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A B S T R A C T   

Methylglyoxal (MGO) is a highly reactive metabolite generated by glycolysis. Although abnormal accumulation 
of MGO has been reported in several autoimmune diseases such as multiple sclerosis and rheumatoid arthritis, 
the role of MGO in autoimmune diseases has not yet been fully investigated. In this study, we found that the 
intracellular MGO levels increased in activated immune cells, such as microglia and lymphocytes. Treatment 
with MGO inhibited inflammatory cell accumulation in the spinal cord and ameliorated the clinical symptoms in 
EAE mice. Further analysis indicated that MGO suppressed M1-polarization of microglia cells and diminished 
their inflammatory cytokine production. MGO also inhibited the ability of microglial cells to recruit and activate 
lymphocytes by decreasing chemokine secretion and expression of co-stimulatory molecules. Furthermore, MGO 
negatively regulated glycolysis by suppressing glucose transporter 1 expression. Mechanically, we found that 
MGO could activate nuclear factor erythroid 2-related factor 2 (NRF2) pathway and NRF2 could bind to the 
promoter of IκBζ gene and suppressed its transcription and subsequently pro-inflammatory cytokine production. 
In conclusion, our results showed that MGO acts as an immunosuppressive metabolite by activating the NRF2- 
IκBζ.   

1. Introduction 

Multiple sclerosis (MS) is a major neuroinflammatory, demyelin-
ating, and neurodegenerative disease of the central nervous system 
(CNS) characterized by inflammatory cell infiltration, demyelination, 
axonal loss, and gliosis [1]. Both CNS-resident immune cells, such as 
microglia, and infiltrated immune cells (including macrophages and T 
and B lymphocytes) play crucial roles in the pathogenesis of MS [2,3]. 
Therefore, understanding the underlying mechanism of immune pro-
cesses during MS progression is the cornerstone for the identification of 
novel disease-modifying drugs. 

After activation, immune cells engage in metabolic remodeling to 
support the energy and biosynthetic demands for proliferation and 
effector functions [4]. Notably, boosted glucose uptake and flux through 
glycolysis are common metabolic features of different immune cells [4]. 

In particular, targeted glycolysis has been shown to profoundly affect 
immune responses, including infections, inflammation, and autoim-
mune diseases [4–6]. However, the underlying mechanisms of meta-
bolism and immune regulation remain unclear. Previous studies have 
illustrated the immune-regulatory effects of endogenous metabolites 
generated from glycolysis, the tricarboxylic acid (TCA) cycle, and amino 
acid metabolism, which include lactate [7], itaconate, succinate [8]. 
These metabolites profoundly impact immune reactions by binding to 
high-affinity receptors, post-translational modifications (PTMs) of target 
proteins, or unexplained mechanisms. For example, succinate, produced 
by macrophages after activation with lipopolysaccharide (LPS), stabi-
lizes the transcription factor hypoxia-inducible factor 1α (HIF-1α) and 
subsequently enhances IL-1β production [8]. On the other hand, lactate, 
generated through aerobic glycolysis in tumors, polarizes macrophages 
to an anti-inflammatory phenotype that expresses genes encoding 
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products critical for tumor growth [7]. 
Methylglyoxal (MGO) is a highly reactive carbonyl species mainly 

generated from the glycolytic intermediates, glyceraldehyde 3-phos-
phate (GA3P) and dihydroxyacetone phosphate (DHAP), in a nonenzy-
matic manner [9]. It has been estimated that 0.1–0.4% of the glycolytic 
flux results in MGO production [10]. Thus, it is easy to interpreted that 
immune cells with higher glycolysis rate will produce lager amount of 
MGO. Indeed, MGO is upregulated in LPS-activated macrophages, which 
has high rate of glycolysis [11]. Additionally, excessive accumulation of 
MGO has been reported in various conditions, including diabetes, can-
cer, neurodegenerative and inflammatory diseases such as MS, and 
rheumatoid arthritis (RA) [12–16]. Due to its highly reactive electro-
philic nature, MGO can spontaneously form covalent bonds with various 
biomolecules, such as nucleic acids and proteins, and affect several 
physiological and pathological processes [9]. Over the past decades, 
numerous studies have focused on elucidating the role of MGO in 
aging-related diseases, such as diabetes, cancer, and neurodegenerative 
diseases [12–14]. However, the roles and mechanisms of MGO in in-
flammatory diseases are still not fully understood. 

Therefore, in this study, we observed that activated immune cells 
showed elevated levels of MGO accumulation. Specifically, MGO treat-
ment inhibits microglial cell activation and restrains CNS autoimmunity 
in a mouse model of experimental autoimmune encephalomyelitis 
(EAE). Furthermore, MGO mechanistically activated the nuclear factor 
erythroid 2-related factor 2 (NRF2) antioxidant pathway and subse-
quently reduced M1 polarization and pro-inflammatory cytokine pro-
duction in microglial cells. 

2. Materials and methods 

2.1. Animals 

C57BL/6 J mice aged 7–8 weeks were obtained from Shandong 
Baipeng Biotechnology Co., Ltd. They were housed in a specific 
pathogen-free (SPF) facility with a 12 h light/dark cycle with free access 
to food and water. All animal experimental procedures were reviewed 
and approved by the Institutional Animal Care and Use Committee of the 
First Affiliated Hospital of Shandong First Medical University. 

2.2. EAE induction and treatment 

EAE was induced according to previously established methods [17, 
18]. Briefly, mice were subcutaneously immunized with 200 mg MOG 
35–55 peptide emulsified in complete Freund’s adjuvant containing 0.4 
mg Mycobacterium tuberculosis H37 Ra (BD Difco) and intraperitoneally 
injected with 200 ng pertussis toxin (List Biological Laboratories) on 
days 0 and 2 post-immunization. The mice were randomly divided into 
MGO and control groups which were treated with 500 mg/kg MGO 
(dissolved in water) or equal volume of vehicle (water) twice a day at 10 
days post immunization. Clinical evaluation was performed daily as 
follows: 0, no clinical signs; 1, limp tail; 2, limp tail, impaired righting 
reflex, and paresis of one limb; 3, hind limb paralysis; 4, hind limb and 
forelimb paralysis; and 5, moribund. 

2.3. Cell culture 

BV2 mouse microglia cells were obtained from Procell Life Science & 
Technology Co., Ltd. (Wuhan, China) and cultured in minimum Eagle’s 
medium (MEM, Gibco) supplemented with 10% fetal bovine serum (FBS, 
Gibco) and 1% penicillin (100 U/ml) or streptomycin (100 μg/mL) 
(Gibco). The cells were incubated in a 5% CO2 incubator at 37 ◦C. Cells 
were stimulated with 1 μg/mL LPS (E. coli, Sigma Aldrich) or 10 ng/mL 
IL-4 (214–14, Peprotech) and 10 ng/mL IL-13 (210–13, Peprotech) in 
the presence of MGO or not for indicated time. Unless otherwise speci-
fied, the concentration of MGO was 200 μM. 

2.4. Real-time PCR 

Total RNAs from cultured cells were extracted and purified with RNA 
Easy Fast Tissue/Cell Kit (TIANGEN Cat# DP451), followed by reverse 
transcription using PrimeScript™ RT reagent Kit with gDNA Eraser 
(Takara Cat# RR047A). Real-time PCR was performed on a Bio-
RadCFX96™ using ChamQ SYBR qPCR Master Mix (Vazyme Cat# Q321- 
02); β-actin was used as endogenous control. The primer sequences were 
obtained from published literature or PrimerBank and are listed in the 
Supplemental Materials (Table S1). 

2.5. Western blot 

Cells were lysed with cold RIPA buffer containing protease inhibitor 
cocktail (Beyotime, Beijing, China, P1005). Lysates were resolved by 
SDS–PAGE and proteins were transferred onto PVDF membranes (Mil-
lipore). After blocking with QuickBlock Western blocking buffer 
(Beyotime, P0252), the protein was detected with anti-mouse IκBζ 
antibody (1:1000 dilution, Cell Signaling Technologies, 93726s) and 
anti-NRF2 antibody (1:1000 dilution, Cell Signaling Technologies, 
12721s). The horseradish peroxidase-conjugated anti-rabbit IgG sec-
ondary antibody was used and Blots were developed on a Bio-rad 
Scanner. 

2.6. Histochemistry and immunofluorescence 

The spinal cords were fixed with 4% paraformaldehyde (PFA), 
embedded in paraffin, and cut into slices of 4 μm thickness. After 
deparaffinization and rehydration, hematoxylin-eosin (HE) and Luxol 
Fast Blue (LFB) staining were performed as previously described [19]. 
For fluorescence immunohistochemistry, the sections were incubated 
overnight with mouse monoclonal primary antibody against IBA1 
(Servicebio, GB12105, 1:150) at 4 ◦C, followed by staining with a 
donkey anti-mouse IgG secondary antibody (Abcam, ab150108, 1:200). 
For fluorescence immunocytochemistry, the cells were harvested after 
gently repeated blowing, centrifuged at 1000 rpm, fixed with 4% PFA, 
permeabilized with 0.1% Triton ×100, and incubated with primary 
mouse monoclonal anti-MGO antibody (Abcam, ab243074, 1:200) at 
4 ◦C overnight, followed by staining with donkey anti-mouse IgG sec-
ondary antibody (Abcam, ab150108, 1:200). All images were captured 
using Olympus BX51 or LEICA DMi8 microscope. 

2.7. Cytometric bead-based immunoassay for multiplex cytokine profiling 

Multiplex cytokine profiling of supernatants of stimulated BV2 cells 
was carried out using LEGENDplex™ Mouse Macrophage/Microglia 
Panel (13-plex) (Biolegend, Cat# No. 740846) was used according to the 
manufacturer’s instructions. Data was acquired using a CytoFLEX S Flow 
Cytometer (Beckman Coulter) and analyzed using LEGENDplex™ data 
analysis software (Biolegend). 

2.8. Supernatant H+ concentration was measurement 

The supernatant H+ concentration was figured out by direct 
measuring the color change of phenol red (a traditional pH indicator 
dye) in the cell culture medium [20,21]. The standard samples with 
different H+ concentration (0, 0.3125, 0.625, 1.25, 2.5, 5 and 10 mM) 
were prepared by adding HCl into cell culture medium describe above. 
Then the absorption spectra of the standard samples and cell culture 
supernatant were taken using microplate reader (BioTek). 

2.9. Glucose consumption assay 

The glucose concentration in the supernatant was measured using 
glucometer (Sinocare Inc., Changsha, China) before and after cell cul-
ture. Glucose consumption was calculated by subtracting the remaining 
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glucose concentration after culture from the initial glucose 
concentration. 

2.10. Spleen, lymph node and CNS-infiltrating leukocyte isolation 

The spleen and lymph node were minced through a 70 μm cell filter 
to obtain a single-cell suspension. For the splenocytes, the red blood cell 
(RBC) lysis buffer was added to remove red blood cells, and CNS- 
infiltrating leukocytes were isolated through density gradient centrifu-
gation. Briefly, after perfusing with PBS, the spinal cords were minced 
using a 70 μm cell filter and centrifuged at 1500 rpm for 5 min. The 
resulting pellet was collected and resuspended in 30% Percoll, layered 
on top of a 70% Percoll solution, and centrifuged at 800 g for 20 min. 
The intermediate cell layer was carefully harvested and extensively 
washed with cold PBS. 

2.11. Flow cytometry 

After extensive washing with a flow cytometry buffer (PBS with 2% 
FBS), the cells were stained with the following fluorescein-conjugated 
antibodies: CD3 (Alexa Fluor® 700, 17A2, Biolegend), CD4 (FITC, 
RM4-5, BioLegend; PE/Cyanine7, GK1.5, Biolegend), CD8 (PE, 53–6.7, 
Biolegend), CD11b (Brilliant Violet 421, M1/70, Biolegend), CD19 
(PerCP/Cyanine 5.5, 6D5,Biolegend), CD25 (PE, PC61, BioLegend), 
CD45 (APC/Cyanine7,30-F11, Biolegend), CD80 (PE, 16-10A1, Bio-
Legend), CD86 (PerCP, GL-1, BioLegend), MHC II (APC, M5/114.15.2, 
BioLegend), PD-1 (APC, 29 F.1A12, Biolegend), CXCR5 (PE, L138D7, 
Biolegend), and Foxp3 (Alexa Fluor® 647, 150D, BioLegend). To detect 
Th1 and Th17 cells, mononuclear cells from the spleen and lymph nodes 
were stimulated with a Cell Stimulation Cocktail (eBioscience) for 4 h. 
After staining with live/dead fluorescent dye (Zombie Yellow Dye, 
BioLegend) and CD4 antibody (FITC, RM4-5, BioLegend), cells were 
fixed with 2% paraformaldehyde (PFA), washed with permeabilization 
buffer (eBioscience™), and counterstained with IL-17 (PECY5.5, 
eBio17B7, eBioscience™) and IFN-γ (PE, XMG1.2, BioLegend) 
antibodies. 

For flow cytometry analysis, BV2 cells were harvested and washed 
with flow cytometry buffer, followed by staining with the following 
conjugated antibodies: CD80 (PE, 16-10A1, BioLegend), CD86 (PerCP, 
GL-1, BioLegend), MHC II (APC, M5/114.15.2, BioLegend), and GLUT1 
(unconjugated, 21829-1-AP, Proteintech). Whereas, for unconjugated 
primary antibodies, the cells were stained with a fluorescein-conjugated 
secondary antibody, i.e., Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488, 
Abcam). To detect intracellular proteins, the cells were fixed with 2% 
PFA, washed with permeabilization buffer (eBioscience), and stained 
with iNOS (PE/Cyanine7, CXNFT, eBioscience), Arg-1 (Alexa Fluor 488, 
A1exF5, eBioscience), or NRF2 (unconjugated, 16396-1-AP, 
Proteintech). 

For intracellular MGO detection, cells were resuspended in the cul-
ture medium, stained with a living-cell fluorescent probe for MGO for 
30 min at 37 ◦C, and detected using flow cytometry as described pre-
viously [22]. All data were analyzed using FlowJo 10.4 software. 

2.12. Detection of mitochondrial membrane potential by JC-1 

BV2 cells were seeded in a 6-well plate, and cell induction and drug 
intervention were performed as described above. The JC-1 fluorescent 
probe (Beyotime Cat# C2006) was assembled according to the manu-
facturer’s instructions. Data were collected using flow cytometry. 

2.13. Transwell migration assays 

To assess lymphocyte migration in vitro, BV2 cells were seeded in the 
lower chamber and treated with LPS, LPS plus MGO, or the vehicle alone 
for 12 h. Following three thorough washes with PBS, a fresh culture 
medium was added to the chamber, and splenocytes were introduced to 

the upper chamber (4 μm pore size; BD Falcon). After 12 h of co-culture, 
the cells in the lower chamber were harvested and stained with 
fluorescein-conjugated antibodies against CD3 (APC, 17A2, BioLegend) 
and CD4 (FITC, RM4-5, BioLegend). The stained cells were quantified 
using flow cytometry. 

2.14. RNA sequence and data analysis 

BV2 mouse microglia cells were stimulated with LPS in the presence 
of 200 μM MGO. After 24 h, cells were harvested and washed once with 
PBS before being lysed in TRIzol for 5 min at room temperature and 
frozen at − 80 ◦C. The samples were sent to Novogene (Novogene. com) 
for library preparation and sequencing. Raw data (raw reads) in fastq 
format were first processed through in-house Perl scripts into low- 
quality reads. After mapping to the reference genome by Hisat2 
(v2.0.5), FPKM was calculated based on the read count and length of 
each gene. In addition, differential expression analysis of the two groups 
was performed using the DESeq2 R package (version 1.20.0). To control 
the false discovery rate, p-values were adjusted using Benjamini and 
Hochberg’s approach, with padj ≤0.05 and |log 2 (fold change) | ≥ 1 
considered statistically significant. Gene Ontology (GO) enrichment 
analysis of differentially expressed genes was performed using the 
clusterProfiler R package (3.8.1). 

2.15. Small interfering RNA (siRNA) and plasmid transfection 

NRF2 siRNA (si-NRF2, sense, 5′-UUGGGAUUCACGCAUAGGAGCA-
CUG-3′; antisense, 5′-CAGUGCUCCUAUGCGGAAUCCCAA-3′) [23] and 
negative control (NC) siRNA were purchased from Genomeditech. 
IκBζ-overexpression and control plasmids were purchased from 
Genomeditech. The luciferase reporter plasmid (IκBζ-promotor-Luc), 
which contains an approximately 2 kb upstream region of the IκBζ-gene 
TSS followed by firefly luciferase, as well as the internal control reporter 
plasmid expressing Renilla luciferase (Renilla-Luc), were purchased 
from Genomeditech. BV2 cells were transfected with siRNA and the 
specified plasmids using electroporation, following the manufacturer’s 
instructions (BEX CUY21EDIT II). The transfection efficiency was 
assessed using real-time PCR. After 24 h of transfection, BV2 cells were 
stimulated with 1 μg/mL LPS ±200 μM MGO. 

2.16. Luciferase reporter assays 

Luciferase reporter assays were performed as follows: BV2 cells were 
transfected with the specified expression plasmids together with the 
luciferase reporter plasmid (promoter-Luc), and the internal control 
plasmid (Renilla-Luc) by electroporation. At 24 h after treatment, the 
cells were lysed; the luciferase activity was measured using the Dual- 
luciferase Reporter System (Vazyme). The luciferase activity was 
normalized to the Renilla luciferase activity of the internal control 
reporter. 

2.17. Chromatin immunoprecipitation (ChIP) and qPCR 

ChIP was performed using a Pierce Agarose ChIP kit (Thermo Sci-
entific) according to the manufacturer’s instructions. BV2 cells were 
seeded in 75 cm2 plates and treated as previously described. After 
washing with cold PBS, BV2 cells were fixed with 1% (w/v) formalde-
hyde, quenched with glycine, incubated with lysis buffer, and centri-
fuged to obtain nuclear pellets. The nuclei were subsequently digested 
with micrococcal nucleases to generate chromatin fragments. After 
reserving 10% of the digested chromatin as the input, the remaining 
samples were incubated with rabbit anti-NRF2 monoclonal antibody 
(Cell Signaling Technology, D1Z9C) or rabbit IgG and retrieved with 
protein A/G agarose beads. The samples were then incubated at 65 ◦C 
for 40 min and digested with proteinase K. The DNAs were recovered 
using a column-based isolating method, and a qPCR analysis was 
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performed using the following primers: forward: 5′-TGCACAA-
CACTGAAGGGGTT-3,’ reverse: 5′-CCAATAGGACAGCGGGTGTT-3.’ The 
values obtained from the immunoprecipitated samples were normalized 
to those of the input DNA. 

2.18. Statistical analysis 

All data were analyzed using appropriate tests, including Student’s t- 
test, one-way ANOVA, or two-way ANOVA, as applicable. The results are 
presented as mean values with standard error of the mean (SEM). Sta-
tistical significance was considered at p < 0.05. GraphPad Prism version 
9 was used for data analysis. 

3. Results 

3.1. MGO was accumulated in multiple immune cells after stimulation 

Boosted glucose uptake and flux through glycolysis are some of the 
most common metabolic reprogramming processes in immune cells after 
activation. In addition to supporting the energy and biosynthetic 

demands of proliferation, glycolysis also leads to the generation of 
versatile metabolites, such as MGO (Figure s1). Indeed, it has been re-
ported that MGO was significantly increased in polarized macrophages 
and the spinal cord of EAE mice [15,24]. In this study, by using a 
living-cell fluorescent probe for MGO, kindly provided by Wang et al. 
[22], we found that the intracellular levels of MGO were remarkably 
upregulated in LPS-stimulated microglial cell lines (Fig. 1a). MGO is a 
potent glycation agent that reacts with amino acids to form 
MGO-modified proteins (MGO-p) [10]; thus, intracellular MGO-p levels 
can serve as a proxy for MGO production. In line with the increased 
intracellular MGO levels in activated immune cells, intracellular MGO-p 
levels in BV2 cells were considerably elevated after activation with LPS, 
as illustrated by immunofluorescence (Fig. 1b). 

Similarly, CD4+ and CD8+ lymphocytes activated with anti-CD3 and 
CD28 antibodies also showed accumulation of intracellular MGO as well 
as increased intracellular MGO-p (Fig. 1c and d, respectively). Inter-
estingly, we found that Th1 (CD4+IFN-γ+) and Th17 (CD4+IL-17+) 
cells contained more intracellular MGO-p than non-Th1(CD4+IFN-γ-) 
and non-Th17 (CD4+IL-17-) cells (Fig. 1e and f). However, there was no 
difference between Treg (CD4+Foxp3+) and non-Treg (CD4+Foxp3-) 

Fig. 1. MGOs are accumulated in activated immune 
cells. 
(a) BV2 cells were stimulated with LPS (1 μg/mL) for 
24 h. Intracellular MGO level was assessed using a 
fluorescent probe and detected through flow cytom-
etry. (b) Immunofluorescent stain for intracellular 
MGO-modified proteins (MGO-p) in BV2 cells stimu-
lated with LPS (1 μg/mL) for 24 h. (c) Mouse splenic 
CD3+ T cells were isolated and stimulated with anti- 
CD3 (1 μg/mL) and anti-CD28 (1 μg/mL) antibodies 
for the indicated time. Intracellular MGO levels were 
determined using a fluorescent probe and analyzed by 
flow cytometry. (d) Mouse splenic CD3+ T cells were 
isolated and stimulated with anti-CD3 (1 μg/mL) and 
anti-CD28 (1 μg/mL) antibodies for the indicated 
time. Intracellular MGO-p were measured using flow 
cytometry. (e) Flow cytometry analysis of intracel-
lular MGO-p in Th1 (CD4+IFN-γ+), non-Th1 
(CD4+IFN-γ-), Th17 (CD4+IL-17+), non-Th17 
(CD4+IL-17-), Treg (CD4+Foxp3+), and non-Treg 
(CD4+Foxp3-) cells. *p < 0.05; **p < 0.01; ***p <
0.001. Ns, not significant. Three independent experi-
ments were performed.   
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cells (Fig. 1g). These results were easy to interpret because Treg cells 
predominantly rely on mitochondrial OXPHOS, whereas Th1 and Th17 
cells exhibit high glycolysis levels and consequently produce more 
MGOs. Overall, MGO accumulation is a common feature of activated 
immune cells that engage in enhanced glycolysis, and the increased 
MGO levels in the spinal cords of EAE mice may be attributed to the 
collective action of multiple immune cells. 

3.2. MGO diminished CNS inflammation in EAE mice 

To directly assess the role of MGO in the pathogenesis of EAE, 
C57BL/6 J mice were induced using EAE models and treated with MGO 
at 10 days after the immunization (Fig. 2a). Surprisingly, oral admin-
istration of 500 mg/kg MGO (dissolved in distilled water) twice daily 
ameliorated the clinical symptoms of EAE mice and alleviated the 
associated body weight loss (Fig. 2b). Concordantly, spinal cords from 
MGO-treated mice exhibited less inflammatory cell infiltration and 
demyelination in white matter, as illustrated by HE and LFB staining 
(Fig. 2c). Likewise, immunofluorescence staining showed fewer micro-
glial cells in the lesion tissues of MGO-treated mice (Fig. 2d). However, 
neither the proportion nor the number of helper T cell subtypes, 
including Th1 (CD4+IFN-γ+), Th17 (CD4+IL-17+), and Tregs 
(CD4+CD25+Foxp3+), in the spleen and lymph nodes was statistically 
different between the two groups (Fig. S2). These results indicate that 
MGO might diminish EAE progression by targeting immune cells in the 
central nervous system but not peripheral immune organs. Flow 
cytometry analysis revealed fewer CD3+ T lymphocytes, CD4+ helper T 
cells, CD8+ cytotoxic T cells, and CD19+ B lymphocytes in the spinal 
cord of MGO-treated EAE mice (Fig. 2e and f). Furthermore, Th1 and 
Th17 cells were decreased in the CNS after MGO treatment (Fig. 2g), and 
no significant difference in the number of microglial cells between 
control and MGO-treated mice was observed (Fig. 2h). Additionally, the 
activation of microglial cells was gradually inhibited by MGO as the 
expressions of CD80, CD86, and MHC II in microglial cells were down-
regulated after MGO treatment (Fig. 2i). 

3.3. MGO modulated microglia polarization in vitro 

Microglia, the main immune cells of the CNS, play a critical role as 
resident immunocompetent cells in the pathogenesis of MS/EAE. Like 
macrophages, microglial cells are highly adaptable to various micro-
environmental clues. Based on their phenotypes and functions, micro-
glial cells are traditionally categorized into M1 and M2 subtypes, which 
can be induced by LPS or IL-4 plus IL-13, respectively. To determine 
whether MGO modulates microglial cell polarization, BV2 cells were 
treated with MGO under different polarization conditions. Importantly, 
treatment with MGO did not significantly change the BV2 cell 
morphology or increase the cell apoptosis rate (Figs. S3a and S3b), thus, 
indicating that this treatment was well tolerated by BV2 cells in vitro. 
However, the treatment of BV2 cells with MGO resulted in a dose- 
dependent reduction in LPS-induced M1 polarization, as shown by the 
decreased inducible nitric oxide synthase (iNOS) expression observed 
through flow cytometry (Fig. 3a). In contrast, MGO did not significantly 
interfere with M2 polarization (Fig. 3b), indicating that MGO could 
modulate the balance between M1 and M2 polarization. To investigate 
this hypothesis, BV2 cells were cultured in media supplemented with 
LPS, IL-4, and IL-13 and simultaneously polarized to the M1 and M2 
phenotypes (Fig. S3c). Consistent with our hypothesis, treatment with 
MGO upregulated the ratio of M2 to M1 phenotypes in BV2 cells 
(Fig. S3c). Further real-time PCR and flow cytometry analysis illustrated 
that the inflammation-relative genes, such as IL-1β and IL-6, were down- 
regulated after MGO treatment (Fig. 3c to e). However, the expression 
levels of TNF-α were not different between the control and MGO-treated 
BV2 cells, which was confirmed by flow cytometry and real-time PCR 
(Fig. 3f). 

To address the effects of MGO on cytokine production in BV2 cells, 

we performed multiplex cytokine profiling of cell culture supernatants 
using a cytometric bead-based immunoassay. The pro-inflammatory 
cytokines such as IL-1β, IL-6, IL-12, and IL-18 were markedly inhibited 
by MGO treatment (Fig. 3g). In addition, the levels of traditional anti- 
inflammatory cytokines, such as IL-10, decreased after MGO incubation. 

3.4. MGO inhibited the capacity of microglia cells to recruit and activate 
lymphocytes 

Overactive microglia play a critical role in EAE pathogenesis. First, 
chemokines secreted by microglial cells are responsible for the recruit-
ment of autoreactive T lymphocytes to the CNS. Additionally, microglial 
cells activate autoreactive T lymphocytes by presenting autoantigens 
and producing inflammatory cytokines. Interestingly, in this study, 
MGO suppressed the antigen presentation capacity of microglial cells by 
inhibiting the expressions of CD80, CD86, and MHC II (Fig. 4a and b), 
which was consistent with the in vivo observations (Fig. 2i). However, 
the expressions of CD25 and ICOS in lymphocytes were markedly 
upregulated in LPS-stimulated BV2 cells compared to that in inactivated 
BV2 cells (Fig. 4c and d). Moreover, as expected, MGO diminished the 
activation effects of M1-polarized BV2 cells on lymphocytes (Fig. 4c and 
d). 

Since MGO can also repress the secretion of chemokines such as 
CXCL2, CCL7, and CCL12 from BV2 cells (Fig. 4e), we analyzed the in-
fluence of MGO on the ability of BV2 cells to recruit inflammatory cells 
using a transwell assay. To exclude the direct effects of MGO on sple-
nocytes, activated BV2 cells were pre-conditioned with MGO for 12 h 
and washed extensively with PBS before being co-cultured with sple-
nocytes. As shown in Fig. 4f, the MGO-conditioned BV2 cells were less 
capable of recruiting T lymphocytes. This is consistent with the in vivo 
observations, in which MGO-treated mice showed less inflammatory cell 
infiltration in the spinal cord (Fig. 2f). 

3.5. MGO suppressed microglia cell glycolysis by decreasing GLUT1 
expression 

Metabolites can form positive or negative autoregulatory feedback 
on metabolic pathways. Thus, as a nonenzymatic byproduct of the 
glycolytic pathway, it would be interesting to consider whether MGO 
could affect the glycolytic pathway. Extracellular acidification is a 
commonly used index for monitoring glycolysis. Phenol red is often used 
as a pH indicator in the culture medium: its color gradually changes 
from yellow to red over the pH range of 6.6–8.0. We measured the ab-
sorption spectra of the complete culture medium with different con-
centrations of hydrochloric acid. As shown in Fig. 5a, there were two 
absorption peaks for the complete culture medium, corresponding to 
415 and 560 nm. With an increase in the hydrochloric acid concentra-
tion, the absorbance at 415 nm increased, whereas that of 560 nm 
decreased. The ratios between the absorbance at 415 and 560 nm 
showed a linear correlation with the hydrochloric acid concentration 
(Fig. 5a). These results suggest that spectrophotometry can serve as a 
convenient and efficient approach for monitoring extracellular acidifi-
cation. Consequently, we applied this method to detect acidification of 
the culture medium and found that LPS-activated BV2 cells produced a 
significant amount of acid in the culture medium compared to BV2 cells 
in their resting state (Fig. 5b). Interestingly, the addition of MGO 
reversed the activation-induced acid production in BV2 cells (Fig. 5b). 

Furthermore, in line with abrogated glycolysis, the glucose con-
sumption rate of BV2 cells was also diminished by MGO treatment 
(Fig. 5c). Glucose transporters (GLUTs) accomplish the movement of 
glucose from the extracellular space into cells. Therefore, targeting 
GLUTs is a key metabolic checkpoint in several immune cells, including 
T lymphocytes and microglia cells [25–27]. The GLUT family comprises 
at least 14 members with distinct tissue distributions. Specifically, 
GLUT1 is essential for glucose uptake by microglia cells [25], and 
immunofluorescence staining revealed that GLUT1 expression was 
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Fig. 2. MGO treatment diminishes experimental autoimmune encephalomyelitis. 
(a) Schematic of EAE immunization and treatment. EAE mice were treated with 500 mg/kg MGO (dissolved in water) or equal volume of vehicle (water) twice a day 
at 10 days post immunization. (b) Mean clinical scores and body weights of EAE in MGO-treated (MGO) mice or controls. (c) Cross-sectional images of the spinal cord 
stained with hematoxylin and eosin (HE) and Luxol Fast Blue (LFB). (d) Immunofluorescent staining for IBA-1 in the spinal cord. (e) Gating strategy for immune cells 
in the spinal cords of EAE mice. (f) Quantification of CD3+ T cells, CD3+CD4+ T cells, CD3+CD8+ T cells, and B cells in the spinal cords of EAE mice. (g) 
Quantification of Th1 (CD4+IFN-γ+) and Th17 (CD4+IL-17+) cells in the spinal cords of EAE mice. (h) Quantification of microglia cells (CD45lowCD11b+) in the 
spinal cords of EAE mice. (i) Quantification of CD80, CD86 or MHC II-positive microglia cells (CD45lowCD11b+) in the spinal cords of EAE mice. Pooled data for two 
independent experiments. N = 6 for each group. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Ns, not significant. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. MGO modulates microglia polarization in vitro. 
(a) Flow cytometry analysis of iNOS expression in BV2 cells treated with LPS and different concentrations of MGO for 24 h. (b) BV2 cells were stimulated with IL-4 
plus IL-13 in the presence or absence of MGO for 24 h, and the expression of Arg-1 was analyzed by flow cytometry. (c and d) Flow cytometry analysis of IL-1β and IL- 
6 expressions in BV2 cells treated with LPS ± 200 μM MGO for 24 h. (e) Real-time PCR analysis of IL-1β and IL-6 expressions in BV2 cells treated with LPS ± 200 μM 
MGO for 24 h. (f) Flow cytometry and real-time PCR analysis of TNF-α expression in BV2 cells treated with LPS ± 200 μM MGO for 24 h. (g) BV2 cells treated with 
LPS and 200 μM MGO for 12 or 24 h, multiplex cytokine profiling of supernatants was analyzed by cytometric bead-based immunoassay. *p < 0.05; **p < 0.01; ***p 
< 0.001. Ns, not significant. Three independent experiments were performed. 
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reduced in MGO-conditioned BV2 cells (Fig. 5d), as confirmed by flow 
cytometry (Fig. 5e). However, MGO did not interfere with the oxidative 
phosphorylation of BV2 cells, as equal levels of mitochondrial mem-
brane potential were observed in the control and MGO groups (Fig. 5f). 
These results suggest that MGO inhibits glycolysis in M1-polarized BV2 
cells by decreasing GLUT1 expressions. 

3.6. MGO exerts anti-inflammatory effects on microglia cells by 
supressing IκBζ transcription 

To obtain an overall perspective on the immunomodulatory effects of 
MGO, we performed mRNA sequencing of BV2 cells under M1- 
polarization conditions. In total, 235 genes were differentially 
expressed after treatment with MGO, of which 111 were upregulated 
and 125 were downregulated (Fig. 6a). GO classification and enrich-
ment analyses revealed that many genes involved in inflammatory 
response were differentially expressed (Fig. 6b). Except for a few genes, 
we observed a general decrease in the expression of inflammatory 
response-related genes in response to MGO treatment, including Il1a, Il- 

1b, Il-6, and Il12b (Fig. 6c). 
To address the mechanisms of anti-inflammatory effects of MGO, we 

perform gene set enrichment analysis (GSEA) of RNA-seq data described 
above and found that the Toll-like receptor and NF-κB pathways were 
remarkably suppressed after treatment with MGO (Fig. 6d and e). NF-κB 
is a transcriptional factor that controls the expression of varieties of 
cytokines and other immune regulators. According to kinetics, the NF-κB 
target genes can be categorized into two groups, rapid or delayed 
expression. The rapid-expressed genes include TNF-α, while the delayed- 
expressed genes include IL-1β, IL-6, IL-12, CCL2, and M-CSF. One known 
factor that influences the regulation of delayed-expressed genes is IκBζ 
[28,29]. Interestingly, treatment with MGO considerably diminished 
delayed-expressed genes in the NF-κB pathway, such as IL-1β, IL-6, and 
IL-12 (Fig. 6c), but not rapid-expressed genes (Fig. 3f), which indicated 
MGO might influence NF-κB pathway by targeting IκBζ. To test our 
hypothesis, the expression levels of IκBζ were determined using RT-PCR 
and western blot. Indeed, expressions of IκBζ were decreased upon MGO 
treatment both at mRNA and protein levels (Fig. 6f), and as expected, 
the overexpression of IκBζ by transfection with IκBζ-overexpression 

Fig. 4. MGO inhibits the capacity of microglia cells to recruit and activate lymphocytes. 
BV2 cells were stimulated with 1 μg/mL LPS ±200 μM MGO for 12 h. (a and b) The expressions of CD80, CD86, and MHC II on the surface of BV2 cells were measured 
using flow cytometry. (c and d) BV2 cells were washed three times with PBS and co-cultured with purified mouse splenic T lymphocytes at a ratio of 1:10. After 3 d, 
the cells were harvested, stained with antibodies against CD4, CD25, and ICOS, and analyzed using flow cytometry. (e) Expressions of CXCL2, CCL7, and CCL12 were 
detected using real-time PCR. (f) A transwell assay was applied to lymphocytes co-cultured with LPS or LPS plus MGO-stimulated BV2 cells, and cell numbers were 
counted by flow cytometry. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Ns, not significant. Three independent experiments were performed. 
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plasmid reversed the inhibitory effects of MGO on IL-1β and iNOS ex-
pressions (Fig. 6g), indicating that IκBζ was responsible for the 
anti-inflammatory effects of MGO. 

Previous studies have illustrated that mRNA stability plays a critical 
role in the regulation of IκBζ expression [30]. However, in this study, 
MGO did not affect the degradation of IκBζ mRNA, as the mRNA decayed 
with the same kinetics in both control and MGO-treated BV2 cells after 
terminating the transcription of IκBζ mRNA with doxycycline (dox) 
(Fig. 6h). In addition, the transcription level of MCPIP, which was 
responsible for the degradation of IκBζ mRNA, was also not changed 
after MGO treatment (Fig. 6i). Using the luciferase reporter construct, 
which contains the promoter (-1–2000 bp) of IκBζ followed by firefly 
luciferase, we found that MGO suppressed luciferase activity stimulated 
by LPS (Fig. 6j). These results indicated that MGO inhibited IκBζ 
expression by suppressing its transcriptional activity. 

3.7. The anti-inflammatory effects of MGO on microglia cells were 
depended on NRF2 pathway 

NRF2 is a master transcriptional regulator of genes whose products 
protect the cells against oxidative stress. NRF2 exhibits both antioxidant 

and anti-inflammatory properties. During oxidative stress, NRF2 is 
activated, translocated to the nucleus, upregulating several antioxidant 
genes, including heme oxygenase-1 (HO-1), NQO-1, GCLM, and GCLC. 
Previous studies have revealed that MGO activates the NRF2 signaling 
pathway [31], and in this study, treatment with MGO remarkably 
enhanced the expression of HO-1, NQO-1, GCLM, and GCLC (Fig. 7a). 
Immunofluorescence staining revealed that nuclear accumulation of 
NRF2 in microglial cells increased after MGO treatment (Fig. 7b). 

To assess the requirement of NRF2 for the immunosuppressive effects 
of MGO, microglial cells were transfected with NRF2-siRNA or control 
siRNA prior to LPS and MGO stimulation. As illustrated in Fig. 7c, 
transfection with NRF2-siRNA efficiently blocked NRF2 transcription. 
However, interference with this pathway reversed the MGO-stimulated 
HO-1, NQO-1, GCLM, and GCLC upregulation (Fig. S4a). Likewise, 
siRNA-mediated knockdown of NRF2 in BV2 cells reversed the inhibi-
tory effects of MGO on inflammatory cytokine transcription and iNOS 
expression (Fig. 7d and e). Interestingly, the supplementation of the 
culture medium with GSH, a key antioxidant that scavenges free oxygen 
radicals and suppresses the NRF2 pathway, reversed the MGO-induced 
upregulation of HO-1, NQO-1, GCLM, and GCLC (Fig. S4b). Addition-
ally, MGO did not inhibit IL-1β expression in the presence of exogenous 

Fig. 5. MGO suppresses microglia cell glycolysis by decreasing GLUT1 expression. 
(a) The absorption spectrum of the complete culture medium with different concentrations of hydrochloric acid (left) and correlation analysis of ratios of absorbance 
at 415–560 nm with the concentrations of hydrochloric acid (right). (b) Acid concentration in the supernatant of BV2 cells treated with 1 μg/mL LPS ± 200 μM MGO 
for 24 h. (c) Glucose consumption of BV2 cells treated with 1 μg/mL LPS ± 200 μM MGO was measured after 6- and 24-h incubation. (d) Immunofluorescent stain of 
GLUT1 on BV2 cells after treatment with LPS ± 200 μM MGO for 24 h. (e) Flow cytometry analysis of GLUT1 on the surface of BV2 cells treated with LPS ± 200 μM 
MGO for 24 h. (f) BV2 cells were stimulated with 1 μg/mL LPS ± 200 μM MGO for 24 h. Mitochondrial membrane potentials were addressed using JC-1 fluorescent 
probe and analyzed by flow cytometry. Three independent experiments were performed. *p < 0.05; **p < 0.01; ***p < 0.001. Ns, not significant. 
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Fig. 6. MGO restrains pro-inflammatory cytokine production by suppressing IκBζ expression. 
BV2 cells were stimulated with 1 μg/mL LPS and 200 μM MGO for 24 h. Gene expression was determined using RNA sequencing. (a) Heatmap depicting differentially 
expressed genes between LPS-stimulated and LPS plus MGO-conditioned BV2 cells. (b) GO analysis of differentially expressed genes between the two groups. (c) 
Heatmap depicting differentially expressed genes related to inflammatory responses. (d and e) GSEA of enriched Toll-like receptor and NF-κB signaling pathways. (f) 
Real-time PCR and western blot analysis of IκBζ (Nfkbiz) expression in BV2 cells stimulated with 1 μg/mL LPS and 200 μM MGO for 24 h. (g) BV2 cells were 
electroporated with IκBζ-expression plasmid (IκBζ-plasmid) or control plasmid (NC-plasmid) and stimulated by 1 μg/mL LPS ± 200 μM MGO for 24 h. Expression 
levels of IL-1β and iNOS were determined using flow cytometry. (h) BV2 cells were stimulated with 1 μg/mL LPS ± 200 μM MGO for 2 h and treated with doxycycline 
for the indicated time. The Nfkbiz (IκBζ) mRNAs were determined by real-time PCR. (i) BV2 cells were stimulated with 1 μg/mL LPS ± 200 μM MGO for 24 h, and the 
expression of Mcpip was analyzed by real-time PCR. (j) BV2 cells were electroporated with firefly luciferase-reporter plasmid (IκBζ-promotor-Luc) and the internal 
control plasmid (Renilla-Luc) and stimulated with 1 μg/mL LPS ± 200 μM MGO for 24 h. Firefly luciferase activity was determined and normalized to the Renilla 
luciferase activity. Three independent experiments were performed. *p < 0.05; **p < 0.01; ***p < 0.001. Ns, not significant. 
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GSH (Fig. S4c). Taken together, these results indicate that MGO sup-
presses the inflammatory response by activating the NRF2 pathway. 

NRF2 counteracts the inflammatory response at multiple layers. 
Based on the observation from the above experiments, we hypothesized 
that NRF2 could directly affect IκBζ expression at the transcription level. 
Indeed, suppressing NRF2 expression with NRF2-siRNA upregulated 
IκBζ expression at both the mRNA and protein levels (Fig. 7f and g). 
Using the JASPAR database, we identified several putative binding 
motifs in the promoter region of the IκBζ gene (Fig. 7h), and using the 

Cistrome data browser, we found the NRF2-binding peaks at the pro-
moter region of the IκBζ gene both in mice and humans (Figs. S5a and 
S5b). Besides, the chromatin immunoprecipitation (ChIP) assay 
confirmed that NRF2 is recruited to the promoter region of IκBζ, and this 
recruitment was enhanced after MGO treatment (Fig. 7i). 

4. Discussion 

Metabolic reprogramming is a crucial process in the activation and 

Fig. 7. MGO suppresses pro-inflammatory cytokine production through the NRF2 pathway. 
(a) Real-time PCR analysis of Ho1, Nqo1, Gclc, and Gclm of BV2 cells stimulated with 1 μg/mL LPS ± 200 μM MGO for 12 and 24 h. (b) Immunofluorescent stain of 
NRF2 in BV2 cells after treatment with LPS ± 200 μM MGO for 24 h. (c) BV2 cells were electroporated with NRF2-siRNA or NC-siRNA and stimulated with 1 μg/mL 
LPS ± 200 μM MGO for 24 h. NRF2 knock-down efficiency after NRF2-siRNA electroporation detected by real-time PCR. (d) Expression of IL-1β was addressed by 
real-time PCR. (e) Expressions of iNOS were determined by flow cytometry. (f and g) Expression of IκBζ was addressed by real-time PCR and Western blot. (h) 
Putative NRF2-binding site at IκBζ promoter predicted by JASPAR. (i) BV2 cells were stimulated with LPS ± 200 μM MGO for 6 h, and ChIP assays were performed 
with antibodies against NRF2 or control rabbit IgG. The precipitated DNA containing the IκBζ promoter was assayed by quantitative real-time PCR with specific 
primers. (j) Schematic diagram showing the mechanism of action of MGO. Representative data from at least three independent experiments. *p < 0.05; **p < 0.01; 
***p < 0.001. Ns, not significant. 
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differentiation of immune cells. These changes are not only important 
for meeting energy demands and generating biosynthetic precursors but 
also for the accumulation of metabolites that can function as signaling 
molecules and regulate immune reactions [32]. MGO is a highly reactive 
metabolite mainly generated from the glycolytic intermediates, GA3P 
and DHAP, through nonenzymatic allosterism [3]. Our results shows 
intracellular MGO level is increased in activated immune cells, such as 
microglia and lymphocytes. MGO acts as anti-inflammatory metabolite 
by modulating M1-polarization, inflammatory cytokine production and 
metabolic reprogramming of microglia cells and inhibits neuro-
inflammation of EAE mice. Mechanically, we found that MGO activated 
NRF2 pathway and NRF2 could bind to the promoter of IκBζ gene and 
suppressed its transcription and subsequently pro-inflammatory cyto-
kine production. 

While MGO can be produced as a by-product of both amino acid and 
fatty acid metabolism, the glycolytic pathway represents the most 
important endogenous source of MGO [10]. It has been estimated that 
0.1–0.4% of the glycolytic flux results in MGO production [10]. Thus, it 
is easy to interpreted that immune cells with higher glycolysis rate will 
produce lager amount of MGO. Indeed, accumulation of MGO might be a 
common feature of activated immune cells with enhanced glycolysis. 
These cells included LPS-activated microglial cells (Fig. 1a), macro-
phages [11], and activated CD4+ and CD8+ lymphocytes (Fig. 1b). 
Additionally, increased MGO levels have been observed in the serum of 
patients with RA and tissues of MS [15,16]. Serum MGO levels were 
positively correlated with the disease activity of RA [16]. Although 
whether the MGO is increased in patients with systemic lupus erythe-
matosus (SLE) has not be determined yet, the advanced glycation end 
products, which can be formed from MGO, are indeed increased [33]. 
These results imply that MGO and its modified protein might act as the 
biomarker of inflammation. Nevertheless, many researches in the fields 
still deserve further exploration. 

Extensive studies have revealed the immune regulation of metabo-
lites generated from glycolysis pathway, TCA cycle and amino acid 
metabolism. Itaconate is one of the best examples of metabolic reprog-
ramming which connects cell metabolism, oxidative and electrophilic 
stress responses and immune responses [34,35]. Upon inflammatory 
macrophage activation, itaconate is synthesized by diverting aconitate 
away from the TCA cycle, which in turn modulated macrophage meta-
bolism and restrains macrophages inflammatory response [36]. The 
uncovered mechanisms of itaconate action include transcriptional 
regulation of activating transcription factor 3 (ATF3) signal pathway 
and protein modification regulation of KEAP1, inflammasome, JAK1 
and TET2 [37–40]. Interestingly, as a by-product of glycolytic pathway, 
MGO shares several similarities with itaconate. Firstly, both of them are 
generated during the activation of LPS-stimulated macrophage [11,36]. 
Secondly, both exhibit direct antibacterial effects [11,41,42]. Thirdly, 
both can activate the NRF2 pathway by directly modifying Kelch-like 
ECH-associated protein (KEAP) and are potent antioxidants [31,43]. 
However, compared to the well-characterized “star molecular” itaco-
nate, MGO is often overlooked. This might be because MGO is mainly 
generated through a nonenzymatic pathway and traditionally consid-
ered as a metabolic byproduct. However, accumulating evidence reveals 
the profound effects of MGO on multiple biological processes [31,44]. 
Our study demonstrated that MGO, similar to itaconate, reduced 
pro-inflammatory cytokines and restrained autoimmunity. These results 
indicated that MGO might be one of inherent negative-feedback 
immunometabolite employed by immune cells to limit excessive 
inflammation response. 

It has been proposed that MGO is a relatively low-abundance 
metabolite with plasma concentration of around 50–300 nM and intra-
cellular concentration of around 1–2 μM in healthy individuals [9,45, 
46]. Although the endogenous MGO is also upregulated in 
LPS-stimulated microglia cells, it remains to be determined whether 
endogenous MGO exerts similar anti-inflammatory effects. One concern 
is that the concentration of endogenous MGO might be far lower than 

exogenous MGO used in our experiments. Due to its highly reactive 
electrophilic nature, approximately 99% of cellular MGO is reversibly 
bound to biopolymers and small-metabolite thiols, with only 1% of MGO 
remaining unbound [9,47]. The intracellular unbound MGO are typi-
cally in the low μM range, while the total (unbound + bound) MGO can 
reach up to 300 μM [10]. Importantly, as MG is highly reactive its half 
life is short in a biological environment and therefore, at the time and 
site of production, local concentrations may be significantly higher [48]. 
Indeed, works carried by Bollong et al. revealed that pharmacologically 
augmenting endogenous MGO generation could also activate 
KEAP-NRF2 signaling [31]. Another study also provide the evidence of 
immune-suppressive activity of endogenous MGO [49]. These results 
support the notion that endogenous MGO could act as 
immune-suppressive metabolite. 

Due to its highly reactive electrophilic nature, post-translational 
modifications (PTMs) of proteins by MGO may be the primary mecha-
nism through which MGO regulates diverse biological processes. Studies 
carried out by Gilligan et al. demonstrated that MGO-derived post- 
translational arginine modifications are abundant in histones, and their 
levels are comparable to those of other canonical Lys and Arg modifi-
cations. In addition, 28 site-specific histone modifications were identi-
fied, indicating the diversity of this type of PTM on histones [44]. Thus, 
these modifications were proposed to disrupt basal canonical histone 
PTMs by acetylation and ubiquitylation [44]. MGO can also form co-
valent modifications with the cysteine and arginine residues of KEAP1, 
leading to the dimerization of KEAP1 and activation of the NRF2 tran-
scriptional program [31]. Consistent with these findings, our study 
demonstrated an activated NRF2 pathway in MGO-treated microglial 
cells. Additionally, A higher level of MGO-modified proteins was 
observed in activated microglia, activated lymphocytes, and Th1- or 
Th17-polarized helper T cells in our experiments. It will be attractive to 
fully reveal the types and roles of MGO-derived PTMs in these immune 
cells under both physiological and pathophysiological conditions. 

The regulatory system of NRF2 activity is an attractive drug target 
because of its protective effects against CNS inflammatory diseases, 
including EAE. Oxidative species generated by activated microglia play 
critical roles in EAE progression [50,51]. Since the CNS is highly sus-
ceptible to ROS-induced damage [51], it has been shown that cultured 
oligodendrocytes and myelin-producing cells within the CNS degenerate 
upon exposure to chemically induced ROS [52,53]. Furthermore, several 
studies have also illustrated the anti-inflammatory properties of the 
NRF2 pathway in addition to its antioxidant function [54]. NRF2 
counteracts the NF-κB-dependent inflammatory response through mul-
tiple layers. Since NRF2 upregulates numerous antioxidant genes, the 
elimination of ROS is considered the first layer of the molecular basis for 
NRF2-mediated anti-inflammation [55,56]. Moreover, NRF2 prevents 
the proteasome-dependent degradation of IκB-α, which binds to and 
inhibits the nuclear translocation of NF-κB [55,57]. In addition, NRF2 
can be recruited to the regulatory regions of pro-inflammatory cytokine 
genes, interfering with the activity of pro-inflammatory transcription 
factors and inhibiting pro-inflammatory transcription [58]. Notably, we 
found that NRF2 suppressed IκBζ expression as well as pro-inflammatory 
cytokine production. IκBζ is an atypical nuclear IκB protein and a se-
lective co-activator of NF-κB target genes. IκBζ is responsible for the 
delayed expression of genes in the NF-κB signaling pathway, including 
IL-1β, IL-6, IL-12, CCL2, and M-CSF. Both transcriptional activation and 
post-transcriptional mechanisms have been shown account for the 
regulation of IκBζ expression [28]. Our study showed that NRF2 binds to 
the promoter of the IκBζ gene, suppresses its transcription, and subse-
quently inhibits the inflammatory response. These results provides new 
insights into the mechanism through which NRF2 regulated IκBζ 
expression. 

Our results also demonstrated that MGO acts as a metabolic regulator 
during the M1-polarization of BV2 cells. Indeed, MGO inhibited 
glycolysis in LPS-activated microglial cells, as shown by decreased acid 
production and glucose consumption after MGO treatment. It have been 

S.-L. Wei et al.                                                                                                                                                                                                                                  



Redox Biology 65 (2023) 102843

13

demonstrated that enhanced glycolysis is a critical feature of microglial 
polarization and plays a critical role in regulating the immune response. 
GLUT1, highly expressed in microglia, is essential for glucose uptake and 
glycolysis maintenance. Pharmacologically blocking GLUT1 reprog-
rammed pro-inflammatory microglia from glycolytic to OXPHOX, sup-
pressing microglial cell activation and pro-inflammatory cytokine 
production [25]. Our results demonstrated treatment with MGO 
diminished GLUT1 expression on microglial cell surfaces. These results 
are consistent with a previous report by Jandova et al. in which aug-
menting MGO production by genetically interfering with GLO-1 
expression suppressed GLUT1 expression and glucose consumption in 
human tumor cells [59]. Although the precise molecular mechanism is 
complicated and still needs to be elucidated, our findings support the 
notion that MGO negatively regulates glycolysis in M1-polarized 
microglial cells by suppressing GLUT1 expression. Previous works 
demonstrated that MGO can directly bind to key enzymes involved in 
glycolysis, including glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) and pyruvate kinase M2 (PKM2) [60,61]. Whether MGO 
suppress microglia glycolysis through GAPDH and PKM2 is another 
interesting topics remain to be confirmed. 

In conclusion, our study highlights that MGO is a potent compound 
that can inhibit CNS autoimmunity by influencing microglial cell po-
larization and restraining the inflammatory response through the NRF2- 
IκBζ pathway. MGO is another example of metabolite which connects 
cell metabolism, oxidative and electrophilic stress responses and im-
mune responses. Therefore, we believe that the MGO metabolic pathway 
may be a novel therapeutic target for the treatment of MS and other 
autoimmune diseases. 
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