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Purpose: Systemic lupus erythematosus is a heterogeneous autoimmune disease in which skin involvement is a common manifesta
tion. It is currently thought that the photosensitivity of SLE skin involvement is associated with anti-SSA antibodies. This study aimed 
to expand the current state of knowledge surrounding the molecular pathophysiology of SLE skin photosensitivity through Serum 
metabolomics analysis.
Patients and Methods: The serum metabolites of 23 cases of skin-involved SLE (SI) group, 14 cases of no SI (NSI) group, and 30 
cases of healthy controls (HC) were analyzed by using UPLC-MS/MS technology, and subgroup analysis was performed according to 
the expression of anti-SSA antibodies in SI. MetaboAnalyst 5.0 was used for enrichment analysis and ROC curve construction, 
identifying serum metabolic markers of skin-involved SLE associated with anti-SSA antibodies.
Results: We identified several metabolites and metabolic pathways associated with SLE photosensitivity. Two metabolites, SM 
(d18:1/24:0) and gamma-CEHC can distinguish between anti-SSA antibody-positive and negative SI, with AUC of 0.829 and 0.806. 
These two photosensitization-related substances may be potential markers of skin involvement in SLE associated with anti-SSA 
antibody.
Conclusion: This study provides new insights into the pathogenesis of SI patients, and provides a new molecular biological basis for 
the association between anti-SSA antibodies and skin photoallergic manifestations of SLE.
Keywords: systemic lupus erythematosus, metabolomics, biomarkers, anti-SSA antibodies, photosensitivity

Introduction
Systemic lupus erythematosus (SLE) is a chronic refractory disease characterized by autoimmune abnormalities invol
ving multiple systems, such as the skin, kidneys, and blood. The prevalence of SLE is estimated to be 30–50 per 100 
000.1 The age-standardized prevalence was 6.17 for males and 67.78 for females per 100,000 in China.2 Mortality in 
patients with SLE is 2–3 times higher than that in the general population.3 Studies have shown that fever, arthritis, and 
rash are the most common first-episode manifestations of SLE,4 with 53.8% of the patients presenting with skin lesions.5 

Therefore, identifying skin lesions in patients with SLE can aid in the development of early interventional treatments.
Overreaction caused by ultraviolet radiation (UVR) is called photosensitivity. Approximately 93% of patients with 

SLE show photosensitivity,6 which is highly common in the production of lupus skin lesions and can even cause the 
onset and aggravation of systemic diseases. It is currently believed that UVR-induced activation of human endogenous 
retrovirus-associated dsRNA transcription and RIG-I/MDA5/IRF7 pathways leads to reduce expression of interferon- 
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stimulated genes, promoting apoptosis of keratinocytes and aggravating the skin manifestations of lupus.7 

Simultaneously, UVR can induce reactive oxygen species to indirectly destroy proteins and lipids, leading to the 
disruption of cell signaling pathways and membrane structures; this causes cell and tissue dysfunction, thereby 
aggravating diseases.8 Studies have shown that UVR exposure to the skin is correlated with the expression of anti- 
Sjogren syndrome A (SSA) antibodies,9,10 however, in-depth studies are lacking. Therefore, studying the mechanism of 
photosensitivity in SLE can help us to further understand the development and prevention of SLE.

Metabolomics analysis captures the special chemical fingerprint left by specific cellular processes or conditions, 
which can provide hints about the underlying pathophysiology of SLE at the molecular level. Some studies have revealed 
abnormalities in fatty acid metabolism, phospholipid catabolism, and amino acid metabolism in patients with SLE.11–17 

SLE research has predominantly focused on lupus nephritis14,18–20 and cardiovascular risks.21–23 However, there are 
limited metabolic studies on the skin involved in SLE, and there is a lack of discussion on the relationship between skin 
damage and photosensitivity.

To further explore the relationship between SLE and photosensitivity, we analyzed the serum metabolites of 23 cases 
of skin-involved SLE (SI) group, 14 cases of no SI (NSI) group, and 30 cases of healthy controls (HC) using UPLC-MS 
/MS technology and four methods of parallel detection. We further identified SI patients with anti-SSA antibody 
positivity and performed metabolomic analysis. Overall, this study aimed to expand the current state of knowledge 
surrounding the molecular pathophysiology of SLE skin photosensitivity.

Materials and Methods
Sample Collection
A total of 67 samples were included in the study, including 30 sex-, age-, and BMI-matched HC and 37 patients with 
SLE. Samples from patients who were smokers or had infections, metabolic diseases, or tumors were excluded. 
Volunteers in the HC group were those who participated in the physical examination and excluded the disease diagnosis. 
Patients in the SLE group met 2012 International Lupus Collaborative Group SLE classification criteria24 and had no 
history of other autoimmune diseases. Patients with SLE scored SLEDAI-200025 according to disease activity, with 
SLEDAI scores<5 as the inactive group (Inactive) and ≥5 as the active group (Active). Each patient was also evaluated 
for the SLICC / ACR-Damage Index (SDI).26 Patient samples were further divided into SI, NSI, SSA+SI, or SSA-SI 
groups. This study was approved by the Ethics Committee of the Second Affiliated Hospital of Zhejiang Chinese Medical 
University (2021-KL-071-01). Written informed consent was obtained from all participants.

Vacuum blood collection tubes were used to collect 2 mL of peripheral blood from each patient. Blood samples were 
placed at room temperature for 30 min and centrifuged at 3000 rpm for 15 min. The serum samples were then divided 
into 200 μL aliquots in microcentrifuge tubes and immediately stored at −80 °C.

Serum Non-Target Metabolomics Studies
Sample Handling and UPLC-MS/MS Analysis
Untargeted metabolomic analysis was conducted by Calibra Lab at DIAN Diagnostics (Hangzhou, Zhejiang, China) on 
CalOmics metabolomics platform. Samples were extracted using methanol in a ratio of 1:4. The mixtures were shaken 
for 3 minutes and precipitated by centrifugation at 4000×g, 10 minutes at 20°C. Four aliquots of 100μL supernatant were 
transferred to sample plates and dried under blowing nitrogen, then re-dissolved in reconstitution solutions for sample 
injection into UPLC-MS/MS systems. The instruments for the four UPLC-MS/MS methods are ACQUITY 2D UPLC 
(Waters, Milford, MA, USA) plus Q Exactive (QE) hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher 
Scientific, San Jose, USA). QE mass spectrometer was operated at a mass resolution of 35,000, the scan range was 70– 
1000 m/z. In the first UPLC-MS/MS method, QE was operated in positive ESI mode and the UPLC column was C18 
reverse-phase (UPLC BEH C18, 2.1×100 mm, 1.7 um; Waters); the mobile solutions used in the gradient elution were 
water (A) and methanol (B) containing 0.05% PFPA and 0.1% FA. In the second UPLC-MS/MS method, QE was 
operated in negative ESI mode, and the UPLC column was C18 reverse-phase (UPLC BEH C18, 2.1×100 mm, 1.7 um; 
Waters), the mobile solutions used in the gradient elution were water (A) and methanol (B) containing 6.5 mM 
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ammonium bicarbonate at pH 8. The third UPLC-MS/MS method had the QE operated in ESI positive mode and the 
UPLC column was C18 reverse-phase (UPLC BEH C18, 2.1×100 mm, 1.7 um; Waters), the mobile solutions were water 
(A) and methanol/acetonitrile/water (B) contain 0.05% PFPA and 0.01% FA. In the fourth method, QE was operated in 
negative ESI mode, the UPLC column was HILIC (UPLC BEH Amide, 2.1×150 mm, 1.7 um; Waters), and the mobile 
solutions were water (A) and acetonitrile (B) with 10 mM ammonium formate.

Compound identification and quantification After pre-processing of raw data and data quality control inspection, ion 
peaks were extracted using proprietary in-house IT hardware and software. Metabolites were identified by searching an 
in-house library generated from running reference standards commercially purchased or obtained from other sources. 
Identification of metabolites in samples requires strict matching of three criteria between experimental data and library 
entry: narrow window retention index (RI), accurate mass with variation less than 10 ppm and MS/MS spectra with high 
forward and reverse searching scores. Peak area for each metabolite was calculated using area-under-the-curve.

Data Normalization
After confirming that the detection data met quality control requirements, chromatographic peak extraction was 
performed. Metabolite identification was performed by comparison with CalOmics, a metabolite database based on 
standards, with strict matching of three indicators: retention index, primary precise mass, and secondary fragment 
spectrum. Metabolites were quantified by calculating the area under the chromatographic peak curve to obtain the 
original peak area of each metabolite.

Prior to statistical analysis, the raw peak areas were normalized to adjust for system fluctuations among the different 
run days. The normalized values were log-transformed (log2) to obtain an approximately normal distribution. Missing 
values were imputed using the minimum detection value of a metabolite among all samples.

Data Analysis
Chi-square and nonparametric tests were used to assess the clinical features. Principal component analysis (PCA) and 
orthogonal least squares discriminant analysis (OPLS-DA) were performed for peak areas normalized by R. P-values 
were calculated using Student’s t-test or a nonparametric test (Welch’s t-test) on normalized data. Differential metabolites 
were screened according to P<0.05 and VIP>1. Prim9.0 was used for differential metabolite expression level analysis and 
Spearman grade correlation analysis of SLEDAI. Correlation heatmaps and clustering heatmaps were constructed for 
visualization in R. Pathway enrichment analysis of differential metabolites was performed using MetaboAnalyst 5.0, 
along with conventional ROC model analysis and visualization.

Results
Clinical Characteristics
Thirty seven patients with SLE were included in this study and were divided into two groups according to clinical 
manifestations: the SI group (n = 23) and the NSI group (n = 14). The HC group was comparable to the SI and NSI 
groups in terms of sex, age, and BMI. There were no significant differences in complement levels, anti-dsDNA 
antibodies, anti-SSB antibodies, SLEDAI activity, and SDI scores between the SI and NSI groups; however, anti-SSA 
antibody positivity was more frequent in the SI group than that in the NSI group (P<0.01). In the SI group, there were 8 
patients with acute cutaneous lupus, 13 patients with subacute cutaneous lupus, 2 patients with chronic cutaneous lupus 
and 10 patients with photosensitivity, with a partial overlap between subacute cutaneous lupus and photosensitivity. 
There were no significant differences in drug treatment between groups, including glucocorticoids, hydroxychloroquine, 
leflunomide, cyclophosphamide, methotrexate, and mycophenolate mofetil, as shown in Table 1. The flow chart of the 
study are shown in Figure 1.

Differential Metabolites in SLE
PCA (Figure 2A) revealed differences between the HC and SLE groups. In addition, the differentiation of serum metabolites in 
the two groups was further clarified through the construction of the OPLSDA model (Figure 2B). The R2Y value of the OPLS- 
DA model was 0.936 and the Q2Y value was 0.755, indicating that the model was effective. Using the VIP and P values, we 
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screened 325 differential metabolites, and the clustering heat map of the differential metabolites is shown in Figure 2D. These 
metabolites were primarily lipids, amino acids, xenobiotics, and peptides (Figure 2C). We further analyzed the largest proportion 
of lipid species (Figure 2E), among which fatty acids, hormones, and hemolytic phospholipids were the most common. 
Differential metabolites were enriched for caffeine, sphingolipid, histidine, and arginine biosynthesis pathways (Figure 2F).

Association of Serum Metabolic Profile with SLE Disease Activity
We divided the patients into the Inactive group (SLEDAI<5, n=11) and the Active group (SLEDAI≥5, n=26) for further 
analysis. PCA and OPLS-DA analyses of the two groups are shown in Figure 3A and B. We screened 156 metabolites in 

Table 1 Clinical Characteristics of the Study Participants

HC (n=30) SI (n=23) NSI (n=14)

Age, years Median (IQR) 37.00(9.25) 35.00(25.00) 38.00(19.25)

Sex, female 30(100) 23(100) 14(100)

BMI, kg/m2 Median (IQR) 19.17(3.64) 20.83(5.13) 20.15(1.45)

Anti-dsDNA+ (%) — 5(21.74) 7 (50.00)

C3, g/L Median (IQR) — 0.73(0.26) 0.73(0.39)

C4, g/L Median (IQR) — 0.14(0.10) 0.14(0.12)

Anti-SSA+(%) — 14(60.87) ** 2(14.29)

Anti-SSB+(%) — 4(17.39) 1(7.14)

SLEDAI,score Median (IQR) — 4.00(5.0) 6.00(4.5)

SDI, score Median (IQR) — 0.00(1.00) 1.00(1.50)

Cutaneous manifestations

Acute cutaneous lupus (%) — 8(34.78) —

Subacute cutaneous lupus (%) — 13(56.52) —

Chronic cutaneous lupus (%) — 2(8.70) —

Photosensitivity (%) — 10(43.48) —

Treatment

Untreated — 0 1

Glucocorticoid — 12 13

Hydroxychloroquine — 16 8

Leflunomide — 2 2

Cyclophosphamide — 1 1

Methotrexate — 1 1

Mycophenolate mofetil — 8 4

Notes: **P<0.01. 
Abbreviations: SLE, systemic lupus erythematosus; UVR, ultraviolet radiation; PCA, principal component analysis; 
OPLS-DA, orthogonal least squares discriminant analysis; AUC, area under the curve; SI, skin-involved SLE; NSI, no 
skin-involved SLE; HC, healthy controls; BMI, body mass index; SLEDAI, systemic lupus erythematosus disease activity 
index; SDI, SLICC/ACR-Damage Index; C3, Complementary C3; C4, Complementary C4; Anti-dsDNA+, anti double 
stranded DNA antibody positive; Anti-SSA+, anti-Sjogren syndrome A antibody positive; Anti-SSB+, anti-Sjogren 
syndrome B antibody positive; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; LysoPE, 
lysophosphatidylethanolamine; LysoPC, lysophosphatidylcholine; TAG, triglycerides.
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both groups. These metabolites were predominantly lipids, including fatty acids, lysophospholipids, steroids, sphingo
lipids, and phosphatidylcholine (Figure 3C and E). Differential metabolites were enriched for pentose and glucuronate 
interconversion, sphingolipid metabolism, ascorbate and aldarate metabolism, and glycerophospholipid metabolism 
(Figure 3D). Serum metabolites, such as Phosphatidylcholine (PC) (16:1/18:3), LysoPE (18:1), LysoPC (18:1 (9Z)), 
LysoPE (18:2), LysoPE (20:4), PE (P-16:0/18:1), PC (16:1), LysoPE (18:0), 4−acetamidobutanoate, cholesterol, PC 
(16:0/18:3), and SM (d18:0/16:0) were positively correlated with SLEDAI scores (Figure 3F).

Serum Metabolic Profile Analysis of SLE Skin Involvement
We compared the metabolites between the SLE and HC samples (Figure 4A and B). Venn diagram analysis identified 118 
metabolic markers unique to the SI group (Figure 4C), which were mainly enriched for arginine biosynthesis, sphingo
lipid metabolism, alanine, aspartic acid, glutamate metabolism, arginine and proline metabolism, citrate cycling, and 
other pathways (Figure 4D). Further analysis of differential metabolites revealed that N-acetylglutamine (AUC=0.857), 
N-acetylphenylalanine (AUC=0.799), and fumarate (AUC=0.781) were the most significantly altered between the three 
groups and may play critical roles in SI (Figure 4E and F).

Serum Metabolic Profile Analysis of SI Associated with Anti-SSA Antibodies
In our study, the positivity rate of anti-SSA antibodies was higher in the SI group than that in the NSI group. The 
relationship between patients with SI and anti-SSA antibodies has been well-documented. Therefore, we performed 
a subgroup analysis of the SI group to explore metabolite differences between SSA+SI and SSA-SI patients.

There was a significant degree of differentiation between the SSA+SI and SSA-SI groups in the OPLSDA model 
(Figure 5A and B). We identified 27 differential metabolites between the two groups, which were mainly enriched for 
carnitine synthesis, glutamate metabolism, arginine and proline metabolism, alanine metabolism, tryptophan metabolism, 
and glutathione metabolism pathways (Figure 5C). Based on the VIP values, we selected the top 10 metabolites for ROC 
analysis. The results showed that SM (d18:1/24:0) and gamma-CEHC could distinguish between SSA+SI and SSA-SI 
patients, with AUC values of 0.829 and 0.806, respectively (Figure 5D and E).

Discussion
SLE photosensitivity causes skin disorders and can lead to serious systemic disease. When people with SLE are exposed 
to UVR, the pathogenic stimulus travels from the skin to the draining lymph nodes through lymphatic vessels and 

Figure 1 The grouping design and analysis flowchart.
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dendritic cells. This activates autoimmune T and B cell development response cells and leads to the development of 
systemic lesions.27 It has been shown that keratinocyte apoptosis caused by altered methylation of Hippo Pathway is 
correlated with skin photosensitivity in SLE.28 On the other hand, increased interferon Kappa in keratinocytes improves 
its sensitivity to UVR exposure and aggravates disease.29 UVR can induce the type I IFN response to cause the secretion 
of Th1 associated chemokines such as C-X-C motif chemokine ligand 9/10 in T cells, which contributes to the further 
recruitment of T cells.30 UVR stimulates neutrophil migration to the skin or to the kidney in an IL-17A dependent 
manne.31,32 Besides, expression of anti-SSA antibodies is closely associated with SI and photosensitivity. Studies have 
shown that subtype Ro52 of the SSA antibody can be ectopic to the cell surface under UVR exposure, and its expression 
in the lupus-afflicted epidermis is significantly upregulated,33 this makes it easy to bind to antibodies to form an immune 
complex and amplify the inflammatory response through multiple mechanisms,34 such as Type I IFN response and 

Figure 2 Serum metabolomic analysis between SLE group and HC group. (A) PCA analysis plot and (B) OPLS-DA analysis plot of SLE and HC. (C) Component composition 
of differential metabolites and (E) lipids. (D) The heat map shows 325 differential metabolites between SLE and HC. (F) Pathway enrichment map for 325 differential 
metabolites.
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oxidative stress.30 However, current research on the relationship between skin photosensitivity and anti-SSA antibody- 
positive SLE patients remains limited.

This study showed that carnitine synthesis, glutamate metabolism, arginine and proline metabolism, alanine meta
bolism, tryptophan metabolism, and glutathione metabolism pathways were associated with anti-SSA antibodies. 
L-carnitine, a bioactive substance in the carnitine metabolic pathway, can reduce the activation of the protein p38 and 
c-Fos in UVR-induce skin tissue and exert potential protective effects against UVR-induced skin tissue damage.35 

Reduced glutathione is also a key intracellular antioxidant that can mitigate oxidative stress in skin after UVR 
exposure.36 Tryptophan and arginine are also associated with oxidative stress and wound repair. However, there is 
insufficient evidence regarding their autoantibodies and light sensitivity. The ROC model suggested that SM (d18:1/24:0) 
and gamma-CEHC are potential metabolic markers of skin involvement in anti-SSA antibody-associated SI. SM is 

Figure 3 Serum metabolomic analysis between Active group and Inactive group. (A) PCA analysis plot and (B) OPLS-DA analysis plot of these two groups. (C) Component 
composition of differential metabolites and (E) lipids. (D) Pathway enrichment map for differential metabolites between these two groups. (F) Correlation analysis of 
differential metabolites and SLEDAI scores, 12 positive metabolites were selected based on Cor value and P value. ***P<0.001.
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generated by ceramide and phosphatidylcholine, and it was found that supplementation with dietary sphingomyelin to 
maintain covalent bound ω-hydroxyceramide reduces the adverse effects of UVR on the skin.37 Gamma-CEHC is 
a metabolite of vitamin E, which is a peroxy-free radical scavenger, reduces the oxidative stress response of SLE and the 
production of proinflammatory factors and autoantibodies.38,39 In our study, patients in SSA+SI group had decreased SM 
(d18:1/24:0) and gamma-CEHC levels compared to SSA-SI group; consumption of beneficial sphingolipids and vitamin 
E may protect against the effects of UVR. The findings of this study may partly explain the relationship between skin 

Figure 4 Serum metabolomic analysis between SI group and NSI group. The composition of (A) differential metabolites and (B) lipids between SI, NSI and HC. (C) Wayne 
diagram of differential metabolites between SI, NSI and HC, thus identifying 118 differential metabolites belonging to SI. (D) Pathway enrichment map of 118 differential 
metabolites. (E) ROC curves and (F) expression differences of N-acetylglutamine, N-acetylphenylalanine and fumarate between SI and NSI, HC. NS: P>0.05. * 0.01<P<0.05, 
**0.001<P<0.01, ***P<0.001.
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photosensitivity of SLE and anti-SSA antibodies, and also provide new insights into the disease mechanisms in SLE 
patients with skin involvement.

Two previous studies have investigated the metabolic characteristics of SI using different detection modalities. A gas 
chromatography/mass spectrometry study of serum metabolomics has suggested that l-alpha-aminobutyric acid, dehy
droascorbic acid, glycine, and l-tyrosine may be potential markers of skin lesions in SLE.40 Another study on multi
system involvement in SLE suggested that L-isoleucine and TAG metabolites are associated with SLE skin 
involvement.14 The results of this study suggest that arginine biosynthesis, sphingolipid metabolism, alanine, aspartate, 
glutamate metabolism, arginine and proline metabolism, and citric acid cycle are the metabolic pathways mainly altered 
by skin involved SLE, some of the differential metabolites differ from other studies, probably due to the choice of the 

Figure 5 Serum metabolomic analysis between SSA+SI group and SSA-SI group. (A) PCA analysis plot and (B) OPLS-DA analysis plot of these two groups. (C) Pathway 
enrichment plots for the 27 differential metabolites between these two groups. ROC curves of (D) gamma-CEHC and (E) SM (d18:1 / 24:0) and expression levels in these 
two groups.
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detection method and individual difference. Furthermore, due to differences in detection methods, this study captures 
more information about the lipids and thus, as a supplement to other studies, we found that the sphingolipid pathway is 
the main metabolic pathway associated with SLE skin involvement. Ceramide, the core component of sphingolipids, is an 
important component of the protective skin barrier and improves the permeability of the epidermal barrier when 
combined with cholesterol and free fatty acids.41 There are currently no studies on sphingolipid metabolism in SI; 
however, studies on other autoimmune skin diseases have suggested that changes in the sphingolipid pathway are 
associated with inflammatory skin damage. Significant changes in ceramide-related enzymes and metabolites have been 
observed in patients with psoriatic dermatomyositis, where sphingosine 1-phosphate can mediate a variety of immune 
responses.42–44 Furthermore, UVR exposure has been reported to influence plasma ceramide and SM levels in mice.45 

The dynamic balance of sphingolipid metabolism plays an important role in skin homeostasis and may be involved in the 
oxidative stress response to UVR exposure in patients with SI. However, the specific mechanism needs to be further 
studied.

Our study identified N-acetylglutamine, N-acetylphenylalanine, and fumarate as characteristic metabolites of SI. 
N-acetylglutamine is involved in mediating oxidative stress and regulating inflammation, has a repair effect on cells,46,47 

and is often used in skin moisturizers. However, we were unable to obtain information on skin care products used by the 
patients in our study. N-acetylphenylalanine and fumarate may be markers of UVR-induced photodamage.48,49 Moreover, 
dimethyl fumarate, a derivative of fumarate, which inhibits dendritic cell maturation and reduces pathogenic T cell 
activation, exerts therapeutic effects on psoriasis and SLE.50,51

This study has some limitations. The sample size of each subgroup was small; this is only a preliminary study that 
looks at the possibility of a relationship, which will be followed up with similar research with a larger sample size. 
Moreover, antibody detection against SSA in this study did not distinguish between the Ro52 and Ro60 subtypes. To the 
best of our knowledge, this is the first study to perform a metabolic analysis of SI and anti-SSA antibody expression in 
patients with SLE. We identified characteristic metabolites and metabolic pathways in patients with SI and diagnostic 
markers associated with anti-SSA antibodies. Our study provides a new molecular basis for the link between skin damage 
and light sensitivity in SLE at the metabolite level and provides new directions for the clinical diagnosis of SLE and 
continued research on its pathophysiology.

Conclusion
Metabolomics provides valuable insights into the clinical characterization of SLE. Our study provides a new molecular 
biological basis for the association between anti-SSA antibodies and skin photoallergic manifestations of SLE by serum 
metabolomic analysis, which must be proven by further studies with larger sample sizes.
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