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Summary. Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that plays a crucial role in im-
mune regulation by promoting antioxidant defences, modulating inflammation, supporting immune cell function, and 
influencing autoimmune responses. Dysregulation of NRF2 signalling is implicated in the pathogenesis of autoim-
mune diseases and chronic inflammatory conditions. NRF2 activators, through their anti-inflammatory and antioxi-
dant properties, have shown potential therapeutic benefits in preclinical and clinical studies for diseases characterised 
by dysregulated inflammation and oxidative stress such as multiple sclerosis (MS). MS is an autoimmune, neurodegen-
erative, and inflammatory disease of the central nervous system (CNS). In our model of MS, experimental autoimmune 
encephalomyelitis (EAE), we have investigated the role of NRF2 activators on several immune cell types important 
for the pathology of CNS autoimmunity. Ethyl pyruvate (EP), a redox analogue of MS drug dimethyl fumarate, has 
been proven to have beneficial effects in EAE, by suppressing encephalitogenic T cells and macrophages and inducing 
tolerogenic properties in dendritic cells (DCs). In a recent study, we have shown that EP achieves its effects in DCs by 
increasing the expression of several NRF2 downstream genes and by decreasing the expression of NF-kB genes, sug-
gesting that the tolerogenic effect of EP is achieved through the activation of the NRF2 signalling pathway. Another 
tested substance, named SB140, is a derivative of cholic bile acid. This compound was tested in immune cells implicated 
in the pathogenesis of EAE: microglia and encephalitogenic T cells, and it was shown to have anti-inflammatory effects. 
These results demonstrate that both agents have potent immunomodulatory effects and suggest that they act as NRF2 
activators. Both EP and SB140 are indicated as promising therapeutics in MS, but also in other diseases mediated by 
inflammation and oxidative stress, and thus, their role should be further investigated.
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NRF2, AN IMPORTANT TRANSCRIPTION 
FACTOR FOR ANTIOXIDANT PROTECTION

Nuclear Factor Erythroid 2-Related Factor 2 (NRF2) is 
an important transcription factor encoded by the Nuclear 
Factor Erythroid 2 Like 2 (NFE2L2) gene. It plays a crucial 
role in cellular defence against oxidative stress. The NRF2 
factor belongs to the Cap’N’Collar (CNC) subfamily of basic 
leucine zipper (bZIP) transcription factors, which comprises 

three transcription factors NRF1, 2, and 3 (Jaramillo et al. 
2013). It has seven conserved NRF2 ECH homology (Neh) 
domains with distinct functions to control NRF2 transcrip-
tional activity (Hayers et al. 2014). These domains modulate 
NRF2 stability and transcriptional activation of its target 
genes at multiple levels, including transcriptional, post-tran-
scriptional, and post-translational regulation in response to 
various impairments (He et al. 2020).

NRF2 is expressed in all cell types and is normally bound 
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to its inhibitor protein Keap1 (Kelch-like ECH-associated 
protein 1) in the cytoplasm under unstressed conditions, 
which normally keeps its basal protein level low (He et al. 
2020). When NRF2 is exposed to oxidative stress, electro-
philic substances, or reactive oxygen species (ROS), it dis-
sociates from Keap1. Once dissociated from Keap1, NRF2 
translocates to the nucleus, forms heterodimers with small 
Maf proteins, and binds to the antioxidant response elements 
(AREs) in the promoter regions of its target genes (Esteras et 
al. 2016). Binding to AREs activates transcription of a wide 
range of genes encoding antioxidant enzymes (such as heme 
oxygenase-1, catalase, and superoxide dismutase), phase II 
detoxification enzymes (such as glutathione S-transferases), 
and other cytoprotective proteins. The proteins encoded by 
the NRF2 target genes neutralize ROS, detoxify harmful sub-
stances, and restore the cellular redox balance. This antioxi-
dant defence system helps to mitigate oxidative damage to 
biomolecules such as lipids, proteins, and DNA. This activa-
tion enables cells to maintain redox homeostasis and protect 
themselves from damage caused by ROS and other harmful 
molecules. NRF2 is, therefore, an essential component of the 
body’s antioxidant response and has implications for various 
diseases, including cancer, neurodegenerative disorders, and 
cardiovascular diseases.

Recent studies have identified novel NRF2 target genes 
and uncovered several new functions of NRF2 besides redox-
regulatory functions, including regulation of inflammation, 
autophagy, metabolism, proteostasis, and unfolded protein 
response (UPR) (He et al. 2020).

REGULATION OF IMMUNE RESPONSES 
THROUGH NRF2 ACTIVATION

As mentioned, NRF2 is expressed in all cell types, but 
its expression level differs among cell types. For instance, 
NRF2 expression is high in various immune cells, such as 
macrophages, dendritic cells (DCs), T cells, and B cells (Bag-
ger et al. 2016). In the aforementioned types of cells, NRF2 
activation supports their differentiation, proliferation, and 
survival by protecting them from oxidative stress and inflam-
matory insults. This ensures an optimal immune response to 
pathogens and other challenges.

NRF2 activation can also modulate inflammatory re-
sponses. It inhibits the production of pro-inflammatory cy-
tokines (such as interleukin (IL)-1β, IL-6, tumour necrosis 
factor, TNF) and chemokines in immune cells by suppressing 
NF-κB signalling, a key pathway in inflammation (Saha et al. 
2020). This anti-inflammatory effect helps to attenuate exces-
sive immune activation and tissue damage under inflam-
matory conditions. In addition, NRF2 interacts with other 
cellular signalling pathways involved in immune regulation, 

such as the mTOR (mechanistic target of rapamycin) path-
way and autophagy. These interactions contribute to NRF2’s 
ability to coordinate cellular responses to stress and maintain 
immune cell homeostasis.

NRF2 signalling is implicated in the regulation of auto-
immune diseases. By maintaining redox balance and control-
ling inflammatory responses, NRF2 activation can attenuate 
autoimmune responses and limit tissue damage associated 
with autoimmune diseases. Thus, NRF2 activators, includ-
ing synthetic and natural compounds (such as sulforaphane 
from cruciferous vegetables), are being investigated for their 
potential therapeutic benefits in immune-mediated diseases. 
These compounds can increase NRF2 activity, boost antioxi-
dant defences and dampen inflammatory responses, offering 
promising possibilities for immune modulation and disease 
treatment. Understanding the role of NRF2 in immune ho-
meostasis can provide insight into potential therapeutic strat-
egies for the treatment of immune-related diseases.

ROLE OF NRF2 IN NEURODEGENERATIVE 
DISEASES 

Neurodegenerative diseases such as Alzheimer’s dis-
ease, Parkinson’s disease, multiple sclerosis (MS), and 
amyotrophic lateral sclerosis (ALS) are characterized by 
oxidative stress-induced damage to neurons and glial cells 
in the brain. Increased markers of oxidative damage along 
with decreased activity of antioxidant enzymes have been 
observed in the blood and brain of these patients. Imag-
ing studies have shown mitochondrial dysfunction in the 
neurons of Alzheimer’s patients (Brandes et al. 2019) as well 
as in the dopamine neurons in the substantia nigra in Par-
kinson’s patients (Hattingen et al. 2009), and these events 
occur in the early stages of both diseases. Inflammation is 
also a prominent feature of neurodegenerative diseases, as 
evidenced by elevated levels of pro-inflammatory cytokines 
such as TNF and IL-6 in the brain and CSF of Parkinson’s 
patients (Hirsch et al. 2012; Dzamko et al. 2015) and in CSF 
of MS patients and patients with inflammatory neurological 
diseases (Maimone et al. 2017).

Due to its proven anti-inflammatory and antioxidant 
properties, NRF2 is a good target for the therapy of many 
diseases, including neurodegenerative diseases. Several stud-
ies provide evidence for the role of NRF2 in Alzheimer’s dis-
ease, where they have reported that nuclear expression of 
NRF2 is decreased in Alzheimer’s disease patients (Ramsey et 
al. 2007; Kanninen et al. 2008; Wang et al. 2017). There is also 
evidence of altered NRF2 expression in nigral dopaminergic 
neurons in Parkinson’s disease patients (Schipper et al. 1998; 
Ramsey et al. 2007).

NRF2 activation increases the expression of antioxidant 
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enzymes (e.g. superoxide dismutase, catalase, glutathione 
peroxidase) and molecules involved in cellular redox bal-
ance. This helps to neutralize ROS and reduce oxidative dam-
age, thereby protecting neurons from degeneration. NRF2 
activation can also suppress pro-inflammatory signalling 
pathways such as NF-κB and reduce the production of pro-
inflammatory cytokines (e.g. TNF, IL-1β). By dampening 
neuroinflammation, NRF2 helps to attenuate inflammatory 
responses that contribute to neuronal damage. Another pro-
tective effect of NRF2 in neurodegenerative diseases is to 
support mechanisms that promote the clearance of accu-
mulated misfolded proteins (e.g., β-amyloid, α-synuclein), 
thereby reducing their accumulation and associated neuro-
degenerative pathology (Brandes et al. 2019).

Further research into NRF2 signalling and its modu-
lation holds promise for developing effective treatments to 
combat neurodegeneration and improve the quality of life 
of affected individuals. Experiments in animal models and 
preclinical studies have shown that various NRF2 activators 
can be used to attenuate neurodegenerative pathology and 
improve outcomes in animal models of Alzheimer’s disease, 
Parkinson’s disease and ALS (Brandes et al. 2019). Clinical 
studies are investigating the potential of NRF2 activators for 
therapeutic intervention to slow disease progression or alle-
viate symptoms in patients with neurodegenerative diseases 
(Saha et al. 2022; De Plano et al. 2023).

EFFECTS OF NRF2 ON MS AND EAE

NRF2 is emerging as an important player in the patho-
genesis of MS and its experimental model, experimental 
autoimmune encephalomyelitis (EAE). Oxidative stress is 
associated with the development and progression of MS and 
EAE. Oxidative damage is associated with activated microg-
lial enzymes involved in the production of oxygen radicals, 
such as NADPH oxidases and myeloperoxidase. Increased 
production of ROS and impaired antioxidant defences con-
tribute to neuron and glial cell damage, inflammation and 
demyelination in the central nervous system (CNS) (Vas-
concelos et al. 2019). Oxidative damage is thought to be trig-
gered by inflammation and radical production in activated 
microglia in the early stages of MS and is exacerbated as MS 
progresses. NRF2 activation increases the expression of an-
tioxidant enzymes (e.g. superoxide dismutase, catalase, glu-
tathione peroxidase) and thus mitigates oxidative stress and 
protects against CNS damage.

The role of NRF2 as an important player in the patho-
genesis of MS has been shown in an animal model of MS, 
EAE. Nrf2-deficient mice had more severe EAE than wild-
type littermates (Johnson et al. 2010). Studies using NRF2 ac-
tivators or genetic models have shown that NRF2 activators 
can reduce disease severity and improve outcomes in EAE 

models (Cuadrado et al. 2018; Paladino et al. 2018). These ef-
fects are associated with NRF2-mediated enhancement of an-
tioxidant defences. NRF2 can also contribute to reducing the 
severity of EAE through its anti-inflammatory effects. While 
the activation of NRF2 leads to the inhibition of NF-κB in 
homeostatic conditions, this is not the case in MS. This phe-
nomenon, although contradictory, can be explained in sev-
eral ways. Under chronic inflammatory conditions, as in MS, 
the ROS levels may overwhelm the NRF2 pathway’s capacity 
to properly inhibit NF-κB. The interplay between NRF2 and 
NF-κB is complex. It is known that they are in competition 
for transcriptional coactivators like CREB-binding protein 
and p300 (Tonev et al. 2023). This might result in reduced 
transcriptional output from NRF2, diminishing its protective 
effects, which is particularly evident in chronic inflammatory 
diseases like MS, where NF-κB activity is sustained. Another 
explanation could be that the activity of NRF2 is downregu-
lated. There are conflicting data on the levels of NRF2 in 
neurodegenerative diseases. One publication is showing an 
absence of NRF2 in neurons of AD patients (Maldonado et 
al. 2022), but in another publication, high upregulation of 
NRF2 was observed in active MS lesions (Licht-Mayer et al. 
2015). However, the level of NRF2 in immune cells might be 
low. Accordingly, activation of NRF2 suppresses NF-κB ac-
tivity and consequently the production of pro-inflammatory 
cytokines (e.g. TNF, IL-6, IL-1β) by T cells and macrophages 
(Saha et al. 2020). This reduces the inflammatory response 
and helps to stop the inflammation. NRF2 not only affects 
the production of pro-inflammatory cytokines, but also en-
hances the phagocytic activity of macrophages, improving 
their ability to engulf and eliminate pathogens, apoptotic 
cells and cellular debris (Yu et al. 2022). NRF2 may exert an 
immunomodulatory role by influencing the differentiation 
of immune cells. In EAE, NRF2 activation has been shown 
to influence the differentiation of T helper cells (Th cells) 
by promoting a shift towards regulatory T cells (Tregs) and 
dampening Th17 responses (He et al. 2020; Wu et al. 2024), 
which are known to exacerbate autoimmune inflammation. 
This regulatory role may help maintain immune tolerance 
and limit autoimmune responses in MS and EAE. NRF2 may 
influence DC maturation and antigen-presenting abilities 
(Vanconcelos et al. 2019). It can promote tolerogenic DC 
phenotypes that support immune tolerance rather than ef-
fector T cell activation. NRF2 activation in DCs can suppress 
the production of pro-inflammatory cytokines and chemo-
kines, thereby dampening immune responses and promoting 
immune tolerance (Fig. 1).

Activation of NRF2 promotes neuron survival and sup-
ports the repair of damaged myelin in MS and EAE models 
(Brandes et al. 2020). By strengthening cellular defences 
against oxidative stress and inflammation, NRF2 contrib-
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utes to neuroprotection and maintenance of CNS integrity. 
Targeting NRF2 signalling pathways is therefore a promis-
ing novel therapeutic approach for the treatment of MS and 
related autoimmune and neuroinflammatory diseases. In our 
studies, we have tested several compounds that have been 
shown to have good therapeutic potential in EAE. One of 
them, ethyl pyruvate (EP), is a redox analogue of dimethyl 
fumarate, an approved therapeutic agent for MS (Miljkovic 
et al. 2015). EP has been shown to have a strong immuno-
modulatory effect in various animal models of autoimmune 
and inflammatory diseases, primarily affecting T cells, mac-
rophages and DCc (Koprivica et al. 2022). EP was shown to 
improve EAE by suppressing encephalitogenic T cells and 
macrophages and to induce tolerogenic effects on DCs in 
vitro in both mice and human cells (Djedovic et al. 2019). 
Moreover, the effect of EP on human cells obtained from 
MS patients was comparable to that of the known tolero-
genic agent vitamin D3 (Djedovic et al. 2019). Another study 
showed that EP promotes the tolerogenic properties of DCs 
by downregulating the expression of maturation-related 

Toll-like receptors 7 and 9 through a reduction in glycoly-
sis and mitochondrial respiration in DCs (Chakhtoura et 
al. 2019). All of this speaks to the potential therapeutic ap-
plications of EP, which prompted us to further investigate 
the mechanisms by which EP achieves the above effects. We 
investigated the pro-inflammatory NF-kB and antioxidant 
signalling pathways controlled by NRF2. Analysis of NRF2 
downstream genes and immunohistochemistry revealed a 
marked increase in the expression of the catalytic subunit of 
glutamate cysteine ligase (GCLC), the regulatory subunit of 
glutamate cysteine ligase (GCLM), heme oxygenase (HO-1), 
and NAD(P)H dehydrogenase quinone 1 (NQO1) in DCs 
treated with EP. On the other hand, gene expression of pro-
inflammatory iNOS and IL-23 was reduced in DCs treated 
with EP. (Stanisavljevic et al. 2024)

Another compound tested in EAE, a derivative of cholic 
bile acid named SB140, was tested in the search for novel 
NRF2 activators. This compound was synthesized to increase 
electrophilic functionality and to improve the compound’s 
ability to activate NRF2. Indeed, SB140 effectively activated 

Fig. 1. Proposed mechanisms of NRF2 activators in ameliorating CNS autoimmunity. 
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NRF2 signalling in myeloid-derived cells and microglia. It 
efficiently reduced the ability of microglial cells to produce 
inflammatory mediators, nitric oxide, IL-6 and TNF. SB140 
also affected encephalitogenic T cells by reducing their pro-
liferation and the production of pro-inflammatory cytokines, 
IL-17 and interferon (IFN)-γ. (Bjedov et al. 2024). These re-
sults indicate that SB140 is a potent Nrf2 activator and im-
munomodulatory agent. Therefore, further research on the 
application of SB140 in the treatment of neuroinflammatory 
diseases is warranted. Animal models for MS and other in-
flammatory neurological diseases are a good choice.

CONCLUSIONS

NRF2 is a master regulator of antioxidant pathways. 
By boosting antioxidant capacity, NRF2 protects immune 
cells from damage caused by oxidative stress, ensuring their 
proper function and longevity. Activation of NRF2 exerts 
significant regulatory effects on inflammation and immune 
responses, influencing various aspects of immune cell func-
tion and inflammatory pathways. By suppressing NF-κB ac-
tivity, NRF2 inhibits the production of pro-inflammatory 
mediators and thus reduces inflammation. In addition, NRF2 
influences the differentiation and function of various im-
mune cells, including macrophages, DCs, T cells, and B cells. 
It supports immune cell survival, proliferation, and differ-
entiation. These immunoregulatory effects are beneficial in 
contexts such as autoimmune diseases, chronic inflamma-
tion, and infections, where maintaining immune homeostasis 
and minimizing tissue damage is critical. NRF2 activation 
promotes neuronal survival and resilience to stressors en-
countered in neurodegenerative conditions. By enhancing 
antioxidant defences, reducing inflammation, and supporting 
protein quality control mechanisms, NRF2 helps to maintain 
neuronal function and protects against neurotoxic insults. As 
such, it is a promising therapeutic target. Research continues 
to explore pharmacological agents and natural compounds 
that can modulate NRF2 activity to enhance cellular defence 
mechanisms and combat oxidative stress-related pathologies. 
Our studies focusing on understanding NRF2’s influence on 
immune cell functions provide insights into its therapeutic 
potential for modulating immune responses in various dis-
ease conditions.
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