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Effect of high fat diet on 
phenotype, brain transcriptome 
and lipidome in Alzheimer’s model 
mice
Kyong Nyon Nam1, Anais Mounier1, Cody M. Wolfe1, Nicholas F. Fitz1, Alexis Y. Carter1,  
Emilie L. Castranio1, Hafsa I. Kamboh1, Valerie L. Reeves1, Jianing Wang2, Xianlin Han2, 
Jonathan Schug3, Iliya Lefterov1 & Radosveta Koldamova1

We examined the effect of chronic high fat diet (HFD) on amyloid deposition and cognition of 
12-months old APP23 mice, and correlated the phenotype to brain transcriptome and lipidome. HFD 
significantly increased amyloid plaques and worsened cognitive performance compared to mice on 
normal diet (ND). RNA-seq results revealed that in HFD mice there was an increased expression of 
genes related to immune response, such as Trem2 and Tyrobp. We found a significant increase of TREM2 
immunoreactivity in the cortex in response to HFD, most pronounced in female mice that correlated to 
the amyloid pathology. Down-regulated by HFD were genes related to neuron projections and synaptic 
transmission in agreement to the significantly deteriorated neurite morphology and cognition in these 
mice. To examine the effect of the diet on the brain lipidome, we performed Shotgun Lipidomics. While 
there was no difference in the total amounts of phospholipids of each class, we revealed that the levels 
of 24 lipid sub-species in the brain were significantly modulated by HFD. Network visualization of 
correlated lipids demonstrated overall imbalance with most prominent effect on cardiolipin molecular 
sub-species. This integrative approach demonstrates that HFD elicits a complex response at molecular, 
cellular and system levels in the CNS.

Alzheimer’s disease (AD) is a senile dementia characterized by senile plaques made of amyloid β and neurofi-
brillary tangles. Late Onset AD (LOAD) is considered a complex multifactorial disease1. The genome-wide asso-
ciation studies (GWAS) have identified the inheritance of APOEε4 allele of Apolipoprotein E (APOE) as the 
major genetic risk factor for LOAD. In addition, there are at least 20 gene variants reported to modify the risk for 
LOAD1–3. Most prominent among those newly identified genetic factors is a rare variant of the gene encoding 
Triggering Receptor Expressed on Myeloid cells 2 (TREM2), which is associated with a significant increase in the 
risk of LOAD at a level close to the risk conferred by APOEε4 allele1, 4.

Environmental and life-style factors such as stress5, diet6 and physical activity were shown to affect cogni-
tion7 and could also affect the risk of LOAD. Evidence suggests that high fat/high cholesterol diet (HFD) could 
modify the risk for LOAD. Experimental studies employing mouse models of AD revealed that HFD affects 
amyloid pathology and cognitive performance in adult mice8–11 and prenatally exposed offspring12. HFD also 
profoundly affects lipid metabolism and lipid composition in the brain13, 14. Thus, it has been suggested that 
altered lipid metabolism is closely connected to the development and progression of Alzheimer’s disease pathol-
ogy15, 16. Recent studies examining the effect of HFD on phenotype, have demonstrated significant effect on both, 
inflammation and cognition17, 18 and the expression level of TREM218. Epidemiological studies have pointed to 
the significant overlap between cardiovascular and LOAD risk factors, such as obesity, hypertension and type 2 
diabetes, likely increasing the burden of dementia19 especially in midlife20.

Previously, we have reported that HFD significantly increased amyloid plaques and aggravated cognitive 
decline in APP23 transgenic mice fed HFD and the treatment with Liver X Receptor agonist ameliorated this 
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effects8. Here, using the same AD mouse model we aimed to integrate the effects of HFD on the AD-like phe-
notype, brain transcriptome and lipidome. We report that HFD significantly worsens cognitive performance 
in correlation with a decreased expression of genes related to neuronal projections and synaptic transmission. 
Conversely, HFD increased immune transcriptome in brain and TREM2 immunoreactivity. We identified specific 
changes in brain lipidome associated with HFD in APP expressing mice by lipidomics assays, suggesting a role for 
lipid sub-species in AD-like phenotype in mice.

Results
High fat diet aggravates AD-like phenotype of middle-aged APP23 mice. Effect on memory. The 
goal was to test the effect of chronic feeding (HFD) on the phenotype of middle-aged AD model mice. We used 
one-year old APP23 mice fed HFD for three months and compared their learning and memory performance to 
those of mice fed normal diet (ND). We used HFD that supplies 40% of the calories from fat (milk fat and corn 
oil) compared to 16% fat calories in the ND. We specifically chose to start diet treatment in middle age because 
in one-year old APP23 mice the amyloid phenotype is present but not excessive, and thus this model is more rel-
evant to human AD pathology at relatively early stages of the disease. As shown on Fig. 1A, weight gain resulting 

Figure 1. High fat diet worsens cognitive performance and increases amyloid deposition in APP23 mice. 
APP23 mice were fed with HFD for 3 months. (A) Weight gain in male and female mice. Student’s t-test. 
N = 9–11 males, 13–14 females per group. **p < 0.01; ***p < 0.001. (B) Acquisition trial of MWM (Escape 
latency). Statistic by two-way ANOVA. No interaction between trial day and diet; significant main effect of diet 
(F(1,110) = 11.24, p = 0.0011) and trial day (F(4,110) = 12.38, p < 0.0001). (C) Probe trial of MWM (latency to the 
target). Student’s t-test. (B,C) N = 5–7 mice gender/group. (D–G) Amyloid plaques in cortex and hippocampus 
of APP23 mice on ND and HFD were analyzed by two-way ANOVA followed by Sidak’s multiple comparison 
test. Representative images (D) and quantification (E) of Aβ deposits (6E10 staining). No interaction between 
diet and gender and significant effect of diet (F(1,12) = 29.92, p = 0.0001) and gender (F(1,12) = 40.58, p = 0.0001). 
On the graph is shown the result of Sidak’s post-hoc test. Representative images (F) and quantitation (G) of 
X-34 fibrillary amyloid plaques. No interaction and significant main effect of diet (F(1,12) = 5.32, p = 0.004) and 
gender (F(1,12) = 12.11, p = 0.003). On the graph is shown the result of Sidak’s post-hoc test. For D-G N = 4–5 
male, 5 female mice per group. *p < 0.05 and **p < 0.01.
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from HFD was similar in male and female mice. To examine cognitive performance, we used Morris Water Maze 
(MWM). There was no significant difference in cognitive performance between male and female mice on either 
diet (Supplementary Fig. S1) therefore the results are combined for both genders. As seen from Fig. 1B, HFD 
significantly affected the acquisition of spatial memory exemplified by the increased escape latency. Memory 
retention was also significantly reduced as indicated by the latency to enter the target quadrant in the probe trial 
of MWM (Fig. 1C).

Effect on amyloid deposition. Our previous data demonstrated that HFD increases amyloid deposition in APP23 
mice8. To confirm this, total Aβ plaques (including diffuse and fibrillar) were visualized using 6E10 anti-Aβ anti-
body (Fig. 1D) and compact amyloid plaques assessed by X-34 staining (Fig. 1F). As visible on Fig. 1E and G, 
there was a significant diet and gender effect on 6E10-positive Aβ plaques as well as on X-34 labeling compact 
amyloid plaques, respectively. While HFD affected males and females similarly the females had significantly more 
amyloid in each diet group. The effect of diet on plaques was not a result of an increase in full length Aβ precur-
sor protein (APP), as it was unaffected by HFD (Supplementary Fig. S4A and B). We also observed a significant 
decrease in ABCA1 protein level following HFD whereas APOE protein level was unchanged (Supplementary 
Fig. S4A and B). Collectively these results confirm our previous study8 and we conclude that in this model HFD 
aggravates AD-like phenotype.

HFD affects the expression of genes involved in immune response, and those related to neu-
ron differentiation and transcription. To examine if HFD affects transcriptome, we performed RNA-seq 
using RNA extracted from cortices of the same APP23 mice. As seen on Fig. 2A, we found similar numbers of 
differentially expressed genes: in females - 597 up- (red) and 632 down- (blue) regulated genes were affected by 
HFD, and in males - 631 up- and 654 down-regulated genes using a p-value of p < 0.05 as a cut off. Importantly, 
HFD induced similar changes in Gene Ontology (GO) categories in both genders (Supplementary Fig. S2A and 
B). GO analysis revealed that Biological Process categories most significantly up-regulated by the diet in both 
genders are “Immune system process” and “Innate immune response”. Most significant down-regulated category 
in both genders was “Transcription” and “Neuron projections” in males, and “Nervous system development” and 
“Neuron projection development” in females (Supplementary Fig. S2A and B).

Next, to identify commonly affected genes in males and females, we compared the lists of differentially 
affected transcripts in both genders. We found 301 common genes which were significantly up-regulated and 
165 that were significantly down-regulated by HFD in males and females. To examine the predicted activation 
state of diseases and function categories, we used Ingenuity Pathway Analysis (IPA) software and calculated 
“z-score”. The results shown on Fig. 2B demonstrate that functions related to immune response, phagocytosis, 
migration of macrophages, apoptosis and inflammation had an increased activation state in the HFD group. In 
contrast, memory, transcription, cell cycle progression and quantity of neurons were among the most significant 
down-regulated functions in the HFD group.

Validation of RNA-seq results. For further validation, we chose genes from categories commonly affected 
in both genders namely “Immune response”, “Neuron differentiation” and “Regulation of transcription”. The genes 
were assessed by qPCR, Western Blot (WB), and immunohistochemistry (IHC). Because the fold change in males 
and females was similar, we combined the results for both genders. On Fig. 2C and D are shown RNA-seq and 
qPCR results, respectively, for genes related to immune response, including Trem2, Treml2, Tyrobp, Cx3cr1, Ccl3, 
Clec7a and complement components. As visible from Fig. 2B, another up-regulated category in mice on HFD 
was apoptosis that is interconnected with immune response21, 22. On Supplementary Fig. S3 are shown RNA-seq 
results demonstrating statistically significantly increased genes by HFD, related to apoptosis - such as Aim2, 
Sp110 and Stat1.

The effect of HFD on mRNA expression of genes related to neuronal differentiation and regulation of tran-
scription is shown on Fig. 2E (RNA-seq) and F (qPCR): included are genes related to neurogenesis (Gnrh1 and 
Dlk1), transcription factors (Klf4 and Nr4a3/NOR1), early growth response genes (Egr2 and Fosl2), and neuro-
transmitter release (Slc32a1/VGat). Dlk1 (delta-like homologue 1) is an atypical NOTCH ligand that is important 
for adult neurogenesis23. Klf4 (Krüppel-like factor–4) is a transcriptional factor expressed in neural stem cells24 
and has a role in neuronal differentiation25. To validate RNA-seq results we analyzed the level of proteins, coded 
by these genes, using WB. As seen on Supplementary Fig. S4C–F, DLK1 and KLF4 protein level was significantly 
decreased in mice on HFD.

We examined also protein level of vesicular GABA transporter (Slc32a1/VGat), which has a role in neuro-
transmitter release. Slc32a1/VGat is expressed in inhibitory GABAergic neurons and affects cognitive perfor-
mance26. IHC results demonstrated a significant decrease of VGAT staining (Supplementary Fig. S5A–D). In 
contrast, HFD had no effect on mRNA and protein level of vesicular glutamate transporter Slc17a7/VGut, also 
involved in neurotransmitter release27 (Supplementary Fig. S5E–G). Altogether these results suggest selective 
HFD effect on genes regulating inhibitory and excitatory neurotransmitter release.

HFD increases TREM2 protein level in correlation with Aβ deposition. The importance of TREM2 
as a risk factor for AD prompted further evaluation of its protein level by IHC. As shown on Fig. 3A and B, we 
observed a significant increase in TREM2 staining in cortex of females fed HFD compared to those on ND, and a 
trend toward increase in males but the difference was not significant. We also found that Trem2 mRNA (Fig. 3C) 
as well as TREM2 staining (Fig. 3D) were highly correlated to the levels of 6E10-positive Aβ plaques. This data 
suggests that amyloid load affects Trem2 mRNA expression and the corresponding TREM2 protein, and poten-
tially accounts for the higher level of TREM2 in females that are more afflicted by the amyloid pathology.

http://S1
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Figure 2. HFD affects the expression of genes associated with immune response and neuron differentiation. 
RNA-seq was performed on RNA isolated from cortices of APP23 mice shown on Fig. 1. ND, N = 4–6/gender; 
HFD, N = 5/gender. (A) Volcano plot representing the RNA-seq results. Red indicates up-regulated genes by 
HFD; blue down-regulated genes at a cutoff p < 0.05. (B) Heatmap representing the z-score of diseases/function 
annotations significantly affected by HFD (calculations by IPA). Positive z-score (red) indicates a predicted up-
regulated function and negative z-score (blue) is a down-regulated function. (C and D) Significantly changed 
genes associated with “Immune response” and “Inflammation” in RNA-seq datasets (C) and qPCR validation 
(D). (E and F) Genes related to “Neuron Differentiation” and “Regulation of transcription” in RNA-seq (E) 
and qPCR validation assays (F). Fold change (FC) of ND was calculated from the number of reads per million 
(RPM) for each gene and each sample. For C and E, statistics is by edgeR. For D and F, statistics is by t-test, 
*p < 0.05; **p < 0.01. N = 9–10.
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HFD affects neurite morphology. RNA-seq results revealed that HFD decreased the expression of genes 
related to neuron projections, axon guidance and synaptic transmission. To test if the changes in transcriptome 
reflect on the neuronal phenotype, we compared the dendrite architecture in ND and HFD groups using staining 
for neurite marker microtubule-associated protein 2 (MAP2). As shown on Fig. 4, we found that in mice fed HFD 
there was a significant decrease in the dendritic length (Fig. 4B) and number of segments and branches (Fig. 4C 
and D), suggesting that HFD detrimentally affects neurite morphology.

HFD significantly impacts brain lipidome in AD model mice. To get further insight into the effects 
of HFD on the phenotype, we examined brain lipidome of mice on HFD and ND using Multidimensional Mass 
Spectrometry based Shot Gun Lipidomics (MDMS-SL)28. We did not find a significant gender effect on brain 
lipidome and for further analysis combined the data for both genders. We identified 17 major classes of lipids 
(for abbreviation see Fig. 5A) comprised of 228 molecular species within those classes. We then applied Principal 
Component Analysis (PCA) to further process the abundance matrix of observed variables (lipid molecular spe-
cies) and to calculate Principal Components that account for the highest possible variance in the datasets. We 
noticed that HFD samples clustered closely and were separated from ND replicates (Fig. 5B). While there was no 
difference in the total amounts of lipids of each class, we identified that the levels of 24 molecular species in the 
brain of APP23 mice were significantly modulated by HFD (Fig. 5C and Supplementary Table S1).

Figure 3. HFD increases TREM2 immunostaining in the brain. (A) Representative images of TREM2 staining 
in brains of mice fed ND or HFD. (B) Percentage of TREM2 stained area (N = 4 mice/gender/group). Analysis 
by two-way ANOVA; a significant interaction between diet and gender (F(1,12) = 5.82, p = 0.0328), and a 
significant main effects of diet (F(1,12) = 9.567, p = 0.0093) and gender (F(1,12) = 11.55, p = 0.0053). **p < 0.01 by 
Sidak’s multiple comparison test. (C) Significant positive correlation between Trem2 RNA expression and 6E10 
staining (r = 0.78, p = 0.0006). (D) Significant positive correlation between TREM2 staining and 6E10 staining 
(r = 0.61, p = 0.015). Spearman’s correlation test. (N = 4/gender/group).

http://S1
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To elucidate additional changes in brain lipidomes, canonical correlation analysis was performed28 and the 
correlation matrices were further processed to visualize the correlations (Fig. 6). The noticeable difference in the 
upper right corner of the correlation matrices (panel A–ND, panel B–HFD) indicates a change in the relation-
ships of the related lipids (CL, ST, PIP, and PIP2). In HFD there is a stronger negative correlation of CL to ST, 
PIP and PIP2 than in the ND. This is accompanied by the higher positive correlation between ST, PIP, PIP2 in 
HFD. Network visualization of correlated lipid pairs in ND and HFD lipidomes confirmed these observations. 
On Fig. 6C–F the most significant correlations for both diets in the matrices (p < 0.005, r > 0.9) are presented 
by chord diagrams. The comparison of the negative correlations in both lipidomes clearly demonstrate that CL 
in HFD mice strongly and negatively correlates to PIP and PIP2 (panel F). The overall imbalance seen in HFD 
lipidome, when correlating the lipids in both groups is indicative of alterations by diet and is most prominent in 
CL, ST, PIP and PIP2 phospholipids.

HFD significantly modulates genes associated with mitochondrial components and apopto-
sis. The phospholipid composition of cellular membranes is important for cell signaling including apopto-
sis and phagocytosis, and phospholipid imbalance is closely linked to mitochondrial dysfunction29. To have a 
better understanding of the interaction between transcriptome and lipidome (Figs 5 and 6), we searched our 
RNA-seq results for genes that code for components of mitochondrial membranes or are associated with mito-
chondrial biogenesis. We compared our RNA-seq data set with mitochondria cellular component genes from 
MSigDB (Molecular Signatures Database v5.2, http://software.broadinstitute.org/). Figure 7A shows the protein 
interaction network of significantly affected genes coding for proteins associated with components of mitochon-
drial membranes (Cox6a230, Shmt231, Tomm20 and Timm1032, 33) and matrix (Abat34 and ATP synthases) as well 

Figure 4. HFD impairs neurite architecture. (A) Representative images of MAP2 staining (red) in brain 
sections of ND and HFD mice with the corresponding tracing (yellow). (B) Average neurite length is decreased 
in brain of HFD compared to ND fed mice. (C) Average number of segments is decreased in HFD compared 
to ND. (D) Average number of branches is decreased in HFD compared to ND brains. For F, G and H, length, 
number of branches and number of segments are normalized on the number of nuclei (DAPI staining). N = 2 
males and 3 females/group. Student’s t-test, *p < 0.05.

http://software.broadinstitute.org/
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as mitochondrial transcription factors (Tfb2m)35 by HFD. As shown the most connected protein was SHMT2 
associated with mitochondrial biogenesis and immune response31. Among the genes related to mitochondrial 
component and function, most differentially affected genes by HFD were represented in Fig. 7B. Interestingly, we 
identified Nr4a subfamily (Nr4a1/Nur77 and Nr4a3/Nor136, 37) which regulates apoptosis and inflammation was 
significantly decreased in HFD (Fig. 7B).

Discussion
Our study demonstrates that HFD affects cognitive performance and amyloid pathology in APP23 transgenic 
mice. The diet also significantly affected the transcriptome and increased the expression level of genes related to 
immune response and inflammation, such as Trem2, Tyrobp, P2ry12, Dock2, a number of cytokines, chemokines, 
and TLRs. Conversely, the expression of the genes associated with neuronal projection development and synaptic 
transmission were decreased in APP23 mice fed HFD. Interestingly, in those mice there was a significant decrease 
of vesicular GABA transporter (Slc32a1/VGat), but not of Slc17a7/VGlut. Collectively, gene ontology categories 
that were significantly decreased by HFD corresponded to a phenotype presented by significantly deteriorated 
neurite morphology and spatial memory test. The integration of transcriptomics and lipidomics data demon-
strated that the effect of HFD on behavior and AD-like phenotype in an animal model of AD is extremely multi-
dimensional and is a result of a complex response at molecular, cellular and system levels in the CNS.

The increased mRNA level of Trem2, was accompanied by an increased protein level determined by IHC. 
Interestingly, TREM2 immunoreactivity was predominantly increased in female APP23 mice. Overall, when 
all mice were analyzed, there was a very high correlation between TREM2 immunostaining and Aβ plaques. 
The association of TREM2 with amyloid deposition is somewhat controversial and the reports, inconsistent: 
some groups have reported an increase and other a decrease in amyloid plaque load in a variety of animal mod-
els including Trem2 deficient and mice expressing different TREM2 variants38, 39. It has been also reported that 
Trem2 deficiency exacerbates amyloid pathology late in disease progression40, suggesting that amyloid pathology 

Figure 5. HFD significantly affects the brain lipidomic profiles. MDMS-SL was performed using cortices of 
APP23 mice. N = 3 male and 3 female mice per diet. (A) List of quantified lipid classes, their abbreviations and 
color association for correlation matrices. (B) Principal component analysis showing significant differences 
in brain lipidomics profiles between mice fed HFD and ND, with each point representing a single animal. (C) 
Volcano plot showing molecular species within major lipid classes significantly impacted by HFD in APP23 
mice. Significant species are colored red for higher in HFD and blue for lower in HFD.
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is linked to TREM2 level. A recent study demonstrated that a type of western diet enriched on carbohydrates, 
and different from the diet we have used, increased TREM2 immunoreactivity in association with micro- and 
astrogliosis18. Thus, an overall inflammatory response elicited by the increased amyloid deposition and diet could 
contribute to the worsened cognitive performance.

The main question in this study was if HFD affected gene expression/brain transcriptome and if changes in 
transcription profiles correlated to changes in brain lipidome? Lipids play critical roles in cellular signaling, they 
are major factors in membrane protein assembly, and the abnormal lipid metabolism is strongly associated with 
AD progression. Here, in addition to mRNA-seq we applied MDMS-SL to quantify global phospholipid changes 
induced by diet. The results of our lipidomics analysis demonstrate that amounts of individual molecular species 
of anionic phospholipid classes PS, PG and PIP3 were increased in HFD fed mice. While changes in total mass 
of the majority of lipid classes are important in different aspects of brain metabolism, changes in molecular spe-
ciation of PIP3 and PS are particularly important for activation of immune phagocytic receptors, phagocytosis 
and apoptosis41–43. It has been recently shown, for example, that TREM2 senses anionic lipids38 and TREM2 
variants identified by GWAS as increasing the risk of AD, affect its binding44. Previous studies demonstrated 
that these anionic phospholipids are exposed on the outer leaflet of cell membranes and become accessible in 
conditions following neuronal damage inflicted by brain trauma45 or neurotoxic effects of Aβ46. In the resting cell, 
PS is enriched on the cytoplasmic leaflet of the plasma membrane by flippases, including P4-ATPases, and ABC 
transporters. However, the cells undergoing apoptosis expose PS on the cell surface and then it acts as an “eat me” 
signal47, 48. In this study we found changes in expression of several genes related to PS-mediated apoptosis–C1q 
(C1qa, C1qb and C1qc) (Fig. 2C and D), Tim-3/Havcr2, Scarf1 and Atp8b2 (Supplementary Fig. S3). Multiple 

Figure 6. Correlation analysis of brain lipidome in HFD and ND mice. (A,B) Correlation matrix sorted by lipid 
class. Rows and columns correspond to 228 phospholipid species measured in ND (A) and HFD (B). Color 
represents the correlation level between lipid pairs. Red denotes a positive and blue a negative correlation. Each 
lipid class is represented by the corresponding colored bar across the bottom and left side of each square. (C–F) 
Network visualization of correlated lipid pairs in ND and HFD brains (P value > 0.005; r > 0.9 for positive and 
r < −0.9 for negative correlations). Chord diagrams show the positively (C and D) and negatively (E and F) 
correlated pairs of lipid species in ND (C and E) and HFD (D and F). Each lipid class is represented by a node 
around the chord diagram and color coded. Lines connecting highly correlated lipid pairs are color coded 
according to lipid class, with the origins of the lines of correlation being closer and termination points further 
from the outside nodes. In the bottom left of each diagram the triangle indicates the direction of correlation 
(positive or negative) and the number specifies the total number of correlations. Color key at the bottom of the 
figure indicated the lipid classes shown on (A–F).

http://S3
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reports by other groups suggest that C1q and TIM-3/HAVCR2 directly bind to PS on the cell surface, and C1q 
bound to PS provides a docking point for the scavenger receptor SCARF1. These interactions lead to increased 
apoptosis and initiate phagocytosis signaling pathways49, 50.

Perhaps the most significant changes in response to HFD, revealed in this study, were associated with CL - a 
major phospholipid of the inner mitochondrial membrane. Recently, it has been demonstrated that alterations 
of CL profile in brain of AD animal model are associated with synaptic mitochondrial dysfunction and oxida-
tive stress51. In brain of HFD fed mice we identified 5 elevated CL molecular sub-species (68:4; 70;4; 72:4; 74:7; 
84:20) and 2 (72:6; 76:11) with decreased amounts (Supplementary Table 1). Since the amount of CL in the outer 
mitochondrial membrane and intra-mitochondrial CL content are tightly regulated, significant changes in either 
direction from the threshold result in substantial, even detrimental consequences52. If these changes occur simul-
taneously with changes in brain transcriptome,–expression level of genes coding for proteins in the mitochondrial 
membranes in particular, responsible for cholesterol and protein transport32, 33, if there is already an undergoing 
neurodegenerative process, the final outcome of an external stimulus like HFD could be serious and long lasting.

Collectively, the results of our study demonstrate that HFD increases mRNA expression and protein level of 
genes related to immune/inflammatory response and decreases the level of genes related to neuronal differenti-
ation and synaptic transmission. Interconnected alteration of membrane phospholipid composition and likely 
mitochondrial dysfunction emphasize the complexity of the neurotoxic effects of HFD, reflected in aggravated 
AD-like phenotype and behavioral changes that we begin to understand.

Materials and Methods
Animals and Diets. All animal experiments were approved by the University of Pittsburgh Institutional 
Animal Care and Use Committee. All procedures were carried out in accordance with the approved guide-
lines. APP23 transgenic mice (C57Bl6 background) expressing human APP751 familial Swedish AD mutation 
(APPK670N, M671L) were crossed to wild-type C57BL/6 mice to generate APP23 hemizygous mice53. Male and 
female APP23 mice (mean age 11.7 months) were randomly assigned to ND (Prolab Isopro RMH 3000, Lab Diet) 
or HFD (D12079B RD Western Diet, Research Diets). HFD supplemented 40% calories from fat; 16.8% from 
protein and 42.6% from carbohydrates. Fat was provided as anhydrous milk fat and corn oil. The mice had free 
access to water and food. After 3 months of feeding, behavior was assessed at mean age of 14.7 months.

Morris Water Maze. Morris Water Maze (MWM) task was performed as previously described8. Briefly, the 
water maze pool was filled with water (20–22 °C) made opaque by non-toxic paint and visual cues were placed 
on the walls surrounding the pool. The hidden platform (10 cm diameter, submerged 1 cm below water level) 
remained in the target quadrant for the duration of testing. Performance was recorded with video tracking soft-
ware (AnyMaze; Stoelting Co.). Spatial Acquisition: All mice performed four 60-second trials with different pool 
entry points and 5-minute trial intervals for five consecutive training days. Probe Trial: A single 60-sec probe trial 
was performed 24 hours after the last spatial acquisition trial where the hidden platform was removed.

Processing of mouse brain tissue. Mice were anesthetized with Avertin (250 mg/kg of body weight, i.p.) 
and perfused transcardially with cold 0.1 M PBS, pH 7.4: left hemisphere fixed in 4% paraformaldehyde for his-
tology. The cortex was dissected from the other and snap frozen on dry ice for RNA and protein isolation54. All 

Figure 7. HFD significantly modulates genes associated with mitochondrial components. (A) Protein 
interaction network of significantly affected genes related to mitochondrial cellular components using String 
(v.10.0, http://string-db.org/). The edge represents predicted functional associations. (B) Representative genes 
of significantly changed mitochondria cellular component in RNA-seq datasets. Fold change (FC) of ND was 
calculated from the number of reads per million (RPM) for each gene and each sample. Statistics is by edgeR, 
*p < 0.05; **p < 0.01.

http://1
http://string-db.org/
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procedures were as reported previously53. Briefly, OCT-embedded hemibrains were cut in the coronal plane at 
30 μm sections and stored in a glycol-based cryoprotectant at −20 °C. Serial sections were selected 700 μm apart, 
starting from approximately 150 μm caudal to the first dentate gyrus appearance.

Histology and Immunohistochemistry. All procedures were as reported previously53. Briefly, 
brain sections mounted on slides were washed in PBS and stained with X-34 (1,4-bis (3-carboxy-4-
hydroxyphenylethenyl)-benzene, 100 µM, provided by W. Klunk, University of Pittsburgh). Following the 
staining, sections were washed in water, incubated in 0.2% NaOH in 80% unbuffered ethanol, washed again in 
water, and then soaked in PBS. For 6E10 staining, Adjacent sections were blocked for endogenous peroxidases, 
avidin-biotin quenched, antigen retrieval performed with 70% formic acid, and tissue blocked with 3% normal 
goat serum. Sections were then immunostained with 6E10 biotinylated antibody (1:1000, SIG-39340, Covance) at 
room temperature before being developed with Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA) 
and a DAB substrate (SK-4100, Vector Laboratories).

For neurite morphometry analysis, sectioning was performed as described above and sections sampled start-
ing 450 μm from the first appearance of the dentate gyrus and every 360 μm (4 total sections). Sections were 
rinsed in PBS and permeabilized with 1% Triton X-100 in PBS for 5 hr at 4 °C. The sections were then washed in 
PBS and blocked with 10% goat serum at RT. The sections were incubated for 72 hr at 4 °C with MAP2 primary 
antibody (1:2000, MAB378, Millipore) and rinsed with PBS and then incubated with Cy3-conjugated anti-mouse 
secondary antibody.

TREM2 staining was performed as in refs 39 and 55. Briefly, sections were rinsed in PBS before antigen 
retrieval (RV1000, Biocare Medical, 1:10), endogenous peroxidases (0.3% H2O2), avidin, and biotin (PK6100, 
ABC Elite Vector Laboratories), and hydrophobic interactions (2% donkey serum) were blocked. Sections then 
incubated in TREM2 primary antibody (AF179, R&D Systems) and developed with DAB substrate. To ensure the 
specificity of TREM2 staining we used the brain tissue from a Trem2KO mice and a staining without a primary 
antibody as negative control.

For VGAT and VGLUT staining, sections were incubated in either VGAT primary antibody (1:2000, AB5062P, 
Millipore) overnight at 4 °C or VGLUT1 primary antibody (1:1000, AB5905, Millipore) for 2 days at 4 °C before 
rinsing in PBS and incubating with Dylight 594 conjugated horse anti-rabbit secondary antibody (1:250; 1:1000) 
for 2 hr at RT. Sections were washed in PBS, mounted on slides, and counterstained with H33342 nuclear reagent.

Quantitative Analysis. Nikon Eclipse 90i microscope (10X magnification) and Nikon NIS Element (Nikon) 
software were used for evaluating the amyloid pathology in the cortex and hippocampus of fixed brain sections 
and the pathology is presented as a percentage of area covered by X-34 or 6E10 stain. For MAP2 imaging in 
CA1, 4 adjacent confocal images were captured using the granule cell layer as a landmark (Olympus Fluoview 
1000, 60X magnification). The FilamentTracer (Imaris, version 7.1.1, Bitplane) was utilized to determine neuronal 
patterning in the hippocampal CA1 region. Unbiased examination and quantitation of neurite size and length 
required manual introduction. Neurite length was normalized to the number of H33342 stained nuclei.

Western blotting. Frozen cortices and hippocampi were homogenized in TBS homogenization buffer 
(250 mM sucrose, 20 mM Tris base, 1 mM EDTA, and 1 mM EGTA, 1 ml per 100 mg of tissue) and protease inhib-
itors cocktail (Roche). For WB, proteins extracted with TBS or RIPA buffer were resolved on SDS-PAGE and 
transferred onto nitrocellulose membranes. For APOE protein detection, TBS soluble brain extract was used 
and RIPA extracted proteins were used for ABCA1, APP, DLK1 and KLF4 detection. Thirty microgram of pro-
teins were resolved on 10 or 12% SDS-PAGE gels and transferred onto nitrocellulose membranes. Used were 
the following primary antibodies: Anti-ABCA1 (Ab18180, Abcam), anti-ApoE (178479, Millipore), anti-APP 
(6E10 antibody, 9320–02, Covance), anti-DLK1 (sc-25437, Santa Cruz), anti-GAPDH (sc-25778, Santa Cruz), 
anti-KLF4 (sc-20691, Santa Cruz).

RNA isolation, qPCR and sequencing. All procedures were performed as before54, 56. RNA was isolated 
from cortex and purified using RNeasy mini kit (Qiagen) per the manufacturer’s protocol. RNA quality was 
assessed using 2100 Bioanalyzer (Agilent Technologies) and samples with RIN > 8 were further used for sequenc-
ing. Sequencing libraries were generated using mRNA Library Prep Reagent Set (Illumina) according to the man-
ufacturer’s recommendations. The libraries were sequenced on Illumina HiSeq2000 at the Functional Genomics 
Core, UPenn, Philadelphia (http://fgc.genomics.upenn.edu/). All sequencing datasets, FASTQ files in this study 
have been processed using Subread-featureCounts-limma/voom pipeline57, 58 and the differential expression ana-
lyzed by edgeR (v3.14.0) package http://bioconductor.org/packages/release/bioc/html/edgeR.html in R (v3.2.4).

For qPCR validation, cDNA was synthesized using EcoDry™ Premix, Random Hexamers (Clontech, 
Mountain View). qPCR was performed using TaqMan® Universal Master Mix II (Life Technologies).

Functional pathway analysis. Functional annotation clustering was performed using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID v6.8, https://david-d.ncifcrf.gov)59, Ingenuity® 
Pathway Analysis (IPA®, QIAGEN)60. Gene-association network of interest was visualized using String (v10.0, 
http://string-db.org/).

Multi-dimensional Mass Spectrometry-based Shotgun Lipidomics (MDMS-SL). Quantitative 
analysis was performed on a triple-quadrupole mass spectrometer (Thermo Fisher Scientific) equipped with 
an automated nanospray apparatus NanoMate and Xcalibur system61–63. Internal standards for quantification 
of individual molecular species of the major lipid classes are added to each brain tissue sample at the start of 
extraction procedure. Liquid Chromatography/Electro Spray Ionization Lipidomics–Mass Spectrometry (LC/

http://fgc.genomics.upenn.edu/
http://bioconductor.org/packages/release/bioc/html/edgeR.html
https://david-d.ncifcrf.gov
http://string-db.org/
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ESI-MS) Lipidomics was performed on a Dionex HPLC system/UltiMate 3000 mobile phase pump, equipped 
with degassing unit and autosampler43, 64, 65.

Visualization of Lipidomics data. PCA and volcano plots visualized using R packages “ggbiplot2” (v2.1.0, 
https://github.com/vqv/ggbiplot). The correlation matrices are visualized using the package “circlize” (v0.3.8, 
https://github.com/jokergoo/circlize) utilizing only the significant positively (r > 0.9) and negatively (r < −0.9) 
correlated lipid pairs.

Statistical analysis. The results in this study are reported as means ± SEM. To assess interaction between 
gender and diet, two-way repeated measures ANOVA was used. To assess interaction between gender, diet and 
trial day, three-way repeated measures ANOVA was used. Differences were considered significant when p < 0.05. 
Unless otherwise indicated all statistical analyses were performed in GraphPad Prism version 7.0. or R version 
3.3.1 as indicated in the text.

References
 1. Gaiteri, C., Mostafavi, S., Honey, C. J., De Jager, P. L. & Bennett, D. A. Genetic variants in Alzheimer disease - molecular and brain 

network approaches. Nat Rev Neurol 12, 413–427, doi:10.1038/nrneurol.2016.84 (2016).
 2. Del-Aguila, J. L. et al. Alzheimer’s disease: rare variants with large effect sizes. Curr Opin Genet Dev 33, 49–55, doi:10.1016/j.

gde.2015.07.008 (2015).
 3. Guerreiro, R. & Hardy, J. Genetics of Alzheimer’s disease. Neurotherapeutics 11, 732–737, doi:10.1007/s13311-014-0295-9 

(2014).
 4. Guerreiro, R. et al. TREM2 variants in Alzheimer’s disease. N Engl J Med 368, 117–127, doi:10.1056/NEJMoa1211851 (2013).
 5. Sindi, S. et al. Midlife Work-Related Stress Increases Dementia Risk in Later Life: The CAIDE 30-Year Study. J Gerontol B Psychol Sci 

Soc Sci. doi:10.1093/geronb/gbw043 (2016).
 6. Ngandu, T. et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control 

to prevent cognitive decline in at-risk elderly people (FINGER): a randomised controlled trial. Lancet 385, 2255–2263, doi:10.1016/
S0140-6736(15)60461-5 (2015).

 7. Merrill, D. A. et al. Modifiable Risk Factors and Brain Positron Emission Tomography Measures of Amyloid and Tau in 
Nondemented Adults with Memory Complaints. Am J Geriatr Psychiatry 24, 729–737, doi:10.1016/j.jagp.2016.05.007 (2016).

 8. Fitz, N. F. et al. Liver X receptor agonist treatment ameliorates amyloid pathology and memory deficits caused by high-fat diet in 
APP23 mice. The Journal of neuroscience: the official journal of the Society for Neuroscience 30, 6862–6872, doi:10.1523/
JNEUROSCI.1051-10.2010 (2010).

 9. Ettcheto, M. et al. Evaluation of Neuropathological Effects of a High-Fat Diet in a Presymptomatic Alzheimer’s Disease Stage in 
APP/PS1 Mice. J Alzheimers Dis 54, 233–251, doi:10.3233/JAD-160150 (2016).

 10. Lin, B. et al. High-Fat-Diet Intake Enhances Cerebral Amyloid Angiopathy and Cognitive Impairment in a Mouse Model of 
Alzheimer’s Disease, Independently of Metabolic Disorders. Journal of the American Heart Association 5, doi:10.1161/
JAHA.115.003154 (2016).

 11. Refolo, L. M. et al. Hypercholesterolemia accelerates the Alzheimer’s amyloid pathology in a transgenic mouse model. Neurobiol Dis 
7, 321–331, doi:10.1006/nbdi.2000.0304 (2000).

 12. Nizari, S., Carare, R. O. & Hawkes, C. A. Increased Abeta pathology in aged Tg2576 mice born to mothers fed a high fat diet. Sci Rep 
6, 21981, doi:10.1038/srep21981 (2016).

 13. Lim, W. L. et al. Effects of a high-fat, high-cholesterol diet on brain lipid profiles in apolipoprotein E epsilon3 and epsilon4 knock-in 
mice. Neurobiol Aging 34, 2217–2224, doi:10.1016/j.neurobiolaging.2013.03.012 (2013).

 14. Lane-Donovan, C. & Herz, J. High-Fat Diet Changes Hippocampal Apolipoprotein E (ApoE) in a Genotype- and Carbohydrate-
Dependent Manner in Mice. PLoS One 11, e0148099, doi:10.1371/journal.pone.0148099 (2016).

 15. Naudi, A. et al. Lipidomics of human brain aging and Alzheimer’s disease pathology. Int Rev Neurobiol 122, 133–189, doi:10.1016/
bs.irn.2015.05.008 (2015).

 16. Han, X. et al. Metabolomics in early Alzheimer’s disease: identification of altered plasma sphingolipidome using shotgun lipidomics. 
PLoS One 6, e21643, doi:10.1371/journal.pone.0021643 (2011).

 17. Janssen, C. I. et al. The Effect of a High-Fat Diet on Brain Plasticity, Inflammation and Cognition in Female ApoE4-Knockin and 
ApoE-Knockout Mice. PLoS One 11, e0155307, doi:10.1371/journal.pone.0155307 (2016).

 18. Graham, L. C. et al. Chronic consumption of a western diet induces robust glial activation in aging mice and in a mouse model of 
Alzheimer’s disease. Sci Rep 6, 21568, doi:10.1038/srep21568 (2016).

 19. Kalaria, R. N. et al. Alzheimer’s disease and vascular dementia in developing countries: prevalence, management, and risk factors. 
The Lancet. Neurology 7, 812–826, doi:10.1016/S1474-4422(08)70169-8 (2008).

 20. Strand, B. H. et al. Midlife vascular risk factors and their association with dementia deaths: results from a Norwegian prospective 
study followed up for 35 years. J Neurol Sci 324, 124–130, doi:10.1016/j.jns.2012.10.018 (2013).

 21. Richards, R. I. et al. The Enemy within: Innate Surveillance-Mediated Cell Death, the Common Mechanism of Neurodegenerative 
Disease. Frontiers in neuroscience 10, 193, doi:10.3389/fnins.2016.00193 (2016).

 22. Colonna, M. & Wang, Y. TREM2 variants: new keys to decipher Alzheimer disease pathogenesis. Nat Rev Neurosci 17, 201–207, 
doi:10.1038/nrn.2016.7 (2016).

 23. Ferron, S. R. et al. Postnatal loss of Dlk1 imprinting in stem cells and niche astrocytes regulates neurogenesis. Nature 475, 381–385, 
doi:10.1038/nature10229 (2011).

 24. Moore, D. L. et al. KLF family members regulate intrinsic axon regeneration ability. Science (New York, N.Y.) 326, 298–301, 
doi:10.1126/science.1175737 (2009).

 25. Qin, S., Liu, M., Niu, W. & Zhang, C. L. Dysregulation of Kruppel-like factor 4 during brain development leads to hydrocephalus in 
mice. Proc Natl Acad Sci USA 108, 21117–21121, doi:10.1073/pnas.1112351109 (2011).

 26. Seo, D. O. et al. A GABAergic Projection from the Centromedial Nuclei of the Amygdala to Ventromedial Prefrontal Cortex 
Modulates Reward Behavior. The Journal of neuroscience: the official journal of the Society for Neuroscience 36, 10831–10842, 
doi:10.1523/JNEUROSCI.1164-16.2016 (2016).

 27. Herman, M. A., Ackermann, F., Trimbuch, T. & Rosenmund, C. Vesicular glutamate transporter expression level affects synaptic 
vesicle release probability at hippocampal synapses in culture. The Journal of neuroscience: the official journal of the Society for 
Neuroscience 34, 11781–11791, doi:10.1523/JNEUROSCI.1444-14.2014 (2014).

 28. Aviram, R. et al. Lipidomics Analyses Reveal Temporal and Spatial Lipid Organization and Uncover Daily Oscillations in 
Intracellular Organelles. Molecular cell 62, 636–648, doi:10.1016/j.molcel.2016.04.002 (2016).

 29. Lu, Y. W. & Claypool, S. M. Disorders of phospholipid metabolism: an emerging class of mitochondrial disease due to defects in 
nuclear genes. Front Genet 6, 3, doi:10.3389/fgene.2015.00003 (2015).

https://github.com/vqv/ggbiplot
https://github.com/jokergoo/circlize
http://dx.doi.org/10.1038/nrneurol.2016.84
http://dx.doi.org/10.1016/j.gde.2015.07.008
http://dx.doi.org/10.1016/j.gde.2015.07.008
http://dx.doi.org/10.1007/s13311-014-0295-9
http://dx.doi.org/10.1056/NEJMoa1211851
http://dx.doi.org/10.1093/geronb/gbw043
http://dx.doi.org/10.1016/S0140-6736(15)60461-5
http://dx.doi.org/10.1016/S0140-6736(15)60461-5
http://dx.doi.org/10.1016/j.jagp.2016.05.007
http://dx.doi.org/10.1523/JNEUROSCI.1051-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1051-10.2010
http://dx.doi.org/10.3233/JAD-160150
http://dx.doi.org/10.1161/JAHA.115.003154
http://dx.doi.org/10.1161/JAHA.115.003154
http://dx.doi.org/10.1006/nbdi.2000.0304
http://dx.doi.org/10.1038/srep21981
http://dx.doi.org/10.1016/j.neurobiolaging.2013.03.012
http://dx.doi.org/10.1371/journal.pone.0148099
http://dx.doi.org/10.1016/bs.irn.2015.05.008
http://dx.doi.org/10.1016/bs.irn.2015.05.008
http://dx.doi.org/10.1371/journal.pone.0021643
http://dx.doi.org/10.1371/journal.pone.0155307
http://dx.doi.org/10.1038/srep21568
http://dx.doi.org/10.1016/S1474-4422(08)70169-8
http://dx.doi.org/10.1016/j.jns.2012.10.018
http://dx.doi.org/10.3389/fnins.2016.00193
http://dx.doi.org/10.1038/nrn.2016.7
http://dx.doi.org/10.1038/nature10229
http://dx.doi.org/10.1126/science.1175737
http://dx.doi.org/10.1073/pnas.1112351109
http://dx.doi.org/10.1523/JNEUROSCI.1164-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.1444-14.2014
http://dx.doi.org/10.1016/j.molcel.2016.04.002
http://dx.doi.org/10.3389/fgene.2015.00003


www.nature.com/scientificreports/

1 2Scientific RepoRts | 7: 4307  | DOI:10.1038/s41598-017-04412-2

 30. Quintens, R. et al. Mice deficient in the respiratory chain gene Cox6a2 are protected against high-fat diet-induced obesity and 
insulin resistance. PLoS One 8, e56719, doi:10.1371/journal.pone.0056719 (2013).

 31. Ron-Harel, N. et al. Mitochondrial Biogenesis and Proteome Remodeling Promote One-Carbon Metabolism for T Cell Activation. 
Cell Metab 24, 104–117, doi:10.1016/j.cmet.2016.06.007 (2016).

 32. Bottinger, L., Ellenrieder, L. & Becker, T. How lipids modulate mitochondrial protein import. J Bioenerg Biomembr 48, 125–135, 
doi:10.1007/s10863-015-9599-7 (2016).

 33. Martensson, C. U., Doan, K. N. & Becker, T. Effects of lipids on mitochondrial functions. Biochimica et biophysica acta 1862, 
102–113, doi:10.1016/j.bbalip.2016.06.015 (2017).

 34. Besse, A. et al. The GABA transaminase, ABAT, is essential for mitochondrial nucleoside metabolism. Cell Metab 21, 417–427, 
doi:10.1016/j.cmet.2015.02.008 (2015).

 35. Grunewald, A. et al. Mitochondrial DNA Depletion in Respiratory Chain-Deficient Parkinson Disease Neurons. Ann Neurol 79, 
366–378, doi:10.1002/ana.24571 (2016).

 36. Hamers, A. A., Hanna, R. N., Nowyhed, H., Hedrick, C. C. & de Vries, C. J. NR4A nuclear receptors in immunity and atherosclerosis. 
Curr Opin Lipidol 24, 381–385, doi:10.1097/MOL.0b013e3283643eac (2013).

 37. Chio, C. C. et al. Neuron-derived orphan receptor 1 transduces survival signals in neuronal cells in response to hypoxia-induced 
apoptotic insults. J Neurosurg 124, 1654–1664, doi:10.3171/2015.6.JNS1535 (2016).

 38. Wang, Y. et al. TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease model. Cell 160, 1061–1071, 
doi:10.1016/j.cell.2015.01.049 (2015).

 39. Jay, T. R. et al. TREM2 deficiency eliminates TREM2+ inflammatory macrophages and ameliorates pathology in Alzheimer’s disease 
mouse models. J Exp Med 212, 287–295, doi:10.1084/jem.20142322 (2015).

 40. Jay, T. R. et al. Disease Progression-Dependent Effects of TREM2 Deficiency in a Mouse Model of Alzheimer’s Disease. The 
Journal of neuroscience: the official journal of the Society for Neuroscience 37, 637–647, doi:10.1523/JNEUROSCI.2110-16.2017 
(2017).

 41. Hawkins, P. T. & Stephens, L. R. PI3K signalling in inflammation. Biochimica et biophysica acta 1851, 882–897, doi:10.1016/j.
bbalip.2014.12.006 (2015).

 42. Fond, A. M., Lee, C. S., Schulman, I. G., Kiss, R. S. & Ravichandran, K. S. Apoptotic cells trigger a membrane-initiated pathway to 
increase ABCA1. J Clin Invest 125, 2748–2758, doi:10.1172/JCI80300 (2015).

 43. Balasubramanian, K. et al. Dichotomous roles for externalized cardiolipin in extracellular signaling: Promotion of phagocytosis and 
attenuation of innate immunity. Science signaling 8, ra95, doi:10.1126/scisignal.aaa6179 (2015).

 44. Song, W. et al. Alzheimer’s disease-associated TREM2 variants exhibit either decreased or increased ligand-dependent activation. 
Alzheimers Dement. doi:10.1016/j.jalz.2016.07.004 (2016).

 45. Ji, J. et al. Mitochondrial injury after mechanical stretch of cortical neurons in vitro: biomarkers of apoptosis and selective 
peroxidation of anionic phospholipids. J Neurotrauma 29, 776–788, doi:10.1089/neu.2010.1602 (2012).

 46. Eckert, G. P., Wood, W. G. & Muller, W. E. Membrane disordering effects of beta-amyloid peptides. Sub-cellular biochemistry 38, 
319–337 (2005).

 47. Nagata, S., Suzuki, J., Segawa, K. & Fujii, T. Exposure of phosphatidylserine on the cell surface. Cell Death Differ 23, 952–961, 
doi:10.1038/cdd.2016.7 (2016).

 48. Clark, M. R. Flippin’ lipids. Nat Immunol 12, 373–375, doi:10.1038/ni.2024 (2011).
 49. Kimani, S. G. et al. Contribution of Defective PS Recognition and Efferocytosis to Chronic Inflammation and Autoimmunity. Front 

Immunol 5, 566, doi:10.3389/fimmu.2014.00566 (2014).
 50. Ramirez-Ortiz, Z. G. et al. The scavenger receptor SCARF1 mediates the clearance of apoptotic cells and prevents autoimmunity. Nat 

Immunol 14, 917–926, doi:10.1038/ni.2670 (2013).
 51. Monteiro-Cardoso, V. F. et al. Cardiolipin profile changes are associated to the early synaptic mitochondrial dysfunction in 

Alzheimer’s disease. J Alzheimers Dis 43, 1375–1392, doi:10.3233/JAD-141002 (2015).
 52. Claypool, S. M. & Koehler, C. M. The complexity of cardiolipin in health and disease. Trends Biochem Sci 37, 32–41, doi:10.1016/j.

tibs.2011.09.003 (2012).
 53. Fitz, N. F. et al. Opposing effects of Apoe/Apoa1 double deletion on amyloid-beta pathology and cognitive performance in APP 

mice. Brain 138, 3699–3715, doi:10.1093/brain/awv293 (2015).
 54. Nam, K. N. et al. RXR controlled regulatory networks identified in mouse brain counteract deleterious effects of Abeta oligomers. 

Sci Rep 6, 24048, doi:10.1038/srep24048 (2016).
 55. Savage, J. C. et al. Nuclear receptors license phagocytosis by trem2+ myeloid cells in mouse models of Alzheimer’s disease. The 

Journal of neuroscience: the official journal of the Society for Neuroscience 35, 6532–6543, doi:10.1523/JNEUROSCI.4586-14.2015 
(2015).

 56. Lefterov, I. et al. RNA-sequencing reveals transcriptional up-regulation of Trem2 in response to bexarotene treatment. Neurobiol Dis 
82, 132–140, doi:10.1016/j.nbd.2015.05.019 (2015).

 57. Liao, Y., Smyth, G. K. & Shi, W. The Subread aligner: fast, accurate and scalable read mapping by seed-and-vote. Nucleic acids 
research 41, e108, doi:10.1093/nar/gkt214 (2013).

 58. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic 
features. Bioinformatics 30, 923–930, doi:10.1093/bioinformatics/btt656 (2014).

 59. Huang DA, W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics 
resources. Nature protocols 4, 44–57, doi:10.1038/nprot.2008.211 (2009).

 60. Ficenec, D. et al. Computational knowledge integration in biopharmaceutical research. Briefings in bioinformatics 4, 260–278 
(2003).

 61. Wang, M. & Han, X. Advanced Shotgun Lipidomics for Characterization of Altered Lipid Patterns in Neurodegenerative Diseases 
and Brain Injury. Methods Mol Biol 1303, 405–422, doi:10.1007/978-1-4939-2627-5_24 (2016).

 62. Yang, K., Cheng, H., Gross, R. W. & Han, X. Automated lipid identification and quantification by multidimensional mass 
spectrometry-based shotgun lipidomics. Anal Chem 81, 4356–4368, doi:10.1021/ac900241u (2009).

 63. Han, X., Yang, K. & Gross, R. W. Multi-dimensional mass spectrometry-based shotgun lipidomics and novel strategies for lipidomic 
analyses. Mass Spectrom Rev 31, 134–178, doi:10.1002/mas.20342 (2012).

 64. Tyurin, V. A. et al. Oxidatively modified phosphatidylserines on the surface of apoptotic cells are essential phagocytic ‘eat-me’ 
signals: cleavage and inhibition of phagocytosis by Lp-PLA2. Cell Death Differ 21, 825–835, doi:10.1038/cdd.2014.1 (2014).

 65. Tyurina, Y. Y. et al. A mitochondrial pathway for biosynthesis of lipid mediators. Nature chemistry 6, 542–552, doi:10.1038/
nchem.1924 (2014).

Acknowledgements
This study was funded in part by the National Institutes of Health: AG037481, AG037919, K01AG044490, 
ES024233, U.S. Department of Defense (W81XWH-13-1-0384) and Alzheimer’s association (AARF-16-443213). 
We would like to acknowledge the NIH supported microscopy resources in the Center for Biologic Imaging 
(1S10OD019973-01 grant).

http://dx.doi.org/10.1371/journal.pone.0056719
http://dx.doi.org/10.1016/j.cmet.2016.06.007
http://dx.doi.org/10.1007/s10863-015-9599-7
http://dx.doi.org/10.1016/j.bbalip.2016.06.015
http://dx.doi.org/10.1016/j.cmet.2015.02.008
http://dx.doi.org/10.1002/ana.24571
http://dx.doi.org/10.1097/MOL.0b013e3283643eac
http://dx.doi.org/10.3171/2015.6.JNS1535
http://dx.doi.org/10.1016/j.cell.2015.01.049
http://dx.doi.org/10.1084/jem.20142322
http://dx.doi.org/10.1523/JNEUROSCI.2110-16.2017
http://dx.doi.org/10.1016/j.bbalip.2014.12.006
http://dx.doi.org/10.1016/j.bbalip.2014.12.006
http://dx.doi.org/10.1172/JCI80300
http://dx.doi.org/10.1126/scisignal.aaa6179
http://dx.doi.org/10.1016/j.jalz.2016.07.004
http://dx.doi.org/10.1089/neu.2010.1602
http://dx.doi.org/10.1038/cdd.2016.7
http://dx.doi.org/10.1038/ni.2024
http://dx.doi.org/10.3389/fimmu.2014.00566
http://dx.doi.org/10.1038/ni.2670
http://dx.doi.org/10.3233/JAD-141002
http://dx.doi.org/10.1016/j.tibs.2011.09.003
http://dx.doi.org/10.1016/j.tibs.2011.09.003
http://dx.doi.org/10.1093/brain/awv293
http://dx.doi.org/10.1038/srep24048
http://dx.doi.org/10.1523/JNEUROSCI.4586-14.2015
http://dx.doi.org/10.1016/j.nbd.2015.05.019
http://dx.doi.org/10.1093/nar/gkt214
http://dx.doi.org/10.1093/bioinformatics/btt656
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1007/978-1-4939-2627-5_24
http://dx.doi.org/10.1021/ac900241u
http://dx.doi.org/10.1002/mas.20342
http://dx.doi.org/10.1038/cdd.2014.1
http://dx.doi.org/10.1038/nchem.1924
http://dx.doi.org/10.1038/nchem.1924


www.nature.com/scientificreports/

13Scientific RepoRts | 7: 4307  | DOI:10.1038/s41598-017-04412-2

Author Contributions
R.K. and I.L. designed the study; K.N.N., A.M., C.M.W., N.F.F., A.Y.C., E.L.C., H.I.K., V.L.R., J.W., X.H. and R.K. 
conducted the experiments; R.K., K.N.N., C.M.W., J.S. and I.L. analyzed the results; K.N.N., I.L. and R.K. wrote 
the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04412-2
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-04412-2
http://creativecommons.org/licenses/by/4.0/

	Effect of high fat diet on phenotype, brain transcriptome and lipidome in Alzheimer’s model mice
	Results
	High fat diet aggravates AD-like phenotype of middle-aged APP23 mice. 
	Effect on memory. 
	Effect on amyloid deposition. 

	HFD affects the expression of genes involved in immune response, and those related to neuron differentiation and transcript ...
	Validation of RNA-seq results. 
	HFD increases TREM2 protein level in correlation with Aβ deposition. 
	HFD affects neurite morphology. 
	HFD significantly impacts brain lipidome in AD model mice. 
	HFD significantly modulates genes associated with mitochondrial components and apoptosis. 

	Discussion
	Materials and Methods
	Animals and Diets. 
	Morris Water Maze. 
	Processing of mouse brain tissue. 
	Histology and Immunohistochemistry. 
	Quantitative Analysis. 
	Western blotting. 
	RNA isolation, qPCR and sequencing. 
	Functional pathway analysis. 
	Multi-dimensional Mass Spectrometry-based Shotgun Lipidomics (MDMS-SL). 
	Visualization of Lipidomics data. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 High fat diet worsens cognitive performance and increases amyloid deposition in APP23 mice.
	Figure 2 HFD affects the expression of genes associated with immune response and neuron differentiation.
	Figure 3 HFD increases TREM2 immunostaining in the brain.
	Figure 4 HFD impairs neurite architecture.
	Figure 5 HFD significantly affects the brain lipidomic profiles.
	Figure 6 Correlation analysis of brain lipidome in HFD and ND mice.
	Figure 7 HFD significantly modulates genes associated with mitochondrial components.




