodevelopment. The up-
regulated proteins mainly participated in aerobic glycolysis,

e

LDL-C LDL-C/HDL-C

Fig. 2. A. Cortical lipid level in C57 and ApoE-/- mice treated with different diets. C57 and ApoE-/- mice were given a control diet or a DHA-fortified diet
respectively for 5 months. Cortical TC, HDL-C, LDL-C levels were measured (n = 12 for each group, six males and six females), and calculate the ratio of LDL-C to
HDL-C. Data are expressed as mean =+ SD. a: P < 0.05 compared with the control diet-fed C57 mice; b: P < 0.05 compared with the DHA-fortified diet-fed C57 mice;
c: P < 0.05 compared with the control diet-fed ApoE-/- mice. B. Cortical and hippocampal expression of lipid metabolism-related molecular protein in C57
and ApoE-/- mice. Cortical expression of lipid metabolism-related molecular proteins in C57 and ApoE-/- mice. C57 and ApoE-/- mice were given a control diet or a
DHA-fortified diet for five months. The expression of lipid metabolism-related molecules were measured (n = 12 for each group, six males and six females). Data are
expressed as mean + SD. (a) LDLR protein expressions in cortex from C57 and ApoE-/- mice treated with different diets. (b) The expression of ABCG1 protein in
cortex and hippocampus from C57 and ApoE-/- mice treated with different diets. (c) The expression of SORT1 protein in cortex and hippocampus from C57 and
ApoE-/- mice treated with different diets. (d) The expression of LOX1 protein in cortex and hippocampus from C57 and ApoE-/- mice treated with different diets.
Scale bar: 50 pm. The bar charts are quantitative results for the representative images on the left, respectively. Data are expressed as mean + SD. a: P < 0.05
compared with the control diet-fed C57 mice; b: P < 0.05 compared with the DHA-fortified diet-fed C57 mice; c: P < 0.05 compared with the control diet-fed
ApoE-/- mice.
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Fig. 2. (continued).

mice (Fig. 3C, D). The down-regulated proteins mainly involved in
cholesterol metabolism, inflammatory response, the formation or
maintenance of the myelin, brain sugar transport and the formation of
synapse. The up-regulated proteins mainly participated in intracellular

antioxidant activity, neural development, and maintaining immune self-

tolerance, synaptic function and lipid and energy homeostasis.
Compared with DHA treated C57 mice, 18 proteins were down-

regulated, and 13 proteins were up-regulated in DHA treated ApoE-/-
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Fig. 3. A. PCA score of differentially proteins. Data-Independent Acquisition proteome data is logarithmically transformed and modeled according to Pareto ratio.
Figures indicate the comparison of DHA intervention group vs control group in C57 mice (a) and ApoE-/- mice (b), respectively; ApoE-/- group vs C57 group in both
feeding with control diet (c) and DHA fortified diet (d), respectively. B. Volcano map of differentially proteins.The horizontal coordinate of the volcano plot is logs
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side, down-regulated proteins are on the left side, down-regulated differentially expressed proteins are indicated by green dots, up-regulated differentially expressed
proteins are indicated by orange dots, and non-significant differentially expressed proteins are indicated by gray dots, and the labels are the names of the genes
corresponding to the differentially expressed proteins. (a), (b), (c) and (d) indicate the comparison of C57 DHA intervention group and C57 control group, ApoE-/-
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referred to the web version of this article.)

esterification of lipid acids, regulation of cell growth, acidifying the
extracellular environment, and TGF-beta signaling pathway.

3.3.2. GO enrichment analysis of DEPs

By GO analysis, a total of 10 DEPs in the C57 DHA group versus the
C57 control group were classified into 26 significant GO terms in bio-
logical processes, cellular components, and molecular functions
(Fig. 3E). Notably, four proteins were found to be associated with energy
metabolic processes, including the process of phospho-pentose meta-
bolism, metabolic regulation of NADP, the process of glucose-3-
phosphate metabolism, and secondary metabolic processes.

Compared with C57 control mice, DEPs have mainly undergone

changes in biological processes, cellular components, and molecular
functions in ApoE-/- control mice (Fig. 3E). The up-regulated proteins
mainly involved in biological processes, such as cellular communication,
cellular component organization, bioregulation, metabolism, and stim-
ulatory responses, mainly involving in the regulation of hydrolase and
transferase activities.

Compared with DHA fortified diet-fed C57 mice, the DEPs in DHA
fortified diet-fed ApoE-/- mice mainly involved in biological processes,
cellular components, and molecular functions (Fig. 3E). Both the up-
regulated and down-regulated proteins participated in the regulation
of enzyme activity and protein binding.
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Fig. 3. (continued).

3.3.3. Enrichment analysis of differentially expressed protein KEGG

Six enriched pathways were identified by KEGG in the ApoE-/-
control group versus the C57 control group and 14 enriched pathways in
the C57 DHA intervention group versus the ApoE-/- DHA intervention
group with statistically significance (P < 0.05) (Fig. 3F). Six energy
metabolism pathways (phosphate-pentose shunt regulation, metabolic
regulatory pathway of NADP, metabolic process of glucose-3-phosphate,
and secondary metabolic regulatory process) and three collagen meta-
bolic pathways (collagen network, collagen activation signaling
pathway, and collagen-activated tyrosine kinase receptor signaling
pathway) were identified.

3.4. Bioinformatics analysis of differential lipidomic metabolites
3.4.1. Lipid identification and differential lipid metabolites screening

The principal component analysis (PCA) results showed that the
hippocampal lipid metabolites of all groups were tightly clustered and

did not overlap with the compared groups, indicating good intra group
repeatability and high inter group discrimination (Fig. 4A). The differ-
ential lipids between groups were shown in Fig. 4B, and differential
lipids were not found in ApoE-/- control mice versus C57 control mice.
The common differential lipids in each group are shown in the Figs. 4C
and 4D, and the significantly different lipid metabolites among groups
are phosphatidylcholines (PC) and phosphatidylethanolamines (PE).
Compared with C57 control mice, 50 lipids were down-regulated and 80
lipids were up-regulated in hippocampus in DHA treated C57 mice
(Fig. 4E). The lipids that undergo changes were mainly related to the
metabolism of glycerophospholipids, accounting for more than 50 % of
the total differential lipids, especially phosphatidylethanolamine and
phosphatidylcholine.

Compared with ApoE-/- control mice, 66 lipids were down-regulated
and 75 lipids were up-regulated in ApoE-/- DHA mice (Fig. 4E).
Differentially lipid classes that underwent changes were similar to those
of the previous comparator group, with the majority involved in
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Fig. 4. A. PCA score of differentially lipid metabolites. Data-Independent Acquisition proteome data is logarithmically transformed and modeled according to
Pareto ratio. Figures indicate the comparison of DHA intervention group vs control group in C57 mice (a) and ApoE-/- mice (b), respectively; ApoE-/- group vs C57
group in both feeding with control diet (c) and DHA fortified diet (d), respectively. B. Volcano map of differentially lipid metabolites.The horizontal coordinate of
the volcano plot is log,(fold change), and the vertical coordinate is -log;¢ (FDR P value), the further away from the 0 points the greater the difference. Up-regulated
lipids are on the right side, down-regulated lipids are on the left side, down-regulated differentially lipids are indicated by green dots, up-regulated differentially
lipids are indicated by pink dots, and non-significant differentially lipids are indicated by blue dots. (a), (b), (¢c) and (d) indicate the comparison of C57 DHA
intervention group and C57 control group, ApoE-/- DHA intervention group and ApoE-/- control group, and ApoE-/- control group, respectively. C. Venn diagram
and bar chart of differential metabolites. (a) The three coloured ovals represent the three comparison groups and the numbers are the number of identical
differential lipids in each comparison group. (b) The bar of different colors correspond to the expression of differential lipids, and the height of the bar represents the
amplitude of fluctuations. Log;Fold Change < 0 indicates down-regulated protein, while Log;Fold Change > 0 indicates up-regulated protein. PC, Phosphatidyl-
choline; PE, Phosphatidylethanol. D. Bar chart of differentially lipids. The height of the bars represents the number of differential metabolites. Comparisons of the
C57 DHA intervention group with the C57 control group, the ApoE-/- DHA intervention group with the ApoE-/- control group, and the ApoE -/- DHA intervention
group with the C57 DHA intervention group are shown. E. Heat map of clustering of differential metabolites. The different colors in the upper right legend
correspond to the expression of the differential metabolite, red indicates up-regulation of the differential metabolite, blue indicates down-regulation of the differ-
ential metabolite, and the shade of color represents the magnitude of up-regulation. (a), (b) and (c) indicate the comparison of C57 DHA intervention group and C57
control group, ApoE-/- DHA intervention group and ApoE-/- control group, ApoE-/- DHA intervention group and C57 DHA intervention group, respectively. F. KEGG
enrichment bubble map of differential metabolites. The horizontal coordinate is log, ER and the vertical coordinate is the name of the signaling pathway. KEGG
signaling pathways with significant enrichment of differential metabolites were selected on the criterion of FDR P value < 0.05. (a), (b) and (c) indicate the
comparison of C57 DHA intervention group and C57 control group, ApoE-/- DHA intervention group and ApoE-/- control group, ApoE-/- DHA intervention group and
C57 DHA intervention group, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

glycerophospholipid metabolism, accounting for 74 % of up-regulated
lipids and 80 % of down-regulated lipids. Compared with DHA treated
C57 mice, 14 lipids were down-regulated, and one lipid was up-
regulated in DHA treated ApoE-/- mice (Fig. 4E). The differential
lipids mostly belong to the broad categories of fatty acyl carnitines, PC
and PE. Differential lipids were not found in the ApoE-/- control mice
compared to the C57 control mice.

3.4.2. Enrichment analysis of differentially lipid by KEGG

9, 8, 3, and 26 enriched pathways were identified respectively by
KEGG in the four comparison groups with statistically significance (P <
0.05) (Fig. 4F). The metabolic pathways enriched to are mostly related
to fatty acid (linoleic acid, alpha-linolenic acid, arachidonic acid)

10

metabolism, biosynthesis of unsaturated fatty acids, and phospholipid
(glycerophospholipid and glycerolipid) metabolism.

4. Discussion

Our data indicated discrepant response of brain lipids and protein
profile to DHA dietary intervention in C57 and ApoE-/- mice. Choles-
terol is one of the major components of cell membranes, and impaired
cholesterol homeostasis can cause AD [9], and increased neuron mem-
branes cholesterol content was observed in the brain of AD patient [17].
Consistently, our results demonstrated elevated TC and LDL-C levels in
ApoE-/- control mice as comparing with C57 control mice, implying
abnormal brain cholesterol metabolism in ApoE defect mice. ApoE
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Fig. 4. (continued).

status-dependent regulating effects of DHA treatment on cortical
cholesterol level were also demonstrated by opposite changes of cortical
HDL-C, LDL-C levels and LDL-C/HDL-C ratio in DHA-fed C57 and
ApoE-/- mice. All these data suggested the important role of ApoE in
affecting cholesterol metabolism and in modifying the response of ce-
rebral cholesterol metabolism to DHA intervention.

We found that the ApoE-/- mice showed relative higher cortical
LDLR protein expression than C57 mice. It is reported that, due to li-
poprotein clearance defects, ApoE-/- mice displayed higher level of re-
sidual lipoproteins [18]. Therefore, there is a compensatory response to
abnormal cholesterol level caused by ApoE defect, and the increase in
LDLR expression might mediate the clearance of LDL-C and remnant
lipoproteins from the circulation, thereby maintaining normal choles-
terol level. DHA intervention reduced hippocampal LDLR expression in
both ApoE-/- and C57 mice, which might be attributable to the
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beneficial effects of DHA on maintaining brain cholesterol metabolism
in a normal status, and reducing brain neuropathy [19].

It has been shown that ABCG1 mediated cholesterol efflux levels are
reduced in the absence of ApoE [20]. ApoE-/- mice maintain brain lipid
homeostasis by increasing ABCG1 levels so that excess lipids will be
removed via reverse cholesterol transport [21]. Study found that
ABCG1-mediated cholesterol efflux pathway and the size of the cellular
free cholesterol pool will be significantly increased after DHA inter-
vention [22]. Our data indicated that defect in the ApoE could alter the
response of brain ABCG1 expression to DHA treatment, as evidenced by
a significant reduction in DHA-fed ApoE-/- mice. In ApoE-/- mice,
increased cortical ABCG1 protein expression suggests a link between
ApoE status and ABCG1l-dependent cholesterol efflux in influencing
cerebral lipid metabolism [23]. Collectively, these results indicate that
the absence of ApoE may affect brain lipid metabolism, and modify the
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outcomes of DHA intervention in ApoE-/- mice.

Study in rodents has shown that SORT1 can bind extracellular ApoE/
AP complexes, delivering them to the lysosome for degradation [24].
Our data show that SORT1 protein expression is significantly increased
only in the hippocampal CA1 region in ApoE-/- mice. We speculate that
the hippocampal CA1 region is the susceptible and sensitive domain to
have alteration of SORT1 expression in ApoE -/- mice. A study found
that, in the absence of ApoE protein, SORT1 is unable to scavenge A,
resulting in enhanced susceptible to cognitive impairment in ApoE-/-
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mice. Moreover, a significantly increased level of SORT1 was observed
in the postmortem brain of AD patients [25]. These data further
demonstrated the linkage between cerebral ApoE and SORT1 with the
pathology of AD. In the current study, a dramatic decrease in SORT1 was
found after DHA treatment in hippocampal CA1 region in ApoE-/- mice,
indicating the impact of DHA on antagonizing ApoE defect-mediated
SORT1 overexpression. We also observed discrepant cortical and hip-
pocampal SORT1 expression after DHA treatment between C57 and
ApoE-/- mice. These results further hint an ApoE -dependent regulating
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effect of DHA on cerebral SORT1 expression in mice.

. It was reported that oxygen LDL (ox-LDL) and caveolae are involved
in the LOX1 expression, and LOX1 activity depends largely on the intact
caveolae system [26]. Previous study has shown the ApoE-dependent
modulation effect of DHA on caveolae activity, and due to a decrease
in caveolin activity, knocking out of ApoE gene leads to a weakened role
of DHA in maintaining vascular wall homeostasis [27]. In the current
study, we found that DHA intervention displayed an extensively regu-
lating effect on cortical and hippocampal LOX1 expression in both C57
and ApoE-/- mice. It is reported that DHA treatment significantly alters
the microenvironment of the caveolae by changing the membrane lipid
composition, resulting in the enhancement of the signaling pathway
involved in the expression of LOX1 [28]. Additionally, the
ApoE-dependent regulatory effect of DHA on cerebral LOX1 expression
observed in our study was demonstrated by a much more significant
increase of cortical and hippocampal LOX1 expression in ApoE-/- mice
than in C57 mice. These data indicated that cerebral LOX1 protein
expression was more sensitive to DHA treatment, hinting that LOX1
might be an efficient molecular target for DHA to regulate brain
cholesterol metabolism in ApoE-/- mice.

In C57 mice, totally 7 differential proteins were identified after DHA
dietary intervention, among them, three differential proteins, including
dynamin-3(Dnm3), Synaptotagmin-13 (Syt13) and Ubiquitin-like pro-
tein 3 (Ubl3), mainly involved in vesicular trafficking processes and
transport of vesicle. As a member of the dynamin superfamily, Dnm3
could provide the structural basis for proteins to perform a variety of
basic cellular functions, such as the release of transport vesicles and cell
division [29]. Normally, sterols and related lipids move between cells
through vesicular and non-vesicular pathways in order to maintain
intracellular lipid homeostasis [30]. In our study, we found that Dnm3 is
down-regulated in the DHA-fed C57 mice compared to C57 control mice,
suggesting that DHA intervention may play a crucial role in modulating
the release of intracellular transport vesicle and reducing intercellular
lipid exchange. Ubl3 is a ubiquitin-like protein (UBL), which was re-
ported to be a post-translational modification factor in promoting pro-
tein sorting to small extracellular vesicles (sEVs) [31]. Proteins, lipids,
RNA and DNA contained in sEVs can be horizontally transferred to
recipient cells to promote cell-to-cell communication [32]. Recent study
has demonstrated the relation between sEVs and neurodegenerative
diseases [33]. Moreover, neurodegenerative disease-related molecules
AB is also annotated as UBL3-interacting protein [34], further demon-
strating the involvement of UBL3 in sEV-related diseases. In our study,
DHA-treated C57 mice showed an up-regulation of UBL3, suggesting
that UBL3 might be a potential therapeutic target of DHA on affecting
sEV-related neurodegenerative disease. Sytl3 is another membrane
trafficking protein that regulating intracellular vesicle exocytosis and
movement. Study has found that Syt13 is mainly expressed in neuron
that possesses regulatory secretory pathway, which produce and secrete
hormones to regulate different systematic processes such as metabolism
[35]. Although, increased Sytl3 mRNA expression was observed in
several brain regions after contextual fear conditioning, the exactly
function of this protein in affecting neuron physiology is still unclear. In
the current study, DHA treatment increased Sytl3 expression in C57
mice. Moreover, comparing with C57 control mice, down-regulated
Syt13 was also observed in ApoE-/- control mice. Given the important
role of Syt13 in transporting vesicle docking to the plasma membrane
[36], we speculated that ApoE and DHA might targeted Sytl3 to
modifying the physiological and pathological processes in neurons.
Proteasome inhibitor PI31 subunit (Psmfl) was reported to play an
important role in control of proteasome function, and is required for
protein homeostasis, synapse maintenance, and neuronal survival [37].
The impacts of DHA on suppressing the deterioration of brain function,
delaying the onset and progression of neurological disease has been
reported by previous study [38]. These data indicated that the Psmfl
might be a mediator for DHA to exhibit neuroprotection.

Our data showed that, except of ApoE protein, ApoE defect caused
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significant down-regulation of Prorsdl, Hmgb2 and Syt13 protein as
comparing with C57 control mice. To date, the biological function of
Prorsdl is still less studied and characterized. It is interesting to find that
DHA treatment also caused dramatically reduction of Prorsd1protein in
hippocampus, hinting the potential role of Prorsdl in affecting neuron
function as well as the outcomes of DHA intervention on brain. As one of
the HMGB domain proteins, Hmgb2 was reported to participate in the
transcription processes, regulation of the chromatin structure, cell dif-
ferentiation, and activation of AKT signaling pathway [39]. Addition-
ally, Hmgb2 interacts with steroid hormones (estrogen, androgen and
glucocorticoid) and NLRP3 to regulate steroid hormone and inflamma-
tory NF-xB signaling [40]. ApoE deficiency or abnormal ApoE
status-mediated inflammation and neuron apoptosis have been reported
by previous studies [41]. In the current study, the significantly
down-regulated Hmgb2 protein in ApoE-/- mice further indicated the
involvement of Hmgb2 in ApoE defect -medicated various cerebral
pathological damage.

We found that the DHA intervention resulted in significant changes
in the expression of diverse proteins in the hippocampus of ApoE-/- mice
and C57 mice. The functional analysis of the differential proteins
revealed that most of these proteins function related to bioregulation for
stimulation response, and metabolism. The main functions of the up-
regulated proteins mainly participated in hydrolase and transferase ac-
tivity regulation, and protein or ion binding. The down-regulated pro-
teins mainly involved in the binding action of various biomolecules,
structural molecular activity, and enzyme activity regulation.

A well balance between saturated and unsaturated lipids is crucial
for maintaining normal cellular function, and excessive deposition and
metabolic abnormalities of fatty acids can cause lipotoxicity [42]. The
results of GO analysis indicated that several proteins involved in the
regulation of hydrolase activities were up-regulated in the hippocampus
of DHA-fed ApoE-/- mice as compared with the C57 mice. One of them is
adiponectin receptor2 (AdipoR2), which helps to remove saturated fatty
acid from ceramide and can support normal membrane function under
acute lipotoxic stress [43]. A study conducted by Tonnac et al. found
that dietary DHA intake significantly increased the activity of hydro-
lases, thereby altering the occurrence of lipid metabolic-related molec-
ular events and maintaining membrane lipid homeostasis [44]. These
data were in line with our results, suggesting that the regulation of lipids
metabolism-related enzymes might contribute to DHA-mediated neuron
protective effects.

Additionally, we found a down-regulation of antioxidant activity-
related proteins in ApoE-/- control mice compared to C57 control
mice, suggesting that oxidative stress is one of potential target for ApoE
gene defect-mediated neuron injury. Due to lower antioxidant active
substances, ApoE-/- mice were reported to be more susceptible to
oxidative stress as comparing with the controls [45]. However, ApoE-/-
mice consistently showed down-regulation of antioxidant active protein
compared with C57 mice after DHA intervention. We also found that
DHA -fed ApoE-/- mice showed similar hippocampal protein profile as
the control diet-fed ApoE-/- mice. A study found that carriers with
ApoE4 genotype are more sensitive to DHA deficiency, and the deletion
of ApoE might decrease cerebral DHA uptake [46]. We therefore spec-
ulate that the observed outcomes might attribute to reduced or inade-
quate DHA transport into the brain due to ApoE defect during short
interventional period [47].

Additionally, the differential proteins in hippocampus between
ApoE-/- and C57 mice were mainly focused on metabolism-related
pathways, including glucose, lipid, and NADP metabolism pathways.
Impaired metabolism of glucose was observed in 5xFAD mice, and this
metabolic deficiency was reported to be caused by metabolic reprog-
ramming of glycolysis [48]. In our study, the abnormal glucose and lipid
metabolism  observed in  ApoE-/- mice suggested ApoE
dysfunction-mediated metabolic dysfunctions in brain.

After DHA intervention, 6 out of the 14 pathways enriched to KEGG
were associated with collagen. Study has found that DHA activates
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hippocampal collagen and collagen-related receptors in mice, thus
reducing the damage caused by ApoE defect [49]. It was reported that,
in ApoE-/- mice, the atherosclerotic plaques are prone to be disrupted by
decreasing collagen deposition in aortic plaques and that adverse car-
diovascular events occur as a result [50]. These results partially explain
the increased risk of cerebrovascular disease in subjects with abnormal
ApoE status. Decreased collagen deposition may contribute to the
AD-related pathological changes in ApoE-/- mice. Study found that the
biological activity of collagen weakened the toxicity of Ap, which may
be affected by the cell-collagen interaction [51]. In addition to reducing
the toxicity of A, collagen can also reduce the aggregation rate of Af
and inhibit the pathological process of AD.

Disorder of lysine, hydroxylysine and trptophan metabolism was
reported to cause the change of glutarylcarnitine level in body fluids and
tissues, especially in the central nervous system [52]. Moreover, irre-
versible neurological injury caused by lysine metabolism disorder has
also been reported by previous study [53]. Additionally, studies have
found the participation of asparagine and aspartyl residues in post-
translational modifications of amyloidogenic proteins [54]. As an
essential nutritional component, pantothenol was reported to play an
important role in the formation of acetyl-co-enzyme A (acetyl-CoA),
which provides activated acetic acid into the citric acid cycle [55].
Acetyl-CoA is essential for diverse metabolic pathways and the biosyn-
thesis of neurotransmitters [56]. Dysregulation of Acetyl-CoA biosyn-
thesis in animal models was found to be associated with abnormal
cellular response to oxidative or metabolic stress and neurodegeneration
[57]. In our study, decreased hippocampal glutarylcarnitine, l-aspar-
atine and pantothenol was observed in ApoE-/- mice as comparing with
C57 mice, indicating that the ApoE defect might affect brain function
through disturbing the metabolism of pantothenate, acetyl-co-enzyme A
and essential amino acids.

After DHA dietary intervention, the significantly differential me-
tabolites including glycerophophocholine, glycerophosphoehanolamine
and glycerophosphoinositol were consistently observed in C57 and
ApoE-/- mice. As the main initial receptor for DHA, PC leads to the
transfer of DHA from PC to PE under prolonged coexistence with fatty
acids, suggesting that the presence of DHA can promote the phospho-
lipid remodeling process [58]. These data were in line with our results,
demonstrating the DHA-mediated alteration of the glycerophospholipid
metabolic pathway. Pooling these findings with the KEGG enrichment
analysis results, our data demonstrated a prominent regulating effect of
DHA on cerebral glycerophospholipid metabolism. Additionanlly, we
found that, after DHA dietary intervention, ApoE-/- mice showed more
down regulated metabolites including fatty acyl carnitine, glycer-
ophosphocholine, glycerophosphoehanolamine and triacylglycerol than
C57 mice, suggesting a modifying impact of ApoE defect on the response
of these metabolites to DHA intervention. The significant metabolic
phenotypic differences between C57 and ApoE-/- mice following the
DHA-fortified diet also involved multiple metabolic pathways such as
fatty acids and phospholipids. Consistently, previous studies have
showed that DHA supplementation changed the types of phospholipids
and fatty acids profile in the brain, demonstrating the modifying impacts
of DHA on brain phospholipid and fatty acids metabolism [59].

5. Conclusion

In summary, ApoE gene defect can affect brain protein and lipid
profiles in mice. LDLR, ABCG1, SORT1, LOX1, Ubl3 and Syt13 are po-
tential molecular targets involved in the DHA-mediated regulating effect
in brain of mice. The beneficial effects of DHA may depend on regulating
the expression of vesicular transport and neuroprotection-related pro-
teins as well as influencing phospholipid and fatty acids metabolic
processes. Our data also indicated the ApoE-dependent regulating effect
of DHA intervention on brain lipid and lipid metabolism related mole-
cule expression, and the impacts of DHA on hippocampal lipid meta-
bolism related molecule expression possibly weakened by ApoE defect.
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