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Quantitative analysis of targeted lipidomics in the hippocampus of APP/PS1 mice employing the UHPLC-MS/MS method
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Background: Alzheimer’s disease (AD) is marked by the pathological features of amyloid-β plaque accumulation, as well as intracellular neurofibrillary tangles formation in the patients’ brain. Aberrant lipid metabolism is increasingly recognized as one of the important contributors to AD.

Purpose: The main goal of this research was to conduct quantitative detection of targeted lipidomics in hippocampal tissue of APPSwe/PS1dE9 mice in order to identify lipid metabolic biomarkers of early-onset AD mice.

Methods: Our approach departs from conventional lipid detection methods, employing a highly accurate quantificational Ultra High Performance Liquid Chromatography Tandem Mass Spectrometry (UHPLC-MS/MS) technique to analyze targeted lipid biomarkers. The innovative method was utilized to detect targeted lipids in the hippocampus of AD and wild-type mice. Statistical method was performed by Student’s t-test and multivariate analysis. Differential metabolites were identified through fulfilling the standard of Variable Importance in Projection surpassing one and the significance probability lower than 0.05 thresholds.

Results: Both groups utilized identical methodologies and adhered strictly to standardized treatment protocols. Sphingolipids (SPs), Glycerophospholipids (GPs), Glycolipids, Glycerides (GLs), Sterol Lipids (STs), and Free Fatty Acid (FA) were identified as prominent lipids exhibiting alterations in the hippocampus of AD models. Regarding glycolipid and glycerolipid composition, monogalactosyldiacylglycerols (MGDGs) and Triacylglycerols (TGs) constituted a significant proportion (p < 0.05, VIP > 1). Among glycerophospholipids, phosphatidylethanolamines (PEs) and phosphatidylcholines (PCs) emerged as significant constituents (p < 0.05, VIP > 1). Furthermore, hexosylceramides (HexCers) and ceramides (Cers) in the AD model’s hippocampus, the prominent sphingolipids in the hippocampus of AD mice, existed as the two primary changed lipid metabolites. The levels of some TGs in GLs and CEs in STs showed a significant elevation (p < 0.05, VIP > 1). In contrast, most kinds of MGDGs, HexCers, Cers, PEs and FA (18:2) demonstrated a notable decrease in the hippocampus of AD group (p < 0.05, VIP > 1).

Conclusion: The present research represents the important quantitative identification of distinct lipid biomarker profiles within the hippocampal portion of 7.5-month-aged AD mice. It encompasses glycolipid, GLs, GPs, SPs, STs, and FAs using a targeted HPLC-MS method for quantification. These findings suggest potential diagnostic lipid biomarkers in hippocampus of early-onset AD mice related to cellular membrane integrity, atherosclerosis, oxidative stress damage, and inflammation.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that make up 60 to 80 percent of total cases of dementia. It is estimated to have an impact on approximately 152 million people worldwide till 2050 (Calsolaro et al., 2019). As the leading neurodegenerative disorder in elderly individuals with progressive cognitive decline, AD is projected to surge in prevalence as the global population ages (de Veij Mestdagh et al., 2022). AD is marked by the pathological features of amyloid-β plaque accumulation, as well as intracellular neurofibrillary tangles formation in the patients’ brain (Fan et al., 2021).

More than two decades ago, the coexistence of APPSwe/PS1dE9 gene alterations was discovered in early-onset familial AD, integrating the Swedish-mutated APP gene alongside the PS1 gene lacking exon 9 (Selkoe and Schenk, 2003). The genetically engineered APPSwe/PS1dE9 mice, that concurrently express mutations in the human APP and PS1 genes, serve as an AD animal model, being characterized by a succession of distinct symptoms of AD patients. The characteristic features also encompassed cognitive decline due to disrupted synapses and the formation of Aβ plaques, which mimic the pathophysiology of human AD (Radde et al., 2006; Gengler et al., 2010). The existence of Aβ plaques in the hippocampal tissue of AD mice, which is vulnerable regions involved in cognition serves as a characteristic indicator of pathology related to cognitive deficits (Li et al., 2022). Furthermore, the hippocampus is a critical region for memory function; however, limited research has been devoted to characterizing targeted lipids within the hippocampus of AD mice. In this study, the implementation of a precise targeted lipidomics ensured the reproducibility of all findings. Male subjects were selected to control for the potential influence of estrogen on experimental outcomes. Both experimental groups received intraperitoneal saline administration to replicate the ordinary treatment approach used in mice. Age-related cognitive decline similar to Alzheimer’s patients was observed in APPSwe/PS1dE9 mice, with deficits manifesting at 7 months of age (Xiong et al., 2011). The experimental deadline was set at seven and a half months for mice, stipulating that observable memory impairment and pathological damage on the hippocampus should be evident in the AD group.

A significant proportion of AD patients develop cerebrovascular complications, with disturbances in lipid homeostasis being a primary contributing factor (Arvanitakis et al., 2016; Attems and Jellinger, 2014). This is particularly evident in the imbalances of phospholipids observed in both serum and cerebrospinal fluid (CSF) of AD patients (Farooqui et al., 1988; Koal et al., 2015), as well as lipid disturbances noted in cortical and serum samples of APP/PS1 mice (Yao et al., 2009; Shen L. et al., 2017). High-density lipoprotein (HDL) exerts a protective effect against cerebrovascular amyloidosis in AD transgenic mice, thereby enhancing overall cerebrovascular health (Button et al., 2019). These findings underscore the regulatory role of lipid modifications in maintaining cerebrovascular health. The therapeutic potential of lipids may be attributed to their ability to regulate lipid homeostasis. While lipidomics provides an advanced approach for identifying novel biomarkers for Alzheimer’s disease diagnosis, it remains in its early stages of development and faces challenges such as insufficient databases and technical complexities (Zhang et al., 2020).

Recent research has included many methods for analyzing lipids, including nontargeted lipidomics utilizing UHPLC-MS with exceptional sensitivity and considerable throughput characteristics. The use of this UHPLC-MS/MS technique is widely used to establish diagnoses through the analysis of dried blood spot samples from newborns for both enzyme activity and glycosaminoglycan (GAG) concentration levels in Genetics such as Mucopolysaccharidosis. Its application in the field of neuroscience, especially neurodegenerative diseases such as Alzheimer’s disease, is promising (Stapleton et al., 2020). Mass spectrometry has proven to be a superior method for uncovering novel lipid biomarkers indicative of an Alzheimer’s disease diagnosis in previous experiments (Yao et al., 2009; Zhang et al., 2020).

At the same time, the untargeted lipidomics were non-absolute quantification. The reproducibility of lipid profiles in the same samples of AD mice across different experiments poses a significant challenge in nontargeted lipidomics analysis. The quantification method for targeted metabolites ensures data accuracy by repeating all experimental details in the quantification process. The lipid results in our research were obtained using their respective standard curves to determine the correlation between variables including the signal intensity and the concentration of analytes. The lipid concentration can be quantified at μg per g of tissue within a linear detection range in targeted lipid analysis. The concentrations of untargeted metabolites, represented by different compounds, cannot be directly inferred from the relative intensities of peaks by LC-MS or GC-MS. Therefore, it is advisable to employ targeted UHPLC-MS for lipid concentration analysis to ensure the precision and reproducibility of findings (Alseekh et al., 2021).

The main goal of this research was to detect lipid biomarkers’ levels of the hippocampal tissue in 7.5-month-aged APP/PS1 mice, with the aim of diagnosing AD of APP/PS1 mice in the early stage of disease and uncovering underlying mechanisms in terms of lipid balance disorders. The lipidomics metabolomics presented herein provides a comprehensive atlas of the lipidomic landscape, making it a valuable resource for exploring the mechanisms underlying hippocampal lipid imbalance in mice with early-onset Alzheimer’s disease.

We also aim to utilize the findings of this research to investigate any therapeutic mechanism of lipids in the hippocampal tissue of APP/PS1 mice within the context of pharmacological experiments where drugs dissolved in saline are administered via intraperitoneal injection as a preventive treatment in APP/PS1 mice.



Methods


Animals and administration

The Animal Ethics Committee at the First Hospital of Hebei Medical University (License Number: 20221230) authorized all the protocols involving animals. APPswe/PS1dE9 mice, bred on a C57BL/6 J mouse strain, co-express two genes derived from a chimeric APP gene that possesses the Swedish mutations and the PS1 gene that exhibits a deletion in exon nine (Jankowsky et al., 2004).

Male APPswe/PS1dE9 and C57BL/6 J mice were sourced from SPF Biotechnology Co. Ltd. (Beijing, China). The experimental cohort consisted of 3.5-month-old mice (SCXK Beijing 2019-0010) at the commencement of the trial. All the mice received normal saline (135 mg/kg) through intraperitoneal injection for 3.5 month.

The study utilized standard Makrolon cages with sawdust bedding for housing the mice. The cages enriched with unrestricted access to nourishment and hydration under controlled environmental conditions, with a temperature maintained at 22 ± 2°C and a humidity range at 55 ± 10 percent. The dark–light succession extended from 7:00 pm to 7:00 am, with lights on at 7:00 am, encompassing twelve hours.



Experimental groups and the procedure for hippocampus tissue preparation and extraction of lipid metabolites

Many drugs used to treat AD patients are formulated in concentrated dosage forms (Huang et al., 2018; Zhou et al., 2019). When these drugs are utilized in animal pharmacological experiments, they must be dissolved in saline or other solvent for administration. In pharmacological studies involving AD animal models, intraperitoneal injection is commonly employed to ensure accurate drug dosing. However, to date, few studies have systematically investigated the mechanisms underlying hippocampal lipid alterations in experiments where drugs are dissolved in saline and administered via intraperitoneal injection to AD mice. Through this experiment, we aim to provide baseline hippocampal lipid profiles for both negative and positive control mice, which will serve as a reference for similar future studies. Therefore, this study was designed with two groups: the APP/PS1 group including APPswe/PS1dE9 mice and the WT control group containing C57BL/6 J mice. Each group consisted of six male mice, and all mice received identical doses of intraperitoneal saline injections.

The daily treatment had been administered for 3.5 months, commencing at 3.5 months in mice and adapting to the environment for 1 week. The mice were euthanized 7 days after the conclusion of the treatment at the age of 7.5-month-old. All the mice were fasted for 12 h prior to anesthetization with isoflurane anesthesia. Brains were excised, and then the hippocampal tissues in two experimental groups were promptly dissected on the ice. The tissues were then stored at −80°C for analysis of lipid metabolites.

The hippocampal tissues were weighed using the ATY124 analytical balance (Shimadzu Corporation, Kyoto, Japan). For each hippocampal sample, 10 ± 0.8 mg of tissue was precisely weighed and diluted with 400 μL of water in an EP tube (concentration: 10 mg/400 μL). The vortex procedure was conducted for 60 s, followed by homogenization of the samples using magnetic beads at a frequency of 45 Hz for 4 min. The homogenate samples were immersed in mixture of ice and water and sonicated for 5 min with PS-60AL 15 L ultrasonic washing machine (Shenzhen Leaderbang Electronics Co., Ltd., Shenzhen, Guandong, China). The homogenate underwent a 5 min sonication process utilizing the same ultrasonicator. The repetition of the homogenization and sonication procedure was carried out thrice in a single cycle. Subsequently, 20 μL hippocampal homogenate was diluted with 180 μL of water.

Lipids were extracted from the hippocampal tissue homogenate with an extraction solution (480 μL, MTBE: MeOH = 5:1) comprising a lipid internal standard. The solution containing the lipid internal standard was gently agitated for 1 min, followed by sonication in a mixture of ice and water for a period of 10 min. After centrifugation (3,000 rpm, 15 min) at a temperature of 4°C, a supernatant volume of 250 μL was obtained. Subsequently, the remaining sediment was mixed with an equal volume of MTBE (250 μL). Afterward, the experimental procedure encompassed vortexing, sonicating, and centrifuging. Subsequently, an additional 250 μL of supernatant was extracted. The supernatants were subsequently pooled and subjected to vacuum concentration at 37°C. The dried samples were rehydrated with 200 μL of a resuspension liquid (comprising of DCM, MeOH, and H2O in a ratio of 60:30:4.5). Subsequently, the rehydrated samples underwent rotational agitation for 30 s and then sonicated (10 min) within mixture of ice and water. Following this, the solution was subjected to centrifugation (12,000 rpm, 4°C) for 15 min using microcentrifuge.

After the completion of the experimental procedure, a precise volume of 35 μL liquid portion was carefully transferred and prepared for subsequent UHPLC-MS/MS analysis. Simultaneously, quality control was meticulously created by combining equal volumes of liquid portion derived from each sample.

A comprehensive description of all the experimental procedures is provided in Supplementary Figure S1.



UHPLC-MS/MS analysis

The separation process of Ultra-high Performance Liquid Chromatography (UHPLC) was carried out utilizing a SCIEX ExionLC UPLC System (SCIEX, Flamingham, MA, United States). The chromatographic column used was an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm) from Waters Corporation (Milford, MA, United States). The mobile phase A comprised 40% H2O, 60% CH3CN, 10 mmol/L HCOONH4. The mobile phase B includes a mixture comprising 10% acetonitrile, 90% isopropanol, and ammonium formate at ten mmol/L concentration. The chromatographic column’s temperature was reserved at 45°C, and the autosampler temperature remained constant at 6°C. For analysis purposes, only four μL of the sample was injected into the system. Detailed information regarding the specific mobile phase conditions employed in liquid chromatography can be found in Table 1.


TABLE 1 Enhanced mobile phase parameters in liquid chromatography.


	Time (min)
	Flow velocity (μL/min)
	A%
	B%

 

 	0 	300 	80 	20


 	1 	300 	80 	20


 	4 	300 	40 	60


 	15 	300 	2 	98


 	16 	300 	2 	98


 	16.01 	300 	80 	20


 	18 	300 	80 	20




 

In our research, the SCIEX QTRAP 6500 Plus mass spectrometer (SCIEX, Flamingham, MA, United States) was employed to analyze. The multiple response monitoring (MRM) modes were utilized for mass spectrometry analysis during data acquisition. The ion source parameters were typically configured as follows: Ion Spray Voltage was set to +5,500/−4,500 V; Curtain Gas pressure was maintained at 40 psi; Temperature was controlled at 350°C; Ion Source Gas One and Ion Source Gas Two were both adjusted to 50 psi, and DP (differential pressure) ranged within ±80 V.

Our LC-MS-based strategies have high accuracies, and the LOQ reach down to 0.002 μg/mL and the LOQ reach down to 0.006 μg/mL. For the quality control samples, the coefficient of variation of the lipid normalized area was less than 30% and the retention time was less 5%, indicating the stability of the instrument.

The UHPLC separation was carried out using a SCIEX ExionLC series UHPLC System. The MRM parameters for each of the targeted analytes were optimized using flow injection analysis, by injecting the standard solutions of the individual analytes, into the API source of the mass spectrometer. Several of the most sensitive transitions were used in the MRM scan mode to optimize the collision energy for each Q1/Q3 pair. Among the optimized MRM transitions per analyte, the Q1/Q3 pairs that showed the highest sensitivity and selectivity were selected as “quantifier” for quantitative monitoring. The additional transitions acted as “qualifier” for the purpose of verifying the identity of the target analytes.



The procedures for data preprocessing

The Biobud-v2.1.4.1 and SCIEX Analyst Software (SCIEX, Flamingham, MA, United States) was employed to quantificate the targeted lipids. The precise content of each lipid, corresponding to the internal standard (IS), was determined by evaluating the peak intensity and utilizing the predetermined concentration of a corresponding internal reference within the same lipid class (SPLASH LIPIDOMIX Mass Spec Standard, AVANTI).

The precise content of each lipid, corresponding to the internal standard (IS), was determined by evaluating the peak intensity and utilizing the predetermined concentration of a corresponding internal reference within the same lipid class. Fifty-eight internal standards were used to quantify lipids, covering 16 lipid classes. All internal standards were obtained from Sigma-Aldrich Trading Co. Ltd. (Merck KGaA, Darmstadt, Germany). The 16 lipid classes included 9 triacylglycerols (TGs), 3 cholesteryl esters (CEs), 5 ceramides (CERs), 5 diacylglycerols (DGs), 1 free fatty acid (FA), 2 hexosylceramides (HexCers), 2 lysophosphatidylcholines (LPCs), 3 lysophosphatidylethanolamines (LPEs), 2 lysophosphatidylserines (LPSs), 5 phosphatidylcholines (PCs), 4 phosphatidylethanolamines (PEs), 5 phosphatidylglycerols (PGs), 5 phosphatidylinositols (PIs), 2 phosphatidylserines (PSs), and 5 sphingomyelins (SMs).

The CentWave algorithm was used for peak detection with the MS/MS spectrum, and lipid identification was achieved through a spectral match using LipidBlast library. Absolute quantification was calculated by normalizing the peak area of each metabolite with respect to the area of the internal standards (IS) and by using standard curves (Sun et al., 2022; Smith et al., 2006).



Lipid raw data preprocessing

From the original dataset comprising 3 QC and 12 samples, 441 peaks were left after noising filtering. To enhance data analysis, it was necessary to filter the peaks for noise removal (Dunn et al., 2011). Noise filtering retained only those features with ≤50 percentage missing values within or across groups and all QC samples’ RSD < 30%. Missing values were imputed using half of the smallest detected value (Wei et al., 2018). After preprocessing, a total of 441 peaks remained. The absolute lipid content in the samples was determined using internal standards, and the resulting dataset (compound name, sample name, concentration) was imported into SIMCA 16.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) for multivariate analysis.

Firstly, we identified a potential separation trend between the WT control group and APP/PS1 group through PCA analysis. After PCA analysis, the orthogonal projection of latent structure-discriminant analysis (OPLS-DA) was used to screen the significance metabolites. Then a sevenfold cross-validation was performed to calculate the values of R2 and Q2, where R2 represents the goodness of fit and Q2 represents the goodness of prediction. The identification of differentially expressed metabolites was performed by the variable importance in projection (VIP) values (VIP > 1) of OPLS-DA combined with the Student’s t-test (t-test) (p ≤ 0.05).



Multivariate analysis of lipid data: orthogonal projections to latent structures-discriminant analysis

The data were then normalized and subjected to logarithmic transformation to reduce noise and variance. OPLS-DA was put to be used to distinguish between groups and identify considerably altered metabolites. By removing orthogonal components unrelated to the classification variable, OPLS-DA provided more robust insights into understanding of lipid disparities among groups, even with small sample sizes (Wiklund et al., 2008).

The UV (Unit Variance Scaling) formatting, mean-centered process, and LOG conversion were performed employing SIMCA software. Initially, the modeling analysis was conducted according to the first principal component. The quality and validity of the OPLS-DA model were assessed using seven-fold cross-validation and assessed based on R2Y (model interpretability) and Q2 (predictive ability), separately. A 200-times permutation test confirmed the validity of the model. These scatter plots from OPLS-DA scores were utilized to detect group differences in coefficient of variation.



Lipid metabolite screening

Our research employed two statistical analysis methods to filter the observed differences. Simultaneously, considering the outcomes of Student’s t-test and multivariate statistical analysis enables us to draw comprehensive conclusions from diverse perspectives, thereby avoiding false positive errors. We combined Student’s t-test and multivariate analyses to discover differential lipids. This dual approach minimized false positives and potential model overfitting, ensuring conclusions that are reliable.

Firstly, we employed volcano plot analysis to demonstrate the primary down-regulated and up-regulated lipid metabolites. Subsequently, the percentage of altered lipids was illustrated in a donut chart for both groups. Finally, we utilized a box plot to present the representative differential substances in detail and a heatmap to analyze the correlation of lipids in the hippocampus of AD mice.



Statistical analysis

Statistical evaluation combines Student’s t-test and multivariate analysis assessments (SIMCA 16.0.2). Error bars represent SEM. Lipids were considered significantly changed if VIP exceeded 1 and p-value was lower than 0.05. The degree of correlation was evaluated using the Pearson method as a statistical measure.




Results


The results of quality control

Quality control (QC) ensured stable instrument performance and reliable detection of standards. The consistent overlap in total ion current (TIC) retention times and peak areas for QC samples (Figure 1A) confirmed satisfactory system stability.

[image: Two chromatograms labeled A and B compare total ion current (TIC) intensities over time in minutes. Both show prominent peaks at similar time points, notably around 4.88, 9.97, and 10.79 minutes, indicating compounds with high intensity. Small variations exist in peak heights and baseline levels between the graphs.]

FIGURE 1
 (A) TIC diagram of all QC samples. (B) The TIC diagram of sample “QC-01” and blank sample.


Analyzing blank samples can help investigate substance residues in the detection process. As illustrated in Figure 1B, no significant interference peak was observed in the blank sample compared to sample “QC-01,” indicating minimal cross-contamination and effective residue control.

To validate the peak, peak area of sample should be larger than 3*STD of area of blank, and the RSD of all QC samples should be less than 30%.



Multivariate analysis results

Using the UHPLC-MS/MS method, we successfully detected 441 peaks. The PCA score plot indicates that all samples lie within the 95% confidence interval, as defined by Hotelling’s T-squared ellipse (Supplementary Figure S2). OPLS-DA was then applied to the lipidomic data to minimize confounding variables and clarify group differences. Figure 2 shows the OPLS-DA score plot distinguishing APP/PS1 from WT controls. The separation along the predictive component (x-axis) highlights significant differences between the groups, with minimal within-group variability along the orthogonal component (y-axis). All data points lay within the 95% confidence range defined by Hotelling’s T2 ellipse. Cross-validation yielded R2Y = 0.867 and Q2 = 0.205. These values reflected the model’s effectiveness and predictability in explaining categorical variables. Furthermore, the validity of the observed differences between the two groups shown in Figure 2B was confirmed through 200 times of permutation tests. In these tests, the horizontal axis represents the permutation order of the Y variable, with “1” indicating the original model’s arrangement. The vertical axis displays R2Y and Q2 values.

[image: Panel A shows a scatter plot with two groups: purple circles representing WT control and green squares representing APP/PS1, plotted on axes labeled t[1]P[15.9%] and t[1]O[27.1%]. Panel B displays a validation plot of correlation coefficients, with green circles for R²Y(cum) and blue squares for Q²(cum). Intercepts are noted as R²Y(cum) = (0, 0.87) and Q²(cum) = (0, -0.53), with dashed lines indicating trends.]

FIGURE 2
 (A) OPLS-DA score plot for group APP/PS1 versus WT control. The OPLS-DA score plot demonstrated that the samples were dispersed into two groups (n = 12). The data for the WT control group are shown in purple, and the data for the APP/PS1 group are shown in green. (B) OPLS-DA permutation test for APP/PS1 versus WT control group. The green dot stands for the R2Y value acquired from the permutation test, the blue square dot indicates the Q2 value obtained from the permutation test, and the two dashed lines, respectively, represent the regression lines of R2Y and Q2.




Lipid composition analysis

As illustrated in Figure 3, the lipid composition pie chart analyzed the relative abundance of different lipid types detected in all samples. In the hippocampus, five major classes of lipids were identified, namely glycerolipids (48.30%), glycerophospholipids (34.69%), sphingolipids (11.34%), fatty acyls (4.54%), and sterol lipids (1.13%). Notably, free fatty acids (FA) constituted the predominant constituents within the fatty acyl class, while cholesterol esters (CE) dominated the composition of sterol lipids.

[image: Three panels display data visualizations related to lipid classes. Panel A is a colorful pie chart showing percentage distribution of various lipid superclasses, with TG being the most prevalent at 39.09 percent. Panel B is a donut chart illustrating the percentage share of five main lipid classes, with Glycerolipids leading at 36.36 percent. Panel C is a volcano plot displaying log2 fold changes against negative log P-values, highlighting down-regulated, not significant, and up-regulated lipid features with varying sizes indicating their VIP scores.]

FIGURE 3
 (A) Pie chart illustrating the distribution of lipid compositions by the superclass. (B) Donut chart for group APP/PS1 vs. WT control. (C) Volcano plot of lipid metabolites comparing group APP/PS1 with WT control. Red signifies lipids that are significantly up-regulated; blue indicates lipids that are significantly down-regulated; gray denotes lipids that showed no significant changes.


Hexosylceramides (HCER), ceramides (CER), sphingomyelins (SM), dihydroceramides (DCER), and lactosylceramides (LCER) accounted for 4.31, 2.72, 2.72, 1.13, and 0.45%, respectively, of the total lipid content. Phosphatidylethanolamines (PE) and phosphatidylcholines (PC) were the two major constituents of glycerophospholipids, contributing to 17.91 and 4.99%, respectively, of the overall lipid composition. Additionally, as a minor fraction within glycerophospholipids, phosphatidylserine (PS), lysophosphatidylethanolamines (LPE), phosphatidylglycerols (PG), bis(monoacylglycero)phosphate (BMP), lyso-phosphatidylserine (LPS), phosphatidylinositol (PI) and lysophosphatidylcholines (LPC) constituted 2.72, 2.72, 2.49, 1.59, 0.91, 0.68, and 0.68% of the entire lipid composition. Furthermore, triacylglycerols (TGs), diacylglycerols (DGs), and monogalactosyldiacylglycerol (MGDG) comprised a substantial proportion of glycerolipid content at 39.91, 4.99, and 3.40%, respectively.



Differential lipid metabolites analysis

Forty-three lipid metabolites showed significant differences between the APP/PS1 group and the WT control group, with the top twenty highlighted in Table 2. Key alterations of lipids in the hippocampus of AD models are described below.


TABLE 2 Differences were observed in the representative lipid metabolites revealed in the hippocampus of APP/PS1 group.


	Peak
	Lipid metabolite
	RT (min)
	Q1 (m/z)
	Q3 (m/z)
	VIP
	P-value
	Fold change

 

 	1 	CE(22:4) 	14.54 	718.60 	369.40 	1.29 	0.049 	1.78


 	2 	CE(22:6) 	13.90 	714.60 	369.40 	1.86 	0.015 	2.70


 	3 	HexCer(d18:0/20:0) 	9.30 	758.70 	266.26 	1.80 	0.011 	0.48


 	4 	HexCer(d18:1/16:0) 	7.78 	700.70 	264.26 	1.76 	0.020 	0.53


 	5 	MGDG(16:0_16:0) 	8.80 	789.60 	255.23 	1.85 	0.025 	0.52


 	6 	MGDG(16:0_16:1) 	8.11 	787.60 	255.23 	1.95 	0.011 	0.40


 	7 	MGDG(16:0_18:1) 	8.82 	815.60 	255.23 	1.96 	0.026 	0.47


 	8 	MGDG(16:1_18:0) 	8.87 	815.60 	253.22 	2.05 	0.004 	0.45


 	9 	MGDG(18:0_18:1) 	9.60 	843.60 	283.26 	1.89 	0.034 	0.50


 	10 	MGDG(18:1_18:1) 	8.90 	841.60 	281.25 	1.86 	0.021 	0.47


 	11 	MGDG(18:1_22:0) 	10.97 	899.70 	281.25 	1.96 	0.043 	0.53


 	12 	PC(16:0_20:3 + AcO) 	8.64 	842.60 	305.25 	1.97 	0.048 	1.29


 	13 	PE(P-16:0_20:4) 	8.40 	722.50 	303.23 	2.11 	0.019 	1.32


 	14 	PG(20:1_24:1) 	9.79 	885.70 	309.28 	1.36 	0.045 	0.54


 	15 	TG(44:0)_FA(18:0) 	13.11 	768.70 	467.41 	1.51 	0.037 	1.45


 	16 	TG(54:4)_FA(20:4) 	13.90 	900.80 	579.50 	1.85 	0.012 	1.90


 	17 	TG(54:6)_FA(22:6) 	13.30 	896.80 	551.50 	1.75 	0.022 	1.51


 	18 	TG(56:4)_FA(20:4) 	14.30 	928.80 	607.50 	1.81 	0.011 	1.78


 	19 	TG(56:7)_FA(22:6) 	13.30 	922.80 	577.50 	1.80 	0.028 	1.50


 	20 	TG(58:8)_FA(22:6) 	13.31 	948.80 	603.50 	1.55 	0.040 	2.66





Q1: Mass-charge ratio of parent ion Q3: Mass-charge ratio of fragment ion.
 

Figure 3B (donut chart) summarizes the major altered lipid classes in the APP/PS1 hippocampus. Glycerolipids, glycerophospholipids, and sphingolipids were most affected, representing 36.36, 29.55, and 27.27% of all altered metabolites, respectively. Regarding glycerolipid composition, MGDG and TG constituted a significant proportion of 22.73 and 13.64%, respectively. Among glycerophospholipids, phosphatidylethanolamines (PE), phosphatidylcholines (PC), and phosphatidylglycerols (PG) emerged as significant constituents, accounting for 18.18, 9.09, and 2.27% of the overall altered lipid composition. Furthermore, hexosylceramides (HCER) and ceramides (CER), as primary changed constituents of sphingolipids in the hippocampal region of AD mice, accounted for 18.18 and 6.82% respectively, of the total lipid type with observed changes in content.

The volcano plot graph visualizes the most prominent differential lipid metabolites. As illustrated in Figure 3C, each data point stands for a kind of specific lipid substance, with the x-axis representing the log2 fold change and the y-axis displaying the –log10 (p-value). Moreover, point size reflects its VIP value derived from the OPLS-DA model, with more significant data points indicating higher VIP values.

On the right side of the volcano plot, several Triacylglycerols (TG) species- TG(56:4)_FA(20:4), TG(56:7)_FA(22:6), TG(54:4)_FA(20:4), TG(54:6)_FA(22:6), and TG(44:0)_FA(18:0)-exhibited up-regulation in the hippocampus of APP/PS1 mice. CE (22:6) levels were also elevated. In addition, certain phosphatidylethanolamines (PE(O-16:0_22:4), PE(P-16:0_20:4)) and phosphatidylcholines (PC(18:1_16:1 + AcO), PC(16:0_16:1 + AcO)) increased in the AD model hippocampus.

Conversely, the left side of the volcano plot revealed decreased levels of multiple MGDG species (MGDG (16:1_18:0), MGDG (16:0_16:1), MGDG (14:0_16:0)) in the hippocampus of APP/PS1 mice. Several HexCers (HexCer(d18:0/20:0), HexCer(d18:0/18:0), HexCer(d18:1/16:0)) and Cers (Cer(d18:1/18:1), Cer(d18:1/16:1)) were also downregulated. Additionally, certain PEs (PE(P-18:0_20:3), PE(P-18:1_20:3)) showed decreased concentrations.

The elevated level of CE (22:6) (p = 0.015) and CE (22:4) (p = 0.049) in the hippocampal tissue of APPswe/PS1dE9 mice, as depicted in Figure 4, surpassed that observed in WT control mice. The levels of TG(56:4)_FA(20:4) (p = 0.011), TG(54:4)_FA(20:4) (p = 0.012), TG(54:6)_FA(22:6) (p = 0.022), TG(56:7)_FA(22:6) (p = 0.028), TG(44:0) _FA(18:0) (p = 0.037), and TG (58:8)_FA(22:6) (p = 0.040), in the hippocampal tissues of AD mice exhibited significant elevation, as depicted in Figure 5. Conversely, majority of MGDG decreased in hippocampus of AD mice as shown in Table 3. The levels of MGDG(16:1_18:0), MGDG(16:0_16:1), and MGDG(14:0_16:0) demonstrated a notable reduced with p values of 0.004, 0.011, and 0.018, respectively, in Figure 6. Table 3 highlights HexCers and Cers as key sphingolipids altered in APP/PS1 mice. As illustrated in Figure 7, Cer(d18:1/18:1), Cer(d18:1/16:1), and Cer(d18:1/24:1) decreased significantly (p = 0.001, p = 0.006, p = 0.041, respectively). Most HexCer species, including HexCer(d18:0/20:0), HexCer(d18:0/18:0), and HexCer(d18:1/16:0), also showed marked reductions. The corresponding p values for these changes were 0.011, 0.018, and 0.020, respectively.

[image: Two box plots labeled A and B compare CE(22:6) and CE(22:4) levels in APP/PS1 and WT control groups. Plot A shows higher levels in the APP/PS1 group with a p-value of 0.0153. Plot B indicates similar results with a p-value of 0.0491. Green and purple colors differentiate the groups.]

FIGURE 4
 Boxplot analysis of (A) CE (22:6) and (B) CE (22:4) in the hippocampal tissue for group APP/PS1 vs WT control.


[image: Six box plots labeled A to F compare triglyceride fatty acid levels between APP/PS1 and WT control groups. Each plot shows significant differences with p-values ranging from 1.08e-02 to 4.05e-02. Green boxes represent the APP/PS1 group, and purple boxes represent the WT control group, with APP/PS1 consistently showing higher levels across all plots.]

FIGURE 5
 Boxplot analysis comparing the levels of various TAGs in hippocampal tissue between the APP/PS1 and WT control mice. (A) TG(56:4)_FA(20:4) (p = 0.011); (B) TG(54:4)_FA(20:4) (p = 0.012); (C) TG(54:6)_FA(22:6) (p = 0.022); (D) TG(56:7)_FA(22:6) (p = 0.028); (E) TG(44:0)_FA(18:0) (p = 0.037); (F) TG(58:8)_FA(22:6) (p = 0.040).



TABLE 3 The lipid profiles in hippocampal tissues differ between WT mice and APP/PS1 mice.


	No.
	Compound name
	RT
	WT(μg/g)
	APP/PS1(μg/g)
	P-value
	Fold change
	VIP

 

 	1 	CE(22:4) 	14.541 	0.03 ± 0.01 	0.06 ± 0.01 	0.049 	1.78 	1.29


 	2 	CE(22:6) 	13.904 	0.19 ± 0.02 	0.50 ± 0.09 	0.015 	2.70 	1.86


 	2 	Cer(d18:1/16:1) 	7.907 	1.29 ± 0.11 	0.89 ± 0.05 	0.006 	0.69 	1.76


 	3 	Cer(d18:1/18:1) 	8.7 	0.73 ± 0.02 	0.58 ± 0.03 	0.001 	0.79 	1.67


 	4 	Cer(d18:1/24:1) 	10.804 	12.73 ± 1.36 	8.77 ± 1.01 	0.041 	0.69 	1.34


 	5 	FA(18:2) 	4.2 	18.29 ± 0.70 	14.73 ± 1.30 	0.037 	0.81 	1.46


 	6 	HexCer(d18:0/18:0) 	8.5 	1.10 ± 0.12 	0.68 ± 0.09 	0.018 	0.62 	1.88


 	7 	HexCer(d18:0/20:0) 	9.296 	0.37 ± 0.05 	0.18 ± 0.03 	0.011 	0.48 	1.80


 	8 	HexCer(d18:0/22:0) 	10 	1.71 ± 0.26 	0.98 ± 0.19 	0.046 	0.57 	1.75


 	9 	HexCer(d18:1/16:0) 	7.778 	3.07 ± 0.46 	1.64 ± 0.23 	0.020 	0.53 	1.76


 	10 	HexCer(d18:1/18:0) 	8.5 	57.92 ± 7.39 	36.91 ± 5.46 	0.045 	0.64 	1.66


 	11 	HexCer(d18:1/20:0) 	9.296 	16.48 ± 2.39 	9.51 ± 1.72 	0.039 	0.58 	1.76


 	12 	HexCer(d18:1/20:1) 	9.052 	34.49 ± 4.75 	20.08 ± 2.87 	0.027 	0.58 	1.79


 	13 	HexCer(d18:1/22:0) 	10 	82.89 ± 11.92 	48.72 ± 9.10 	0.046 	0.59 	1.73


 	14 	MGDG(14:0_16:0) 	8.063 	28.99 ± 2.77 	16.38 ± 3.47 	0.018 	0.57 	1.72


 	15 	MGDG(16:0_16:0) 	8.796 	257.07 ± 37.20 	132.84 ± 28.82 	0.025 	0.52 	1.85


 	16 	MGDG(16:0_16:1) 	8.111 	29.74 ± 4.69 	11.94 ± 1.44 	0.011 	0.40 	1.95


 	17 	MGDG(16:0_18:0) 	9.5 	101.32 ± 15.77 	56.03 ± 11.84 	0.045 	0.55 	1.79


 	18 	MGDG(16:0_18:1) 	8.819 	145.54 ± 26.25 	68.53 ± 13.56 	0.026 	0.47 	1.96


 	19 	MGDG(16:0_20:0) 	10.211 	47.84 ± 6.48 	27.60 ± 5.47 	0.038 	0.58 	1.83


 	20 	MGDG(16:1_18:0) 	8.87 	27.01 ± 3.52 	12.26 ± 1.88 	0.004 	0.45 	2.05


 	21 	MGDG(18:0_18:1) 	9.6 	61.81 ± 10.86 	31.03 ± 6.34 	0.034 	0.50 	1.89


 	22 	MGDG(18:1_18:1) 	8.896 	29.71 ± 5.10 	13.96 ± 2.61 	0.021 	0.47 	1.86


 	23 	MGDG(18:1_22:0) 	10.974 	3.81 ± 0.60 	2.00 ± 0.49 	0.043 	0.53 	1.96


 	24 	PC(16:0_16:1 + AcO) 	8.304 	145.09 ± 8.05 	177.14 ± 9.85 	0.030 	1.22 	2.10


 	25 	PC(16:0_20:3 + AcO) 	8.644 	30.84 ± 2.66 	39.74 ± 2.92 	0.048 	1.29 	1.97


 	26 	PC(18:0_18:0 + AcO) 	10.089 	69.64 ± 4.98 	54.44 ± 3.39 	0.030 	0.78 	1.27


 	27 	PC(18:1_16:1 + AcO) 	8.337 	17.94 ± 1.22 	22.40 ± 1.43 	0.039 	1.25 	1.75


 	28 	PE(O-16:0_22:4) 	9.122 	19.89 ± 1.32 	25.34 ± 1.86 	0.038 	1.27 	1.89


 	29 	PE(P-16:0_16:1) 	8.467 	3.78 ± 0.36 	2.71 ± 0.25 	0.035 	0.72 	1.52


 	30 	PE(P-16:0_20:4) 	8.4 	35.79 ± 2.57 	47.14 ± 3.17 	0.019 	1.32 	2.11


 	31 	PE(P-18:0_16:1) 	9.3 	10.16 ± 0.78 	7.80 ± 0.66 	0.044 	0.77 	1.46


 	32 	PE(P-18:0_20:3) 	9.6 	31.97 ± 1.20 	26.25 ± 1.65 	0.019 	0.82 	1.40


 	33 	PE(P-18:1_18:0) 	9.27 	18.80 ± 2.41 	11.94 ± 1.77 	0.045 	0.64 	1.69


 	34 	PE(P-18:1_18:2) 	8.652 	8.97 ± 0.82 	6.28 ± 0.88 	0.049 	0.70 	1.58


 	35 	PE(P-18:1_20:3) 	8.819 	50.43 ± 5.84 	31.36 ± 2.72 	0.014 	0.62 	1.95


 	36 	PG(20:1_24:1) 	9.789 	5.48 ± 0.90 	2.96 ± 0.62 	0.045 	0.54 	1.36


 	37 	SM(24:0) 	10.633 	6.57 ± 0.92 	3.86 ± 0.51 	0.027 	0.59 	1.65


 	38 	TG(44:0)_FA(18:0) 	13.11 	0.20 ± 0.02 	0.29 ± 0.03 	0.037 	1.45 	1.51


 	39 	TG(54:4)_FA(20:4) 	13.9 	1.30 ± 0.20 	2.47 ± 0.33 	0.012 	1.90 	1.85


 	40 	TG(54:6)_FA(22:6) 	13.3 	4.84 ± 0.56 	7.31 ± 0.72 	0.022 	1.51 	1.75


 	41 	TG(56:4)_FA(20:4) 	14.3 	0.59 ± 0.13 	1.05 ± 0.08 	0.011 	1.78 	1.81


 	42 	TG(56:7)_FA(22:6) 	13.304 	4.00 ± 0.36 	6.00 ± 0.70 	0.028 	1.50 	1.80


 	43 	TG(58:8)_FA(22:6) 	13.311 	0.44 ± 0.14 	1.17 ± 0.28 	0.040 	2.66 	1.55




 

[image: Three box plots labeled A, B, and C show MGDG concentrations in APP/PS1 and WT control groups. Plot A displays MGDG (16:1_18:0) with a significant difference (p=4.12e-03). Plot B shows MGDG (16:0_16:1) with p=1.12e-02. Plot C presents MGDG (14:0_16:0) with p=1.76e-02. In all plots, WT controls have higher concentrations compared to APP/PS1.]

FIGURE 6
 The boxplot analysis demonstrated a remarkable reduction in the levels of MGDGs in the hippocampus of APP/PS1 group in contrast to WT control, suggesting significant changes. (A) MGDG (16:1_18:0); (B) MGDG (16:0_16:1); (C) MGDG (14:0_16:0).


[image: Six box plots labeled A to F compare ceramide and hexosylceramide levels between APP/PS1 and WT control groups. The plots show statistical significance with p-values ranging from 1.18e-03 to 4.14e-02. Each plot uses green for APP/PS1 and purple for WT control.]

FIGURE 7
 Boxplot analysis of CER and HCER existing the most difference in the hippocampus tissue for group APP/PS1 vs WT control. (A) Cer(d18:1/18:1); (B) Cer(d18:1/16:1); (C) Cer(d18:1/24:1); (D) HexCer(d18:0−/20:0); (E) HexCer(d18:0/18:0); (F) HexCer(d18:1/16:0).


As depicted in Figure 8, the levels of hippocampal glycerophospholipid’ main components, such as PC (16:0_16:1 + AcO) and PC (18:1_16:1 + AcO), exhibited a significant increase in APP/PS1 mice, with p values of 0.030 and 0.039, respectively.

[image: Box plots labeled A and B compare APP/PS1 and WT control groups. Plot A shows PC(16:0_16:1+AcO) and plot B shows PC(18:1_16:1+AcO) levels, both in micrograms per gram with significant differences (p=3.04e-02 and p=3.92e-02, respectively). Green represents APP/PS1, and purple represents WT control.]

FIGURE 8
 Boxplot analysis of PCs in the hippocampus tissue for group APP/PS1 vs WT control. (A) PC (16:0_16:1 + AcO); (B) PC (18:1_16:1 + AcO).


As depicted in Figure 9, the levels of PE(O-16:0_22:4) and PE(P-16:0_20:4) in the certain hippocampal phosphatidylethanolamines’ components exhibited a significant increase in APP/PS1 mice, with p values of 0.038 and 0.019, respectively. Other species of phosphatidylethanolamines’ components such as PE(P-18:1_20:3), PE(P-18:0_20:3) in Figure 9 and others in Table 3 decreased in the hippocampus of AD mice, with p values of 0.014 and 0.019, respectively.

[image: Box plots A, B, C, and D compare the concentrations of specific phosphatidylethanolamines in APP/PS1 and WT control groups. Each plot shows significant differences with p-values: A (3.83e-02), B (1.87e-02), C (1.43e-02), and D (1.94e-02). Green represents APP/PS1 and purple represents WT control.]

FIGURE 9
 Boxplot analysis of PEs in the hippocampus tissue for group APP/PS1 vs WT control. (A) PE(O-16:0_22:4); (B) PE(P-18:0_20:3); (C) PE(P-18:1_20:3); (D) PE(P-16:0_20:4).


A detailed description of the differential lipid metabolites is presented in Supplementary Figure S1.



Correlation analysis of differential lipid metabolites

A Pearson correlation heatmap (Figure 10) revealed interrelationships and potential synergistic effects among altered lipids in APP/PS1 group contrasted with WT control (Pripp, 2018). The heatmap displays stronger correlations between variables, indicated by correlation coefficients represented with “r” closer to 1 in absolute value. A correlation coefficient (r) greater than 0.8 indicates a high correlation between two types of lipids, while an r value less than 0.3 suggests a low correlation. For values between 0.8 and 0.3, it implies a moderate correlation exists.

[image: Correlation matrix heatmap showing biochemical compounds. Red circles indicate positive correlations, blue circles indicate negative correlations. Color intensity and circle size reflect correlation strength. Labels for compounds are listed along the x and y axes. A color scale on the right ranges from negative one to one, representing correlation values.]

FIGURE 10
 Heatmap depicting the correlation analysis of potential lipid biomarkers in the hippocampus of 7.5-month-old APP/PS1 mice. The two-color heat map visually represents the association between lipids. x-axis and y-axis depict the variations in metabolites among the groups, whereas the color blocks at various locations signify the correlation coefficients between the respective metabolites. Red color denotes a positive association, while blue color signifies a negative association, and darker colors indicate stronger correlations. Significant correlations are marked with an asterisk (*).


Because there was a relationship between lots of lipid metabolites in the APP/PS1 group, we only explored the highly correlated metabolites among the lipids in the hippocampal tissue that showed apparent differences based on the data in the previous section. For example, TG(54:4)_FA(20:4) positively correlated with TG(54:6)_FA(22:6) (r = 0.801) and TG(56:4)_FA(20:4) (r = 0.898), but negatively correlated with MGDG(16:1_18:0) (r = −0.861).

HexCer species (HexCer(d18:0/18:0), HexCer(d18:1/16:0), HexCer(d18:0−/20:0) were strongly correlated with each other. HexCer(d18:0/18:0) correlated positively with Cer(d18:1/24:1) (r = 0.810), MGDG(16:1_18:0) (r = 0.840), and PE(P-18:1_20:3) (r = 0.877). HexCer(d18:0−/20:0) correlated strongly with MGDG(14:0_16:0) (r = 0.817), MGDG (16:1_18:0) (r = 0.854), and PE(P-18:1_20:3) (r = 0.851). HexCer(d18:1/16:0)) also showed high positive correlations with MGDG (14:0_16:0) (r = 0.895), MGDG(16:1_18:0) (r = 0.802), and PE(P-18:1_20:3) (r = 0.886).

Various kinds of MGDGs were generally positively intercorrelated. MGDG (14:0_16:0) correlated with PE(P-18:1_20:3) (r = 0.832), and MGDG (16:0_16:1) also correlated with PE(P-18:1_20:3) (r = 0.938). In contrast, MGDG (16:1_18:0) negatively correlated with TG(56:4)_FA(20:4) (r = −0.947). PC (16:0_16:1 + AcO) and PC (18:1_16:1 + AcO) positively correlated with PE(P-16:0_20:4) (r = 0.983 and r = 0.803, respectively). PE(P-18:1_20:3) also showed positive correlations with various other PE species and multiple HexCer and MGDG metabolites.




Discussion

Alzheimer’s disease (AD) is defined by progressive cognitive deterioration, linguistic deficiencies, visuospatial abnormalities, and emotional disturbances. Its impact extends beyond patients, placing significant emotional, social, and economic burdens on families and society.

Although extracellular Aβ plaques and neurofibrillary tangles define the core pathology of AD, the disease also involves other lesions including oxidative stress, inflammation, and disrupted membrane lipid metabolism (Selkoe, 2003; Kosicek and Hecimovic, 2013; Maccioni et al., 2001). These lesions predominantly affected the hippocamal tissue and cortex tissue (Maccioni et al., 2001; Braak and Braak, 1991). The destroyed tissue mentioned above are particularly vulnerable in early AD (González-Domínguez et al., 2014d). Subsequent progression of the pathological changes and damage leads to the manifestation of severe clinical symptoms as described above. However, direct investigation on the pathological lesions and subsequent metabolic perturbations in human AD brains of AD patients remains difficult. Because of its simple operation, transgenic mice have also been always used to investigate the performance, pathophysiology (Yokoyama et al., 2022), metabolic perturbations of AD, mimicking certain pathological characteristics such as deposition of Aβ plaques and behavioral deficits observed in AD in recent years (González-Domínguez et al., 2014d; Malm et al., 2011). APP/PS1 mice show early pathology by 4 months and measurable cognitive decline 6 months later in previous research (Malm et al., 2011). In our previous research, the cognitive destruction and lipid disorder occurred in APP/PS1 mice at 7 months old. So, our experimental deadline was set at seven and a half months for APP/PS1 mice, guaranteeing that observable memory impairment and pathological damage on the hippocampus should be evident in the AD group.

Fasting is primarily used as a way of standardizing tests in which case mice are usually fasted for 4 h up to overnight (Jensen et al., 2013). There was no difference in plasma FA in concentration in 16 h fasted mice compared with 4 h fasted mice (Jensen et al., 2013; Heijboer et al., 2005). Previous researcher did not observe any changes in the VLDL, LDL and HDL of the various fractions (TG, FC, PL, TC) in the blood profiles of C57bl6 mice after 24 h starvation (van Ginneken et al., 2007). There were two groups in our experiment. All the mice in both groups were fasted prior to brain harvest. Even if the effect of fasting was present, its impact on lipids would cancel out when comparing lipid levels of hippocampus between the two groups.

The lipid-related anomalies were initially identified in the neuropathology research (Alzheimer et al., 1995). Over time, lipid dyshomeostasis has become a major focus in AD research, with evidence from animal models and clinical evidence linking disrupted lipid metabolism to disease initiation and progression (Zhang et al., 2020; Touboul and Gaudin, 2014; Peña-Bautista et al., 2022). Beyond senile plaques and neurofibrillary tangles, AD brains also accumulate abnormal lipid deposits (“adipose inclusions” or “lipoid granules”) (Foley, 2010). Aberrant lipid metabolism is increasingly recognized as a key contributor to neurodegeneration, including AD (Zhang et al., 2022; Toledo et al., 2017; He et al., 2010; Kao et al., 2020). Extensive lipidomic perturbations are found in the hippocampus and cortex in AD (González-Domínguez et al., 2014d). Interestingly, prior research have demonstrated that a high-fat/glucose diet can induce biochemical alterations associated with increased AD biomarker burden and cognitive impairment, thereby suggesting a detrimental effect of lipids on Alzheimer’s disease (AD) (Kothari et al., 2017; Hill et al., 2019). Previously, we reported elevated LDL-C and reduced HDL-C in the serum from 7-month-old AD mice, along with hippocampal glucose disturbances (Shen L. et al., 2017). At 6 months old, hippocampal lipid of AD mice alterations were mild when assessed by GC-TOF/MS (Han et al., 2017). Subsequent lipidomic analysis unveiled that the differentially expressed plasma lipid metabolites between 9-month-old APP/PS1 and WT mice predominantly encompassed phosphatidylcholines, lysophosphatidylcholines, triglycerides, and ceramides (Liu et al., 2022).

Recently, the investigations on lipid metabolites using mass spectrometry techniques such as mass spectrometry imaging (MSI) (Zhang et al., 2024), magnetic resonance spectroscopy (MRS) (Kantarci et al., 2007), direct infusion mass spectrometry(DIMS) (González-Domínguez et al., 2015a), Gas Chromatograph-Mass Spectrometer (GC-MS) (Wang et al., 2023), UPLC-Q/TOF-MS (Zhang et al., 2020), integration of GC-MS with UHPLC-MS(33)and others have primarily focused on untargeted lipidomics approaches (Strnad et al., 2019). However, to obtain a more precise conclusion that validates the results of untargeted lipid analysis, it is essential to conduct a subsequent validation stage employing a sensitive and accurate targeted method as our research method after untargeted lipid analyzing (González-Domínguez et al., 2014d). Our findings are only partially in line with the results of the existing literature on the lipidome associated with AD, perhaps partly due to the limitation of merely employing an untargeted approach in previous research (González-Domínguez et al., 2014a,b).

In recent years, the studies of lipids have been limited to nontargeted relative quantitative studies of serum, cerebrospinal fluid (CSF) or cerebral homogenate from the AD animal model. Quantitative investigations on hippocampal lipids remain necessary to be conducted (Zhang et al., 2020; Zhang et al., 2022; Liu et al., 2022; Proitsi et al., 2017).

Brain lipid homeostasis is strongly affected by hormonal condition from previous studies (Morselli et al., 2018; Marin and Diaz, 2018; Díaz et al., 2016; Herrera et al., 2019; Perez et al., 2010). Based on this conclusion, it can be inferred that the higher levels of estradiol in female mice result in a less severe degree of lipid disorder in their brain tissue compared to age-matched male mice. Therefore, all experimental animals in this study were male. If future research focuses on the hippocampal lipidomics of female AD mice, it may be necessary to increase the experimental age of female mice to achieve a comparable degree of lipid disorder.

Transgenic mouse models, such as APP/PS1 mice, are extensively utilized to investigate the pathological changes and metabolic disturbances associated with AD. APP/PS1 mice exhibit early pathological alterations as early as 4 months of age. By 6 months, AD mice display mild lipid modifications in the hippocampus. In the initial stages of AD, damage induced by factors like lipid metabolism disorders predominantly affects the hippocampus and cortical tissues. At 7 months, APP/PS1 mice already demonstrate cognitive deficits and lipid abnormalities. Given that circulating estradiol levels significantly influence lipid metabolism, this study exclusively employs male mice to avoid potential confounding effects from estrogen. The experimental timeline spans from 3.5 months, when initial brain pathological changes occur without evident cognitive alterations, to 7.5 months, when memory impairments and lipid-related damages become more pronounced. Despite these findings, current research on lipids in the hippocampus of AD mice predominantly relies on non-targeted lipidomics analyses, while quantitative targeted studies remain underexplored and warrant further investigation.

Lipids play pivotal roles in various biological processes, including the maintaining cellular structure such as membrane, membrane function, energy storage, signal transduction, gene expression regulation, and metabolic processes (Brügger, 2014; Sastry, 1985). Lipids are broadly classified into categories including fatty acyls (FA), glycerolipids (GL), glycerophospholipids (GP), sphingolipids (SP), sterol lipids (ST), prenol lipids (PR), polyketides (PK), and glycolipids, each with multiple subclasses. Over half of the human brain’s dry weight is lipid, consisting predominantly of phospholipids (50%), glycolipids (40%), and cholesterol (10%), with minor amounts of triglycerides and cholesterol esters (Kim and Song, 2024). Lipids are integral to neuronal membranes, and maintaining lipid homeostasis is crucial for preserving synaptic function (Zhang et al., 2020). Membrane lipid dysregulation contributes to AD pathogenesis, providing new avenues for understanding its etiology (Mielke and Lyketsos, 2006). Alterations in key membrane lipids and their metabolites correlate with AD onset and progression (Ariga, 2017). AD-like disorders in mouse models may involve multiple metabolic pathways of lipids, including disrupted membrane lipids and abnormal fatty acid compositions in phospholipids and sphingomyelins across various brain regions (González-Domínguez et al., 2014d).

First and foremost, we analyzed the functional roles of several pivotal lipids, such as Glycerophospholipids (GL), Sphingolipids (SP), CHOL in Sterol Lipids (ST), Glycolipids, and others. These lipids serve as primary constituents within neuronal membranes. The localization of these lipids is predominantly observed in neuronal membranes and myelin (Wang et al., 2021). Neuronal membranes contain hormone receptors, antigen-binding regions, and cell recognition sites, highlighting their crucial function in hormone signaling, immune reaction, and cellular communication.

Glycerophospholipids, essential phospholipid bilayer constituents, are involved in metabolism and signaling (Castro-Gómez et al., 2015). Key subclasses include phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS). The nervous system is particularly rich in phospholipids, and changes in their composition may reflect or contribute to neurological dysfunction. Glycerophosphorylcholine is a metabolite of phosphatidylcholine, indicating an augmented decomposition and metabolism of phosphatidylcholine in individuals with AD (Zhang et al., 2020). Glycerophospholipids have been linked to amyloid deposition (Whiley et al., 2014), and aberrant phospholipid metabolism was found in AD models (Zhang et al., 2020). Aβ accumulation and related inflammation can enhance PLA2 activity, further degrading phosphatidylcholine and linking glycerophospholipid dysregulation to Aβ deposition (Zhang et al., 2020; Adibhatla et al., 2006). Elevated PC levels, a source of glycerophosphorylcholine, have been detected in CSF from AD patients and plasma from AD animals. These elevations correlate with abnormal Aβ1-42 levels and are associated with cognitive decline (Toledo et al., 2017; Liu et al., 2022; Huo et al., 2020). Our findings suggested that PC(16:0_20:3 + AcO) and PC(18:1_16:1 + AcO) might serve as characteristic markers, thus playing significant roles in AD mice. Connecting these findings with our previous studies indicates a possible link between increased levels of Aβ and the increase of PC(16:0_20:3 + AcO) and PC(18:1_16:1 + AcO). Previous studies have reported significant elevations in glycerophosphorylcholine and phosphorylcholine levels in the hippocampal portion from 6-month-aged AD mice, consistent with the findings presented in our research (González-Domínguez et al., 2014d).

Glycerophospholipids, including phosphatidylcholine (PC), play a pivotal role in lipid metabolism. Abnormal PC metabolism has been linked to amyloid deposition and cognitive decline in AD models. Elevated levels of PC, which serves as the precursor for glycerophosphocholine, have been observed in the cerebrospinal fluid of AD patients and the plasma of AD animal models. The metabolic disturbances of PC(16:0_20:3 + AcO) and PC(18:1_16:1 + AcO) identified in the hippocampal tissue of AD mice in this study indicate that acetylated phosphatidylcholine may contribute to hippocampal tissue damage during disease progression.

The enrichment of PE in mitochondrial membranes endows it with the regulatory function over autophagy. Changes in PE levels have forecasted the progression from mild cognitive impairment to AD (Li et al., 2023), and reduced phosphoethanolamine (the precursor to PE) has been noted in postmortem AD brains (Klunk et al., 1996), further supporting the presence of a membrane defect in AD. Furthermore, previous studies have observed a substantial decrease in different PEs of phosphatidylethanolamine in various brain regions of AD mice (González-Domínguez et al., 2015a,b; Li et al., 2023). In our investigation, a decline was also noted in the majority of the measured PE species in the hippocampus of 7.5-month-aged AD mice, including PE(P-16:0_16:1), PE(P-18:0_16:1), PE(P-18:1_18:0), PE(P-18:1_18:2), PE(P-18:1_20:3), and PE(P-18:0_20:3).

The phenomenon of decreased PEs has also been elucidated in previous literature on AD patients and AD mice (Han et al., 2001; Chan et al., 2012). In addition, numerous studies, including our research on the hippocampus of APP/PS1 mice (Han et al., 2017; Liu et al., 2022; González-Domínguez et al., 2014b; Igarashi et al., 2011), reported reduced levels of several PEs, but the kind of decreased PEs was not the same as our data in the research. These PE reductions may result from increased PLA2 activity in AD brains (Frisardi et al., 2011). Notably, the lipid composition of PEs differed from that observed in serum and brain tissue from AD mice (Zhang et al., 2020). Decreased PE levels may contribute to membrane disruption and impaired neuronal function, potentially underpinning memory deficits and serving as biomarkers of injury severity in AD. Conversely, elevated levels of certain PEs (PE(O-16:0_22:4), PE(P-16:0_20:4)) and PCs (PC(16:0_20:3 + AcO), PC(18:1_16:1 + AcO)) suggest active membrane remodeling in the APP/PS1 mice’s hippocampus, consistent with prior findings (González-Domínguez et al., 2015a).

Sphingolipids (SPs), including sphingomyelins, ceramides, and sphingosines, influence membrane properties and signaling. They can interconvert via well-characterized metabolic pathways (Merrill, 2011; Chua et al., 2023). Sphingomyelin, as a crucial lipid constituent of the myelin sheath, is pivotal in facilitating the conduction of electrical impulses along the axons. Within the central nervous system (CNS), sphingomyelin may stimulate amyloid precursor protein and neuronal activity, therefore affecting the development of AD (Qiang et al., 2024). The global downregulation of SPs, irrespective of their class, was found to be in relation to cardiovascular disease, which is an exact risk factor for dementia, reported in the previous study (Chua et al., 2023; Qiang et al., 2024). SPs serve as integral components of the biological membrane structure. Through interactions with other constituents, SPs facilitate the formation of membrane lipid rafts. Disrupted sphingomyelin levels in APP/PS1 mice reflect abnormal membrane homeostasis and lipid raft function (Fabelo et al., 2012).

The well-documented regulatory roles of sphingomyelins (SMs), ceramides (Cers), and other sphingolipids span a broad spectrum of biological course, such as cell growth, adhesion, differentiation, and apoptosis (Shen S. et al., 2017). Research links elevated sphingomyelin (SM) levels to AD severity, including cognitive decline and brain atrophy (Toledo et al., 2017; Liu et al., 2022; Varma et al., 2018). However, postmortem analyses have reported overall SM reductions in AD brains (Cutler et al., 2004). The involvement of ceramide in regulating neuronal survival and apoptosis, as well as its responsibility in pathological processes of AD, is evident within the intricate network in the nervous system (Czubowicz et al., 2019).

However, our report revealed only a decrease in SM(24:0), Cer(d18:1/18:1), Cer(d18:1/16:1) and Cer(d18:1/24:1)levels was explicitly shown in the hippocampal tissue of 7.5-month-old AD mice, whereas previous research reported a decline in SM levels only at 2 and 3 months old and no change at 7 months old (Zhang et al., 2020). The observed reduction in CER levels did not align with the findings of the previous study when examining plasma samples from 9-month-old AD mice (Zhang et al., 2020; Liu et al., 2022). Accordingly, I assumed that the release of SPs from the destroyed cellular membrane in the hippocampus of AD may contribute to its elevation in bloodstream through cerebral vessels. Consequently, this led to an elevation in the levels of SPs within both the bloodstream and CSF of patients diagnosed with AD (Toledo et al., 2017; Kosicek et al., 2012). However, further verification is required to confirm the assumption.

Ceramide serves as the core node of the sphingolipid metabolism, encompassing hexose ceramide (HexCer), lactose ceramide (LacCer), sphingosine (Sph), dihydrosphingosine (DhSph), and dihydroceramide (DhSph). The levels of HexCer exhibit dynamic changes across various physiological, pathological, and disease conditions. Research has shown that the levels of HexCer undergo changes during functional decline of brain. In our investigation, the concentrations of the majority of HexCers in the hippocampus of 7.5-month-old AD mice exhibited a substantial reduction. In essence, the cerebral function depends upon the assistance of HexCer and SM in nerve sheaths, as these chemical substances form the crucial components of myelin sheaths within the central nervous system.

Myelin sheaths rapidly transmit information about bodily activities to the brain via neurotransmitters and facilitate normal cognitive and memory development in humans. Membrane disruption in AD has usually been attributed to the overactivation of phospholipases, particularly phospholipase A2, degrading sphingolipids and generating neurodegenerative second messengers (Farooqui et al., 2004). So, reducing SM, Cer, and HexCer levels in the hippocampal tissue may contribute to cognitive impairment in 7.5-month-old AD mice. Alternatively, the decreased SPs, a vital cellular membrane constituent, can potentially to disrupt neuronal structure and impair cognitive function. Moreover, it may also compromise microglial functionality in the hippocampus, diminishing their ability to phagocytose toxic Aβ and consequently impacting memory. Based on our research findings, there appeared to be a positive correlation various types of Cer and HexCer and potential synergistic interactions between them. Consequently, these results rise whether positive feedback or mutually reinforcing promotion exists within different species of Cer, HexCer, or even between them. Dysregulated membrane integrity in APP/PS1 mice is strongly influenced by sphingolipid metabolism, as evidenced by previous research indicating reduced sphingomyelins and sphingoid bases. Disrupted sphingomyelin metabolism is proposed as a critical factor in neuronal dysfunction and degeneration in AD (Fukuhara et al., 2013).

Lipid rafts, cholesterol-enriched micro domains on the membrane, facilitate Aβ peptides generation and oligomerization. An abundance of compelling evidence has unequivocally associated lipid rafts with neurodegenerative diseases, including AD (Mesa-Herrera et al., 2019). We therefore assumed that dysregulated sphingolipids, glycerophospholipids, and cholesterol metabolism disrupts lipid raft homeostasis in the hippocampus of AD mice, leading to aberrant Aβ expression. Given that lipid rafts are key sites for protein docking, signal transduction, and substrate transport, their perturbation may underlie the observed memory deficits in AD mice. Interestingly, while some studies report decreased cholesterol levels in AD transgenic mouse brains (González-Domínguez et al., 2014d; Fabelo et al., 2012), our findings in the hippocampus differ, showing an opposite trend. Cholesterol and related sterols within lipid rafts are crucial lipids implicated in the pathogenesis of hyperlipidemia and atherosclerosis, leading to hypertension and cardiovascular diseases. Recent research, including ours, show increased cholesterol in AD mouse brains, reinforcing evidence that cholesterol dysregulation is integral to AD pathophysiology (Zhang et al., 2020; Di Paolo and Kim, 2011). The association between cholesterol levels and AD may stem from its involvement in neuronal pathways that foster Aβ formation (Ahmed et al., 2024). A recent study further suggested that cholesterol can catalyze Aβ1-42 aggregation, highlighting its central role in AD pathogenesis (Habchi et al., 2018).

The decreased sphingomyelin in the hippocampal tissue of APP/PS1 mice may affect cholesterol metabolism through various mechanisms, such as attenuating the conversion of cholesterol to bile acids or cholesterol ester, inhibiting the activity of HMG-CoA, promoting cholesterol biosynthesis. Accordingly, individuals with vascular risk factors, including hypercholesterolemia, have a higher incidence of both vascular dementia and AD (Breteler, 2000). These conditions reduce cerebral blood flow and may precipitate neuronal loss. However, the conclusions drawn from the previous research were inconsistent due to variations in processing, extracting and detecting methods of lipid metabolites in AD mice’s hippocampus (Söderberg et al., 1990; Svennerholm et al., 1994). Total cholesterol (TC) in the hippocampus of mice refers to the cumulative cholesterol content within the hippocampal tissue. It can be further categorized into esterifies cholesterol (CE) and free cholesterol (FC), with CE constituting approximately 60 to 70%, while FC accounts for around 30 to 40%. In our study, CE(22:6) and CE(22:4)—associated with atherosclerosis—were elevated in the hippocampus of APP/PS1 mice. This increase may promote Aβ1-42 aggregation, hinder its vascular clearance, and ultimately slow cerebral blood flow and compromise blood vessel integrity. This is the important study to demonstrate the elevated CE(22:6) and CE(22:4) levels in the hippocampus of 7.5-month-old APP/PS1 mice. These findings provided new evidence to the ongoing debate regarding cholesterol’s role in AD pathogenesis.

Linoleic acid (LA, FA(18:2)) is an essential polyunsaturated fatty acid that serves as a precursor to eicosanoids, regulating vascular tone and inflammatory responses across various brain regions (Jantzen et al., 2024). The compound is a crucial structural constituent of cellular membranes and is the precursor to the ω6 PUFA family (Qiang et al., 2024; Whelan and Fritsche, 2013). It can undergo esterification to generate phospholipids, which constitute the principal constituents of cellular membranes (Whelan and Fritsche, 2013). Its remarkable biological significance lies in its ability to fulfill its own functions and its capacity to generate various unsaturated fatty acids, such as DHA. DHA supports brain structure and function by maintaining membrane fluidity, improving mitochondrial function, reducing neuroinflammation, and facilitating glucose uptake (Sinclair, 2019; Pifferi et al., 2015). The administration of docosahexaenoic acid (DHA) has been shown to enhance cerebral energy metabolism in APP/PS1 mice, thereby attenuating neuronal apoptosis and suppressing amyloid-beta (Aβ) expression, as demonstrated by previous research (Wang et al., 2023). Multiple studies linked elevated plasma LA to a lower risk of dementia (Qiang et al., 2024; He et al., 2023; Morris et al., 2003). Accordingly, reduced LA levels may increase dementia risk. The regulatory roles of LA in microglial function and neuroinflammation have been extensively characterized, as demonstrated by the decrease of NO formation in immune-stimulated BV-2 microglia and the down regulation of iNOS expression in AD mice (Lowry et al., 2020).

Conversely, we concluded that a reduction in LA might be relevant to an increased risk of AD development. However, no existing literature reported on LA in the hippocampal tissue of 7.5-month-old AD mice. We report reduced LA in this region and propose mechanistic explanations for this finding. LA supports neuronal mitochondrial bioenergetics. Its reduction may promote mitochondrial dysfunction, accelerating the formation of Aβ plaque and neurofibrillary tangle formation and impairing cognitive functions.

We reported, for the first time, decreased FA(18:2) in the AD hippocampus potentially explained why Aβ accumulated and memory impaired in these mice, as evidenced by our previous experiments. The efficacy of linoleic acid (FA(18:2)) in reducing blood cholesterol, LDL-apoB, and increasing the HDL-C level has been extensively investigated, demonstrating its potential as a valuable intervention (Kim and Song, 2024). The impaired glucose metabolites and memory in AD mice may be attributed to the reduced levels of linoleic acid in the hippocampus in our previous research (Shen L. et al., 2017). So, the decreased levels of linoleic acid (FA(18:2)) as the substrate of Lecithin Cholesterol Acyl Transferase (LCAT) in hippocampal tissue can reduce its ability to combine with cholesterol and form esters. This impairment can elevate cholesterol levels in the AD hippocampus, depositing on cerebral vessel walls (Kim and Song, 2024). Consequently, this can decrease vascular elasticity and promote the development of cerebral atherosclerosis. Reduced LA may elevate cholesterol, LDL-C, and other lipids in the brain, hindering their metabolism and promoting vascular sclerosis. This vascular impairment likely impedes Aβ clearance from the hippocampus into the circulation of AD mice (Kim and Song, 2024). In the previous research, linoleic acid could accelerate blood circulation (Jantzen et al., 2024). A reduction in the level of linoleic acid can decelerate blood flow, decrease metabolism, and contribute to the accumulation of excessive lipids, including CHOL and LDL-C in cerebrovascular, thereby further promoting the formation of atherosclerosis in cerebral arteries, reducing brain energy supply and thus diminishing cognitive levels in AD (Kim and Song, 2024). As an unsaturated fatty acid, linoleic acid stimulates brain cell development and augments their activity. It also converts arachidonic acid into a precursor for neurotransmitters, exerting a promotive effect on neural function. A decline in FA (18:2) within hippocampal tissue will result in reduced brain cell activity and impaired memory function within the nervous system of AD mice. The crucial point lies in the antioxidant and anti-neuroinframmatory properties exhibited by linoleic acid (Jantzen et al., 2024). A reduction in hippocampal tissue levels of linoleic acid results in a decline in its capacity to counteract the damage caused by increased free radicals and neuroinframmation due to Aβ accumulation. Consequently, this reduction of LC may expedite the development of cerebral arteriosclerosis, impede blood circulation, elevate blood lipids (including triglycerides and cholesterol), decrease metabolism, and ultimately impair cognitive function (Kim and Song, 2024). Indeed, reduced LA has been detected in the CSF of AD patients (Turri et al., 2023).

Glycerolipids (GL) encompass monoglycerides (MG), diglycerides (DG), and triglycerides (TG), with the most important being triglyceride. Although prior literature reported diglycerides (DG) changes in AD mouse brains, we found no significant DG alterations in the hippocampus. Instead, we observed increased levels of multiple triglycerides (TGs) within the hippocampal tissue of APP/PS1 mice. Elevated TGs’ levels suggest hyperlipidemia, a key vascular risk factor in AD pathogenesis. Triglycerides’ accumulation promotes atherosclerosis and endothelial dysfunction, hindering the clearance of Aβ42 and Aβ40 through cerebral circulation. Previous studies show increased serum TG in both AD patients and mice, correlating with disease severity (González-Domínguez et al., 2014c; Tajima et al., 2013). In relation to glycerolipids, the concentration of triglycerides (TGs) were notably elevated in APP/PS1 mice, and our findings are in agreement with prior studies reporting increased TG levels in the serum of AD patients (Liu et al., 2022; Berezhnoy et al., 2022). The hippocampus was significantly affected that TGs were obviously elevated though it occupied a relatively small volume in the entire brain. Based on prior studies, a panel of biomarkers could represent the pathophysiological condition of AD mice at the age of 7 months (Laske et al., 2011).

However, in our previous study, glucose metabolites showed significant differences compared to WT mice using GS-MS analysis, and there was relative mild hippocampal lipid damage in AD mice. We thus delayed deadline of experiment to identify a more suitable time point—7.5 months—to explore lipid-AD relationships and discover potential AD lipid biomarkers. In the correlation analysis conducted in our research, TG (54:4)_FA(20:4) exhibited a significantly positive correlation with other components of TAGs, including TG (54:6)_FA(22:6) (r = 0.801) and TG(56:4)_FA(20:4) (r = 0.898). Based on these findings, it is plausible to suggest that there may be mutual promotion among TGs, which has not been previously reported in recent research.

In the second part of the discussion, atherosclerosis-related lipid metabolites—such as CEs, TGs, and FAs—offered insights into neurochemical alterations underlying AD. This offered a thorough insight into the hippocampal condition associated with cognitive and memory functions, thereby reflecting intricate interactions among genes, proteins, and environmental factors (Lindon et al., 2004). These unbalanced lipids, as vascular risk factors, were linked to elevated AD prevalence by reducing cerebral blood flow and contributing to neuronal loss.

Glycolipids, which are lipids covalently bonded to carbohydrates through glycoside linkages, serve as crucial recognition sites for cell–cell interactions in the body. These interactions between cell surface markers play a fundamental role in maintaining membrane stability, facilitating cell recognition, and initiating cellular responses that contribute to regulatory processes, growth regulation, apoptosis induction, and immune responses. Presenting on all eukaryotic cell surfaces, glycolipids project from the phospholipids’ bilayer into the extracellular space. Thus, when membrane integrity is destroyed—due to decreased HexCers, PEs, and other key lipids—monogalactosyldiacylglycerols (MGDGs) also diminish at the membrane surface.

MGDG, a galactose-based glyceroglycolipid, is a key membrane constituent and signaling molecule. It also exhibits COX-mediated anti-inflammatory effects (Guo and Wang, 2022). Previous studies have reported that MGDG can exhibit anti-inflammatory effects by inhibiting P38 phosphorylation; However, the direct target of MGDG remains unclear (Liu et al., 2016). In addition to exerting anti-inflammatory effects, glycolipid mono galactosyl diglycerides (MGDGs) also exhibit diverse biological activities, including scavenging oxygen free radicals and antioxidant properties such as suppressing NO synthesis by down-regulating inducible NO synthase (Guo and Wang, 2022; Banskota et al., 2013).

The third part of the discussion focused on lipids that were linked to antioxidant and anti-inflammatory effects. We found that most MGDGs were significantly reduced in the AD hippocampus. The decrease likely impaired the tissue’s ability to counteract inflammation and oxidative stress. Thus, enhancing MGDG levels might represent a novel therapeutic strategy to strengthen hippocampal defenses against Aβ-induced inflammation and ameliorate memory deficits in AD.

Acetylated phosphatidylcholine such as PC (16:0_16:1 + AcO) and so on, characterized by specific acyl chain modifications in its molecular structure, is a modified form of phosphatidylcholine (PC). This compound may represent an oxidized or acetylated variant of phosphatidylcholine, and its structural features are closely associated with lipid peroxidation damage, neuroinflammation, and Aβ-induced toxicity observed in Alzheimer’s disease (AD). Elevated oxidized or acetylated phospholipids levels have been detected in AD patients’ serum, potentially as indicators of lipid peroxidation-related damage (Dong and Yong, 2022). The research demonstrating elevated lipid peroxidation in the hippocampus of AD mice may further reinforce the role of oxidative damage in hippocampal tissue pathology.

In summary, the reduced levels of phosphatidylethanolamine (PE) in the hippocampus of AD mice are closely associated with AD progression, potentially impairing neuronal function via disrupted autophagy regulation and membrane structural damage. Dysregulated sphingolipid metabolism, characterized by decreased sphingomyelin, ceramide, and hexosylceramide, further exacerbates cognitive deficits and neuroinflammation in AD mice. Abnormal cholesterol metabolism in the hippocampus, particularly elevated esterified cholesterol (CE), may promote Aβ aggregation and vascular dysfunction, thereby intensifying pathological damage in AD mice. The decline in linoleic acid (LA) levels within the hippocampus could lead to mitochondrial dysfunction and heightened neuroinflammation, disrupting brain energy metabolism and accelerating AD progression. Moreover, increased triglyceride (TG) levels in the hippocampus, as a marker of hyperlipidemia, may impede Aβ clearance through atherosclerotic mechanisms, serving as a critical vascular risk factor for AD. The reduction in glycolipids such as monogalactosyldiacylglycerol (MGDG) weakens anti-inflammatory and antioxidant capacities in the hippocampus of AD mice, highlighting their potential therapeutic significance.

Acetylated phosphatidylcholine is a variant of phosphatidylcholine modified by acyl chains. Its oxidized or acetylated structure is closely associated with lipid peroxidation damage, neuroinflammation, and Aβ-mediated toxicity in Alzheimer’s disease (AD). The levels of these modified lipids are elevated in the hippocampus of AD mice, potentially reflecting lipid peroxidation-related pathological damage.



Conclusion

This study employed a targeted UHPLC-MS/MS method to identify hippocampal lipid biomarkers in 7.5-month-old AD (APP/PS1) mice. The alterations in the lipids including sphingolipids, glycerophospholipids, sterol lipids, and glycolipids, were closely associated with membrane damage observed in the hippocampus of 7.5-month-old AD mice. Furthermore, the altered lipids such as glycerides, sterol lipids, and free fatty acids, were linked to the upward vascular risk, whereas those decreased lipids such as glycolipids were associated with reduced antioxidant and anti-inflammatory capacities of the hippocampus in early-onset AD mice. These results suggest that lipid metabolite disorders may underlie the mechanisms responsible for Aβ accumulation, impaired glucose metabolism, and cognitive/memory deficits observed in early-onset AD mice. Based on our research, we conclude that strategic exogenous supplementation of key lipids in cellular membranes, combined with modulation of lipid levels to mitigate atherosclerosis, inflammation, and oxidative stress, holds promise as a future therapeutic strategy for early-onset Alzheimer’s disease.
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