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Purpose: Neuropsychiatric lupus (NPSLE) is one of the important manifestations of systemic lupus erythematosus. Previous studies 
mainly focused on the disruption of the blood-brain barrier and the production of brain-reactive autoantibodies, However, there is no 
comprehensive lipidomic analysis in NPSLE. Therefore, this research evaluated the lipidomic analysis in the hippocampus and liver of 
NPSLE mice with mood disorders, to explore the influence of the liver-brain axis on this disease.
Methods: MRL/lpr mice and MRL/mpj mice were respectively used as NPSLE and control groups. Behavioral tests and systemic 
disease characteristics of mice were assessed at the age of 18 weeks. Ultra-Performance Liquid Chromatography-Tandem Mass 
Spectrometry (UPLC-MS/MS) was used for lipid metabolite determination. Multivariate statistical analysis was used to identify lipid 
metabolites that were differentially expressed in two groups.
Results: Our results showed that 355 and 405 lipid metabolites were differentially expressed between the NPSLE and control groups 
in the hippocampus and liver. According to the pathway enrichment analysis, several pathways were affected, and the glyceropho-
spholipid metabolism pathway was most relevant to the mouse’s depressive behavior.
Conclusion: Based on UPLC-MS/MS, the results provide evidence for how the liver-brain axis affects NPSLE and improve the 
understanding of NPSLE pathogenesis.
Keywords: neuropsychiatric systemic lupus erythematosus, liver-brain axis, hippocampus, depressive behavior

Introduction
Neurologic and psychiatric (NP) symptoms are important manifestations of systemic lupus erythematosus (SLE), called 
neuropsychiatric lupus (NPSLE), occurring in up to 37–95% of patients.1 Mood disorders, one of the most important 
NPSLE symptoms, have an incidence of about 68% and significantly affect the patient’s quality of life.2,3 But the 
attribution of neuropsychiatric abnormalities to a pathological mechanism associated with SLE is hampered by the 
confounding influences of many factors.4 It is crucial to find the specific mechanism of the mood disorder caused by 
NPSLE.

In SLE, there are Several metabolomics studies shedding light on the visible alterations in the lipid profile of the 
circulation and diseased organs, and investigating the metabolites in SLE samples and healthy human samples.5–7 As the 
main involved organ, lipid metabolism of the brain in NPSLE has not been studied. The brain is the second most lipid- 
rich organ, and lipids provide important structural and material support for normal physiological functions of the brain as 
well as for signaling.8 Numerous studies on lipidomics and neurological disorders have confirmed that lipid metabolism 
played an important role in brain lesions and mood disorders.9,10 And peripheral metabolism changes can significantly 
affect the function of the brain.9 Because of the important role of lipid metabolism in SLE and mood disorders, we 
considered the study of lipid metabolism in NPSLE mice.
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Liver is the main organ of lipid metabolism. Any alteration in lipid metabolism of the liver will affect systemic 
lipid metabolism and even brain lipid metabolism. This process affects the physiological function of the brain and the 
progression of neurological disorders, and is one of the material bases of the concept of “liver-brain axis”. Closely 
related to emotion and cognition, lipid metabolism is related to mood disorders more evidently in the hippocampus 
than in other brain structures.11 In NPSLE, the hippocampus shows altered glucose metabolic activity,4 but alterations 
in lipid metabolism have not been studied. Because human brain tissue is difficult to obtain, we chose the mouse 
model for our study. MRL/lpr mice are a classical mouse strain used for NPSLE studies and can spontaneously show 
standard diagnostic signs of lupus as well as classical NP manifestations such as depression-like behavior.12,13 

Therefore, we considered lipidomic studies of hippocampal and liver tissues of MRL/lpr mice by Ultra 
Performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS) and assessed the onset of 
NPSLE by splenomegaly, serological indices, the open field test (OFT), and the forced swimming experiments to 
investigate the possible mechanisms by which lipid metabolism affects the onset of NPSLE mood disorders through 
the liver-brain axis.

Methods
Animals
MRL/lpr females of the same age were used as the SLE mouse model (n=6), and MRL/mpj females were used as the 
control group (n=6). Mice were purchased and housed at the Animal Experiment Center of Zhejiang University of 
Traditional Chinese Medicine (Hangzhou, China) and housed at a temperature of 21–23°C for 12:12 hours in a circadian 
cycle. Animal ethics were approved by the Animal Experimentation Center of Zhejiang University of Traditional 
Chinese Medicine (ethical number: IACUC-20211108-12). All our animal experiments were carried out in accordance 
with the relevant ethical guidelines (Guidelines for Ethical Review of laboratory Animal Welfare No. GB/T 35892- 
2018).

Behavioral Experiments
Forced swimming and open field experiments were performed on mice at the age of 18 weeks.14 All experiments were 
performed between 9:00 and 17:00 in a soundproof and airy laboratory with adequate lighting. Each behavioral 
experiment was performed at least 24 h apart. Mice were tested in random order.

To perform the forced swimming experiment, mice were placed in a clear glass cylinder (40 cm diameter) containing 
30 cm deep water(24±1°C). After 2 min of acclimatization, the duration of immobility in the 4 min test was recorded by 
an automated motor activity recording tracker (SMART 3.0, Panlab, Barcelona, Spain). The time spent floating in the 
water was defined as immobility time.

The OFT apparatus (50×50cm2 and 40cm in height) was evenly divided into 16 squares.15 Mice were placed in the 
experimental field half an hour in advance to adapt to the environment, and a 1 min adaptation period was set at the 
beginning of the test. The total distance and the central exploration time of the mice within 5 min were recorded using 
SMART 3.0 and the percentage of central time was calculated. Before and after each test, the OFT equipment was 
cleaned with 75% ethanol.

Sample Preparation
Blood samples were obtained after enucleating the eyeball: the mouse was fixed with one eyeball protruding, the eyeball 
was pinched out with forceps, and the blood was dripped into the centrifuge tube. And then the mice were put to death, 
and the hippocampus and liver were removed and frozen in liquid nitrogen. After leaving at room temperature for 2 
hours, the mouse blood was centrifuged at 3000 rpm for 10 min to extract the serum. Then the spleens of mice were 
removed and weighed. The spleen index was used to assess the degree of splenomegaly. (Spleen index = spleen weight 
(mg)/body weight (g) ×10), All samples were stored at −80°C.
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Quantification of Serum dsDNA
The serum was diluted at 1:20 and added dropwise to a 96-well coated plate, and anti-dsDNA levels were measured 
using an anti-dsDNA ELISA kit (Cusabio, Wu Han, China).

Hippocampal and Liver Tissue Pretreatment
After grinding 20 mg of sample steel beads, the sample was centrifuged to the bottom of the tube. 1 mL of a mixture of 
methyl tert-butyl ether and methanol (V/V = 3:1) was added to the tube for liquid phase extraction together with the 
internal standard mixture, after which they were vortexed, centrifuged, and dried. 200 μL of mobile phase (acetonitrile: 
isopropanol = 10/90, V/V) was added into the tube, vortexed, and centrifuged. And then the supernatant was analyzed by 
LC/MS.

Data Collection and Quantification of Lipidomics
UPLC-MS/MS was performed using a C30 column (Thermo Accucore, USA) and an ExionLC AD UPLC-QTRAP mass 
spectrometer (SCIEX, USA). Mobile phase A was a mixture of acetonitrile and water containing 0.1% formic acid and 10 
mmol/L ammonium formate. The mobile phase B was a mixture of acetonitrile and isopropanol containing equal 
concentrations of formic acid and ammonium formate. Eluentgradient: 0 min (80:20, V/V), 2 min (70:30, V/V), 4 min 
(40:60, V/V),9 min (15:85, V/V), 14 min (10:90, V/V), 15.5 min (5:95, V/V), 17.3 min (5:95, V/V), 17.5 min (80:20, V/ 
V), 20 min (80:20, V/V). The flow rate is 0.35 mL/min. The column temperature is 45°C. The injection volume is 2μL. 
The lipid quantification was performed using multiple reaction monitoring (MRM) mode. In MRM mode, the precursor 
ions of the target substance are firstly screened, and then filtered to select the desired characteristic fragment ions, and the 
peak area of the collected mass spectrometry peaks is integrated and corrected for the mass spectrometry peaks of the 
same lipid in different samples.16

Statistical Analysis
PCA analysis and PLS-DA analysis for relative quantification of lipids were performed using SIMCA software to determine 
the lipid profile of each group. Pearson and Spearman correlation analysis was performed to detect the correlation between 
behavioral variables and differentially expressed lipids in mice between the two groups. Differences in variables between the 
two groups were evaluated using the Student’s t-test or Mann–Whitney U-test. The SPSS 26.0 and GraphPad prism8 software 
were used for statistical analysis, and data were visualized using an online tool (https://cloud.metware.cn/), and data were 
displayed as Mean±SD to show bar values, n=6 for each group. p< 0.05 was considered to be statistically different.

Results
MRL/lpr Mice Showed a Distinct Lupus Phenotype and Depression-Like Phenotype
We assessed the extent of systemic disease in mice with lupus by the spleen index and serum anti-dsDNA. At the age of 
18 weeks, the spleen index was significantly higher in NPSLE mice (97.77±10.35) than in MRL/mpj mice (40.05±5.27) 
(p<0.001) (Figure 1A). Serum anti-dsDNA levels were also significantly higher in MRL/lpr mice (96.36±30.60 mg/mL) 
than in MRL/mpj mice (3.22± 0.26 mg/mL) (p<0.001) (Figure 1B). When performing behavioral tests, we found that the 
percentage of immobility time was longer in MRL/lpr mice (54.26±17.86%) than in MRL/mpj mice (33.94±11.72%) in 
the forced swimming experiment (p=0.042) (Figure 1C). The total active length in OFT was significantly lower in MRL/ 
lpr mice (1552.85±657.70 cm) compared with MRL/mpj mice (2620.68±876.62 cm) (p=0.041) (Figure 1D). In OFT, the 
proportion of the time spent in the center of the square did not differ between MRL/lpr mice (29.85±40.16%) and MRL/ 
mpj mice (1.08±1.90%) (p=0.132) (Figure 1E). Similarly, the percentage of the distance in the center did not differ 
between MRL/lpr mice (7.89±17.07%) and MRL/mpj (0.08±0.08%) mice (p=0.132) (Figure 1F). The percentage of 
immobility time and the total active length can evaluate the depression-like behavior of mice, while the percentage of the 
distance and time in the center can reflect the anxiety-like behavior. These results suggest that at the age of 18 weeks, 
MRL/lpr mice showed significant depression-like behaviors without anxiety-like behaviors.
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Analysis of Hippocampal Lipidomic Results
1836 lipid components were detected in the hippocampal tissues (Supplementary Table 1), and Principal Component 
Analysis (PCA) scatter plot indicated a notable difference in hippocampal tissues between MRL/lpr and MRL/mpj 
groups (R2X=0.478, Q2=0.183) (Figure 2A). The two groups showed an obvious separation on the X-axis in the Partial 
Least Squares Discrimination Analysis (PLS-DA) model (R2X=0.544, R2Y=1, Q2=0.183) (Figure 2B). The permutation 
test results (Figure 2C) showed the accuracy of the PLS-DA model (R2=0.996, Q2=0.713). 355 differentially expressed 
lipids were screened according to the conditions P<0.05 and VIP>1 (Supplementary Table 2). The pie chart (Figure 2D) 
shows the approximate proportion of differential lipids in different categories in mice, and the heat map (Figure 2E) 
shows the clustering of different categories of lipids in two groups.

Analysis of Lipidomic Results of Liver
1836 lipid components were detected in liver tissues (Supplementary Table 1), and PCA (R2X=0.619, Q2=0.164) scatter 
plot indicated a notable difference in hippocampal tissues between MRL/lpr and MRL/mpj groups (Figure 3A). The two 
groups showed obvious separation on the X-axis in the PLS-DA model (R2X=0.682, R2Y=0.997, Q2=0.967) 
(Figure 3B). The permutation test (Figure 3C) showed the accuracy of the PLS-DA model (R2=0.946, Q2=0.504). 
405 differentially expressed lipids were screened according to the conditions P<0.05 and VIP>1(Supplementary Table 3). 
and the pie chart (Figure 3D) demonstrates the approximate proportion of differential lipids in different categories. The 
heat map (Figure 3E) shows the clustering of different lipids categories in two groups.

Figure 1 Systemic and behavioral assessment of mice. Spleen weight index (A), Serum anti-dsDNA antibody level (B), The percentage of immobility duration in forced 
swimming experiment (C), Total distance of mice in the OFT (D), The percentage of mice spend in the central region (E), The percentage of the length of movement of mice 
in the central region (F). 
Notes: Data are expressed as mean ± SEM (n=6). *p<0.05, ***p<0.001 vs control group.
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Enrichment of Pathways in Two Tissues of Mice
To explore the altered lipid metabolic pathways in the hippocampus and liver of NPSLE mice, data were imported into 
MetaboAnalyst (http://www.metaboanalyst.ca) for metabolic pathway enrichment analysis and mapped to pathways in 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.kegg.jp). Metabolic pathways are 
considered significantly different if and only if Pathway Impact>0.1 and p< 0.05. Under this definition, in hippocampal 
tissue (Figure 4A), Glycerophospholipid metabolism (p=3.69E-06, Impact=0.34614), Sphingolipid metabolism 
(p=0.00011741, Impact=0.21875), and Glycerolipid metabolism (p=0.001006, Impact=0.31818) pathways were signifi-
cantly different between the two groups. In liver tissue (Figure 4B), Linoleic acid metabolism (p=5.03E-05, 
Impact=0.25), Arachidonic acid metabolism (p=2.50E-05, Impact=0.41667), and Glycerophospholipid metabolism 
(p=2.50E-05, Impact=0.34614), Glycerolipid metabolism (p=0.002466, Impact=0.31818), Sphingolipid metabolism 
(p=0.005515, Impact=0.125) pathways were significantly different between the two groups. We found that compared 
with MRL/mpj group, MRL/lpr group showed enrichment in Glycerophospholipid metabolism, Sphingolipid metabo-
lism, and Glycerolipid metabolism pathway, in both liver and hippocampal tissues, where Glycerophospholipid meta-
bolism pathway had a high pathway impact value in both tissues. We further analyzed the intersection of differentially 
lipid metabolites, and the Venn diagram (Figure 4C) showed that 56 lipids were differentially expressed in the two tissues 
together. We further categorized the metabolites in the common pathway of differential lipid enrichment in the two 
tissues (Figure 5) and found that these lipids highly overlapped with each other, and that might be the material basis of 
liver metabolism affecting hippocampal function.

Figure 2 Analysis of hippocampal tissue lipidomic results. PCA analysis (A), PLS-DA analysis (B), permutation test plot (C), Pie chart of differential lipids (D), Clustering 
heat map analysis of differential lipids (E).
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Correlation Between Common Differential Lipids and Behavioral Outcomes in Mice
Screening 56 filtered lipid metabolites from the two tissues (both up-regulated or both down-regulated in the MRL/lpr group), 
we selected 25 differential metabolites (Table 1) and found that most of these lipids were in the glycerophospholipid pathway 
and all showed a decrease (FC<1). To further assess the role of these lipid metabolites in NPSLE, we performed a correlation 
analysis of these 25 lipids with behavioral phenotypic indices in mice (Supplemental Table 4) and visualized them with 
heatmaps (Figure 6). The results clearly showed that two LPCs (LPC(0:0/18:1), LPC(20:1/0:0)), three PEs (PE (P-20:1_22:6), 
PE (O-20:2_22:6), PE (O-20:0_18:1)), two DGs (DG(16:0_20:1), DG(18:0_20:4)) and one TG (TG(16:0_14:1_18:2)) had 
a significantly negative correlation with total distance in the hippocampus. One TG (TG(16:1_18:2_18:3)) had a significantly 
negative correlation with immobility time. Most of these metabolism products belonged to the glycerophospholipid pathway. 
In the liver, two PEs (PE (P-20:1_22:6), PE (O-20:2_22:6)), one PS (PS(18:0_20:0)), one LPC (LPC(20:0/0:0)), one DG (DG 
(18:0_20:3)), and eight TGs (TG(16:0_16:1_22:6), TG(16:0_18:2_18:3), TG(16:1_18:2_18:3), TG(16:0_18:2_20:5), TG 
(17:0_18:1_18:1), TG(16:0_14:1_18:2), TG(16:0_18:0_20:1), TG(16:1_16:1_18:1)) had a significantly positive correlation 
with immobility time in mice, and one PE (PE (O-20:0_22:4)) had a significantly negative correlation with total distance, with 
six lipids belonging to the glycerophospholipid pathway. These results suggest that the depression-like manifestations of 
NPSLE may be related to altered glycerophospholipid metabolism in the liver-brain axis.

Discussion
Neuropsychiatric symptoms of SLE are the most complex and severe manifestations of the disease,17 with major depression 
being one of the most common manifestations and positively correlated with the disease activity index.14,18 A growing 

Figure 3 Analysis of liver tissue lipidomic results. PCA analysis (A), PLS-DA analysis (B), permutation test plot (C), Pie chart of differential lipids (D), clustering heat map 
analysis of differential lipids (E).
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number of studies are finding changes in lipid metabolism in SLE.19–22 However, unlike other affected organs, the main 
understanding of the mechanisms of NPSLE development is currently focused on the disruption of the blood-brain barrier 
and the production of brain-reactive autoantibodies.13,23,24 Alterations in metabolism and NPSLE manifestations are 
currently less studied but are known to be significantly correlated.4 Depression-like manifestations are one of the most 
common NPSLE symptoms, and some studies have found significant changes in liver and hippocampal lipid metabolism in 
depressed animals,11,25 while intake of certain lipids improves depressive symptoms via hippocampal neurogenesis,26 which 
may be a potential mechanism for the role of the liver-brain axis in NP symptoms. Hepatic lipid metabolism changes affect 
brain lipid metabolism and induce neuroinflammation or neurodegeneration, which is one of the liver-brain axis modes of 
action.27 Therefore, our study is the first to characterize the metabolic profile of the liver-hippocampus in MRL/lpr mice with 
depression-like behavior to clarify the influence of the liver-brain axis in NPSLE. We first identified 18-week-old MRL/lpr 
mice with depression-like behavior and assessed the systemic effects of the mice by splenomegaly and serum anti-dsDNA. 
Then, we performed UPLC-MS/MS on hippocampal and liver tissues and screened 355 differential expressed lipids in the 
hippocampus and 405 in the liver. To clarify the potential mechanism of the liver-brain axis affecting NPSLE through lipid 
metabolism, we performed an intersection analysis of the differential metabolites in both tissues by Venn diagram and 
identified a total of 56 common differential lipids, among which 25 differential lipids showed the same trend in the two 
tissues. After the KEGG pathway enrichment analysis of the differential lipids in both tissues, we found that the differential 
lipids in both tissues were involved in three metabolic pathway processes, namely Glycerophospholipid metabolism, 

Figure 4 Pathway enrichment results. Hippocampal significantly enriched pathways (A), Liver significantly enriched pathways (B), Venn diagram of differential lipids in two 
tissues (C).
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Sphingolipid metabolism, and Glycerolipid metabolism pathway. After correlating the above 25 differential lipids with 
behavioral indices in mice, we found that the differential lipids in the glycerolipid metabolism pathway in both tissues were 
significantly correlated with behavioral outcomes. This suggests that the glycerophospholipid metabolism pathway is 
a possible mechanism of the “liver-brain axis” affecting the depression-like performance of NPSLE.

The brain is one of the most lipid-rich tissues.28 Lipids have an important role in the function of neurons and 
altered lipids in the brain may affect mood and behavior, leading to depression-like manifestations,29 and some 
studies have found that depressive manifestations present with disturbances in the metabolism of peripheral and brain 
lipids.30,31 Glycerophospholipids, one of the most abundant species of phospholipids, are key components of neuronal 

Figure 5 The map of Pathways significantly enriched in both tissues. Metabolites altered in the pathway are in blue.
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membranes, myelin, mediator precursors, and important regulators of signaling.11,29,32 In our study, alterations in the 
glycerophospholipid pathway were found to be the most prominent and consistent feature in the liver and hippo-
campus. We found that several differential lipids, DG, PE, PA, PE, PS, and LPC, were enriched in the glyceropho-
spholipid pathway in both liver and hippocampus, and seven PEs, three LPCs, one PC, one PS, and five DGs showed 
the same decreasing trend in expression in both tissues. Peripheral LPE 18:0, LPC 20:0, and LPC 18:0 were found to 
appear significantly lower in SLE patients in previous studies,33 which is also consistent with our findings in the liver.

Furthermore, it was argued in previous studies that it was contradictory whether the MRL/lpr mice had anxiety-like 
performance in addition to exhibiting depression-like behaviors that coincided with significant depressive symptoms in 
NPSLE patients.12,34,35 In contrast, we found a high degree of activity in the central zone in MRL/lpr mice in OFT, 

Table 1 Common Differential Lipid Metabolites with the Same Tendency 
in the Two Tissues

Compounds FC (in the Hippocampus) FC (in the Liver)

PE (O-18:0_16:0) 0.64 0.68

PE (O-20:0_18:1) 0.61 0.52

PE (O-20:0_22:4) 0.75 0.40

PE (O-18:0_22:6) 0.67 0.71

PE (O-20:2_22:6) 0.74 0.72

PE (P-20:1_22:6) 0.76 0.69

PE (P-20:0_20:3) 0.53 0.10

PS (18:0_20:0) 0.72 0.73

PC (O-20:1_20:4) 0.59 0.79

LPC (20:0/0:0) 0.63 0.52

LPC (0:0/18:1) 0.79 0.59

LPC (20:1/0:0) 0.78 0.68

DG (16:0_20:1) 0.46 0.53

DG (16:0_20:2) 0.49 0.73

DG (18:0_20:3) 0.43 0.54

DG (18:0_20:4) 0.64 0.64

DG (18:0_22:4) 0.66 0.63

TG (16:0_18:0_20:1) 0.75 0.24

TG (17:0_18:1_18:1) 0.18 0.11

TG (16:0_14:1_18:2) 0.34 0.37

TG (16:1_16:1_18:1) 0.60 0.40

TG (16:0_18:2_18:3) 0.35 0.27

TG (16:1_18:2_18:3) 0.66 0.14

TG (16:0_18:2_20:5) 0.63 0.24

TG (16:0_16:1_22:6) 0.79 0.14
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although there was no significant difference between the two groups in terms of central activity time and distance of 
activity. This may be because we placed the mice in the central region in our experiment and the activity of the MRL/lpr 
mice was significantly reduced. This also supported the possibility that in our study, the main mood disorder in the MRL/ 
lpr mice was depression-like manifestations without accompanying anxiety.

At the same time, our study has some limitations: 1) our study focused only on the role of metabolic changes in the liver- 
brain axis, but did not explore other studies such as immune factors; 2) we described the disruption of glycerophospholipid 
metabolism in the liver-brain axis associated with NPSLE. Future studies dedicated to these pathways are needed to further 
elucidate their functions and identify new therapeutic targets. More in-depth research, such as transcriptomics and proteomics, 
will be carried out to show how NPSLE lipidomics regulates and affects disease; 3) Because of the offset caused by the small 
sample size in this research, we will further increase the sample size in future experiments to prove our point.

Conclusion
In summary, our work showed the depressive behavior of MRL/lpr mice. We found that MRL/lpr mice are characterized 
by altered glycerophospholipid metabolism in the liver-brain axis. This may help us to understand the possible role of 
lipid metabolism in the onset of mood disorders in SLE.
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