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Abstract: Systemic lupus erythematosus (SLE) is a challenging disease caused by both genetic and environmental 
influences. Symptoms of SLE vary and they may come and go, therefore diagnosis and treatment of the disease is 
difficult. Serum metabolites can not only serve as biomarkers of the disease but also can reveal the pathogenesis. 
Thus, it is important to find reliable biomarkers for early diagnosis and treatment of the disease, which would greatly 
benefit SLE patients. Our purpose was to study the metabolite profiles in active systemic lupus erythematosus and 
to identify metabolites that are significantly altered. Serum samples from 34 participants (17 SLE and 17 healthy) 
were collected and analyzed. Untargeted lipidomics and metabolomics were used to study the metabolite profiles 
in serum by high-performance liquid chromatography-tandem mass spectrometry. Serum enzyme-linked immuno-
sorbent assay was performed to validate differentially expressed metabolites. We identified differential expression 
of over 50 metabolites. These metabolites include several new SLE related metabolite species such as ceramide, 
trimethylamine N-oxide, xanthine, which were significantly elevated in the serum of active systemic lupus erythema-
tosus patients. Some other metabolites include acylcarnitine, caffeine, hydrocortisone, itaconic acid and serotonin 
were down-regulated. Our study characterizes the circulating metabolites in active systemic lupus erythematosus 
and provides several candidate biomarkers for the diagnosis and potential therapeutic targets of the disease.
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Introduction

Systemic lupus erythematosus (SLE) is a chron-
ic inflammatory autoimmune disease in which 
healthy tissue in many parts of the body is mis-
takenly attacked by the immune system [1]. It 
can damage the joints, skin, kidneys, heart, 
lungs, blood vessels and brain. Most of the 
cases occur in young females with a nine times 
higher rate than men of childbearing age [1].

The cause of SLE is not clear. Genetics and 
environmental factors are thought to be 
involved [2]. Environmental triggers often act 
by cellular pathways containing disease-associ-
ated polymorphisms. Immunological abnormal-
ities including T-cells, dendritic cells and B-cell 
hyperactivity are involved in the pathogenesis 
of SLE [3], causing organ damage in host tis-

sues, but the precise cellular and molecular 
mechanisms leading to autoimmune disease 
remain poorly understood. Consequently, the 
sensitivity and specificity of the biomarkers 
used today to diagnose and to monitor disease 
activity are not perfect. 

Diagnosis can be difficult because symptoms 
of SLE vary and they may come and go. Usually, 
a combination of symptoms and laboratory 
tests is used to diagnose it, which may take 
months or years for doctors. As a chronic inflam-
matory disease, early treatment of SLE can pre-
vent irreversible organ damage and improve 
quality of life. Finding reliable biomarkers for 
early diagnosis of the disease would greatly 
benefit SLE patients and optimization of treat-
ment. Lipidomic and metabolic profiling is one 
approach that could help find candidate bio-
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markers which are helpful in the diagnosis and 
monitoring of the disease. 

In this study, we find several serum biomarkers 
that show high sensitivity and specificity by lipi-
domics and metabolomics in active SLE 
patients when compared with healthy controls. 
We identified several metabolites including 
ceramide, trimethylamine N-oxide, xanthine, 
and hydrocortisone that are changed in SLE, 
which has not been reported before and might 
contribute to the pathophysiology and serve as 
therapeutic target of SLE.

Materials and methods

Patients

Primary serum specimens from 32 SLE pati- 
ents (17 active SLE patients, 15 inactive SLE 
patients) were obtained from Peking University 
Third Hospital (Table S1). The study was 
approved by the local ethics committee for clin-
ical studies. The samples were obtained only 
from patients or healthy people who agreed to 
undergo the laboratory research. The control 
subjects were recruited from hospital and labo-
ratory personnel, and were age and sex-
matched with the study patients. 

Sample preparation for metabolomics and 
lipidomics

For metabolite extraction, 100 μL serum was 
extracted according to polarity using liquid-liq-
uid extraction. In brief, 400 μL chloroform: 
methanol (2:1) was added into the serum, fol-
lowed by vortexing for 15 min at room tempera-
ture. Then the mixture was centrifuged at 
13,000 rpm for 15 min. The upper aqueous 
phase (hydrophilic metabolites) and the lower 
organic phase (hydrophobic metabolites) were 
separately collected and evaporated under vac-
uum. The residue was stored at -80°C until fur-
ther analysis. For LC-MS analysis, the aqueous 
phase was dissolved in 50 μL water. The organ-
ic phase was dissolved in 100 μL chloroform: 
methanol (1:1), and diluted by 300 μL isopropa-
nol (IPA): acetonitrile (ACN): water (2:1:1). After 
centrifugation at 12000 rpm for 15 min, 6 μL  
of supernatant were injected for LC-MS/MS 
analysis.

High-performance liquid chromatography

Lipidomics and metabolomics were performed 
on an Ultimate 3000 UHPLC system coupled 

with Q-Exactive MS (Thermo Scientific). For the 
aqueous phase (metabolomics), an Xbridge 
amide column (100 × 4.6 mm i.d., 3.5 μm; 
Waters) was employed for compound separa-
tion at 30°C. The mobile phase A consisted of 5 
mM ammonium acetate in water with 5% aceto-
nitrile, and mobile phase B was acetonitrile. 
The flow rate was 0.5 mL/min with the following 
linear gradient: 0 min, 90% B; 3 min, 90% B; 15 
min, 35% B, 18 min, 35% B; 19 min, 90% B and 
24 min, 90% B.

For the lipidomics, chromatographic separation 
was performed on a reversed phase X-select 
CSH C18 column (4.6 mm × 100 mm, 2.5 μm, 
Waters, USA) at 50°C. Two solvents, containing 
10 mM ammonium acetate and 0.1% formic 
acid, were used for gradient elution: (A) ACN/
water (3:2, V/V), (B) IPA/ACN (9:1, V/V). The gra-
dient program was: 0 min-40% B; 2 min-43% B; 
2.1 min-50% B; 12 min 60% B; 12.1-75% B; 18 
min-99% B; 19 min-99% B; 20 min-40% B; 25 
min-40% B. The flow rate was set to 0.6 ml/
min.

Mass spectrometry

Data-dependent acquisition (DDA) was per-
formed using the Q-Exactive MS (Thermo 
Scientific). Acquisition was performed in posi-
tive ion mode and negative ion mode separate-
ly in profile type. Each acquisition cycle consists 
of 1 survey scan (MS1 scan) at 70,000 resolu-
tion from 50 to 750 m/z for the hydrophilic 
metabolites and mass range from m/z 200 to 
1200 for the lipids, followed by 10 MS/MS 
scans in HCD mode at 17,500 resolution using 
stepped normalized collision energy (step-NCE) 
of 15, 30 and 45. The automatic gain control 
(AGC) target was set to 3e6 (maximum injection 
time 20 ms) and 2e5 (maximum injection time 
100 ms) for the MS1 and MS/MS scan. The 
dynamic exclusion was set to 8 s. The parame-
ters of ion source were: spray voltage 3.3 kV for 
positive ion mode and 3.0 kV for negative ion 
mode; Ion source sheath gas 40; aux gas 10; 
capillary temperature 320°C; probe heater 
temperature 300°C; S-lens RF level 55.

Data processing and statistical analysis

The acquired raw data were processed using 
MS-DIAL software according to the instructions 
in the software tutorial. Metabolites were iden-
tified using MS-DIAL by comparing the acquired 
MS/MS spectra to those in spectra library, 
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phatidyl serine) and SM. There were 36 lipids 
that were identified in both positive and nega-
tive mode and totally 730 unique identified lip-
ids in combination. PCA with QC samples was 
performed to assess the experiment quality, 
which showed that the QC samples were clus-
tered well in both positive and negative ion 
mode (Figure 1A and 1B). This indicates that 
our experiment met the required quality for 
subsequent difference analysis.

To find the dysregulated lipids between SLE and 
healthy groups, we performed volcano plot with 
fold change analysis and t-tests. FDR-adjusted 
p value of 0.05 and fold change of 2 were used 
as cutoffs. Finally, we identified 16 lipids that 
were differentially expressed between SLE and 
healthy people, in which 9 lipids were signifi-
cantly upregulated and 7 downregulated (Table 
1). A heat map was generated to show the dif-
ferential expression of each lipid (Figure 1C). 
Among the 16 differential lipids, many are 
ceramides and acylcarnitines. Acylcarnitines 
are downregulated, while ceramides including 
Cer [NDS] [d18:0/16:0], Cer [NS] [d18:1/18:0] 
and Cer [NS] [d18:2/24:2] are significantly 
increased in SLE. In addition to ceramides, 
PE34:2, DG36:4, PE34:2, SM42:2, EtherPCs 
and FA 20:4 (also known as arachidonic acid, 
ARA) were up-regulated in SLE. 

In order to find potential biomarkers to discrimi-
nate SLE from healthy people, we further per-
formed classical univariate receiver operating 
characteristic (ROC) curve analyses to generate 
ROC curve, to calculate area under the curve 
(AUC) and their 95% confidence intervals. The 
ROC results showed that the AUC of these dif-
ferential features are all above 0.75 with Cer 
[NDS] [d18:0/16:0] reaching up to 0.958 and 
FA 20:4 reaching up to 0.875 (Figure 2).  

Metabolomic profiling of SLE patients and 
healthy groups

We totally identified 110 and 83 nonredundant 
metabolites in positive and negative ion mode. 
20 metabolites were detected in both positive 
and negative mode and 173 metabolites totally 
in combination. The QC samples were clustered 
well in both positive and negative ion modes in 
the PCA analysis (Figure 3A and 3B), which indi-
cates that our experiment met the required 
quality for subsequent difference analysis.

which includes MS1 and MS/MS information of 
common metabolite species. The mass toler-
ance of identification for MS1 and MS/MS 
spectra were set to 0.01 Da and 0.05 Da. 
Datasets containing m/z values, retention time, 
metabolite name, and peak area were exported 
as an Excel file, and then the Excel file was 
imported into the MetaboAnalyst 3.0 Web ser-
vice for multivariate analysis. Principal compo-
nent analysis (PCA) with QC samples was used 
to determine whether there was any clustering, 
trend, or outlier. Further volcano plot analysis 
with fold-change (FC) > 2.0 and false discovery 
rate (FDR) < 0.05 by the Student’s t-test was 
used to identify significantly differential metab-
olites. Biomarker analysis with ROC curves 
were calculated to investigate whether the 
characteristics of the differential metabolites 
could be efficiently exploited as a sensitive bio-
marker of SLE.

ELISA analysis of serum ceramide 

The serum derived from age- and gender-
matched active SLE patients (n = 17), inactive 
SLE (n = 15) and healthy individuals (n = 32) 
was prepared as previously described. The 
ELISA kit for testing ceramide was obtained 
from J&L Biological (Shanghai, China). The 
experimental procedure follows ELISA pro- 
tocol. 

Results

Lipidomic profiling of features from SLE and 
healthy groups

We totally identified 613 and 153 nonredun-
dant lipids in positive and negative ion mo- 
de after the filtration of the unidentified fea-
tures. 15 classes of lipids were identified in 
positive mode, including cholesteryl ester, acyl-
carnitine, Ceramide (Cer) [NDS], Cer [NS], diac-
ylglycerol (DG), HexCer [NS], lysoPC, lysophos-
phatidylethanolamine (lysoPE), phosphatidyl- 
choline (PC), phosphatidylethanolamine (PE), 
phosphatidyl serine (PS), EtherPC, EtherPE, 
sphingomyelin (SM), triglyceride (TG). 17 class-
es of lipids were identified in negative mode, 
including Cer [AP], Cer [NS], EtherPE, fatty acid 
(FA), branched fatty acid esters of hydroxy fatty 
acid (FAHFA), HexCer [NS], HexCer [AP], lysoPC, 
lysoPE, lysoPG, lysoPI, PC, PE, PG (phosphatidyl 
glycerol), PI (phosphatidyl inositol), PS (phos-
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The subsequent analysis was done by lipido-
mics. There were 34 features that were signifi-
cantly changed between SLE and healthy group 
(Table 1). A heat map was generated to show 
the differential expression of each metabolite 

(Figure 3C). The result showed that ADP, caf-
feine, hydrocortisone, itaconic acid and sero-
tonin were down-regulated, while others includ-
ing several amino acids, drug metabolites, 
2-coumaric acid, acetycholine, beta-guanidono-

Figure 1. PCA score plots and heatmap of lipidomics. Overview of PCA score plots from all SLE (red), all healthy 
(green), and QC (blue) in positive mode (A) and negative mode (B). (C) Heatmap of the 16 significantly altered lipids 
in positive mode (+) and negative mode (-). The color is positively correlated with the intensity of change in metabo-
lites, with red indicating up-regulation and green indicating down-regulation.
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Table 1. Differentially expressed metabolites between groups
Compound Name m/z FC (SLE/healthy) p-value AUC
Lipids
    AC 7:0 274.2029 0.018102 0.023883 0.792
    AC 8:2 284.185 0.29371 0.023883 0.872
    AC 9:0 302.2325 0.23912 0.034984 0.82
    AC 10:0 316.2479 0.44434 0.02626 0.808
    AC 22:5 474.3582 0.27054 0.013191 0.803
    AC 22:6 472.3421 0.25971 0.015736 0.785
    EtherPE 40:5e; PE (18:1e/22:4) 778.5778 0.3324 0.028642 0.818
    Cer [NDS] d34:0; Cer [NDS] (d18:0/16:0) 540.5347 2.9874 0.000545 0.948
    Cer[NS] d36:1; Cer [NS] (d18:1/18:0) 566.5503 2.0169 0.00626 0.862
    Cer[NS] d42:4; Cer [NS] (d18:2/24:2) 644.5974 2.1661 0.004681 0.851
    DG 36:4; DG (16:0/20:4) 634.5393 2.2814 0.023883 0.836
    EtherPC 26:0e; PC (14:0e/12:0) 636.4952 2.1805 0.02626 0.785
    EtherPC 36:1e; PC (14:0e/22:1) 774.6351 3.9421 0.02626 0.77
    FA 20:4 303.2345 2.8245 0.013191 0.869
    PE 34:2; PE (16:0/18:2) 714.5118 2.0389 0.010404 0.841
    SM d42:2; SM (d14:2/28:0) 871.7102 3.2379 0.02587 0.789
Hydrophilic metabolites
    ADP 426.021 0.012737 0.014476 0.983
    Caffeine 195.0866 0.08511 0.012849 0.682
    Hydrocortisone 363.216 0.12165 8.38E-05 0.913
    Itaconic acid 129.0181 0.49143 0.007551 0.792
    Serotonin 177.1033 0.13863 0.001925 0.917
    2-Coumaric acid 165.0535 2.0555 0.000917 0.837
    Acetylcholine 146.1167 2.879 0.008465 0.761
    Beta-Guanidinopropionic acid 132.0762 7.4822 4.36E-05 0.92
    D-(+)-Galacturonic acid 193.0343 2.3402 0.02063 0.761
    Inosine 269.0871 633.95 0.044327 0.941
    Rac-Glycerol 3-phosphoate 170.9989 2.1369 0.020283 0.751
    S-3-Amino-4-phenylbutyric acid 180.1058 617.59 0.000581 0.934
    S-3-Amino-5-methylhexanoic acid 146.1168 3.006 0.007551 0.772
    Trimethylamine N-oxide 76.076 2.6833 0.049358 0.692
    Xanthine 151.0247 6.2 0.000318 0.941
    Arginine 175.1184 2.2096 6.37E-06 0.948
    Asparagine 133.06 3.1734 8.38E-05 0.938
    L-Glutamic acid 148.0597 2.221 0.007512 0.837
    L-Glutamic acid (negative) 146.0443 1.663 0.04 0.74
    L-Histidine 156.0759 1.8883 3.89E-04 0.851
    L-Histidine (negative) 154.0611 4.0105 3.00E-06 0.92
    Serine 106.0497 2.9539 2.00E-05 0.903
    L-beta-Homoproline 130.0859 615.67 0.000719 0.91
    L-beta-Homothreonine 134.0804 135.95 0.000161 0.73
    L-beta-Homovaline 132.1015 10.47 4.51E-05 0.919
    Allopurinol 137.0452 7.9612 0.009513 0.893
    Dimefline 324.1681 84.427 8.15E-05 0.905
    D-Sorbitol 183.0847 17.663 0.002287 0.862
    Dulcitol 181.0709 208.28 2.00E-05 0.889
    Flonicamid 228.0331 19993 0.000191 0.964
    Leupeptin 427.3008 3444 2.00E-05 0.894
    Maltitol 343.1237 505.27 0.000191 0.92
    Mycophenolic acid 321.1322 5392.5 0.044327 0.917
    Prednisolone 361.1991 381.9 0.006423 0.779
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Figure 2. ROC curves of the important altered lipids. (A) Cer[NDS] d34:0; Cer[NDS] [d18:0/16:0], (B) Cer[NS] d36:1; Cer[NS] [d18:1/18:0], (C) Cer[NS] d42:4; 
Cer[NS] [d18:2/24:2] and (D) FA 20:4.
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propionic acid, xanthine, inosine, galacturonic 
acid, rac-glycerol 3-phosphoate and trimethyl-
amine N-oxide (TMAO) were up-regulated in the 
SLE group. 

Classical univariate ROC curve analyses were 
performed to calculate AUC and their 95% con-
fidence intervals. The AUC of arginine and 
asparagine were 0.958 and 0.943 respective-
ly. The AUC of serotonin, hydrocortisone and 
histidine were all 0.924. The AUC of xanthine 
was 0.948 (Figure 4).

bance of SLE in humans by metabolomics and 
different potential biomarkers were obtained 
[4-6], our studies revealed several significantly 
valuable novel biomarkers including ceramide, 
TMAO, xanthine and hydrocortisone. Despite 
this, SLE patients tends to be depressed par-
tially because of lower a level of serotonin [7, 
8], which is in accordance with our results that 
serotonin is significantly decreased in SLE.

SLE was reported to be strongly associated 
with defects in apoptotic clearance, which has 

Figure 3. PCA score plots and heatmap of metabolomics. Overview of PCA 
score plots from all SLE (red), all healthy (green), and QC (blue) in positive 
mode (A) and negative mode (B). (C) Heatmap of the 34 significantly altered 
metabolites in positive mode (+) and negative mode (-). The color is positive-
ly correlated with the intensity of change in metabolites, with red indicating 
up-regulation and green indicating down-regulation.

Metabolic pathway analysis

A functional pathway analysis 
was performed to show the 
most relevant pathways that 
are affected as shown in 
Figure S1A. The most signifi-
cant pathways that are dys-
regulated are aminoacyl-tRNA 
biosynthesis, sphingolipid me- 
tabolism, nitrogen metabo-
lism, cyanoamino acid metab-
olism, caffeine metabolism, 
alanine/aspartate and gluta-
mate metabolism, and meth-
ane metabolism.

Measurement of ceramide 
concentration in serum by 
ELISA

Several ceramides in the lipi-
domic profiling were elevated 
in SLE. To verify this and test if 
it has difference between 
active and inactive SLE, we 
performed an ELISA to mea-
sure its abundance in serum 
from active SLE (n = 17), inac-
tive SLE (n = 15) and healthy 
groups (n = 32). The result 
showed that ceramides are 
dramatically increased in 
active and inactive SLE when 
compared to healthy ones, 
while there is no difference 
between active and inactive 
SLE (Figure S1B).

Discussion

Although previous studies 
have been performed to eval-
uate the metabolic distur-
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an important pathogenic effect [9]. Ceramide, 
one of the major sphingosine-based lipid sec-
ond messengers, was reported to be related to 
oxidative stress, which is involved in apoptosis 
signaling [10]. The elevated level of serum 
ceramide may contribute to cell apoptosis, 
which can aggravate the disease progression 
[11]. Ceramide is a metabolite that come from 
the cleavage of sphingomyelin (SM), which is 
mediated by sphingomyelinase (SMase). ROS 
can promote the activation of SMase to release 
ceramide and ceramide in turn promotes the 
production of ROS as a positive feedback [10]. 
ROS is thought to play an important role in SLE 

[12], therefore inhibition of SMase may benefit 
SLE patients.

Rapid-onset cardiovascular disease (CVD) is a 
major side effect of many patients with SLE 
[13]. Traditional risk factors such as lipid altera-
tion as well as autoimmunity are thought to 
contributes to accelerated atherosclerosis [13]. 
TMAO is a product of the oxidation of trimethyl-
amine (TMA), a common metabolite derived 
from gut microbiota metabolism of choline [14]. 
Circulating TMAO levels are shown to be strong-
ly associated with atherosclerosis. TMAO may 
contribute to atherosclerosis progression in 

Figure 4. ROC curves of the important altered metabolites. A. Arginine; B. Asparagine; C. Serotonin; D. Hydrocorti-
sone; E. Histidine; F. Xanthine.
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part by increasing cholesterol accumulation 
within macrophages [14]. Here we show TMAO 
may be another risk factor that contributes to 
atherosclerosis in patients with SLE. However, 
the mechanism by which TMAO is elevated in 
SLE patients is unclear. A previous study shows 
that Flavin mono-oxygenase family members, 
FMO1 and FMO3 converts TMA to TMAO, in 
which the activity of FMO3 is much higher [15]. 
Serum TMAO level is significantly correlated to 
FMO3 expression [15]. We suspect that the 
expression level of FMO3 might be upregulated 
in SLE, which thereafter leads to the increased 
level of circulating TMAO. If this can be verified, 
the inhibition of FMO3 can be a method to alle-
viate atherosclerosis in SLE patients, especial-
ly in females because hepatic FMO3 expres-
sion is higher in females compared to males 
[15].

Our study shows xanthine increased in SLE 
patients. Xanthine is a product on the pathway 
of purine degradation by the xanthine oxidase 
enzyme. Xanthine oxidase catalyzes the oxida-
tion of hypoxanthine to xanthine and further to 
uric acid, accompanying with the generation of 
reactive oxygen species [16]. An increase of 
xanthine may be due to the inhibition of xan-
thine oxidase by allopurinol since its metabolite 
caffeine decreases in SLE, while the inhibitor  
of xanthine oxidase, allopurinol, increases. 
Allopurinol is usually used to improve cardio-
vascular health by inhibition of xanthine oxi-
dase [17]. 

It is interesting that hydrocortisone as an anti-
inflammatory hormone decreases in SLE. This 
may be an influence of the use of prednisolone 
since it is about four times as strong in its  
anti-inflammatory effect and its serum level 
increases.

In conclusion, our untargeted lipidomics and 
metabolomics provide several novel biomark-
ers for SLE. We found that ceramide, TMAO, 
xanthine, and hydrocortisone were dramatically 
changed in SLE serum. However, the molecular 
mechanism how these factors increased 
remains to be elucidated, which may contribute 
to the pathophysiology and treatment of SLE.
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Table S1. Patient data
Group Active stage (n = 17) Inactive stage (n = 15)
Age 33 ± 10 (20-52) 29 ± 10 (20-52)
Gender
    M 5 4
    F 12 11
Disease duration 1 month-35 years 1 month-30 years

Figure S1. Functional pathway enrichment results and ELISA results. A. An overview of the affected metabolic path-
ways in SLE. All metabolic pathways are shown according to p-values from the pathway enrichment analysis (y-axis, 
colors varying from yellow to red with red indicating a more significant pathway than yellow) and pathway impact 
values (x-axis). a. aminoacyl-tRNA biosynthesis; b. sphingolipid metabolism; c. nitrogen metabolism; d. cyanoamino 
acid metabolism; e. caffeine metabolism; f. alanine, aspartate and glutamate metabolism; g. methane metabolism. 
B. The relative concentration of ceramide in active SLE (n = 17), inactive SLE (n = 15) and healthy controls (n = 32) 
detected by ELISA. ***indicates a significant difference (P < 0.001) by Student’s t test.


