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Abstract

Introduction: T cell immuno-metabolic regulation plays a key role in the development of systemic 
lupus erythematosus (SLE). This study aimed to analyze the role of CD4+ T cell glucose metabolism in 
SLE development.

Material and methods: Clinical data and blood samples were collected from 20 untreated SLE 
patients and healthy controls (HCs) matched for age, sex, and body mass index. After being isolated by 
magnetic sorting and cultured with anti-CD3/CD28 for 72 h, CD4+ T cells were subjected to real-time 
metabolic analysis. CD4+ T cell proliferation and cytokines were measured with cell counting kit-8 and 
Luminex liquid chip assay, respectively.

Results: Compared to HCs, SLE-CD4+ T cells exhibited significantly higher glycolytic capacity 
and mitochondrial oxidative phosphorylation (OXPHOS) (both p < 0.001). Additionally, SLE-CD4+  
T cells demonstrated increased proliferation rates and elevated cytokine levels in both plasma and 
culture supernatants (both p < 0.05). OXPHOS and glycolysis of SLE-CD4+ T cells were positively 
correlated with SLE disease activity index-2000 (SLEDAI-2K) and cytokines, and negatively correlated 
with SLE-CD4+ T cell numbers (all p < 0.05).

Conclusions: CD4+ T cells from SLE patients showed higher glucose metabolic activity than those 
from HCs, and the enhanced glucose metabolism of SLE-CD4+ T cells was strongly correlated with 
disease activity, suggesting that glucose metabolic reprogramming plays an essential role in the patho-
genesis of SLE.
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Introduction
Systemic lupus erythematosus (SLE) is one of the most 

representative prototypes of autoimmune diseases, char-
acterized by abnormalities of immunological tolerance, 
leading to the production of multiple autoantibodies and 
multi-organ damage in patients [1, 2]. T cells play a pivotal 
role in initiating the inflammatory cascade in SLE, contrib-
uting to the production of pro-inflammatory cytokines and 
the targeting of host tissues. T cell dysfunction is intricately 
linked to the immunopathogenesis of SLE, including bio-
chemical, molecular, and metabolic abnormalities [3, 4]. 
Targeting glucose metabolism has been shown to facilitate 
disease remission [5, 6].

T cells exhibit distinct developmental and functional 
subsets, each potentially characterized by unique metabolic 
requirements [7], in line with the perception that distinct 
immune functions are determined by distinct phenotypes 
of energy sensing, generation and utilization [8]. Advance-
ments in metabolic reprogramming research have demon-
strated a potential treatment for SLE. Previous studies 
verified that rapamycin could regulate the ratio of T regu-
latory (Treg)/T helper (Th)17 cells by decreasing the glu-
cose catabolism and lipid anabolism, and ameliorate SLE  
in vivo by inhibiting mammalian target of rapamycin com-
plex 1 (mTORC1) [9]. Torigoe et al. [10] demonstrated 
that 2-deoxyglucose (2-DG) could inhibit the differentia-
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tion of Th17 cells via decreasing the glycolytic pathway to 
improve disease status in a mouse SLE model. Similarly, 
researchers reported that metformin and N-acetylcysteine 
could increase Treg cells and reduce Th17 cells by inhibit-
ing the oxidative phosphorylation (OXPHOS) pathway [6, 
11, 12]. Combined treatment with metformin and 2-DG 
has also shown promising results in lupus-susceptible mice 
by reducing interferon γ (IFN-γ) production and the anti- 
dsDNA antibody titer [13]. Notably, Treg cells rely on fat-
ty acid metabolic pathways, and targeting T cell glycolysis 
has been demonstrated to specifically reduce the produc-
tion of Th cells without affecting Tregs [14]. Therefore, 
targeting glucose metabolism has emerged as a promising 
approach in facilitating disease remission [5, 6].

Glycolysis and OXPHOS are the two main ways in 
which organisms produce ATP. Glycolysis is the process 
in which cells produce energy under insufficient oxygen 
conditions, while OXPHOS is a process by which cells use 
carbon fuels and oxygen to generate ATP in mitochondria. 
The metabolic switch between glycolysis and OXPHOS in 
CD4+ T cells is a dynamic process depending on the cell 
state [15]. CD4+ T cells rely on glycolysis for inflamma-
tory effector functions, but recent studies have shown that 
mitochondrial metabolism supports their chronic activation. 
Under homeostasis, non-activated CD4+ T cells remain rel-
atively static and rely on mitochondrial OXPHOS [16]. 
When confronted with corresponding antigen, non-acti-
vated CD4+ T cells are activated and exhibit increased 
glycolysis and mitochondrial metabolism. In progressive 
SLE, activated CD4+ T cells prominently display a meta-
bolic shift from OXPHOS towards aerobic glycolysis to 
sustain heightened biological processes such as antigen rec-
ognition, presentation, and cellular differentiation [17-19]. 
In contrast, quiescent CD4+ T cells rely predominantly on 
OXPHOS to maintain cell morphology and function [20]. 
However, the precise association between CD4+ T cell me-
tabolism and disease activity requires further investigation.

This study aimed to reveal the difference of glucose 
metabolic phenotype of CD4+ T cells between SLE pa-
tients and healthy individuals, and explore the potential 
clinical correlations between disease activity and immu-
nometabolism in SLE.

Material and methods

Study population

The study included 20 untreated SLE patients and  
20 healthy volunteers as controls. All patients with SLE 
in the study met the revised American College of Rheu-
matology (ACR) criteria and the Systemic Lupus Interna-
tional Collaborating Clinics (SLICC) criteria [21]. Patients 
were excluded if they had any of the following conditions:  
1) infectious, metabolic or other autoimmune diseases,  
2) severe life-threatening diseases (e.g. malignancy, organ 

failure), 3) chronic diseases (e.g. hypertension or chron-
ic obstructive pulmonary disease), 4) metformin users,  
5) history of graft-versus-host disease or allergic diseas-
es, 6) prior radiotherapy to the face, head or neck. This 
study was approved by the Ethics Committee of the Sec-
ond Hospital of Hebei Medical University (2021-R392) on 
May 27th, 2021. All participants provided written informed 
consent prior to enrollment in the study. Details that might 
disclose the identity of the subjects under study have been 
omitted. This research strictly adhered to the World Med-
ical Association’s Declaration of Helsinki.

Clinical data included demographic characteristics in-
cluding age, gender, body mass index (BMI), systemic in-
volvement (skin rash, arthritis, hematological system, renal 
system and nervous system), lactic dehydrogenase (LDH), 
numbers of immune cell subsets as well as immune index-
es (e.g. auto-antibodies, immunoglobulins, complements), 
and serum cytokines. The Systemic Lupus Erythematosus 
Disease Activity Index-2000 (SLEDAI-2K) was used for 
clinical disease assessment, with severity categorized as 
follows: severe active disease (SLEDAI-2K > 12), mod-
erate (7 ≤ SLEDAI-2K ≤ 12), and mild (SLEDAI-2K ≤ 6).

Flow cytometry analysis

Cell suspensions were prepared from venous blood 
collected at 6 a.m. from SLE patients and healthy controls 
(HCs) after an eight-hour fast. Phenotypic cell analyses 
were performed by co-staining peripheral blood mononu-
clear cells with fluorochrome-labeled monoclonal anti- 
bodies (mAbs) to CD3, CD4, CD8 and CD45 according 
to standard protocols and reference [22]. All mAbs were 
sourced from Beckman Coulter and Becton Dickinson, 
USA. Cells were analyzed on a NAVIOS flow cytometer 
(Beckman Coulter, USA) using Kaluza software.

Peripheral blood mononuclear cell separation 
and CD4+ T cell isolation

Peripheral blood mononuclear cells (PBMCs) were iso-
lated by density gradient centrifugation using Lymphoprep 
(STEMCELL Technologies). PBMCs were incubated with 
Anti-Human CD4 Particles-DM (BD Biosciences, 50 µl 
of particles for every 107 total cells), and positively select-
ed from the PBMCs by magnetic separation with a Cell 
Separation Magnet (BD Biosciences). The purity of CD4+  
T cells from PBMCs exceeded 98%, as confirmed by 
flow cytometry analysis. Subsequently, CD4+ T cells were 
co-cultured in the presence of 10 μg/ml CD3 and 5 μg/ml 
CD28 antibodies (Leinco Technologies) for 72 hours  
in vitro and tested without freezing.

Cell Counting Kit-8

The Cell Counting Kit-8 (SB-CCK8M, Share-bio) test 
was performed in accordance with the manufacturer’s in-
structions [23].



Central European Journal of Immunology 2025; 50(1)

Aberrant glucose metabolism drives dysfunction of CD4+ T cells in systemic lupus erythematosus and disease flares

15

Cytokine detection

The expression of cytokines was detected by Luminex 
liquid chip technology according to the instructions of the 
Bio-Plex Pro Human Cytokine 48-Plex Screening Panel 
(Bio-Rad).

Extracellular metabolic flux analysis

Real-time metabolic profiles including mitochondrial res-
piration and glycolysis in fresh CD4+ T cells of SLE patients 
and HCs were determined using an Agilent seahorse XF24 
analyzer (Agilent Technologies). Mitochondrial respiration 
was measured by oxygen consumption rate (OCR) and used 
as a quantitative metric of mitochondrial function via OX-
PHOS. The extracellular acidification rate (ECAR) is a mea-
surable parameter often used in cell biology to estimate gly-
colytic activity. A total of 5 × 105 CD4+ T cells per well were 
seeded in a plate precoated with poly-D-lysine hydrobromide 
(BD Biosciences, USA). The assay medium was supplement-
ed with Seahorse XF RPMI medium, containing 1 mM py-
ruvate, 2 mM glutamine, and 10 mM glucose. For the ECAR 
assay, rotenone/antimycin A (0.5 µM) and 2-deoxy-glucose 
(50 mM) were sequentially added to assess glycolytic proton 
efflux rate (glycoPER). For the Mito Stress test, oligomycin 
(1.5 µM), carbonyl cyanide 4-(trifluoromethoxy) phenylhy-
drazone (2.0 µM) and rotenone/antimycin A (0.5 µM) were 
added sequentially to assess spare respiratory capacity (SRC).

Statistical analysis

Metabolic data analysis was conducted using the Agi-
lent Seahorse Mito Stress Test and Glycolytic Rate Assay 
Report Generator from Wave software (Agilent Technolo-
gies). Cytokine data analysis was performed using MILLI-
PLEX Analyst.V5.1. Quantitative data with normal distri-
bution were expressed as mean ± standard deviation (SD). 
Quantitative data with skewed distribution were expressed 
by M (Q1-Q3). The two-tailed t-test was used to compare 
normally distributed data, and the Mann-Whitney test was 
used to compare data with non-normal distribution. For 
multiple comparisons, an analysis of variance (ANOVA) 
was applied. R values were calculated based on the analy-
sis of Pearson’s or Spearman’s correlation. All statistical 
tests were analyzed using GraphPad Prism (v.9) software. 
P values < 0.05 were considered statistically significant.

Results

Demographic and clinical characteristics

A total of 20 untreated SLE patients with disease dura-
tion less than one year were enrolled in this study, includ-
ing three males and 17 females, with a mean age of 30.4 
±12.5 years and BMI 21.8 ±4.2 kg/m2. Among them, eight 
patients had skin and mucosal damage, six had arthritis, 
six had neuropsychiatric symptoms, nine had proteinuria, 

and 19 had hematological system involvement. In terms of 
immune indicators, 14 (70%) had positive anti-dsDNA anti-
body, 14 (70%) had decreased complement, nine (45%) had 
increased lupus anticoagulant, seven (35%) had increased 
anti-cardiolipin antibody, eight (40%) had increased β2 gly-
coprotein I antibody and 10 (50%) had positive anti-Smith 
antibody. According to SLEDAI-2K, SLE patients were di-
vided into severe (n = 8), moderate (n = 7) and mild (n = 5) 
activity groups. Additionally, the study also included a con-
trol group of 20 healthy subjects, including four males and 
16 females, with a mean age of 31.9 ±4.9 years and BMI  
of 21.0 ±2.9 kg/m2 (Table 1 and Supplementary Fig. 1).

Reduced peripheral lymphocytes  
and sub-populations, elevated cytokine 
production and LDH activity in SLE patients

The numbers of peripheral blood lymphocytes, T cells 
and CD4+ T cells in SLE patients were significantly lower 
than those in HCs (all p < 0.001) (Table 2 and Supple-
mentary Fig. 2). In particular, the number of CD4+ T cells 
was significantly negatively correlated with SLEDAI-2K  
(p = 0.004, r = –0.62) (Fig. 1), suggesting that the number 
of CD4+ T cells reflects disease activity in SLE.

As cytokines play a crucial role in the abnormal im-
mune response of SLE, so the association between cyto-
kines and disease activity was detected. We investigat-
ed cytokine levels in plasma and culture supernatants.  
The plasma concentrations of interleukins (IL-2, IL-4,  
IL-6, IL-10, IL-17), tumor necrosis factor α (TNF-α) and 
IFN-γ were all elevated in SLE patients compared to HCs 
(all p < 0.05) (Table 2). The levels of the pro-inflammatory 
cytokines IL-10, IL-17, TNF-α and IFN-γ were positively 
correlated with SLEDAI-2K (all p < 0.05, r = 0.56, 0.64, 
0.76 and 0.60, respectively) and negatively correlated with 
the numbers of SLE-CD4+ T cells (all p < 0.05, r = –0.59, 
–0.58, –0.54 and –0.46, respectively). In contrast, the ex-
pression of anti-inflammatory cytokine IL-4 was negative-
ly correlated with SLEDAI-2K in the plasma (p < 0.001,  
r = –0.68) (Fig. 1). In addition, the concentrations of IL-4, 
IL-5, IL-8, IL-10, IL-17, TNF-α, IFN-γ and granulocyte 
macrophage colony stimulating factor (GM-CSF) in the 
culture supernatants of activated SLE-CD4+ T cells were 
significantly elevated compared to HCs (all p < 0.05)  
(Table 2).

Lactic dehydrogenase is one of the critical catalytic en-
zymes of glycolysis, and its levels can affect the produc-
tion of lactate and pyruvic acid, thus maintaining the bal-
ance between glycolysis and the OXPHOS pathway [24, 
25]. The peripheral LDH level in SLE patients was posi-
tively correlated with SLEDAI-2K (p < 0.001, r = 0.77), 
but negatively correlated with the numbers of SLE-CD4+  
T cells (p = 0.01, r = –0.58). Moreover, the peripheral 
LDH level was positively correlated with pro-inflamma-
tory plasma cytokines IL-10, IL-17, TNF-α and IFN-γ (all  
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Table 1. Demographic and clinical characteristics

Variable SLE Healthy 
controls

P value

Mild
n = 5

Moderate
n = 7

Severe
n = 8

Total
N = 20

N = 20

% (n) or mean ±SD % (n) or 
mean ±SD

Demographic characteristics

Female gender 80 (4/5) 100 (7/7) 75 (6/8) 85 (17/20) 80 (16/20) > 0.99

Age at SLE diagnosis/Include the analysis (years) 25.2 ±10.9 34.1 ±15.2 30.3 ±9.1 30.4 ±12.5 31.9 ±4.9 0.42

Time from onset to diagnosis (years) 0.7 ±0.3 0.4 ±0.2 0.5 ±0.2 0.5 ±0.3 N/A

BMI (kg/m2) 24.1 ±5.7 22.2 ±3.6 19.9 ±2.2 21.8 ±4.2 21.0 ±2.9 0.54

SLEDAI-2K 3.4 ±1.0 10.4 ±1.8 15.3 ±2.3 10.6 ±5.0 N/A

Clinical manifestations

Unexplained fevers 20 (1/5) 28.6 (2/7) 37.5 (3/8) 30 (6/20) –

Arthritis 0 (0/5) 28.6 (2/7) 50 (4/8) 30 (6/20) –

Alopecia non-scarring 20 (1/5) 0 (0/7) 12.5 (1/8) 10 (2/20) –

Myositis 0 (0/5) 0 (0/7) 12.5 (1/8) 5 (1/20) –

Malar rash 40 (2/5) 14.3 (1/7) 62.5 (5/8) 40 (8/20) –

Photosensitivity 20 (1/5) 14.3 (1/7) 25 (2/8) 20 (4/20) –

Leukopenia 80 (4/5) 85.7 (6/7) 25 (2/8) 60 (12/20) –

Thrombocytopenia 40 (2/5) 71.4 (5/7) 62.5 (5/8) 60 (12/60) –

Neuropsychiatric symptoms 40 (2/5) 14.3 (1/7) 62.5 (5/8) 30 (6/20) –

24 h urine protein 40 (2/5) 71.4 (5/7) 50 (4/8) 45 (9/20) –

Immunologic features

dsDNA 60 (3/5) 71.4 (5/7) 75 (6/8) 70 (14/20) –

Low C3 60 (3/5) 85.7 (6/7) 62.5 (5/8) 70 (14/20) –

Low C4 40 (2/5) 85.7 (6/7) 62.5 (5/8) 65 (13/20) –

SLE – systemic lupus erythematosus, BMI – body mass index, SLEDAI-2K – SLE disease activity index-2000, dsDNA – double-stranded DNA, C – complement, 
N/A – not applicable, NS – not significant

p < 0.05, r = 0.63, 0.61, 0.62 and 0.47, respectively), but 
negatively correlated with IL-4 (p = 0.01, r = –0.52) (Fig. 1). 
These results demonstrated a distinct role of glucose  
metabolism in peripheral CD4+ T cells of SLE patients.

SLE-CD4+ T cells displayed enhanced 
proliferation capacity

To delineate proliferation capacity of the activated 
CD4+ T cells, we observed that after 72 hours of co-cul-
ture with CD3/CD28, the optical density (OD) determined 
by CCK-8 assay of CD4+ T cells from SLE patients was 
markedly higher than that from HCs (p < 0.001) (Table 2).

SLE-CD4+ T cells exhibited higher OXPHOS 
levels

Mitochondrial dysfunction-derived aberrant glucose 
metabolism is known to be associated with T cell fate 

and function [26]. To illustrate the glucose metabolic re-
programming profiles in CD4+ T cells after activation, we 
first conducted the Mito Stress test. The results showed 
that activated SLE-CD4+ T cells exhibited higher basic and 
maximal OCR, ATP production, and spare respiratory ca-
pacity (SRC), compared to HCs (all p < 0.001) (Fig. 2A, B 
and Table 3). Additionally, we further analyzed the  
OXPHOS levels of SLE-CD4+ T cells across different 
disease activities. Compared to HCs, the mitochondrial 
oxidative capacity and the ATP production of SLE-CD4+  
T cells in moderate and severe disease activity groups were 
significantly elevated (all p < 0.01) (Fig. 2C-G and Table 3). 
Notably, the SRC of SLE-CD4+ T cells was positively 
correlated with SLEDAI-2K (p < 0.001, r = 0.94) and 
negatively correlated with the numbers of activated CD4+  
T cells in SLE (p = 0.003, r = –0.64) (Fig. 1). We also in- 
vestigated the correlation between SRC and plasma cyto-
kines in SLE patients. As shown in Figure 1, the levels of 
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Table 2. Lymphocytes, T cells, CD4+ T cell numbers, proliferation and cytokine expression in patients and healthy 
controls

Variable SLE Healthy controls P value

N = 20 N = 20

Mean ±SD  
or M (Q1, Q3)

Mean ±SD  
or M (Q1, Q3)

Immune cell numbers (109/l)

Lymphocytes 0.7 ±0.3 1.8 ±0.3 < 0.001***

T cells 0.3 (0.2, 0.8) 1.3 ±0.2 < 0.001***

CD4+ T cells 0.2 (0.1, 0.3) 0.6 ±0.1 < 0.001***

Immune cell proliferation

CD4+ T cell OD 2.4 ±0.4 1.9 ±0.3 < 0.001***

Plasma cytokines (pg/ml)

IL-2 1.4 (1.07, 2.9) 0.6 (0.5, 0.7) < 0.001***

IL-4 2.9 ±1.9 0.6 (0.5, 0.7) < 0.001***

IL-5 1.9 ±0.9 2.5 ±1.1 NS

IL-6 6.3 ±4.2 3.0 (2.5, 3.9) 0.03*

IL-10 2.7 (1.4, 5.6) 0.8 ±0.1 < 0.001***

IL-17 3.2 ±1.6 0.6 (0.4, 0.7) < 0.001***

IFN-γ 10.3 ±5.6 0.02 (0, 0.1) 0.004**

TNF-α 2.9 ±2.2 2.5 ±1.1 0.02*

Supernatant cytokines (pg/ml)

IL-2 11204.3 ±4658.3 18260.3 ±5959.8 0.04*

IL-3 331.7 ±144.6 218.4 ±32.8 NS

IL-4 34.7 ±1.7 27.7 ±4.7 0.01*

IL-5 1074.0 ±105.2 758.1 ±43.2 < 0.001***

IL-7 3390.0 ±916.8 1234.6 ±931.2 0.004**

IL-8 19633.0 ±1655.4 10267.7 ±3260.9 < 0.001***

IL-9 1737.0 ±373.9 2237.0 ±520.5 NS

IL-10 3765.0 ±1472.5 1213.3 ±54.1 0.003**

IL-15 776.9 ±45.0 816.8 ±114.3 NS

IL-17 13554.3 ±1962.6 6783.3 ±3029.9 0.002**

IL-18 88.5 ±13.8 74.9 ±21.7 NS

IL-12p70 25.7 ±2.6 19.9 ±3.8 0.02*

IL-1β 573.9 ±189.7 512.2 ±234.8 NS

TNF-α 31407.0 ±2435.9 19708.0 ±1616.2 < 0.001***

IFN-γ 7376.0 ±634.9 3698.3 ±167.6 < 0.001***

GM-CSF 3604.3 ±1044.3 2062.0 ±495.7 0.01*

GM-CSF – granulocyte macrophage colony stimulating factor, IL – interleukin, IFN-g – interferon g, TNF-a – tumor necrosis factor a, OD – optical density,  
NS – not significant; *p < 0.05, **p < 0.01, ***p < 0.001

IL-10, IL-17, TNF-α and IFN-γ were positively correlat-
ed with SRC (all p < 0.05, r = 0.54, 0.71, 0.81 and 0.63, 
respectively), while IL-4 was negatively correlated with 

SRC (p = 0.01, r = –0.58). These findings suggested that 
the SLE-CD4+ T cells exhibit elevated OXPHOS profiles, 
which may contribute to the onset and progression of SLE.
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Fig. 1. Correlations among concentration of plasma cy-
tokines. Correlations among plasma cytokines, including 
SLE, SLEDAI-2K, CD4+ T cell numbers, LDH levels, 
SRC, compensatory glycolysis levels, etc., were calculat-
ed. *p < 0.05, **p < 0.01, ***p < 0.001. LDH – lactic 
dehydrogenase, SRC – spare respiration capacity, SLE-
DAI-2K – Systemic Lupus Erythematosus Disease Activ-
ity Index-2000

time Glycolytic Rate Assay (GRA) simultaneously in vitro. 
Compared to HCs, the glycolytic proton efflux rates (gly-
coPER) of basal and compensatory glycolysis were sig-
nificantly elevated in CD4+ T cells from SLE patients  
(p < 0.001) (Fig. 3A, B and Table 3). We further com-
pared the ECAR of SLE-CD4+ T cells at different levels 
of disease activity. The results showed that the basal gly-
coPER was significantly higher in the severe disease ac-
tivity group than the healthy group (p < 0.001) (Fig. 3C, D 
and Table 3). Additionally, the compensatory glycoPER 
was significantly higher in the mild, moderate and severe 
disease activity groups compared to HCs (all p < 0.01)  
(Fig. 3C, E and Table 3). The compensatory glycolysis 
was positively correlated with SLEDAI-2K (p < 0.001,  
r = 0.95) and negatively correlated with SLE-CD4+  
T cell numbers (p = 0.003, r = –0.64) (Fig. 1). Addition-
ally, the plasma expression levels of IL-10, IL-17, TNF-α 
and IFN-γ in SLE patients were positively correlated with 
compensatory glycolysis (all p < 0.05, r = 0.54, 0.67, 0.79 
and 0.51, respectively), while IL-4 level presented opposite 
changes (p = 0.003, r = –0.63) (Fig. 1). These results indi-
cated that the up-regulated glycolysis levels of SLE-CD4+ 
T cells reflected the disease activity.

Discussion
Systemic lupus erythematosus is a heterogeneous im-

mune disease characterized by impaired self-tolerance and 
immunomodulation [27]. CD4+ T cell immunometabolism 
plays a key role in the onset and development of SLE, al-
though the specific relationship between SLE-CD4+ T cell 
glucose metabolism and disease activity remains unknown 

Fig. 2. Mitochondrial OCR of CD4+ T cells in patients with SLE and healthy controls. A) The OCR of CD4+ T cells in 
SLE patients and healthy controls. B) Basal respiration, maximal respiration, spare respiration capacity and ATP pro-
duction of CD4+ T cells in SLE patients and healthy controls. **p < 0.01, ***p < 0.001. HC – healthy controls, OCR 
– oxygen consumption rate, FCCP – mitochondrial oxidative phosphorylation carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone, Rot/AA – rotenone/antimycin A

1000

800

600

400

200

0

2000

1500

1000

500

0

–500

O
C

R
 (

pm
ol

/m
in

)

O
C

R
 (

pm
ol

/m
in

)

A B

	 0	 20	 40	 60	 80	 100
Time (minutes)
 SLE         HC

	 Basal 	 Maximal	 Spare	 ATP
	 respiration	 respiration	 respiratory 	 production
			   capacity	

	 Oligomycin	 FCCP	 Rot/AA

SLE-CD4+ T cells showed increased glycolysis 
levels

Besides mitochondrial OXPHOS, glycolysis is one of 
the most common energy sources in the metabolic path-
way for immune cells [4]. We next conducted the real- 
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Fig. 2. Cont. C) OCR of CD4+ T cells in SLE patients 
with different disease activities and healthy controls.  
D-G) ATP production, basal respiration, maximal respi-
ration and spare respiration of of CD4+ T cells in SLE pa-
tients with different disease activities and healthy controls 
(SLE-mild n = 5, SLE-moderate n = 7, SLE-severe n = 8). 
**p < 0.01, ***p < 0.001. HC – healthy controls, OCR – 
oxygen consumption rate, FCCP – mitochondrial oxidative 
phosphorylation carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone, Rot/AA – rotenone/antimycin A
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[1, 20, 28]. In our study, we investigated the glucose meta-
bolic profiles of CD4+ T cells in SLE patients and initially 
explore the correlation between glucose metabolism and 
disease severity. 

As a key catalytic enzyme in the glycolytic pathway, 
LDH is involved in glucose metabolic changes, which may 

act as a driving factor by modulating proliferation, differ-
entiation and cytokine production of T cells to influence 
the immune response in SLE [25]. Our study indicated that 
the LDH levels were negatively correlated with decreased 
numbers of SLE-CD4+ T cells, and positively correlated 
with disease activity. Shan et al. [24] found that activated 



Central European Journal of Immunology 2025; 50(1)

Lu Jin et al.

20

Table 3. Extracellular metabolic flux indices of CD4+ T cells

Variable SLE Healthy 
controls
N = 20

P value

Mild
n = 5

Moderate
n = 7

Severe
n = 8

Total
N = 20

Mean ±SD or M (Q1, Q3)

Mitochondrial respiration (pmol/min)

Basal respiration 172.3 ±48.9 324.6 ±37.3 400.0 ±40.6 316.7 ±99.9 139.7 ±66.5 < 0.001***

Maximal respiration 543.4 ±77.5 737.2 ±61.9 1091.3 ±181.2 830.4 ±260.9 293.8 ±156.4 < 0.001***

SRC 202.0 ±72.4 407.9 ±69.9 747.8 ±185.8 492.4 ±260.1 199.1  
(81.6, 245.1)

< 0.001***

ATP production 120.0 ±16.3 228.4 ±45.4 287.9 ±62.9 225.2 ±81.9 117.2 ±61.9 < 0.001***

Glycolysis (pmol/min)

Basal glycolysis 2116.9 ±1324.8 942.1 
(897.0,1935.5)

2411.6 ±942.1 2094.2  
(937.5, 3099.5)

676.6 
(453.2,1042.9)

< 0.001***

Compensatory glycolysis 2081.5 ±139.7 2647.2 ±350.1 3635.9 ±280.1 2901.2 ±706.8 1356.7 ±525.6 < 0.001***

SLE – systemic lupus erythematosus, P value – for comparison between SLE patients and healthy controls, NS – not significant, SRC – spare respiratory capacity, 
***p < 0.001

LDH tilted the Th17/Treg cell balance towards Th17 with 
higher levels of IL-17, which was similar to our observa-
tions. Moreover, we found that LDH was positively cor-
related with SLEDAI-2K, but negatively correlated with 
SLE-CD4+ T cell numbers. These findings suggest that 
the reprogramming of glucose metabolism influences the 
differentiation of T cell subsets and the production of cy-
tokines, ultimately contributing to the promotion of SLE.

Glucose metabolic rates are intricately linked to the 
immune function of CD4+ T cells [29]. Our understanding 
of glucose metabolic activity mainly derives from explor-
ing mitochondrial dysfunction and ATP consumption. Dif-
ferences in mitochondrial utilization of glucose reflect the 
impaired glucose metabolism of T cells in SLE [30, 31]. 
When stimulated, T cells were characterized by a higher 
oxidative status and ATP depletion [32]. However, there 
exists a contradiction between mitochondrial dysfunction 
and high ATP consumption [33, 34]. The transition from 
OXPHOS to the aerobic glycolysis pathway produced 
more ATP for biogenic demands. To assess the effects 
of glucose metabolic rewiring on CD4+ T cells in SLE, 
we therefore evaluated the glucose metabolic profiles of 
SLE-CD4+ T cells and found that the activated SLE-CD4+  
T cells exhibited increased OXPHOS and aerobic glycol-
ysis compared to HCs, which was similar to the findings 
of Zou et al. and Roach et al. [5, 35]. As shown in the 
OCR analysis, the SRC of the SLE group was significantly 
higher than that of controls. Additionally, ECAR analy-
sis revealed that CD4+ T cells in SLE exhibited a higher 
glycolytic capacity compared to controls. Moreover, pre-
vious studies have shown the potential of metabolic inter-
ventions. Yin et al. [6] reported that treatment with 2-DG, 
a glycolysis inhibitor, effectively reversed early disease 
in lupus-prone mouse models. Metformin, an inhibitor of 

complex I of the mitochondrial respiratory chain, could 
increase Treg cells and reduce Th17 cells to promote SLE 
remission [36, 37]. N-acetylcysteine, another inhibitor of 
complex I, could inhibit lymphocyte oxygen consumption 
in SLE by regulating the mTOR pathway [11, 12]. Taken 
together, these findings suggested that SLE-CD4+ T cells 
displayed an abnormal glucose metabolic profile, and tar-
geting glucose metabolic therapy may be a viable thera-
peutic strategy to alleviate SLE.

Numerous studies have reported glucose metabolism 
alterations in SLE, but only a few have examined the links 
between glucose metabolism levels and SLE disease ac-
tivity. In this study, we observed the changes of glucose 
metabolism in patients with different SLE activity. For pa-
tients with moderate and severe SLE activity, the SRC and 
compensatory glycolysis were significantly elevated com-
pared with controls, while no differences were observed 
in the mild SLE group. Interestingly, ECAR showed that 
the basal glycolysis in the moderate SLE group was lower 
than in the mild SLE group. The reduction of basal glycol-
ysis in moderate SLE patients may be attributed to the fact 
that they had a shorter disease duration than patients in the 
mild SLE group and that the sample size of the study was 
insufficient. In our study, we further observed that the glu-
cose metabolic capacity of CD4+ T cells in SLE was posi-
tively correlated with SLEDAI-2K and pro-inflammatory 
cytokines IFN-γ, TNF-α, IL-10 and IL-17, but negatively 
correlated with CD4+ T cell numbers. These data suggest 
that aberrant glucose metabolism in CD4+ T cells may be 
involved in the onset and progression of SLE. Therefore, 
the glucose metabolic profile of CD4+ T cells might serve 
as a promising biomarker for SLE disease activity.

This study had some limitations. In our study, some 
SLE patients in our cohort presented two or more coexist-
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Rot/AA – rotenone/antimycin A, 2-DG – 2-deoxyglucos

5000

4000

3000

2000

1000

0

–1000

B

	 Basal glycolysis	 Compensatory glycolysis

P
E

R
 (

pm
ol

/m
in

)

200

150

100

50

0

6000

4000

2000

0

–2000

5000

4000

3000

2000

1000

0

–1000

E
C

A
R

 (
m

pH
/m

in
)

B
as

al
 g

ly
co

ly
si

s 
(p

m
ol

/m
in

)

C
om

pe
ns

at
or

y 
gl

yc
ol

ys
is

 (
pm

ol
/m

in
)

C D

E

	 0	 20	 40	 60	 80	 100
Time (minutes)

 SLE-mild     SLE-moderate     SLE-severe      HC

	 Mild	 Moderate	 Severe	 HC

	 Mild	 Moderate	 Severe	 HC

	 Rot/AA	 2-DG

ing systemic damage. It remains unclear whether specif-
ic organ damage contributes to distinct changes in CD4+  
T cell glucose metabolism, warranting further investigation. 
Moreover, as the data were collected during the COVID-19 
epidemic period, limited samples of patients may have 
increased the differences among groups. Additionally,  

in vitro studies and in vivo experiments in lupus-susceptible 
animals are needed to further explore the molecular regu-
latory mechanism based on energy metabolism phenotype. 

In summary, this study revealed a distinct profile of 
glucose metabolic reprogramming in CD4+ T cells from 
SLE, which was correlated with disease activity. Targeting 
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T cell glucose metabolism might serve as a novel therapeu-
tic strategy, offering novel approaches for the evaluation, 
prevention and precise treatment of SLE. 
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