
ORIGINAL ARTICLE

Cellular and Molecular Life Sciences          (2025) 82:217 
https://doi.org/10.1007/s00018-025-05734-5

Introduction

Systemic lupus erythematosus (SLE) is a systemic and 
chronic autoimmune disorder that arises from the aberrant 
activation of the immune system [1]. The pathologic sta-
tus of SLE is regulated by autoimmune response factors 
that alter the resident cellular populations in the kidneys 
and other vital organs, as well as increase the produc-
tion of autoantibodies found in the systemic circulation, 
thereby contributing to the progression and manifestation 
of SLE [2]. Immune cells, such as B cells, macrophages, 
and dendritic cells (DCs), play crucial roles in the patho-
genesis of SLE [3]. Notably, B cells play a central role in 
the development of SLE, where they orchestrate antigen 
presentation, produce cytokines, and undergo differentia-
tion into antibody-secreting plasma cells, thus contributing 
significantly to the disease [4, 5]. Studies have shown that 
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Abstract
The abnormal activation and differentiation of B cells play an important role in the pathogenesis of autoimmune diseases, 
including systemic lupus erythematosus (SLE). Alpha-ketoglutarate (α-KG), a key metabolite in the tricarboxylic acid 
cycle, has been shown to be involved in the pathogenesis of many diseases by regulating the immune response. However, 
the role of α-KG in the pathogenesis of SLE, as well as the activation and differentiation of B cells, remains unclear. In 
this study, we used organic acid-targeted metabolomics to analyze the changes in the levels of 100 organic acids in the 
serum of SLE patients and healthy controls, and found a significant increase in the α-KG level in SLE patients compared 
to that in healthy controls. Notably, α-KG significantly could inhibit the activation and differentiation of B cells and alle-
viate disease progression in lupus-prone mice. Mechanistically, RNA-seq revealed that α-KG upregulated the expression 
of ENTPD1, which encodes an important immune checkpoint molecule CD39; B-cell-specific loss of ENTPD1 could 
significantly promote the Toll-like receptors-mediated activation and differentiation of B cells and aggravate the disease 
conditions of lupus-prone mice. The findings of our study demonstrate that α-KG alleviates the pathogenesis of lupus and 
inhibits the activation and differentiation of B cells by increasing the expression of CD39. Our findings laid a theoretical 
foundation for understanding the pathogenesis of SLE. Based on our study, α-KG might be further examined as a drug 
for the effective treatment of SLE.
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hyper-activation of B cells increases oxidative phosphoryla-
tion-related gene expression and modulates the B-cell lym-
phoma 6 protein (Bcl-6)–B-lymphocyte-induced maturation 
protein 1 (Blimp-1) axis, leading to abnormal differentiation 
of plasma cells and the pathogenesis of lupus [5, 6]. How-
ever, the molecular mechanisms that lead to the abnormal 
activation and differentiation of B cells in SLE are still not 
fully understood.

As is known, toll-like receptors (TLRs), an evolution-
arily conserved family of the innate immune system, are 
the host’s first line of defense against microbial pathogens 
by recognizing pathogen-associated molecular patterns [7]. 
After interacting with their respective ligands, TLRs recruit 
myeloid differentiation factor 88 (MyD88) and lead to the 
activation of the MAPK and NF-κB signaling pathways 
[8]. Numerous studies have shown that TLRs play a critical 
role in regulating the pathogenesis of SLE by regulating the 
activation and differentiation of immune cells, especially B 
cells [9, 10]. Germline gain-of-function mutations of TLR7 
were shown to cause SLE, highlighting the role of TLR7 
in driving autoimmunity [11]. Alterations in TLR signaling 
thresholds, for example, TLR7 overexpression, exert a B 
cell–intrinsic contribution to lupus development in mouse 
and man [12]. TLRs participate in the B-cell tolerance to 
self-antigens, considering that they orchestrate extrafollicu-
lar and germinal center B-cell responses, and are implicated 
in autoantibody generation and the pathogenesis of SLE 
[13, 14]. However, the molecular mechanisms leading to the 
aberrant activation of the TLR signaling pathway in B cells 
need to be elucidated.

Recent studies have found that metabolism is involved 
in the regulation of immune response and the pathogenesis 
of immune-related diseases. Immune cells were found to 
undergo substantial metabolic alterations during their acti-
vation and differentiation, characterized by an increase in 
energy demands and faster synthesis of essential biological 
building blocks, indicating that metabolism plays a key role 
in regulating the activation and differentiation of immune 
cells [15, 16]. Notably, in recent years, more and more 
attention has been paid to the role of organic acids, which 
actively participate in biochemical reactions in the body, in 
maintaining immune homeostasis. Among organic acids, 
α-ketoglutarate (α-KG) is an important metabolite in the 
tricarboxylic acid cycle (TCA), where it performs crucial 
functions [17, 18]. It has been shown that α-KG plays anti-
viral, antitumor, and anti-inflammatory roles by modulating 
the activation and differentiation of immune cells [19–21]. 
Exogenous α-KG modulates redox metabolism and func-
tions of dendritic cells (DCs), altering their capacity to 
polarise T cell response [22]. Dietary α-KG can alleviate 
LPS-induced intestinal inflammation through the T helper 
17 cells (Th17)/Regulatory T cells (Treg) immune response 

signaling pathway [23]. Also, α-KG can restore the function 
of T cells by facilitating ammonia detoxification in CD8+ 
T cells, thereby increasing their antiviral efficacy [24]. Of 
note, several studies have shown that α-KG can exert its 
immunomodulatory function by causing DNA hypermeth-
ylation to regulate gene expression [25, 26]. Although α-KG 
participates in various cellular metabolic processes and the 
regulation of inflammatory cells and inflammatory factors, 
the effects of α-KG on the development of lupus remain 
unknown. Moreover, the roles of α-KG on the activation 
and differentiation of B cells are still unknown.

In this study, we investigated the role of α-KG in regulat-
ing the activation and differentiation of B cells as well as 
the pathogenesis of lupus. Compared with healthy controls, 
patients with SLE showed significantly higher levels of 
α-KG in the serum. Interestingly, α-KG significantly inhib-
ited the TLR-mediated activation and differentiation of B 
cells and alleviated disease progression in lupus-prone mice 
by increasing the expression of ectonucleoside triphos-
phate diphosphohydrolase-1 (ENTPD1), which encodes 
the immune checkpoint CD39. Additionally, B-cell-specific 
loss of ENTPD1 significantly promoted the TLR-mediated 
activation and differentiation of B cells and aggravated the 
disease conditions of lupus-prone mice. Our findings indi-
cated that α-KG can alleviate the pathogenesis of lupus and 
inhibit the activation and differentiation of B cells by pro-
moting CD39 expression. Our study highlighted that α-KG 
is a promising candidate for treating SLE and should be fur-
ther investigated.

Materials and methods

Animals

C57BL/6 mice, aged 6 to 8 weeks, were procured from 
Pengyue Experimental Animal Breeding Co. (Jinan, China). 
MRL/lpr mice, specifically 10 weeks old, were sourced 
from Jiangsu Aniphe Biolaboratory, Inc. They were accli-
matized in the animal facilities of Jining Medical University 
for 2–3 weeks before conducting the experiment. ENTP-
D1fl/fl mice on a C57BL/6 background were generated using 
a LoxP-targeting system at the Cyagen Biosciences. The 
ENTPD1fl/fl mice were crossed with CD19-Cre transgenic 
mice (Cyagen Biosciences) on a B6 background to obtain 
age-matched ENTPD1ΔCD19 mice for experiments. All mice 
were housed in pathogen-free conditions specific to Jining 
Medical University, in accordance with the ARRIVE guide-
lines, the 12 h/12 hr light/dark cycle followed, and fed stan-
dard chow.

To investigate the impact of α-KG (Selleck) on the patho-
genesis of MRL/lpr mice, MRL/lpr mice (thirteen-week-old, 
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female) were randomly assigned to two distinct groups, each 
comprising six animals. One group served as vehicle group, 
while the other group underwent intraperitoneal injections 
of α-KG at a dosage of 75 µg/g three times weekly. Sub-
sequently, after 4 weeks of treatment, the mice were eutha-
nized via CO2 inhalation, and the spleens and lymph nodes 
were subjected to testing for the presence of the desired 
indicators.

To establish an IMQ-induced lupus mouse model, female 
C57BL/6 mice were topically administered with 1.25 mg of 
5% imiquimod cream (IMQ, sourced from Sichuan MED-
SHINE Pharmaceutical Co., Ltd.) to their right ear on a 
three-times-weekly basis for 10 weeks. To investigate the 
therapeutic potential of α-KG in IMQ-induced lupus mice, 
female C57BL/6 mice were randomly allocated into five 
groups, each containing six mice. Group A served as vehicle 
group. Group B was administered α-KG (100 µg/g, intraper-
itoneally), also serving as a control. Group C applied IMQ 
to the skin of the right ear only. Group D was treated with 
IMQ application and α-KG (50 µg/g, intraperitoneally), and 
Group E received IMQ application with α-KG (100 µg/g, 
intraperitoneally). Injections of α-KG in mice were per-
formed three times a week for a total of 10 weeks.

To investigate the impact of CD39 on IMQ-induced lupus 
in mice, the animals were stratified into four groups: Group 
A comprised ENTPD1fl/fl mice serving as a control, Group 
B contained ENTPD1ΔCD19 mice serving as an additional 
control, Group C encompassed ENTPD1fl/fl mice exposed 
to IMQ, and Group D consisted of ENTPD1ΔCD19 mice sub-
jected to IMQ. The IMQ-treated groups received a topical 
application of IMQ three times weekly. After a 10-week 
treatment period, the mice were euthanized via CO2 inhala-
tion, and the desired indices were assessed.

Information on patients and healthy donors

Prior to their participation, all patients diagnosed with SLE 
and healthy individuals provided written informed consent. 
All patients were diagnosed in accordance with the revised 
criteria established by the American College of Rheumatol-
ogy (1997), and disease activity was assessed utilizing the 
SLE Disease Activity Index (SLEDAI). A threshold value 
of 5 or higher on the SLEDAI scale was utilized to define 
the presence of active disease. Patients receiving high-dose 
immunocytotoxic therapeutic drugs or steroids, as well as 
those with overlapping syndromes, were excluded from the 
study. Peripheral blood samples were collected from both 
SLE patients and healthy donors.

Isolation of human peripheral blood mononuclear 
cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were isolated 
from blood samples, which were collected in heparinized 
tubes from both SLE patients and healthy donors, utilizing 
Ficoll-Paque™ PLUS (GE Healthcare) as the separation 
medium.

Isolation of murine Splenic Naïve B cells

Murine spleens underwent mechanical disruption to obtain 
a cell suspension, and naïve B cells were subsequently 
isolated using the Mouse B Cell Isolation Kit (BD Biosci-
ences). This negative selection method ensured a purity of B 
cells exceeding 95%. The sorted B cells were then cultured 
in complete RPMI 1640 medium, stimulated with LPS (100 
ng/ml, Beyotime), R848 (1 µg/mL, GlpBio), and CpG-1826 
(1 µM, Invitrogen), followed by treatment with α-KG (0, 
0.25, 0.5, 1, 2.5, and 5 mM) for 18 h. The activation and dif-
ferentiation of B cells was then assessed by flow cytometry.

RNA-seq analysis

Murine B cells were harvested by TRIzol and sent to Genesky 
Technologies for analysis. Samples were sequenced on an 
Illumina HiSeq 2500 instrument using 2 × 150 bp reads. 
Protein-coding genes with at least 2 RPKM (reads per kilo-
base of transcript, per million mapped reads) on average in 
either condition were used to perform the differential gene 
expression analysis using edgeR. The common genes were 
further undergoing KEGG pathway enrichment analysis. 
The data from this study have been deposited in the China 
National GeneBank (CNGB) Nucleotide Sequence Archive 
(CNSA) (https://db.cngb.org/cnsa/) with accession number 
CNP0007013.

Preparation of bone marrow derived macrophages 
and dendritic cells

Bone marrow cells were extracted from the tibia and femur 
of C57BL/6 mice for the culturing of BMDMs and BMDCs. 
BMDMs were cultured in complete DMEM medium sup-
plemented with GM-CSF (10 ng/mL, Peprotech), while 
BMDCs were cultured in complete RPMI 1640 medium 
containing both GM-CSF (10 ng/mL) and IL-4 (1 ng/mL). 
After treating the cells with α-KG for 18 h and then stimu-
lating the cells with LPS (100 ng/ml, Beyotime), R848 
(1 µg/mL, GlpBio), and CpG-1826 (1 µM, Invitrogen) for 
18 h, BMDMs and BMDCs were harvested and the desired 
experimental indexes were determined.
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agent to prevent fading of the fluorescent signal. Finally, 
the sections were examined under a confocal fluorescence 
microscope (Olympus, Japan).

Flow cytometer

For cellular phenotypic staining analysis, cells are first 
collected and prepared into a homogeneous single-cell 
suspension, and then stained with specific flow cytome-
try-compatible antibodies. To perform cell surface label-
ing staining, cells were first collected and processed into a 
single-cell suspension. Subsequently, the cells were stained 
with antibodies specific for the desired phenotypes. The 
staining process involved incubating the cells with the anti-
bodies for 30 min at 4 °C in the dark. After staining, the cells 
were washed by PBS and analyzed by flow cytometry.

For intracellular labeling staining, prepared cell suspen-
sions were initially stained with antibodies specific to cell 
surface markers. Following this, the cells were fixed using 
an intracellular (IC) fixation buffer (eBioscience). After fix-
ation, the cells were washed and then subjected to intracel-
lular staining using specific antibodies (TNF-α and IL-12) 
to the cytokines in 100 µl permea-bilization buffer. The 
cells were incubated overnight at 4 °C in the dark. The next 
day, the cells were washed with PBS to remove unbound 
antibodies before being analyzed. Analysis was performed 
using a BD FACSVerse™ instrument and all FACS data 
were processed using Flowjo software. To ensure accurate 
results, isotype controls were included for each antibody 
used in the analysis.

ELISA

The concentrations of TNF-α and IL-12 p40 in BMDMs and 
BMDCs supernatants were quantitatively assessed utilizing 
a mouse-specific ELISA kit sourced from Biolegend. In 
brief, the ELISA protocol involved an overnight incubation 
of samples with Capture Antibody, followed by non-specific 
blocking with 1% BSA the subsequent day. Subsequently, 
the samples were added for oscillatory incubation. This was 
followed by the addition of Avidin-HRP solution. To visual-
ize the reaction, 100 µl of TMB color solution was added, 
resulting in a chromogenic reaction. The reaction was ter-
minated by the addition of 100 µl of termination solution. 
Finally, the absorbance of each sample was measured at 
450 nm using a microplate reader (BioTek).

To quantify anti-dsDNA antibody levels, we performed 
a standard assay utilizing a mouse anti-dsDNA IgG kit 
(Bethyl Laboratories). Specifically, we analyzed the con-
centrations of IgG antibodies targeting dsDNA in the serum 
of MRL/lpr mice and IMQ-induced lupus-prone mice. Fol-
lowing the manufacturer’s instructions, the absorbance of 

Real-time quantitative PCR

Total RNA was extracted from the samples using Trizol 
reagent (Invitrogen, Carlsbad, USA), following the manu-
facturer’s protocol. Subsequently, cDNA was synthesized 
from the extracted RNA using the RevertAid First Strand 
cDNA Synthesis Kit (ThermoFisher Scientific). Quanti-
tative PCR (Q-PCR) analysis was then performed using 
SYBR Green PCR Master Mix (Vazyme Biotech). The rela-
tive gene expression levels were calculated using the 2−ΔΔCt 
method, with GAPDH serving as the internal reference con-
trol for normalization.

H&E staining

Mouse kidneys were first stabilized and fixed in a 4% para-
formaldehyde solution for 24 h. Following fixation, the tis-
sues underwent dehydration through a series of increasingly 
concentrated ethanol solutions and were then embedded in 
paraffin. From the paraffin-embedded tissue blocks, ultra-
thin sections of 4 micrometers in thickness were precisely 
cut. These sections were then stained with hematoxylin and 
eosin (H&E) staining solution, enabling their visualization 
under a light microscope (Nikon Corporation). A blinded, 
semiquantitative assessment method was employed to eval-
uate the degree of proliferation in the glomerular cells.

Targeted organic acid metabolomics

Samples were thawed and stored at -80 °C, vortexed, 
extracted in an ice-water bath and centrifuged by adding 
240 µL of methanol-acetonitrile containing seven isotopic 
internal standards. The supernatant was derivatized with 
methoxylamine hydrochloride and BSTFA, followed by 
gas chromatography-mass spectrometry (GC-MS) analysis 
(Thermo Scientific TSQ9000) using a DB-5MS column and 
helium carrier gas, and mass spectrometry analysis using an 
EI with SRM.

Immunofluorescence staining

To prepare kidney tissue sections for immunofluorescence 
staining, the sections were first deparaffinized and rehy-
drated through a series of washes with xylene and ethanol. 
Nonspecific binding was then blocked using 1% BSA. The 
tissue sections were subsequently incubated with Alexa 
Fluor 488-labeled goat anti-mouse IgG or IgM antibodies 
(Invitrogen) at 4 °C overnight. The next day, the sections 
were washed with PBST. The sections were then stained 
with DAPI to visualize the nuclei. Following staining, the 
tissue sections were mounted on coverslips using an anti-
fade sealer (Beyotime) and sealed with an antifade bursting 
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t-test and one-way ANOVA analysis, depending on the 
nature of the comparisons. For assessing the relationship 
between paired datasets, we utilized Pearson’s correlation 
analysis. Throughout our analysis, we considered a p-value 
of less than 0.05 as statistically significant.

Results

High levels of α-KG in the serum of SLE patients and 
lupus model mice

Using organic acid-targeted metabolomics, we analyzed the 
content of 100 organic acids and the percentage of multiple 
organic acids in the serum of nine SLE patients and nine 
healthy controls (Fig. 1a). The levels of seven organic acids, 
such as α-KG, DL-β-phenyllactic acid, and 3-hydroxyiso-
valeric acid, were significantly greater in the serum of SLE 
patients than in the serum of healthy controls (Fig. 1b, S1a). 
However, the levels of seven organic acids, such as isoph-
thalic acid, lactic acid, and itaconic acid, were significantly 
lower in the serum of SLE patients than in the serum of 
healthy controls (Fig. 1b, S1b). Notably, α-KG plays a broad 
role in regulating the pathogenesis of various diseases, but 
its effect on the development of SLE is unknown. Therefore, 
α-KG has attracted considerable research interest. Serum 
samples from 26 healthy controls, 15 inactive SLE patients, 
and 54 active SLE patients were collected, and the levels of 
α-KG were measured. The level of α-KG was significantly 
greater in active SLE patients than in healthy controls and 
nonactive SLE patients (Fig. 1c). Additionally, the serum 
α-KG levels were significantly greater in MRL/lpr sponta-
neous lupus mice (Fig. 1d) and IMQ-induced lupus-prone 
mice (Fig. 1e) than in WT mice. These results indicated 
that the serum α-KG content was significantly higher in 
SLE patients and lupus model mice, suggesting that α-KG 
may play an important regulatory role in the occurrence and 
development of lupus.

α-KG alleviated lupus symptoms in MRL/lpr mice 
and inhibited the activation and differentiation of B 
cells

To determine the effect of α-KG on the onset of lupus, we 
first investigated the effect of α-KG on the onset of sponta-
neous lupus in MRL/lpr mice. Compared to vehicle-treated 
MRL/lpr mice, α-KG-treated MRL/lpr mice presented 
significantly less spleen enlargement (Fig. 2a), which 
was characterized by a decrease in spleen size and weight 
(Fig. 2b) and a reduction in serum anti-dsDNA antibody 
levels (Fig. 2c). An examination of H&E-stained sections 
revealed that α-KG treatment significantly reduced kidney 

each sample at 450 nm was accurately measured using a 
BioTek zymography instrument.

Western blot

In summary, cells were harvested and subjected to lysis 
with an appropriate buffer. Subsequently, the protein con-
centration in these homogenates was accurately determined 
using a BCA protein assay kit from Beyotime. Proteins were 
resolved by 10% SDS-PAGE and subsequently transferred 
onto a 0.45 μm PVDF membrane sourced from Millipore. To 
minimize non-specific binding, the membrane was blocked 
with 5% BSA for 2 h at room temperature. Following block-
ing, the membrane was incubated overnight at 4 °C with the 
primary antibody of interest. The next day, the membrane 
underwent five thorough washes, and then was incubated 
with a HRP-conjugated secondary antibody (Beyotime) for 
2 h at room temperature. Protein expression was visualized 
using an enhanced chemiluminescence (ECL) kit provided 
by Biosharp. To ensure the accuracy and reproducibility of 
the results, β-actin was utilized as an internal control.

Antibodies

The following antibodies were used for immunoblotting: 
Cell Signaling Technology, anti-Erk (Cat#: 4695), anti-p-
Erk (Cat#: 4370), anti-JNK (Cat#: 9252), anti-p-JNK (Cat#: 
4668), anti-p38 (Cat#: 8690), anti-p-p38 (Cat#: 4511), anti-
p65 (Cat#: 8242), anti-p-p65 (Cat#: 3033); Beyotime Insti-
tute of Biotechnology, anti-β-actin (Cat#: AA128), HRP 
labeled Goat Anti-Rabbit IgG (Cat#: A0208), HRP-labeled 
Goat Anti-Mouse IgG (Cat#: A0216). The following anti-
bodies purchased from Biolegend were used for flow cytom-
etry: FITC anti-mouse B220 (Cat#: 103206), PE anti-mouse 
GL7 (Cat#: 144607), PE anti-mouse CD40 (Cat#: 124610), 
APC anti-human CD86 (Cat#: 374208), BV421 anti-mouse 
CD11c (Cat#: 117330), FITC anti-mouse F4/80 (Cat#: 
123108), APC anti-mouse CD86 (Cat#: 105012), APC anti-
mouse CXCR5 (Cat#: 145506), PE anti-mouse PD-1 (Cat#: 
135206), APC anti-mouse CD138 (Cat#: 142506), BV421 
anti-mouse CD69 (Cat#: 104528), FITC anti-mouse CD4 
(Cat#: 100406), BV421 anti-mouse CD62L (Cat#: 104436), 
PE anti-mouse CD44 (Cat#: 103007), PE anti-mouse CD39 
(Cat#: 143804), APC anti-mouse CD39 (Cat#: 143809), 
APC anti-mouse CD95 (Cat#: 152604). All the antibodies 
for flow cytometry were used at a 1:100 dilution.

Statistical analyses

For the statistical analysis of our data, we relied on Graph-
Pad Prism software. To evaluate differences between 
groups, we employed both Two-tailed unpaired Student’s 

1 3

Page 5 of 16   217 



Y. Gao et al.

and differentiation of B cells in vivo. Since T cells, mac-
rophages, and DCs also play important roles in the patho-
genesis of lupus, we assessed the effects of α-KG on the 
activation and differentiation of these cells in MRL/lpr 
mice. We found that α-KG treatment significantly inhibited 
the expression of CD69 on the surface of CD4+ T cells (Fig. 
S2a, S2b) and decreased the proportions of follicular helper 
T (Tfh) cells (Fig. S2c, S2d) in the spleens and mLNs and 
memory CD4+ T cells (Fig. S2e) in the spleens. Addition-
ally, α-KG treatment significantly inhibited the expression 
of CD86 and CD40 on the surface of macrophages (Fig. 
S2f, S2g) and DCs (Fig. S2h, S2i). These results indicated 
that α-KG strongly inhibits the activation and differentiation 
of immune cells, such as B cells and T cells in vivo.

injury in MRL/lpr mice (Fig. 2d), and confocal immuno-
fluorescence analysis revealed a significant reduction in 
the deposition of IgG and IgM in the glomerulus of α-KG-
treated MRL/lpr mice than in the glomerulus of vehicle-
treated MRL/lpr mice (Fig. 2e). These results indicated that 
exogenous α-KG can significantly alleviate the disease in 
MRL/lpr lupus model mice.

We also analyzed the effects of α-KG on the activation 
and differentiation of immune cells in the spleens and mes-
enteric lymph nodes (mLNs) of MRL/lpr mice. Compared 
to vehicle-treated MRL/lpr mice, α-KG-treated MRL/lpr 
mice presented significantly lower expression of CD86 
on the surface of B220+ B cells (Fig. 2f, g), a lower pro-
portion of germinal center (GC) B cells (Fig. 2h, i) and 
plasma cells (Fig. 2j, k) in the spleens and mLNs, which 
indicated that α-KG significantly inhibited the activation 

Fig. 1 The content of α-KG in serum of SLE patients and lupus-prone 
mice is abnormally increased a The classes of 100 organic acids by 
organic acid-targeted metabolomics. b Comparative analysis of the 
mean serum levels of organic acid metabolites, including α-KG, 
between the healthy control group (n = 9) and the SLE patient group 
(n = 9), with calculation of p-values and elaboration on the alterations 
in organic acid levels in SLE patients compared to healthy donors. c 
Measurement of α-KG levels in the peripheral blood serum of healthy 

donors (n = 26), inactive SLE patients (n = 15), and active SLE patients 
(n = 54). d Measurement of α-KG levels in the serum of wild-type (WT) 
mice (n = 11) and MRL/lpr mice (n = 10). e Measurement of α-KG 
levels in the serum of IMQ-induced lupus mice (n = 14) compared to 
control mice (n = 15). The data are shown as the means ± SEM and are 
representative of three independent experiments. *p < 0.05, **p < 0.01, 
and ***p < 0.001 (two-tailed Student’s t-test or ANOVA tests)
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Fig. 2 α-KG significantly mitigates the disease progression in MRL/
lpr lupus-prone mice MRL/lpr lupus mice (female, thirteen-week-old) 
were treated with α-KG (75 µg/g, intraperitoneally) or vehicle for four 
weeks (three times per week). a Representative images of spleen mor-
phology, b spleen weights, c serum levels of anti-dsDNA antibody, d 
H&E staining of kidney tissue, and e renal IgG and IgM deposition 
in MRL/lpr lupus mice treated with α-KG (75 µg/g) or vehicle. Scale 

bars represent 100 μm. f-k Flow cytometry analysis was conducted to 
assess the expression of CD86 on B220+ B cells (f, g), the percentage 
of GC B cells (B220+GL7+) in B220+ B cells (h, i), and the percent-
age of plasma cells (CD138+) (j, k) in the spleens and mLNs. The 
data are shown as the means ± SEM and are representative of three 
independent experiments (n = 6 mice/group). *p < 0.05, **p < 0.01, and 
****p < 0.0001 (two-tailed Student’s t-test or ANOVA tests)
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CD86 and CD40 expression on the surface of B cells with 
LPS (Fig. 4a, b), R848 (Fig. 4c, d), and CpG-1826 (Fig. 4e, 
f) in a concentration-dependent manner. Moreover, α-KG 
strongly suppressed the TLR ligand-induced Secretion of 
TNF-α (Fig. 4g) and IL-12 (Fig. 4h) in B cells in a con-
centration-dependent manner. Additionally, α-KG markedly 
inhibited TLR-induced phosphorylation of p38, Erk, JNK, 
and p65 in B cells (Fig. 4i). These findings indicated that 
α-KG can effectively decrease the activation of TLR signal-
ing pathways in B cells in vitro.

To confirm the effect of α-KG on the activation of TLR 
signaling pathways, we also assessed its effect on TLR-
induced activation of macrophages and DCs. By pretreat-
ing BMDMs and BMDCs with different concentrations of 
α-KG before stimulation with LPS, R848, or CpG-1826, we 
found significant and concentration-dependent inhibition 
of TLR ligand-mediated upregulation of CD86 and CD40 
expression on the surface of these cells (Fig. S6a-f, S7a-
f). Moreover, α-KG strongly suppressed the TLR ligand-
induced secretion of TNF-α and IL-12 p40 from BMDMs 
(Fig. S6g, S6h) and BMDCs (Fig. S7g, S7h) in a concen-
tration-dependent manner. These findings highlighted that 
α-KG can inhibit the activation of TLR signaling pathways 
in various immune cell types.

α-KG inhibited the activation of TLR pathways by 
increasing CD39 expression

To elucidate the mechanism by which α-KG inhibits the acti-
vation of TLR pathways, RNA-seq was performed to ana-
lyze α-KG-regulated gene expression in B cells (Fig. 5a). 
The results of the KEGG signaling pathway enrichment 
analysis showed that the DEGs were associated mainly 
with metabolism-related pathway, including ascorbate and 
aldarate metabolism, retinol metabolism, pentose and gluc-
uronate interconversion and so on (Fig. 5b). Notably, the 
RNA-seq data suggested that treatment with α-KG upreg-
ulated the expression of ENTPD1, the gene encoding the 
immune checkpoint molecule CD39 (Fig. 5c). To confirm 
the effect of α-KG on ENTPD1/CD39 expression on B cells, 
murine splenic B cells were treated with α-KG for differ-
ent durations, and ENTPD1/CD39 expression was detected 
by conducting qPCR and flow cytometry assays. As shown 
in Fig. 5d and e, α-KG could upregulate the expression of 
ENTPD1/CD39 on B cells in vitro. To further substantiate 
the regulatory impact of α-KG on the expression of CD39 
on B cells in vivo, we examined the expression of CD39 
on B cells from the mice treated with α-KG. As expected, 
α-KG could also markedly upregulate the expression of 
CD39 on B cells in vivo (Fig. 5f-i).

CD39, also known as extracellular NTPDase 1, plays an 
important inhibitory function in the regulation of immune 

α-KG alleviated lupus symptoms in TLR7 agonist 
IMQ-induced lupus model mice and inhibited the 
activation and differentiation of B cells

Next, we investigated the effect of α-KG on the onset of 
the TLR7 agonist IMQ-induced lupus in mice (IMQ mice) 
(Fig. 3a). Consistent with the above results, compared to 
vehicle-treated IMQ mice, A notable decrease in spleen size 
and weight was observed in IMQ mice subjected to α-KG 
treatment (Fig. 3b, c), as well as lower levels of serum anti-
dsDNA antibodies (Fig. 3d). Additionally, α-KG treatment 
greatly reduced kidney injury (Fig. 3e) and the deposition 
of IgG and IgM in the glomerulus (Fig. 3f) of IMQ mice. 
These results indicated that exogenous α-KG can also sig-
nificantly alleviate the disease in IMQ lupus-prone mice.

The effects of α-KG on the activation and differentiation 
of immune cells in IMQ-treated mice were analyzed. As 
shown in Fig. 3, α-KG treatment significantly reduced the 
expression of CD86 in spleens (Fig. 3g, h) and mLNs (Fig. 
S3a, S3b) on the surface of B220+ B cells, the proportions 
of GC B cells (Fig. 3i and j, S3c, and S3d) and plasma cells 
(Fig. 3k and l, S3e, and S3f), indicating that α-KG signifi-
cantly inhibited the activation and differentiation of B cells 
in spleens and mLNs. Moreover, α-KG treatment signifi-
cantly inhibited the expression of CD69 on the surface of 
CD4+ T cells (Fig. S4a, S4b) and decreased the proportions 
of Tfh (Fig. S4c, S4d) cells in spleens and mLNs and mem-
ory CD4+ T cells (Fig. S4e) in spleens. Additionally, α-KG 
treatment significantly inhibited the expression of CD86 
and CD40 on the surface of macrophages(Fig. S4f, S4g) and 
DCs (Fig. S4h, S4i) in the spleens. These results indicated 
that α-KG strongly regulates the activation and differentia-
tion of immune cells such as B cells and T cells.

α-KG inhibited the activation of the TLR signaling 
pathway in B cells in vitro

As TLR-mediated abnormal activation and differentiation 
of B cells play key roles in the pathogenesis of lupus, we 
investigated whether α-KG can modulate the TLR-mediated 
activation of B cells in vitro. First, we conducted a series 
of experiments to assess the effects of various concentra-
tions of α-KG on the apoptosis of murine splenic naïve B 
cells and found that < 5 mM α-KG had negligible effects 
on B-cell apoptosis (Fig. S5a-c). Thus, we ensured that 
none of the subsequent in vitro experiments exceeded this 
concentration threshold. Next, murine naïve B cells were 
pretreated with various concentrations of α-KG and then 
stimulated with the specific TLR4 agonist LPS, the TLR7 
agonist R848, and the TLR9 agonist CpG-1826. Consistent 
with our in vivo findings, pretreatment with α-KG signifi-
cantly suppressed the TLR ligand-induced upregulation of 
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Fig. 3 α-KG significantly alleviates the disease progression in IMQ-
induced lupus-prone mice IMQ-induced lupus-prone mice (female, 
eight-week-old) were treated with α-KG (50 and 100 µg/g, intraperito-
neally) or vehicle for ten weeks (three times per week). a The diagram 
shows the treatment process of IMQ-treated WT mice injected with 
vehicle or α-KG (50 and 100 µg/g, intraperitoneally). b Representa-
tive images of spleen morphology, c spleen weights, d serum levels of 
anti-dsDNA antibody, e H&E staining of kidneys, and f renal IgG and 
IgM deposition in IMQ-induced lupus-prone mice treated with α-KG 

(50 and 100 µg/g, intraperitoneally) or vehicle. Scale bars represent 
100 μm. g-l Flow cytometry analysis was conducted to determine the 
expression of CD86 on B220+ B cells (g, h), the percentage of GC B 
cells (B220+GL7+CD95+) in B220+ B cells (i, j), and the percentage of 
plasma cells (CD138+) (k, l) in the spleens. The data are shown as the 
means ± SEM and are representative of three independent experiments 
(n = 6 mice/group). *p < 0.05, **p < 0.01, and ****p < 0.0001 (two-
tailed Student’s t-test or ANOVA tests)
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an immunosuppressive role by serving as a rate-limiting 
enzyme in the generation of immunosuppressive adenos-
ine (ADO). We also investigated the effect of ADO on the 
TLR-mediated activation of B cells. Expectedly, our find-
ings showed that ADO strongly suppressed TLR-mediated 
activation of B cells (Fig. S8a-f), indicating that CD39 mod-
ulates the activation of TLR signaling pathways through a 
mechanism in which ADO mediates the process.

To determine whether α-KG inhibits the activation of 
TLR pathways by upregulating CD39, murine naïve B cells 
isolated from ENTPD1fl/fl and ENTPD1ΔCD19 mice were 
pretreated with α-KG and then stimulated with LPS, R848, 
and CpG-1826. Although α-KG significantly decreased 
TLR-mediated activation of B cells from ENTPD1fl/fl mice, 

responses. Given this critical function of CD39, we hypoth-
esized that the inhibitory effect of α-KG on TLR pathway 
activation may depend on the upregulation of the expres-
sion of CD39. To investigate the role of CD39 in regulat-
ing the TLR-induced activation of B cells, we crossed 
ENTPD1fl/fl mice with CD19-cre mice to obtain ENTPD1 
B-cell-conditional KO (ENTPD1ΔCD19) mice. Splenic naïve 
B cells isolated from ENTPD1fl/fl and ENTPD1ΔCD19 mice 
were stimulated with LPS, R848, or CpG-1826, after which 
the activation of B cells was detected. The deletion of 
ENTPD1 significantly increased the TLR-mediated expres-
sion of CD86 and CD40 in B cells (Fig. 5j-o). This find-
ing suggested that CD39 plays a negative regulatory role 
in the activation of TLR signaling pathways. CD39 plays 

Fig. 4 α-KG suppresses the TLR-mediated activation of B cells in 
vitro Murine naïve B cells, isolated from the spleens of WT mice, were 
treated with α-KG (0, 0.25, 0.5, 1, 2.5, and 5mM) for 18 h follow-
ing stimulation with LPS (100 ng/ml), R848 (1 µg/ml), and CpG-1826 
(1 µM). a-f Flow cytometry analysis was conducted to determine the 
expression of CD86 and CD40 on B cells stimulated with LPS (a, b), 
R848 (c, d), and CpG-1826 (e, f). g, h Q-PCR was performed to mea-

sure the mRNA levels of TNF-α (g) and IL-12 (h) in B cells. i Western 
blot analysis of the phosphorylation levels of p38, Erk, JNK, and p65 
after R848 treatment for 30 and 60 min, using β-actin as a loading 
control. The data are shown as the means ± SEM and are representative 
of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001 (two-tailed Student’s t-test or ANOVA tests)
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Fig. 5 α-KG inhibits the TLR-mediated activation of B cells by upreg-
ulating ENTPD1 expression a-c Murine splenic B cells were treated 
with vehicle or α-KG (5 mM) for 6 h and then RNA-seq analysis was 
performed. a Gene enrichment analysis of differential expression 
genes in α-KG-treated B cells versus vehicle-treated B cells. b KEGG 
signaling pathway enrichment analysis of differential gene expression 
in α-KG-treated B cells versus vehicle-treated B cells. c The values 
of Transcripts Per Million (TPM) of ENTPD1 gene in α-KG-treated 
B cells versus vehicle-treated B cells. d Murine splenic B cells were 
treated with vehicle or α-KG (0, 0.25, 0.5, 1, 2.5, and 5 mM) for 18 h 
and then the expression of CD39 was analyzed by flow cytometry. e 
Murine splenic B cells were treated with vehicle or α-KG (0, 0.25, 1, 
2.5, and 5 mM) for 6 h and then the mRNA level of CD39 was analyzed 
by Q-PCR. f-i WT mice were treated with α-KG (50 and 100 µg/g, 
intraperitoneally) or vehicle for 2 weeks (twice/week), and then the 

expression of CD39 on B cells from spleens (f, g) and mLNs (h, i) was 
detected by flow cytometry. j-o Splenic naïve B cells, isolated from 
ENTPD1fl/fl and ENTPD1ΔCD19 mice, were stimulated with LPS (100 
ng/ml), R848 (1 µg/ml), and CpG-1826 (1 µM) for 24 h and then the 
expression of CD86 and CD40 on B cells stimulated with LPS (j, k), 
R848 (l, m), and CpG-1826 (n, o) was detected by flow cytometry. p 
Splenic naïve B cells, isolated from ENTPD1fl/fl and ENTPD1ΔCD19 
mice, were pretreated with α-KG (5 mM) followed by stimulation with 
LPS (100 ng/ml), R848 (1 µg/ml), and CpG-1826 (1 µM) for 24 h 
and then the expression of CD86 and CD40 on B cells was detected 
by flow cytometry. The data are shown as the means ± SEM and are 
representative of three independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001 (two-tailed Student’s t-test or 
ANOVA tests)
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responses [27], suggesting that our metabolic processes 
may be intricately linked to the initiation and progression 
of SLE. In this study, we used organic acid-targeted histol-
ogy to screen for α-KG, an organic acid that is abnormally 
elevated in the serum of SLE patients. Although research-
ers have reported the role of α-KG in the pathogenesis of 
various diseases, its role in the development of SLE remains 
unreported. Our findings indicated that α-KG significantly 
inhibits TLR-mediated activation and differentiation of B 
cells by promoting CD39 expression, thereby attenuating 
the progression of lupus. This observation suggested that the 
elevated levels of α-KG observed in SLE patients may rep-
resent a protective feedback mechanism. We hypothesized 
that the elevated levels of α-KG in these patients may not 
be sufficient to effectively inhibit the activation of immune 
cells, such as B cells. This observation indicates that further 
in-depth investigation is needed to elucidate the complex 
interplay between α-KG and immune cell activation in the 
context of SLE.

As an intermediate metabolite of the TCA cycle [28], 
α-KG is involved in several cellular metabolic processes, 
including energy metabolism, elimination of metabolic 
waste, and regulation of epigenetic mechanisms [29–31]. 
α-KG inhibits key enzymes associated with glycolysis and 
glutaminolysis, thereby altering chromatin accessibility and 
exerting antitumor effects [30]. It also exerts anti-inflamma-
tory effects by decreasing the secretion of proinflammatory 
cytokines, thus playing a significant role in various patholog-
ical processes. However, the effect of α-KG on autoimmune 
diseases, particularly its involvement in the pathogenesis of 
SLE, remains poorly understood. In this study, we showed 
for the first time that α-KG significantly improved condi-
tions in MRL/lpr mice as well as in an IMQ-induced lupus 
model. Additionally, α-KG inhibited the activation and dif-
ferentiation of immune cells, particularly B cells, in lupus-
affected mice. The underlying molecular mechanism may 
involve the inhibition of TLR signaling pathways that medi-
ate immune cell activation and differentiation, thus delaying 
the onset and progression of SLE.

the inhibitory effect of α-KG on TLR-mediated activation 
of B cells from ENTPD1ΔCD19 mice was notably mitigated 
(Fig. 5p). This observation indicated that, at least partially, 
α-KG exerts its inhibitory effect on TLR-mediated activa-
tion of B cells by promoting CD39 expression.

B-cell-specific deletion of CD39 contributed to the 
pathogenesis of lupus

Since CD39 plays a negative role in regulating the TLR-
mediated activation of B cells in vitro, we next investigated 
whether CD39 can regulate the activation and differentia-
tion of B cells and participate in the pathogenesis of lupus. 
As shown in Fig. 6a, compared to IMQ-treated ENTPD1fl/fl 
mice, IMQ-treated ENTPD1ΔCD19 mice presented signifi-
cantly greater splenomegaly, higher spleen weight (Fig. 6b, 
c), Higher levels of dsDNA (Fig. 6d) and aggravated kid-
ney injury (Fig. 6e). Moreover, immunofluorescence confo-
cal microscopy examinations revealed considerably greater 
deposition of IgG and IgM in the glomeruli of IMQ-treated 
ENTPD1ΔCD19 mice (Fig. 6f), suggesting that B-cell-spe-
cific deletion of CD39 substantially accelerated the patho-
genesis of lupus.

Next, we conducted an in-depth analysis of the activation 
and differentiation of B cells in the above model mice. Our 
results revealed significant upregulation of the expression 
of CD86 and CD40 on the surface of B cells in the spleens 
(Fig. 6g, h) and mLNs (Fig. S9a, S9b) of IMQ-treated 
ENTPD1ΔCD19 mice compared to those of IMQ-treated 
ENTPD1fl/fl mice. Moreover, compared to IMQ-treated 
ENTPD1fl/fl mice, IMQ-treated ENTPD1ΔCD19 mice pre-
sented significantly greater proportions of GC B cells 
(Fig. 6i and j, S9c, and S9d) and plasma cells (Fig. 6k and l, 
S9e, and S9f). These results confirmed that CD39 deletion 
can promote the activation and differentiation of B cells in 
vivo.

To summarize, our study revealed that serum α-KG lev-
els were abnormally high in SLE patients and lupus model 
mice. Our findings indicated that α-KG can alleviate the 
pathogenesis of lupus and inhibit the activation and differ-
entiation of B cells by promoting the expression of CD39. 
This study provided a new strategy for the clinical treatment 
of SLE (Fig. 7).

Discussion

The activation, differentiation, and function of immune cells 
require the participation of multiple metabolic pathways to 
meet the energetic and biosynthetic demands associated with 
these processes. Additionally, autoimmune diseases such 
as SLE are closely associated with dysregulated immune 

Fig. 6 B-cell-specific deletion of CD39 substantially accelerates the 
disease development of IMQ-induced lupus-prone mice ENTPD1fl/fl 
mice and ENTPD1ΔCD19 mice (female, eight-week-old) were treated 
with IMQ for ten weeks (three times per week). a The graph illustrates 
the disease progression in ENTPD1fl/fl mice or ENTPD1ΔCD19 mice fol-
lowing IMQ induction. b Representative image of the spleen, c spleen 
weights, d serum levels of anti-dsDNA antibody, e H&E staining of 
kidneys, f renal IgG and IgM deposition in IMQ-treated ENTPD1fl/fl 
mice and ENTPD1ΔCD19 mice. g-l Flow cytometry was performed to 
detected the expression of CD86 and CD40 on B220+ B cells (g, h), 
the percentage of GC B cells (B220+GL7+CD95+) in B220+ B cells (i, 
j), and the percentage of plasma cells (CD138+) (k, l) in the spleens. 
The data are shown as the means ± SEM and are representative of three 
independent experiments (n = 6 mice/group). *p < 0.05, **p < 0.01, and 
***p < 0.001 (two-tailed Student’s t-test or ANOVA tests)
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further revealed that ADO could significantly inhibit TLR-
mediated activation of immune cells, as indicated by a 
decrease in the expression of CD86 and CD40. Our in vitro 
experiments demonstrated that ENTPD1 deficiency mark-
edly reverses the inhibitory effects of α-KG on TLR-medi-
ated B cell activation. Meantime, in vivo studies confirmed 
that α-KG significantly ameliorates disease progression in 
lupus-prone mice, while ENTPD1 deficiency exacerbates 
SLE pathogenesis. These findings collectively support 
the hypothesis that α-KG alleviates SLE by upregulating 
ENTPD1 expression, thereby suppressing B cell activation. 
Furthermore, while our study primarily focused on the role 
of α-KG in regulating B cell activation and differentiation 
through CD39 upregulation, we acknowledge that CD39 is 
also expressed in other immune cell populations, such as 
macrophages and dendritic cells, where it plays a critical 
role in immune regulation. This suggests that α-KG may 
modulate the activation and differentiation of these immune 
cells through CD39 upregulation, potentially contributing to 
the pathogenesis of SLE. In future studies, we will further 
investigate whether α-KG regulates CD39 expression and 
function in other immune cells, as well as its role in the 
development of SLE.

Although we found that α-KG has therapeutic effects 
on lupus mice, further investigations into its dose-effect 
relationship, long-term efficacy, and safety need to be con-
ducted before its clinical application can be considered. 

Abnormal differentiation and activation of T cells greatly 
influence the pathogenesis of SLE. Our findings revealed 
that α-KG treatment strongly inhibited the activation of T 
cells, as well as the differentiation of Tfh cells and memory 
CD4+ T cells, in the spleens and lymph nodes of lupus-prone 
mice. These results suggested that α-KG may exert a direct 
or indirect regulatory influence on the activation and dif-
ferentiation of T cells. α-KG may play a role in modulating 
the initiation and progression of T cell-mediated diseases. 
However, because this study focused on B cells, we did not 
examine the regulatory role of α-KG in the activation and 
differentiation of T cells. We acknowledge that our study 
focused solely on plasma cell percentages and did not quan-
tify absolute cell numbers, representing a limitation. Future 
studies will incorporate absolute cell number measurements 
to provide a more comprehensive dataset.

Both in vivo and in vitro experiments showed that α-KG 
can effectively alleviate the progression of SLE and inhibit 
the activation and differentiation of immune cells by pre-
venting the activation of TLR pathways. Thus, we hypoth-
esized that α-KG may also have therapeutic effects on the 
pathogenesis of TLR-related diseases; however, additional 
studies are needed to further validate this hypothesis. We 
found that α-KG inhibited the TLR-mediated activation of 
B cells by increasing the expression of CD39. Previous stud-
ies have shown that CD39 is involved in the production of 
extracellular ADO through ATP metabolism. Our findings 

Fig. 7 α-KG mitigates the pathogenesis of lupus by enhancing CD39 expression to inhibits the activation and differentiation of B cells
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Future studies may involve determining the optimal dos-
age of α-KG for humans, assessing the effects of long-term 
α-KG supplementation, and investigating potential syner-
gistic effects when α-KG is combined with other therapeutic 
interventions. These studies may provide a more compre-
hensive understanding of the role of α-KG in the treatment 
of SLE and utilize its therapeutic potential more effectively.

To summarize, in this study, we determined the effect of 
α-KG on the pathogenesis of lupus, establishing a frame-
work for the potential clinical application of α-KG in SLE 
treatment. We also found that α-KG can suppress the TLR-
mediated activation of immune cells. Further studies on the 
function of α-KG may provide a theoretical basis for devel-
oping effective strategies for treating autoimmune diseases.
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