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Systemic lupus erythematosus (SLE) presents diagnostic and disease monitoring challenges due to 
its heterogeneity and variable activity. In this cross-sectional study, we investigated the association 
of plasma catecholamine (CA) metabolites with SLE status and disease activity. Plasma samples 
from 88 SLE patients and 64 healthy controls were analyzed using targeted liquid chromatography-
tandem mass spectrometry to quantify dopamine (DA), epinephrine (E), norepinephrine (NE), 
3-methoxytyramine (3MT), metanephrine (MN), and normetanephrine (NMN). Significant alterations 
in CA metabolites levels were observed in SLE patients compared to controls, independent of 
glucocorticoid treatment. Orthogonal partial least squares-discriminant analysis (OPLS-DA) suggested 
distinct metabolic profiles in active SLE. NE, NMN, MN, and E showed notable group differences and 
correlations with inflammatory markers, clinical features, complement levels, and SLE Disease Activity 
Index (SLEDAI) scores. Receiver operating characteristic analysis demonstrated strong diagnostic 
performance for individual CA biomarkers, while combined plasma CA metabolites assessment yielded 
superior predictive capability for SLE activity (AUC: 0.866, 95% CI: 0.785–0.947). These findings 
highlight the potential of plasma CA metabolites, particularly NE and NMN, are associated with SLE 
disease activity and may serve as potential associative biomarkers. Further validation in independent 
and longitudinal cohorts is warranted.
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Systemic lupus erythematosus (SLE) is a complex autoimmune disease characterized by a breakdown in immune 
tolerance and the production of autoantibodies1. The resulting circulating immune complexes elicit significant 
inflammatory responses, ultimately leading to multi-organ damage. Organs commonly affected include the skin, 
joints, kidneys, central nervous system, and cardiovascular system2,3. Over the past decade, both the incidence 
and prevalence of SLE have increased. Recent epidemiological data report a global prevalence of 43.7 cases per 
100,000 individuals (ranging from 15.87 to 108.92), impacting approximately 3.41 million people worldwide, 
with 400,000 new cases identified annually4,5. SLE disproportionately affects women and remains one of the 
leading causes of death among young females6. The disease often has an insidious onset and, once activated, 
can lead to irreversible organ damage7. Previous studies have indicated that SLE patients had double the risk of 
developing cardiovascular diseases compared to the general population8–10. Organ damage, along with elevated 
risks of infection, malignancy, and complications associated with prolonged glucocorticoid therapy11–15, 
contributes to increased disability and all-cause mortality rates in these patients16. Due to the challenges of 
achieving a complete cure, the primary clinical objectives in SLE management focus on controlling disease 
activity and preventing organ damage12,17. Thus, early diagnosis, precise disease activity classification, and 
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accurate flare prediction are essential for timely intervention, optimal medication management, and ongoing 
disease monitoring, all of which are crucial for enhancing patients’ quality of life and survival outcomes.

Given the heterogeneous nature of SLE, reliance on a single diagnostic marker is not feasible18. Accurate 
evaluation requires a comprehensive assessment of clinical manifestations, as well as laboratory indicators of 
immune and inflammatory responses19. Despite years of refinement, the commonly used diagnostic criteria 
remain limited by incomplete symptom coverage, subjective and time-consuming evaluations, and insufficient 
sensitivity to changes in disease activity20,21. Serological markers, including decreased levels of complement 
proteins C3 and C4, have been incorporated into the classification criteria established by the European League 
Against Rheumatism (EULAR) and the American College of Rheumatology (ACR)22. However, these markers 
lack sufficient sensitivity for evaluating SLE and often fail to reliably reflect disease activity12,23. Additionally, 
widely used immunological markers frequently do not provide the sensitivity or specificity required to predict 
disease flares or to assess organ-specific activity in all patients12,21,24–26. These limitations underscore the urgent 
need to develop robust, pathogenesis-based biomarkers that enable timely diagnosis and effective disease 
monitoring.

In the 1990 s, the concept of the neuro-immune regulatory network was formally introduced, highlighting the 
potential interactions between the immune and nervous systems27. Neurotransmitters and their receptors act as 
central mediators within this network, enabling physiological adaptation to internal and external environmental 
stimuli28. Subsequent studies have identified various neuropeptides, such as neuropeptide Y (NPY), neurotensin 
(NT), and calcitonin gene-related peptide (CGRP), as modulators of immune cell function and contributors 
to SLE pathogenesis29–31. Exploration of additional neurotransmitter involvement in SLE may yield further 
insights into neuroimmune mechanisms. Notably, dopamine (DA), a key neurotransmitter in central nervous 
system regulation32, is synthesized by immune cells, including T cells, B cells, and dendritic cells33. These cells 
also synthesize other catecholamines, including adrenaline (E) and noradrenaline (NE). Activated lymphocytes 
have been shown to exhibit increased tyrosine hydroxylase (TH) expression and catecholamine synthesis. Under 
specific stimuli, these catecholamines are released in elevated concentrations, modulating both innate and 
adaptive immune responses through autocrine and paracrine mechanisms34. Clinical evidence indicates that 
bromocriptine, a dopamine receptor agonist, provided therapeutic benefits for patients with mild to moderate 
SLE by reducing serum immunoglobulin and anti-DNA antibody levels, and disease activity has been reported 
to rebound after discontinuation of the treatment35. This suggests that dysregulated catecholamine metabolism 
may play a pivotal role in SLE pathogenesis. However, research on alterations in plasma CA levels in SLE 
patients remains limited. Nakajima et al. first reported elevated circulating dopamine (DA), epinephrine (E), 
and norepinephrine (NE) in SLE patients compared to healthy controls in a case study36. Subsequently, Wu et 
al. conducted a cross-sectional study and reported similar findings37. In contrast, another study has reported 
significantly lower average plasma levels of E and NE in SLE patients compared to controls, whether in the supine 
or upright position38. These discrepancies may result from the chemical instability of catecholamines, variability 
in detection methods, incomplete profiling of their metabolites, and heterogeneity across patient cohorts. A 
systematic and comprehensive evaluation of catecholamine metabolic changes in SLE remains insufficient.

Therefore, this study aims to investigate the levels of CA metabolites in SLE patients across different stages 
of disease activity. Given the inherent chemical instability of plasma catecholamines, the focus was placed on 
intermediate metabolic products-3-methoxytyramine (3MT), normetanephrine (MN), and normetanephrine 
(NMN)- which are considered more stable and reliable indicators of CA turnover. Using a reliable and accurate 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) method, we quantified the levels of six CA 
metabolites. This study sought to characterize alterations in plasma CA metabolism among SLE patients and to 
examine their associations with disease activity, thereby identifying potential candidate biomarkers that may aid 
in understanding disease pathophysiology.

Result
Baseline characteristics of participants
This study included a total of 152 participants, comprising 64 healthy controls and 88 patients with SLE. The 
SLE group was further divided into inactive (n = 41) and active (n = 47) subgroups based on SLEDAI scores. As 
shown in Table 1, there was no statistically significant difference in gender among the three groups (P > 0.05); 
however, the age of the healthy control group was higher than that of the inactive and active SLE subgroups. The 
inflammatory marker ESR was significantly elevated in the SLE-active group compared to the inactive group, 
while CRP levels showed no significant differences. Compared to the inactive subgroup, patients in the active 
subgroup had significantly lower levels of complement proteins C3 and C4, while IgG levels were comparable 
between the two groups. Additionally, the levels of total protein (TP), albumin (ALB), total bilirubin (TBIL), 
and direct bilirubin (DBIL) in SLE patients were lower than those in the healthy control group, with further 
reductions in TP and ALB observed in the active subgroup compared to the inactive subgroup. In terms of renal 
function markers, active SLE patients had higher urea levels than healthy controls, although creatinine (Cr) and 
uric acid (UA) levels showed no significant differences. The serum lipid profiles were also assessed, revealing that 
both active and inactive SLE patients had lower cholesterol (CHOL) and high-density lipoprotein (HDL) levels 
compared to the healthy control group. In addition, a supplementary demographic table (Table S1) that includes 
additional information on factors potentially influencing catecholamine metabolite levels has been provided.

Comparison of catecholamine metabolite levels
This study employed LC-MS/MS to measure the plasma levels of catecholamines and their metabolites in all 
participants, assessing a total of six substances. The results indicated that compared to healthy controls, the 
plasma dopamine DA levels were elevated in both inactive and active SLE patients, although no significant 
differences were observed between the SLE subgroups. Conversely, the levels of E and NE were significantly 
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lower in the active SLE group compared to both the healthy controls and the inactive SLE group. Among the 
metabolites of catecholamines, only the levels of 3MT were elevated in the SLE-inactive patients compared 
to healthy controls, while no significant changes were noted in SLE-active patients. Furthermore, both SLE 
subgroups exhibited lower levels of MN and NMN compared to the healthy control group, with the active SLE 
subgroup showing significantly decreased levels of these metabolites compared to the inactive subgroup (see 
Table 2; Fig. 1).

Impact of glucocorticoid dosage on plasma CA metabolites in SLE
Medication regimens for SLE patients are often complex, with glucocorticoids serving as a cornerstone in disease 
management. To evaluate the effect of glucocorticoid dosage on catecholamine levels, we stratified participants 
into three groups based on disease activity: inactive (SLEDAI 0–4), low disease activity (SLEDAI 5–14), and high 
disease activity (SLEDAI ≥ 15). Catecholamine levels were compared within these groups under varying doses 
of methylprednisolone. As shown in Fig. 2, no significant differences in plasma catecholamine levels across all 
three subgroups were observed (P > 0.05).

OPLS-DA analysis
The Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) score plot indicated that CA metabolites 
can effectively distinguish between SLE-active patients and healthy controls, demonstrating good predictive 
capability without overfitting (Q² = 0.682) (see Fig. 3 and Figure S1). However, the model based on these six 
metabolites did not adequately differentiate between SLE-inactive patients and healthy controls, nor between 

Healthy SLE P-value

Control Inactive Active

n 64 41 47

Age, year 44(34,58.25) 34.5(21.25,52) * 35(31,52) * 0.013

Sex, male% 23.4 17.1 12.7 0.357

ESR (mm/h) NA 15.0(9.0,46.0) 35.5(14.0,61.0) ### <0.001

CRP (mg/L) NA 7.5(0.35,10.34) 4.37(0.92,21.37) 0.157

C3 (g/L) NA 0.90 ± 0.046 0.63 ± 0.039 ### <0.001

C4 (g/L) NA 0.17(0.04,0.31) 0.09(0.05,0.13) ### <0.001

IgG (g/L) NA 10.10(6.60,14.95) 11.47(5.59,19.46) 0.357

SLEDAI Score NA 1.0(0.0,2.0) 12.0(8.0,16.0) <0.001

Anti-dsDNA positive (%) NA 13.16 66.67 <0.001

Anti-Sm positive (%) NA 24.32 39.02 0.199

ALT (IU/L) 13.18 (11.42,17.55) 11.08(7.21,15.56) 10.70(8.36,17.90) 0.893

AST (IU/L) 17.08(14.51,20.0) 13.95(12.16,20.1) 15.8(11.38,19.80) 0.634

TP (IU/L) 69.65(65.41,72.65) 55.18(46.65,66.65)* 47.4(25.76,58.0)***
### <0.001

ALB (IU/L) 42.38(40.55,43.65) 32.75(24.72,38.90) 25.30(21.90,28.70) ***### <0.001

GLO (IU/L) 25.50(23.55, 29.50) 23.0(19.20,26.60) 23.0(19.26,28.90) 0.253

TBIL (µmol/L) 9.90(7.20,12.15) 5.86(3.53,7.00)*** 4.30(3.52,5.30)*** <0.001

DBIL (µmol/L) 2.75(2.20,3.50) 2.26(0.92,2.60) ** 1.05(0.70,1.50) *** <0.001

TBA (µmol/L) 2.08(1.80,3.95) 2.20(1.12,3.35) 2.60(1.18,3.70) 0.474

Urea (mmol/l) 4.04(3.39,4.90) 4.20(3.65,5.92) 4.49(3.43,5.62) ** 0.006

Cr (µmol/L) 46.65(40.51,54.40) 56.08(45.66,62.50) 42.85(38.40,50.90) 0.370

UA (µmol/L) 245.95(205.79,290.10) 240.25(198.73,345.55) 266.0(209.36,327.80) 0.167

TG (mmol/l) 0.86(0.65,1.19) 0.83(0.74,1.50) 1.12(0.93,1.52) 0.091

CHOL (mmol/l) 4.42(3.76,5.08) 3.67(2.88,4.10) * 3.10(2.63,4.14) ** 0.005

HDL (mmol/l) 1.20(1.06,1.42) 0.78(0.60,1.11) ** 0.81(0.52,1.04) *** <0.001

LDL (mmol/l) 2.34(2.03,3.07) 2.20(1.67,2.52) 1.83(1.40,2.66) 0.072

Table 1.  Demographics characteristics and biochemical profiles of study subjects. Data were presented as 
mean ± standard deviation for normally distributed variables and as median (Q1, Q3) for non-normally 
distributed variables. ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; C3, complement 3; C4, 
complement 4; IgG, Immunoglobulin G; anti-dsDNA: Anti-double-stranded DNA antibodie; Anti-Sm: Anti-
Sm antibodies ALT, alanine transaminase; AST, aspartate transaminase; TP, total protein; ALB, albumin; GLO, 
globular protein; TBIL, total bilirubin; DBIL, direct bilirubin; TBA, total bile acid; Cr, creatinine; UA, urine 
acid; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein. P-
values in the last column were calculated using one-way ANOVA or the Kruskal–Wallis H test, as appropriate. 
Asterisks and hash symbols indicate significance in post hoc comparisons: *P < 0.05; **P < 0.01; ***P < 0.001 
compared with the control group. #P < 0.05; ##P < 0.01; ###P < 0.001 compared with the SLE-inactive group.
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active and inactive SLE patients (Q² < 0.5) (data not shown). Using the OPLS-DA model, we identified potential 
biomarkers by applying the criteria of VIP > 1, P < 0.05, and fold change (FC) > 1.5 or < 0.67 (Table S2). The 
selected potential biomarkers included E (VIP = 1.16, P < 0.001, FC = 0.38, 95%CI:0.24–0.59), NE (VIP = 1.17, 
P < 0.001, FC = 0.46, 95%CI:0.37–0.56), MN (VIP = 1.17, P < 0.001, FC = 0.53, 95%CI:0.44–0.61), and NMN 
(VIP = 1.30, P < 0.001, FC = 0.32, 95%CI:0.27–039.27) (see Fig. 4).

Correlation analysis of CA metabolites, laboratory parameters, clinical manifestations and 
SLEDAI
The Spearman correlation analysis, visualized in the heatmap (Fig. 5), highlighted relationships between CA 
metabolites, and clinical indicators in SLE patients. In SLE patients, E and MN exhibited a negative correlation 
with the inflammatory marker CRP, while 3MT showed a positive correlation. Additionally, NE and NMN were 
positively correlated with C4, and E had a moderate positive correlation with IgG.

We further analyzed plasma CA metabolites concentrations in relation to specific clinical manifestations. 
No significant differences were observed in CAs levels when comparing patients with and without fever (Table 
S3). However, E and MN concentrations were significantly lower in SLE patients with arthritis and serositis. 
Similarly, NE and NMN levels were markedly reduced in patients presenting with malar rash and nephritis (both 
P < 0.001). Additionally, an increase in plasma DA levels was observed in patients with serositis, whereas 3MT 
levels were decreased in patients with nephritis (see Fig. 6).

Fig. 1.  Comparisons of catecholamine and metabolites in three groups. Statistical significance was determined 
by the Kruskal-Wallis H test, followed by post-hoc multiple comparisons: *P < 0.05; *P < 0.01; ***P < 0.001 
compared with the control group. #P < 0.05; ##P < 0.01; ###P < 0.001 compared with the SLE-inactive group.

 

Healthy SLE P-value

Control Inactive Active

DA (pg/ml) 4.95(2.98,6.25) 7.60 (4.75,10.45) ** 6.3(2.6,11.10) * <0.001

E (pg/ml) 30.75(21.75,47.83) 20.6(9.48,40.88) 9(6.1,15.4) ***### <0.001

NE (pg/ml) 259.15(220.70,373.38) 240.65(79.58,328.08) 116.40(71.35,241.35) ***### <0.001

3MT (pg/ml) 1.35(0.60,2.70) 2.15(1.25, 3.83)** 1.0(0.40, 3.35)### <0.001

MN (pg/ml) 49.45(37.78, 63.05) 32.45(27.88,40.98) * 24.6(19.3,33.5) ***
## <0.001

NMN (pg/ml) 95.30(73.08,110.65) 64.5(27.48,113.13) *** 30.3(20.95,45.90) ***
### <0.001

Table 2.  Plasma catecholamine metabolites levels in participants. Data were presented as median (Q1, 
Q3) for non-normally distributed variables. DA, dopamine; E, epinephrine; NE, norepinephrine; 3-MT, 
3-methoxytyramine; MN, metanephrine; NMN, normetanephrine. P-values in the last column were calculated 
using the Kruskal–Wallis H test. Asterisks and hash symbols indicate significance in post hoc comparisons: 
*P < 0.05; **P < 0.01; ***P < 0.001 compared with the control group. #P < 0.05; ##P < 0.01; ###P < 0.001 
compared with the SLE-inactive group.
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Successively, our analysis revealed significant negative correlations between SLEDAI scores and several 
catecholamines and their metabolites, including E (P < 0.01, r = −0.501), NE (P < 0.01, r = −0.588), 3MT (P < 0.01, 
r = −0.401), MN (P = 0.02, r = −0.352), and NMN (P < 0.01, r = −0.642) (see Fig. 7). However, no significant 
correlation was observed for DA (P = 0.302, r = 0.131). After adjusting for age using Spearman partial correlation 
analysis, the association between CA levels and SLEDAI remained statistically significant (P<0.05, Table S4). 
These findings suggest that CA metabolites may serve as potential markers of disease activity in SLE patients.

Analysis of risk factors for SLE and disease activity
This study utilized clinical data from 64 healthy individuals and 88 SLE patients to explore the risk factors for SLE 
through univariate and multivariate logistic regression analyses. Variables identified as statistically significant 
(P < 0.05) in the univariate logistic analysis were further included in the multivariate logistic regression model. 
The final logistic regression results, adjusted for age, TP, ALB, TBIL, Urea, CHOL and HDL, indicated that 
among the catecholamine metabolites, low NE and low TBIL were independent risk factors for SLE patients with 
an odds ratio of 0.992 (95% CI: 0.986–0.998, P = 0.012) (Table 3). Similarly, in the multivariate regression model 
(Supplementary Table S5), NMN was identified as an independent risk factor for active SLE, with significant 
effects of TP and C4 also observed.

Diagnostic and stratification performance of plasma catecholamine indicators in SLE
To further confirm the diagnostic efficacy of single catecholamine indicators in the diagnosis and stratification 
of disease activity in SLE patients, we conducted an ROC analysis (Fig. 8). The areas under the ROC curves 
(AUC) for 64 healthy participants compared to 88 SLE patients were as follows: 0.679 for DA, 0.758 for E, 0.706 

Fig. 2.  Comparison of CA metabolites levels under different methylprednisolone dosages. Patients were 
stratified into three SLEDAI categories (0–4, 5–14, and ≥ 15), and within each category, by glucocorticoid 
(GC) dose: ≤20 mg/day, 20–40 mg/day, and >40 mg/day. Each dot represents an individual patient; horizontal 
lines denote the mean ± SD for each subgroup. Sample sizes for each subgroup were as follows: SLEDAI 
0–4:≤20 mg/day (n = 11), 20–40 mg/day (n = 5); SLEDAI 5–14: ≤20 mg/day (n = 17), 20–40 mg/day (n = 11); 
SLEDAI ≥ 15:≤20 mg/day (n = 6), 20–40 mg/day (n = 9), >40 mg/day (n = 4).
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for NE, 0.515 for 3MT, 0.779 for MN, and 0.813 for NMN (see Table S6). Additionally, in line with the OPLS-
DA biomarker identification, NMN demonstrated the best diagnostic capability for distinguishing active-SLE 
patients from healthy controls, with a cut-off value of 54.10 ng/ml, achieving a sensitivity of 0.872 and specificity 
of 0.956 (see Table S7). Likewise, the discriminatory performance of catecholamine showed that the plasma 
levels of five catecholamine indicators (E, NE, MN, 3MT, MN and NMN) can be used to distinguish inactive and 
active SLE patients, with the AUCs of all diagnostic markers greater than 0.7 (except for DA, whose AUC was 
0.562) (see Table S8).

Fig. 4.  VIP_FC values of catecholamine metabolites. The x-axis represents the log2 fold change (log2FC) 
values for each metabolite, with point size indicating the VIP values of the substances. Red points denote 
upregulated metabolites, while blue points indicate downregulated metabolites. Asterisks (*) are used to signify 
the significance of the expression levels.

 

Fig. 3.  Orthogonal partial least squares discriminant analysis score plot for SLE-active.
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Fig. 6.  Comparison of plasma CAs levels in the presence or absence of certain manifestations in SLE patients. 
(-) and (+) indicate the absence and presence of the respective clinical manifestations.

 

Fig. 5.  Correlation heatmap of catecholamines and laboratory parameters in SLE patients. The color intensity 
and size of the circles indicate the strength of the correlation, with red representing a positive correlation and 
blue representing a negative correlation. The numerical values within each circle represent the correlation 
coefficient.
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Diagnostic efficacy of clinical indicators and catecholamine combinations in stratifying SLE 
activity
Subsequently, we assessed the diagnostic efficacy of the commonly used clinical indicators for identifying 
SLE-active (n = 40) and inactive subgroups (n = 36) (Fig. 9). The AUCs were as follows: 0.737 for ESR (95% CI: 
0.628–0.846), 0.757 for C3(95% CI: 0.649–0.865) and 0.757 for C4(95% CI: 0.645–0.869). Notably, although 
the combination of MNs and clinical indicators exhibited a satisfactory ability, they failed to outperform the 
combination testing of CAs (0.866, 95% CI: 0.785–0.947).

Discussion
In this study, a targeted LC–MS/MS approach was employed to simultaneously quantify plasma catecholamines 
and their catechol-O-methyltransferase (COMT)-derived metabolites in SLE patients stratified according to 
disease activity. While previous studies have suggested a potential association between catecholamines and 
SLE, our work provides several novel insights. Most notably, this is the first study to concurrently assess both 
parent catecholamines and their metabolites in a clinically stratified SLE cohort, enabling a more integrated 
view of catecholaminergic metabolism in a disease context. We identified NE and NMN as negatively correlated 
with SLEDAI scores, with their levels varying in relation to specific clinical manifestations. Furthermore, ROC 
analyses showed that catecholamine metabolites could reliably distinguish between healthy controls and SLE 

Unadjusted Multivariate-adjusted

Variables OR (95% CI) P-value OR (95% CI) P-value

Age 0.965(0.943,0.988) 0.005 - 0.275

DA 1.196(1.076,1.328) 0.001 - 0.073

E 0.980(0.967,0.994) 0.005 - 0.766

NE 0.996(0.993,0.998) 0.001 0.992(0.986,0.998) 0.012

3MT - 0.184

MN 0.967(0.949, 0.98) <0.001 - 0.228

NMN 0.983(0.975,0.991) <0.001 - 0.887

TP 0.908(0.868,0.949) <0.001 - 0.105

ALB 0.873(0.827,0.922) <0.001 - 0.118

TBIL 0.901(0.844,0.963) 0.002 0.591(0.452,0.772) <0.001

DBIL - 0.521 - -

Urea 1.112(1.011,1.222) 0.028 - 0.143

CHOL - 0.062 - 0.245

HDL 0.202(0.07,0.580) 0.003 - 0.148

Table 3.  Univariate and multivariate logistic regression analysis of risk factors for SLE. OR, odds ratio; CI, 
confidence interval.

 

Fig. 7.  Correlation analysis of plasma catecholamine metabolites with SLEDAI score in SLE patients. The 
Spearman correlation coefficient (r) and the associated P-value for each correlation are indicated on each plot. 
A regression line is included to visualize the trend of the relationship.
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patients, as well as differentiate among varying disease activity states. Collectively, these findings suggest that 
plasma CA metabolites may reflect underlying immunometabolic alterations in SLE and could serve as potential 
biomarkers associated with disease activity, warranting validation in larger, longitudinal studies.

Disruptions in catecholamine metabolism were observed in SLE patients. Importantly, compared to previous 
studies, we accounted for the inherent instability of catecholamines, which are susceptible to fluctuations caused 
by storage conditions, posture, trauma, stress and other external factors39,40. To mitigate these pre-analytical 
variations, we ensured patients rested supine for 30 min before blood collection and maintained samples at 
4 °C during transport. These stringent measures minimized variability and provided robust evidence of true 
alterations in plasma catecholamine metabolism in SLE patients. Additionally, glucocorticoids, a cornerstone of 
SLE management, are known to directly influence the superior cervical ganglia or stimulate phenylethanolamine 
N-methyltransferase (PNMT) synthesis, thereby enhancing E and NE production41,42. However, no significant 
overall effect of GCs on catecholamine metabolite levels was observed in the preliminary stratification analysis. 
In the subgroup with high disease activity, NE levels exhibited a nonsignificant decreasing trend with increasing 
GC doses (P > 0.05). This observation may reflect the limited sample size and requires validation in larger, well-
designed clinical cohorts.

Fig. 9.  Comparison and combination of diagnostic performance of CA metabolites in distinguishing SLE 
active and inactive patients. (Left) ROC curves for commonly used clinical indicators (ESR, C3, C4, and their 
combination) in identifying active SLE. (Middle) ROC curves for combinations of plasma CA metabolites in 
distinguishing active and inactive SLE. (Right) ROC curves for combinations of clinical indicators and CA 
metabolites in stratifying SLE activity.

 

Fig. 8.  Diagnostic performance of CA metabolites in predicting SLE and assessing disease activity by ROC 
analysis. Each subplot shows three distinct comparisons: Healthy Controls vs. overall SLE patients (HC vs. SLE, 
green line), Healthy Controls vs. active SLE patients (HC vs. SLE-act, purple line), and active SLE patients vs. 
inactive SLE patients (SLE-act vs. SLE-inact, light blue line).
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NE and NMN exhibited great potential as differential metabolites among CA metabolites, with low levels 
of both being identified as risk factors for SLE and disease activity. The correlation heatmap revealed a positive 
relationship between NMN and reduced complement C4 level. Complement deficiency has been linked to 
clinical manifestations such as nephritis, malar rash, and arthritis23,43,44. In line with these findings, decreased 
NE and NMN levels were observed in patients exhibiting these features. Furthermore, the correlation between 
NE, NMN, and nephritis suggests that kidney metabolism may influence plasma NMN levels and raises 
important questions about the role of CA metabolites in lupus nephritis; However, this aspect was not explored 
in depth in the present study. Importantly, both NE and NMN exhibited moderate to strong negative correlations 
with SLEDAI, suggesting that their plasma levels are closely associated with overall disease activity and may 
provide useful indicators for assessing disease status. ROC curve analysis demonstrated that NMN showed the 
best diagnostic performance as a single marker. Additionally, unlike NE, NMN production and secretion are 
continuous and independent, making it a more reliable screening marker45. Moreover, plasma NMN levels are 
unaffected by medications such as GCs, β-blockers, diuretics, or angiotensin-converting enzyme inhibitors, 
eliminating the need to stop these drugs before testing46. Overall, the combination of NE and NMN provided 
complementary information for evaluating SLE status and showed a numerically higher AUC than C3 and C4 
in distinguishing disease activity levels. Given their biochemical stability and the feasibility of measurement 
using standardized assays, NE and NMN may represent practical and reliable biochemical markers for assessing 
disease activity in SLE.

Although E and MN have demonstrated good correlations with disease activity and exceptional diagnostic 
performance, logistic regression analysis did not indicate their reduced levels could emerge as risk factors for 
the onset of SLE. A possible explanation for this is the chronic, relapsing nature of SLE, where current CA 
metabolomic data provide only a snapshot of the physiological state and do not predict disease progression. 
Studies in multiple sclerosis (MS) have suggested that lower supine E levels are an independent risk factor for 
relapse47, highlighting the potential value of E and MN in monitoring the progression of autoimmune diseases. 
Therefore, detailed documentation of disease activity and period in prospective studies will provide a more 
comprehensive and valuable assessment for the development of CA biomarkers in SLE.

In the present study, although plasma DA and 3MT were significantly elevated in SLE patients compared to 
healthy controls, they failed to meet the prespecified VIP and fold-change thresholds as diagnostic candidates. 
Considering that DA exhibits a unique distribution pattern in the brain, plasma, and other tissues, circulating 
DA may be suitable as a biomarker for discrimination of SLE without central nervous system involvement39. 
To further explore this, we further categorized participants in another SLE cohort into NPSLE and non-
NPSLE groups. Our findings indicated a trend of increased plasma DA levels in the NPSLE group, although no 
statistically significant difference was observed (Figure S2, P = 0.866). Nevertheless, these negative diagnostic 
results should not be interpreted as evidence that DA is biologically irrelevant to SLE. On the contrary, an 
increasing body of work implicates dopaminergic signaling in immune regulation. For instance, recent work has 
demonstrated altered expression of DRD family members in immune cells from SLE patients and suggested that 
DRD-mediated pathways may contribute to disease pathogenesis37. Given the low abundance, analytical lability 
and tissue-specific distribution of DA, plasma DA/3MT appears better suited as indicators for mechanistic 
investigation or context-specific studies (e.g., neuropsychiatric involvement) rather than as general diagnostic 
assays. Accordingly, future work should prioritize standardized pre-analytical handling, richer covariate 
capture, CNS-enriched matrices (e.g., CSF), and longitudinal sampling to clarify the context-specific clinical 
and mechanistic relevance of DA and 3-MT.

Although CA metabolites showed promising potential as diagnostic biomarkers for SLE, their role in the 
pathogenesis and progression of the disease remains unclear. However, emerging evidence highlights the 
significant involvement of the sympathetic nervous system (SNS). In the absence of sympathetic innervation, 
the severity of experimental autoimmune diseases has been found to increase48. Similarly, rheumatoid arthritis 
(RA) patients exhibited significant loss of sympathetic nerve fibers in the synovial tissues of joints and spleen, 
which correlated with more severe inflammatory responses49–51. Interestingly, studies on collagen-induced 
arthritis (CIA) suggested that while sympathetic nerves exacerbate disease symptoms during the early stages, 
they may help alleviate joint inflammation in the later stages52,53. Based on these findings, we hypothesize that 
the observed decrease in E and NE levels in SLE may reflect changes over the course of the disease. Furthermore, 
reduced sympathetic nervous activity may contribute to the maintenance of the disease state.

Apart from SNS, accumulating evidence has highlighted the immune-tuning role of CA metabolites. CAs have 
been proven to influence the transport, circulation, and proliferation of lymphocytes, as well as regulate cytokine 
production and functional activity of various lymphocyte subpopulations by binding to DRD or adrenergic 
receptors54, with T cells receiving particular attention. Overall speaking, DA can not only act as a chemokine 
but also induce resting T cells to adhere to fibronectin, initiating their migration, homing, extravasation, and 
infiltration, thus playing a significant role in tissue damage55,56. Moreover, Th17/Tregs imbalance is believed 
to be related to the pathogenesis of SLE57. DA promotes interleukin-6 (IL-6) production in a concentration-
dependent manner and IL-6 has been found to drive naive CD4 + T cells to differentiate into pathogenetic Th17 
cells and inhibit TGF-β-induced Treg differentiation58,59. NE, however, could exert anti-inflammatory effects by 
activating β2-adrenergic receptors, which inhibit the production of pro-inflammatory IL-17 by pathogenic Th17 
cells in MS and EAE60. Numerous studies have reported that stimulation of β₂-adrenergic receptors increases 
intracellular cAMP and PKA signaling, suppresses NF-κB activity, and reduces pro-inflammatory cytokines 
such as TNF-α, IL-6, and IL-8, while promoting IL-10 production in macrophages and monocytes63,64. Current 
research has reported a positive correlation between MN levels and the number of circulating Tregs65. In addition, 
in stroke patients treated with reperfusion therapy, elevated NMN levels have been associated with increased 
populations of Tregs and B cells66. Apart from the Th17/Tregs diagram, previous studies have indicated that 
elevated DA levels in SLE patients may promote the differentiation of Tfh cells, which could release stored DA 
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to enhance B cells interaction and accelerate germinal center output26,67. Further investigation is required to 
elucidate the effects of CAs on key immune cell subtypes, such as Th1/Th2 diagram and macrophage, and to 
clarify the specific mechanisms involved in the onset and progression of SLE.

This study has certain limitations. First, although we focused on the overall alterations in plasma 
catecholamine metabolites in SLE patients, we did not explore the underlying molecular mechanisms through 
functional experiments. Second, this was a single-center, cross-sectional study that compared SLE patients with 
healthy controls. Therefore, the diagnostic specificity of catecholamine metabolites relative to other autoimmune 
or clinically overlapping diseases could not be fully evaluated. Larger, multi-center, and disease-comparator 
cohorts are required to further validate and extend the clinical applicability of these biomarkers. Additionally, 
although adjustments were made for age and medication dosage, and comorbidities, as well as renal function 
indicators were statistically considered, the influence of certain potential confounders cannot be completely 
excluded. Future studies should incorporate more comprehensive data collection and adopt more rigorous 
adjustment strategies to better account for potential confounding factors.

Conclusion
In summary, catecholamine metabolites, particularly NE and NMN, are associated with disease activity and 
specific clinical manifestations in SLE. Owing to their biochemical stability, standardized detection methods, 
and relative independence from glucocorticoid treatment, these metabolites may serve as potential biomarkers 
that contribute to more precise evaluation and stratification of disease activity in SLE.

Methods
Study population
The diagnosis of SLE was based on the 1997 American College of Rheumatology (ACR) criteria. As shown in 
Fig. 1, patients were excluded if they: (1) had other autoimmune, infectious, or inflammatory diseases; or (2) 
had taken medications affecting catecholamine levels within 1–2 weeks before testing. This study recruited 88 
SLE patients from Xiangya Second Hospital between June and December 2023, along with 64 healthy controls 
(HCs) from the Health Management Center (see Fig. 10). The research was approved by the Ethics Committee 
of Xiangya Second Hospital, Central South University (No. Z0168, date:2023/3/7), and all participants provided 
informed consent. This study was performed in accordance with the Declaration of Helsinki.

Definitions of SLE disease activity
The SLE Disease Activity Index (SLEDAI) is among the commonly used scoring standards in clinical practice 
for dividing SLE activity. This index incorporates the physician’s comprehensive evaluation and consists of 24 
descriptors, each assigned a distinct score reflecting its specific significance68. Patients with a SLEDAI score 
≤ 4 were classified into the inactive group, while those with a score > 4 were assigned to the active group. To 
investigate the relationship between glucocorticoid dose and circulating CA concentrations, study participants 
were stratified into three clinically relevant subgroups according to disease activity levels: quiescent phase 
(SLEDAI score ≤ 4), mild-moderate activity (SLEDAI 5–14), and severe activity (SLEDAI ≥ 15).

Fig. 10.  A flow diagram for the enrollment of SLE patients.
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Laboratory measurements
Basic demographic parameters, medical history, clinical diagnoses, and treatment information for all subjects 
were obtained from the medical record system. A total of 3 mL of residual serum samples was collected from 
all study participants, briefly stored at 4  °C, aliquoted, and then immediately frozen at −80  °C to prevent 
repeated freeze-thaw cycles during the experimental process. Laboratory tests for erythrocyte sedimentation 
rate (ESR), serum high-sensitivity C-reactive protein (CRP), complement components C3 and C4, as well as 
immunoglobulin G (IgG), were conducted. Additionally, routine biochemical indicators, including alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), albumin (ALB), globulin (Glo), 
hemoglobin (HGB), total bilirubin (TBIL), direct bilirubin (DBIL), total cholesterol (TC), triglycerides (TG), 
high-density lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL), were analyzed using 
a conventional automatic analyzer (Hitachi 7180). The results of ESR and autoantibodies are obtained in the 
medical record system.

Plasma sample collection
Blood samples were collected after patients fasted and rested in a supine position for 30 min. A venous cannula 
was placed 30 min before blood collection to minimize physiological increases in pain-related stimuli during 
venipuncture. This study utilized EDTA anticoagulant tubes to collect 2–3 mL of whole blood from all subjects, 
which was thoroughly mixed and briefly stored at 4 °C for transport. The samples were then centrifuged at 1000–
1500 g for 15 min to separate the plasma, which was subsequently stored at −80 °C for future catecholamine 
assays. All procedures were completed within three hours post-venipuncture.

Catecholamine metabolites measurement by LC-MS/MS
ACQUITY UPLC I-Class/Xevo TQ-S micro IVD System (Waters, USA) was used to perform the LC-MS/MS 
analysis. Spiral oscillator (Kylin Bell, China) was used to mix the solution thoroughly. Positive Pressure-96 
Processor (Waters, USA) and 96-well plate nitrogen blowing instrument (Agela & Phenomenex, China) 
were used for sample preparation. Before analysis, samples and quality control samples were thawed at room 
temperature and thoroughly vortexed. 25 µL mixed IS solution and 150 µL water containing 0.1% ammonium 
acetate were added to 250 µL of the samples. A 410 µL aliquot of the sample mixture was transferred to the 
pre-activated 96-well SPE plate, which was then washed twice with an elution solution containing formic acid, 
acetonitrile, and water. The combined eluates (200 µL) were evaporated under nitrogen to dryness. The residue 
was reconstituted with 100 µL of 10% methanol in water containing 0.1% formic acid. After vortexing the 
reconstituted samples at 1500  rpm for 3  min, the samples were used for LC-MS/MS analysis. The injection 
volume was 10 µL. The chromatographic separation was performed on a C18 column (3.0*100 mm, 3.5 μm). 
Mobile phase A: 0.1%formic acid in water; Mobile phase B: 0.1%formic acid in methanol; Column temperature: 
40 ℃, flow rate: 0.5  ml/min, gradient elution. Mass spectrometer detection employed the multiple reaction 
monitoring (MRM) mode and positive electrospray ionization. The LC-MS/MS method employed in this study 
was validated in accordance with the Clinical Laboratory Standards Institute (CLSI) guideline C62-A. The total 
analysis time for the LC-MS/MS method was 5 min per sample. The assay demonstrated excellent analytical 
performance, including linear calibration curves (r > 0.99), high sensitivity, good accuracy (recovery: 97.22%–
114.08%), and robust precision (intra- and inter-assay CVs < 15%) (see Table S9). Quality control (QC) samples 
(lot number 20220608, Health Biotech) were analyzed throughout the runs to monitor instrument performance 
and ensure data reliability. The limits of quantification (LOQ) values with the S/N ratio of > 10:1 for DA, E, NE, 
3MT, MN, and NMN were 1.83, 2.01, 2.05, 1.3, 1.76, and 1.7 pg/mL, all CVs ≤ 20%.

Sample size calculation
This study utilized G*Power 3.1 for sample size estimation. A one-way ANOVA was selected as the analysis 
method, with the alpha error probability (α) set at 0.05 and the power (1-beta error probability) set at 0.8. The 
effect size was designated as 0.3, and the number of groups was set to 3, resulting in a total sample size of 111.

Statistical analysis
Statistical analysis of the clinical data was conducted using SPSS software version 26.0 (Chicago, United States). 
Categorical variables were expressed as frequencies (percentages). Continuous variables were first subjected 
to normality tests. Non-normally distributed variables are reported as medians (Q1, Q3). Chi-square test was 
used for comparison of percentages for categorical variables. For continuous variables, one-way ANOVA was 
applied when the data were normally distributed and had equal variances, followed by Bonferroni’s post hoc 
test for multiple comparisons between groups. If the data did not meet the assumptions of normality and/or 
homogeneity of variance, the Kruskal–Wallis H test was used instead, followed by Dunn’s multiple comparisons 
test with Bonferroni adjustment for pairwise comparisons. A two-tailed P-value < 0.05 was considered 
statistically significant. OPLS-DA analysis was performed using Metware Cloud, a free online platform for data 
analysis (https://cloud.metware.cn). The correlation heatmap was generated using R software (v.4.2.2) with the 
“corrplot” (v.0.92) and “ggplot2” (v3.4.2) packages through Hiplot Pro (https://hiplot.com.cn/), a comprehensive 
web service for biomedical data analysis and visualization. ROC curve analysis was conducted using GraphPad 
Prism 9.0 and MedCalc 22.0 software to evaluate the diagnostic efficacy of relevant indicators, with the optimal 
cutoff values determined by calculating the Youden index, along with corresponding sensitivity and specificity 
values reported.

Ethics approval
This study was approved by the ethics committee of the Second Xiangya Hospital of Central South University, 
number 2023-Z0168. Informed consent forms were signed by all subjects.
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