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Abstract

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) plays a critical role in
regulating cellular defense against oxidative stress and maintaining redox homeostasis. In the context
of viral infections, Nrf2 signaling emerges as a double-edged sword. On one hand, it activates a broad
spectrum of antioxidant and cytoprotective genes, contributing to host defense and antiviral
immunity. On the other hand, certain viruses exploit the Nrf2 pathway to create a favorable
environment for replication, persistence, or immune evasion. This review summarizes the current
understanding of Nrf2’s antiviral and proviral roles in both RNA and DNA virus infections,
delineates the underlying mechanisms, and discusses the therapeutic implications of targeting Nrf2.
We emphasize the need for context-dependent modulation of Nrf2 activity and highlight future
directions in precision antiviral strategies.

Keywords: Nrf2; Keapl; oxidative stress; virus infections; antiviral immunity

1. Introduction

Oxidative stress, a hallmark of viral infections, plays a crucial role in determining host-pathogen
interactions. Reactive oxygen species (ROS) such as superoxides, hydroxyl radicals, and hydrogen
peroxide generated by mitochondrial dysfunction, NADPH oxidases, and other cellular sources,
induce oxidative stress and have been shown to serve both anti- and pro-viral purposes during viral
infection [14]. ROS can act as signaling molecules and aid in orchestrating innate immune responses
and antiviral defenses. Reactive nitrogen species (RNS) such as peroxinitrite and nitrogen dioxide
generated through interactions of superoxides with nitric oxide are also known to induce oxidative
stress. Collectively, the reactive oxygen and nitrogen species (RONS) at low levels are essential for
normal cell growth and proliferation, tissue repair, angiogenesis, and maintenance of cellular
homeostasis [5-7] but excessive or prolonged oxidative stress can damage lipids, proteins, and
nucleic acids, thereby compromise cellular integrity and facilitate many disease conditions [1,2,8]. As
a result, the cellular response to oxidative stress is tightly regulated, with nuclear factor erythroid 2—-
related factor 2 ( Nrf2) playing a central role in maintaining redox homeostasis and protecting against
oxidative damage [3,9,10].

Nrf2 was first recognized as a transcription factor for its role in chemoprevention [11,12] but
studies in the past three decades or so have revealed that Nrf2 is a master regulator of not only of the
antioxidant response to maintain redox balance but also for other cellular processes including
proteostasis, metabolic stability, intracellular iron dynamics, which are critical for cellular response
to adverse environmental and metabolic conditions [6,7,13-15]. The cloning of Nrf2 in the mid-90s
[16,17] led to explosion of studies on characterization and regulation of Nrf2. These studies revealed
that Nrf2 is a cap-and-collar subfamily of basic leucine zipper-type (CNC-bZIP) family of
transcription factors, which is encoded by the nuclear factor, erythroid-derived 2-like 2 (NFE2L2)
gene [16,17]. Under basal conditions, the Nrf2 mRNA is constitutively transcribed and translated to

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2047.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2025 d0i:10.20944/preprints202510.2047.v1

2 of 18

produce the Nrf2 protein but the levels of the protein remain low due to proteolytic degradation in
the cytoplasm through specific interactions with its negative regulator, Kelch-like ECH-associated
protein 1 (Keap1), which targets Nrf2 for ubiquitin-mediated proteasomal degradation [18-22] (see
below for more detailed description of Nrf2 degradation pathway). However, upon oxidative or
electrophilic stress, modifications in Keap1 lead to its dissociation from Nrf2 resulting in stabilization
and nuclear translocation of Nrf2. In the nucleus, Nrf2 binds to antioxidant response elements (AREs)
in the promoters of target genes, driving the expression of cytoprotective enzymes and proteins.
These include heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO1), glutamate-
cysteine ligase (GCL), and glutathione S-transferases (GSTs). Through these cellular proteins, Nrf2
promotes detoxification, glutathione synthesis, redox balance, and inflammation resolution [3,9].
Importantly, numerous RNA and DNA viruses interact with and modulate redox signaling pathways
during infection. Viral replication often leads to increased ROS production, either as a byproduct of
hijacked cellular metabolism or as a deliberate strategy to bypass host defenses [1]. In response, the
Nrf2 pathway is activated as a countermeasure. Emerging evidence suggests that viruses have
evolved sophisticated strategies to manipulate Nrf2 signaling to their advantage. For instance, some
viruses activate Nrf2 to protect infected cells from oxidative damage and promote cell survival,
thereby enhancing viral replication or persistence. Conversely, others suppress Nrf2 activity to
exacerbate oxidative stress and inflammation, which may aid in viral dissemination or immune
evasion. Consequently, the role of Nrf2 in viral infections is highly context-dependent, with both
antiviral and proviral consequences [9].

In RNA virus infections, Nrf2 activation has been demonstrated to restrict viral replication and
reduce inflammation in specific contexts, such as in influenza A virus and SARS-CoV-2 infections.
Given their ability to limit oxidative tissue damage and modulate the inflammatory response, Nrf2
inducers have been proposed as therapeutic agents in these settings. Conversely, during infections
with other viruses such as hepatitis C virus (HCV) and respiratory syncytial virus (RSV), Nrf2 activity
may be co-opted by the virus to support replication, suggesting that Nrf2 activation can also
contribute to chronicity and persistence. Similar complexity exists with DNA virus infections as well,
where African swine fever virus (ASFV) [23], Vaccinia virus [24] and Kaposi's sarcoma-associated
herpesvirus (KSHV) [25,26] have all been shown to engage Nrf2 signaling, sometimes to promote
replication, latency, transformation, or resistance to cell death. This intricate interplay between Nrf2
signaling and viral infection underscores the broader significance of redox signaling in host-pathogen
dynamics. Beyond Nrf2, redox-sensitive pathways influence various cellular processes, including
viral sensing, inflammation, apoptosis, and autophagy. Understanding how viruses manipulate these
redox circuits is pivotal in deciphering their pathogenesis and developing host-directed therapeutic
interventions.

In this review, we provide an overview of the current understanding of Nrf2 and redox signaling
in the context of viral infections. We delve into the mechanisms by which viral infections modulate
Nrf2 signaling, explore the downstream consequences for viral replication and host responses, and
highlight the dual roles of Nrf2 as both a pro- and antiviral factor in the context of RNA and DNA
viruses. Furthermore, we discuss the therapeutic implications of targeting Nrf2 in viral diseases,
emphasizing the importance of context-specific modulation strategies.

2. Nrf2 Signaling Pathways and Regulation: Key Players and Mechanisms of
Nrf2 Activation and Suppression

As described above, Nrf2 is constitutively expressed but is maintained at basal levels, which is
essential for cellular homeostasis. Upon induction of oxidative and/or electrophilic stress, Nrf2 is
activated through a complex network of regulatory steps that allows increased accumulation and
nuclear translocation of the transcription factor, which then orchestrates transcriptional activation of
antioxidant response genes. The activity and levels of Nrf2 are regulated by multiple signaling
pathways that include the canonical Keap1 cysteine residues-dependent pathway and non-canonical
Keapl cysteine-independent pathway involving the autophagy receptor p62/sequestosome
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1(SQSTM1) [6]. In the following sections, we describe how Nrf2, Keapl and p62 activities are
regulated under basal and oxidative stress conditions and the underlying mechanisms.

2.1. Nrf2

The 605 amino acids long human Nrf2 (Figure 1A) consists of highly conserved sequences
described as Nrf2-ECH homology (Neh) domains that play specific roles in the overall activity of the
protein [27]. The Neh2 domain present at the amino-terminus of the protein contains two highly
conserved motifs (DLG and ETGE) that interact with Keap1 [28]. The Nehl domain located towards
the carboxy-terminal region possesses the basic DNA binding domain as well as the leucine zipper
sequences for dimerization [29]. This region is also involved in heterodimerization with small
masculo-aponeurotic fibrosarcoma (sMaf) proteins [29], which serve as transcriptional coactivators.
Regions involved in interactions of Nrf2 with various factors needed in transcriptional
transactivation are located in Neh3-5 domains. While domains Neh4 and Neh5 cooperatively recruit
CREB binding protein (CBP) to genes with AREs [30], Neh3 is involved in recruiting components of
the transcriptional apparatus [31]. The Neh6 domain is a target for E3 ubiquitin ligase

A. Nrf2
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Figure 1. Domain structures of key proteins in oxidative stress signaling. A. Nrf2 domain structure. Asterisks in
Neh2 domain represent the two conserved sequence motifs that interact with Keap1 while those in Neh6 domain
represent motifs that are recognized by E3 ubiquitin ligase b-TrCP. B. Keapl domain structure. Asterisks in BTB
(C151) and the IVR (C226, C273, and C288) domains represent cysteine residues that are targets of modification
in response to oxidative stress. C. p62/SQSTM1 domain structure. Asterisk in the intrinsically disordered region

represents the Keapl binding domain.

b-TrCP-mediated degradation of Nrf2 [32]. Interestingly, the DNA binding domain of retinoid
X receptor alpha interacts with the Neh7 and suppresses Nrf2’s transcriptional activation function
[33].

2.2. Keapl

Keapl is the central regulator of Nrf2 levels. It is a member of the BTB-Kelch family of proteins
which assembles with the E3 ubiquitin ligase Cullin 3 (Cul3) and Rbx1 to form multiprotein
complexes for protein ubiquitination. The 611 amino acid long protein contains three major domains
(Figure 1B): The BTB domain located at the amino-terminal region of the protein, the intervening
region (IVR) domain in the central part of the protein, and the Kelch domain at the carboxy-terminal
region [27]. While the BTB domain is involved in homodimerization, this domain along with another
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small region (3-box) just upstream of the IVR also interacts with Cul3 [34,35]. The homodimers of
Keapl interact through the Kelch domain with the DLG and ETGE motifs of Nrf2 [36-39].

2.3. p62/SQSTM1

Nrf2-Keapl signaling is the predominant pathway employed by cells under oxidative stress
conditions. However, Nrf2 activity is also regulated by other pathways such as autophagy which is
involved in maintaining cellular homeostasis by protecting cells from oxidative and proteostatic
stress. The autophagy receptor p62/SQSTM1 (Figure 1C) interacts with the Kelch domain of Keapl.
Since the Nrf2 binding site on Keap1 overlaps with that of the p62/SQSTM1 site, under conditions in
which p62/SQSTM1 accumulate, Keapl becomes engaged with the autophagy receptor, and is
degraded in the autolysosomes, thus resulting in stabilization and nuclear accumulation of Nrf2 for
transcriptional activation [40]. One of the target genes of Nrf2 is the p62/SQSTM1 itself, suggesting
a positive feedback loop in the activation of Nrf2 [41] by non-canonical mechanism.

2.4. Mechanisms of Nrf2 Activation and Its Regulation

The Nrf2 signaling pathway is a central regulator of cellular redox homeostasis, responding to
oxidative and electrophilic stress through transcriptional activation of cytoprotective genes. This
highly conserved pathway plays a pivotal role in detoxification, antioxidant defense, inflammation
modulation, metabolism, and cell survival. Activation of Nrf2 can occur predominantly through
canonical mechanism in which Keap1 dissociates from Nrf2 under oxidative or electrophilic stress as
well as non-canonical mechanism in which Keapl interaction with the autophagy receptor
p62/SQSTM1 leads to degradation of Keapl via autolysosomes [6] (Figure 2). Activation of Nrf2 can
also occur through Keapl-independent pathways as briefly described below.
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Figure 2. The canonical and non-canonical pathway of activation of Nrf2.

Under basal conditions, the stable association of Nrf2 with Keapl, the cytoplasmic adaptor for
the Cul3-based E3 ubiquitin ligase complex, results in constitutive ubiquitination and degradation of
Nrf2 via the ubiquitin-proteasome pathway. This keeps the levels and activity of Nrf2 in check [3,42].
Keapl functions as a redox sensor through reactive cysteine residues, particularly Cys151, Cys273,
and Cys288, which are susceptible to modification by electrophiles and ROS [43,44]. In the canonical
mechanism of Nrf2 activation, the “cysteine code” theory [6] proposes that upon exposure to
oxidative stress or electrophilic agents, these cysteine residues become modified, leading to a
conformational change in Keap1 that disrupts its ability to target Nrf2 for degradation. This results
in the stabilization and accumulation of Nrf2, which translocates to the nucleus, heterodimerizes with
sMaf proteins, and binds to antioxidant response elements (AREs) having core sequences of 5'-
TGACNNNGC-3’ in the promoters of target genes [45-47]. The Nrf2-regulated genes encode a wide
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range of cytoprotective proteins, including phase I and II detoxification enzymes [e.g.,, NQOI,
Glutamate-Cysteine Ligase Catalytic (GCLC) and Modifier (GCLM) subunits, GSTs], antioxidant
enzymes (e.g., HO-1, SOD1, PRDX1). These proteins facilitate the neutralization of ROS,
detoxification of xenobiotics, and maintenance of glutathione and NADPH pools, essential for redox
balance [46,48]. Importantly, Nrf2 activity is tightly regulated not only at the post-translational level
by Keapl but also by autophagy and kinase signaling. The non-canonical mechanism does not
involve modifications of the cysteine residues in Keapl but the autophagy receptor p62/SQSTM1
interacts and sequesters Keapl in autophagosomes, preventing Nrf2 degradation [4,40].

In Keapl-independent pathways of Nrf2 activation, kinases such as PKC, PI3K/AKT, and
MAPKs modulate Nrf2 activation by phosphorylating Nrf2 or associated proteins, influencing
nuclear translocation or transcriptional activation [49]. Beyond redox regulation, Nrf2 has emerging
roles in metabolism, inflammation, and immunity. It modulates lipid metabolism, mitochondrial
function, and autophagy, and crosstalks with inflammatory pathways such as NF-«B [50]. Persistent
Nrf2 activation, while cytoprotective in acute stress, can contribute to chemoresistance,
tumorigenesis, and metabolic reprogramming in cancers, highlighting its context-dependent effects
[51]. Nrf2 is the master regulator of cellular defense mechanisms, orchestrating a transcriptional
response that enables cells to adapt to oxidative and electrophilic stress. The Keap11-Nrf2-ARE axis
represents a key signaling node with therapeutic potential in diseases characterized by oxidative
stress, including neurodegenerative diseases, inflammatory conditions, and cancer.

Intricate layers of regulation of Nrf2 activity are also observed in cells that are independent of
Keapl. The cytoplasmic Nrf2 free of Keapl when phosphorylated by glycogen synthase kinase 3b
(GSK-3b) at Ser335 and Ser338 residues translocates to the nucleus where it is ubiquitinated by b-
TrCP and degraded [52]. The nuclear Nrf2 can also be phosphorylated at Tyr586 by activated Fyn
kinase, which is then exported out of nucleus and degraded in the cytoplasm [53]. Besides
degradation, Nrf2 activity is also suppressed by the BTB and CNC homology 1 (Bach1) transcription
factor through competition for binding sites on target DNA [54]. Down-regulation of Nrf2 activity
has also been demonstrated through its deacetylation, ubiquitination, and subsequent proteosomal
degradation [55] and also through promyelocytic leukemia protein (PML)-ring finger protein 4
(RNF4)-dependent pathways [56].

3. Nrf2 in Antiviral Immunity

In response to increased ROS production, Nrf2 is activated and leads to the establishment of
anti-viral state in the cells at multiple fronts by triggering antioxidant defense, up-regulating
inflammatory response and enhancing protective autophagy. On one hand, in cells with activated
Nrf2, virus replication is compromised due to induction of an antiviral state. On the other hand, viral
replication can activate Nrf2 to down-regulate oxidative stress and create a conducive environment
for their replication. The role of Nrf2 in antiviral immunity has been examined for many viruses but
here we will elaborate studies with few selected important RNA and DNA viruses.

Studies with Influenza A virus (IAV) have shown an increase in the production of ROS,
activation of Nrf2 pathway and its downstream effector HO-1 coupled with a decrease in
intracellular glutathione (GSH) [1,57,58]. The antioxidant response mediated by Nrf2 protects lungs
of mice against oxidative damage and inflammation [59]. A key player in Nrf2 mediated antioxidant
response is HO-1, an anti-inflammatory enzyme. In response to increased production of oxidants in
the cell, HO-1 is induced leading to heme degradation and production of free iron, (Fe2+), carbon
monoxide and biliverdin. HO-1 has been shown to increase infiltration of macrophages and
upregulate type I interferon signaling, thereby producing an anti-viral environment in lung tissue
infected with IAV [60]. Sulforaphen (SFN), emodin, or itaconate derivatives that induce or activate
Nrf2 or compounds such as bakuchiol and YZH-106 that activate Nrf2 have been shown to inhibit
oxidative stress and suppress IAV replication [61-64]. Additionally, it was shown that
overexpression of Nrf2 can also inhibit IAV entry into cells [65]. IAV also downregulates Nrf2 by
decreasing the expression and activity of glucose-6-phosphate dehydrogenase (G6PD) [66]. Overall,
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these studies along with other studies reported in the literature demonstrate that activation of Nrf2
signaling pathway is critical for suppressing IAV replication and pathogenesis. The suppression of
IAV replication and virus-induced pneumonia has been shown at the level of virus adsorption and
entry [64,65], nuclear export of viral components [62,63], or by activating N1f2 pathway and inhibiting
activation of NF-kB, TLR4, p38/[NK MAPK pathways [61].

Dengue virus (DENV) has been shown to induce production of ROS and oxidative stress,
resulting in the release of inflammatory cytokines, which is a major contributor to disease
pathogenesis [67-69]. In response to increased ROS, Nrf2 pathway is activated to counter the
oxidative stress conditions. Nrf2 effector antioxidant enzymes like HO-1, GCLC, superoxide
dismutase 2 (SOD2) and others are upregulated [70,71]. Furthermore, it was demonstrated that Nrf2
activation in DENV-infected cells is achieved by the activation of protein kinase R-like ER kinase
(PERK), a kinase associated with ER stress [71]. With Zika virus, a close relative of DENV, induction
of HO-1 and establishment of innate host defense due to Nrf2 was shown to inhibit ZIKV replication
[72]. In a more recent study, significantly higher levels of replication were observed in ZIKV-infected
cells depleted of Nrf2, demonstrating that Nrf2 and its signaling pathways are antagonistic to ZIKV
replication [10].

Respiratory syncytial virus (RSV) is known to induce oxidative stress in infected cells and
activate Nrf2 and its downstream effector HO-1 which inhibit virus replication [73-76]. Cobalt
protoporphyrin (CoPP) is a known activator of Nrf2 and has been shown to induce expression of HO-
1[77]. Studies in mice have shown that induction of HO-1 by CoPP upregulated IFN-a/f3 and reduced
RSV load in lung tissue [75]. Other studies have demonstrated that the activation of Nrf2 in RSV
infected cells occurs early in the infection cycle [55,78] while in later stages of infection, Nrf2 is
purposed for degradation by Keapl dependent [55] and independent pathways [56]. Using an agonist
[butylated hydroxyanisole (BHA)] and an inhibitor [trigonelline (TRI)] of Nrf2-ARE pathway, up-
regulation of TLR7 mediated by Nrf2-ARE pathway was observed in RSV-infected cells [78]. The
study revealed that activation of Nrf2 results in down-regulation of RSV replication in cells in vitro
[78]. Furthermore, the antiviral activity of Nrf2 was demonstrated in a murine model of respiratory
syncytial virus disease [79].

With the emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the
COVID pandemic, infection with the virus was shown to induce high levels of oxidative stress. SARS-
CoV-2 infection was found to significantly down-regulate Nrf2 expression and antioxidant responses
in many different cell types in vitro and in the lungs of a murine model of infection [80]. Conversely,
activators of Nrf2 such as 4-octyl-itaconate (4-OI), dimethyl fumarate (DMF), bardoxolone, and
methyl bardoxolone were demonstrated to significantly inhibit replication of SARS-CoV-2 [81].
Overall, these studies suggest that Nrf2 functions in protecting cells from the viral infection and
points to an antiviral role for Nrf2 in SARS-CoV-2 infection. To counter the antiviral effects, the
ORF3a and ORF6 proteins of SARS-CoV-2 have been shown to reduce the levels of Nrf2 and interfere
with the cellular redox homeostasis [82,83].

Nrf2 has also been shown to have antiviral effects on replication of human immunodeficiency
virus type 1 (HIV-1). Oxidative stress is induced in response to HIV infection and results in redox
imbalance, a key determinant of HIV-induced pathogenicity [84-87]. Several HIV-1 proteins such
as tat, nef, vpr, gp120 have been shown to induce oxidative stress (59). HIV-1 tat protein was shown
to induce Nrf2 activation in neuronal cells [88] but, in a separate study, both tat and gp120 were found
to suppress Nrf2 in human monocyte derived macrophages [89]. Nrf2 activator methyl bardoxolone
was found to inhibit HIV-1 replication in cells [90]. Overall, these studies point towards an antiviral
role for Nrf2 against HIV.

Chronic infection with HCV is known to induce oxidative stress in human liver cells. In these
cells, HCV proteins activate Nrf2 through phosphorylation by PKC, MAPK, PI3K and subsequent
nuclear translocation [91]. The role of Nrf2 in HCV replication appears to be both antiviral as well as
proviral. Since HCV replication is closely tied to lipid metabolism and formation of lipid droplets,
activated Nrf2 seems to play a critical proviral role in HCV replication. Silencing Nrf2 significantly
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reduced HCV replication in persistently infected cell line [92]. However, it was also observed that
inhibition of Nrf2 triggered autophagy and favored HCV particle release [93,94]. In cells supporting
HCV replication, Nrf2 levels in the nucleus and Nrf2/ARE-dependent gene expression were
significantly reduced [95], suggesting a role for Nrf2 in limiting infectious progeny production.

Studies with Hepatitis B virus (HBV), a DNA virus, have shown induction of oxidative stress
and Nrf2 activation upon infection [9,96,97]. HBV proteins HBx and LHBs induce expression of Nrf2
[96] thereby leading to inhibition of HBV replication. It has been suggested that p62/Keap1 interaction
in HBV infected cells leads to activation of Nrf2 mediated by HBx [98]. A recent study has
demonstrated that use of Nrf2 activators results in suppression of HBV replication, and this is
achieved by Nrf2 mediated induction of HO-1 [97]. These studies point to an antiviral effect of Nrf2
in HBV infection.

Recent studies with herpes simplex virus 1 (HSV 1) have demonstrated that upon infection,
HSV-1 triggers an Nrf2-mediated antiviral response in cells resulting in inhibition of virus replication
[99-101]. Wyler et al. [99] used single cell RNA sequencing to study host cell genes and pathways
that are impacted in HSV-1 infected cells and found that the Nrf2 pathway correlates with resistance
to infection. By treating cells with Nrf2 agonists, they were able to demonstrate that upregulation of
Nrf2 leads to inhibition of HSV-1 replication [99]. Another study has shown that in early phases of
HSV-1 infection, accumulation of ROS and activation of Nrf2 and its downstream effectors HO-1 and
NQO1 occurs. Treatment of cells with a Nrf2 agonists like tert-butylhydroquinone (tBHQ) or
ginsenoside Rg5, led to an inhibitory effect on virus replication [100,101]. Additionally, ginsenoside
Rgb5 had a cytoprotective effect on cells infected with HSV-1 by suppressing inflammatory cytokine
production [101]. Nrf2 knockout mice were found to be more susceptible to murine cytomegalovirus
(MCMV) compared to the wild-type mice, further establishing that Nrf2 functions as an antiviral host
protein against MCMV [102]. However, studies with human CMV suggest that activation of Nrf2 and
consequent increase in HO-1 appears to be beneficial for virus replication by enhancing the host cell’s
ability to handle the oxidative stress induced by the virus replication [103].

It appears that in vast majority of viral infections, Nrf2 acts as an antiviral molecule to limit virus
replication and protect infected cells and animals from virus-induced pathogenesis. The mechanisms
that viruses adopt to induce Nrf2 vary widely as noted above.

4. Nrf2 in Proviral Roles

The activation of Nrf2 in the context of virus infection has been implicated in the establishment
of an antiviral state in the host cells but studies have also demonstrated that Nrf2 activation can lead
to a cellular environment that is conducive to virus replication. While evidence of Nrf2 directly
serving a proviral role is lacking, viruses have evolved mechanisms that exploit the effects of Nrf2
activation to their advantage. The Nrf2 agonist, 4-Ol, is known to reduce inflammation and
downregulate type I IFN responses [104]. It has also been shown to engage Nrf2 and suppress STING
activation [105]. Such an environment can be exploited by viruses for efficient viral replication.
Indeed, a recent oncolytic virotherapy study with VSVA51 did demonstrate that when cells are
treated with 4-Ol, there is a significant increase in VSV replication [106]. Studies with HIV have
demonstrated that the viral reverse transcriptase upregulates HO-1 and NQO1 and suppresses the
expression of IFN-y and IL-2. While the host immune response is dampened, cellular redox balance
is restored that contributes to cell survival and HIV persistence [73,107]. In SARS-CoV-2 infection,
the unfolded protein response (UPR) is activated that results in PERK-mediated phosphorylation of
Nrf2 [108]. This results in increased cell survival and viral particle release [73,108]. A study using
hepatocellular carcinoma cells positive for HCV found that HCV-mediated Nrf2 induction can lead
to changes in the metabolism of the cells that promotes virus replication, tumor growth and drug
resistance [109].

In case of HBV, the viral protein HBx, through Nrf2 pathway, has been shown to interact with
two subunits of the 265 immunoproteasome and reduce its activity [73,110]. This results in inhibition
of antigen processing and presentation allowing the virus to escape host immunity. ASFV induces
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oxidative stress that serves a proviral role. Upon ASFV infection, accumulation of ROS leads to Nrf2-
mediated activation of GCLC, a downstream effector of Nrf2 involved in glutathione synthesis and
regeneration of reduced glutathione in cells [23]. An overall increase in the cellular GSH content
results in neutralization of ROS, thereby maintaining an environment that facilitates ASFV replication
[23]. In cells infected with vaccinia virus, Nrf2 is activated leading to expression of anti-oxidant genes
that balance the redox state of the infected cell [24]. This virus induced balance has been suggested
to serve an immunomodulatory mechanism that dampens the host defense and enhances virus
replication [24]. Nrf2 pathway has also been implicated to have proviral role in KSHV infection and
Kaposi’s sarcoma (KS) progression. Activation of Nrf2 in KSHV-infected cells creates an environment
conducive to the virus replication [26]. A recent study revealed that KSHV infection leads to Nrf2
mediated HO-1 induction and that HO-1 is highly expressed in KS lesions [111]. Additionally, the
study also demonstrates that viral G protein coupled receptor (vGPCR) is also involved in activation
and nuclear translocation of Nrf2 [111]. These findings provide evidence that Nrf2 plays a proviral
role not only in virus infection but also in cancer progression.

5. Therapeutic Targeting of Nrf2 in Viral Infections

Virus infection and replication in cells is known to be associated with induction of inflammation
as well as oxidative and nitrosative stress [1,73]. Since, Nrf2 signaling pathway is a major contributor
to maintaining the redox state of a cell, targeting Nrf2 by therapeutics has been a promising strategy
in treating viral infections. As described in sections above, Nrf2 serves an antiviral role in a large
number of viral infections, although for some viruses, it plays a proviral role. Therefore, therapeutics
that activate Nrf2 have become the logical choice for use in limiting virus infections. Since Nrf2 can
be activated by several different mechanisms, the therapeutics and drugs can be classified into three
major classes based on their mode of action. The class of Nrf2 activators (or agonists) that covalently
modify the cysteine residues (particularly, C151, C273, and C288) in Keap1 protein, are referred to as
“electrophilic compounds” [81,112]. Another class of activators include those that compromise
protein-protein interactions (PPI) between Nrf2 and Keapl or between Keapl and p62/SQSTM1. A
third class of Nrf2 activators inhibit cellular proteins that phosphorylate and degrade Nrf2 such as
GSK-3, b-TrCP [81]. However, the predominant class of Nrf2 activators that have been demonstrated
to have antiviral properties are those that belong to the class of electrophilic compounds.

Studies have shown that Nrf2 agonists such as 4-Ol and DMF were able to reduce inflammation
caused by SARS-CoV-2 infection [73,113]. Interaction of 4-OI with Keapl prevents Keapl from
binding to Nrf2, resulting in Nrf2-mediated activation of antioxidant genes such as HO-1, and GSH
[104]. It is also known to inhibit STING and IFN signaling [105]. DMF has been FDA-approved for
use in the treatment of multiple sclerosis but has been shown to be effective against SARS-CoV-2
induced inflammation as well [113]. Additionally, BHA and tBHQ have been shown to activate Nrf2
and associated genes resulting in reduced RSV [55] and HSV-1 [100] replication. The isothiocyanate
SEN, a naturally occurring Nrf2 inducer found in broccoli, inhibits IAV infection and replication
[73,114,115] and RSV replication [79]. Carbocisteine [116] and epigallocatechin-3-0-galate (EGCG)
[117] are other Nrf2 inducers that have shown anti-influenza activity. Furthermore, curcumin is also
known to activate Nrf2 and its downstream effector HO-1 leading to reduced replication of AV [118],
parainfluenza [119] and RSV [120]. Another natural compound, Bakuchiol, is also able to activate
Nrf2 and inhibit IAV by reducing viral mRNA and proteins synthesis [121,122]. Nrf2 agonists may
also inhibit IAV replication by directly inhibiting the translocation of IAV ribonucleoprotein (vRNP)
from the nucleus to the cytoplasm. This process is independent of the Nrf2 signaling pathway [62].

Among the Nrf2 activators that compromise PPI are small peptides derived from regions of Nrf2
that interact with Keap1 [123], or hybrid peptides derived based on sequences spanning the Keapl
interaction region on Nrf2 (ETGE motif) and region of interaction between Keap1 and p62/SQSTM1
[124]. In addition to these peptide inhibitors of PPI, several small molecule activators of Nrf2 acting
at the level Keap1-Nrf2 PPI such as tetrahydroisoquinoline [125], naphthalene and others [125-128]
have also been developed. However, their use in inhibiting virus infections is limited. In one study,
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naphthalene derivatives have been found to possess antiviral properties against IAV [129], but its
mechanism of action remains unknown.

Certain chemical inhibitors of Nrf2 have also been used to target and control viral infections.
Brusatol is a low specificity Nrf2 inhibitor and has been shown to reduce the expression of Nrf2
thereby inhibiting overall cellular translation machinery [130,131]. ML385, a synthetic and specific
inhibitor of Nrf2, has been demonstrated to reduce cell viability in HTLV-1 infected T-cell line [132].

6. Outstanding Questions and Future Directions

Despite major advances in understanding the interplay between Nrf2 signaling and viral
infections, disease pathogenesis, and cancer progression critical gaps remain needing further
exploration. One priority is the development of virus- and tissue-specific modulators of Nrf2. Current
pharmacological activators, such as SEN or DMF broadly upregulate Nrf2 across diverse tissues,
which may be beneficial against certain viruses but deleterious in others or in the context of cancer.
Future drug discovery efforts should be aimed at designing context-specific drugs that can either
activate or inhibit Nrf2 depending on the viral pathogen and the cell type. Another pressing area
involves clarifying Nrf2’s role in immunometabolism and viral latency and reactivation. Nrf2
regulates not only antioxidant pathways but also glycolysis, glutaminolysis, and lipid metabolism,
all of which are critical for both innate immune responses and viral replication. Yet, lack of
comprehensive literature on how Nrf2-driven metabolic rewiring affects antiviral defense versus
proviral support across different viral families still exists. Investigating whether Nrf2 activation
favors viral persistence, or immune control could lead to uncovering of novel strategies to prevent
reactivation-related disease. Additionally, there is a strong need to expand clinical trials with drug
candidates evaluating Nrf2 modulators in infectious disease settings. Small-scale studies in influenza
and SARS-CoV-2 have provided preliminary evidence that Nrf2 activators can reduce viral burden
and inflammation, but larger, well-controlled clinical trials are needed to establish efficacy, safety,
and optimal dosing regimens. A major bottleneck is the lack of virus-specific mechanistic studies.
Nrf2 is broadly labeled as “antiviral” or “proviral” without detailed understanding of the exact viral
proteins, host cofactors, or signaling crosstalk involved. Detailed mechanistic analyses are essential
to pinpoint how different viruses exploit Nrf2 pathway. Finally, a long-term challenge is to integrate
Nrf2 biology into a co-evolution of host and pathogen. Viruses evolve under selective pressure to
manipulate redox signaling, while hosts adapt by refining Nrf2 pathways to balance protection
against oxidative stress with control of infection. Together, these outstanding questions highlight the
need for interdisciplinary approaches spanning redox biology, virology, immunology, and clinical
medicine to fully understand Nrf2 as both a therapeutic target and a window into virus—host co-
evolution.

7. Conclusions

Nrf2 has emerged as a central regulator linking redox balance, host defense, and viral
pathogenesis. Viral infections often elevate reactive oxygen species (ROS), which can damage host
cells but may also facilitate replication. Nrf2 counters this stress by upregulating antioxidant and
cytoprotective genes such as HO-1, NQOI, and those driving glutathione metabolism, thereby
shaping infection outcomes. Recent studies highlight the dual role of Nrf2: antiviral in many settings
but proviral in others. In RNA virus infections, Nrf2 generally exerts antiviral effects. Activation by
pharmacologic agents including SFN, DMF, or itaconate derivatives suppresses replication of
influenza A virus, respiratory syncytial virus, and SARS-CoV-2 by reducing oxidative stress and
inflammation. In contrast, vesicular stomatitis virus replicates efficiently in Nrf2-high tumor
environments, where the antioxidant state supports oncolysis. In case of ASFV and vaccinia virus,
Nrf2 is activated to enhance antioxidant capacity and replication. Beyond infection, Nrf2
hyperactivation is a hallmark of cancer, conferring survival and therapy resistance. Oncogenic
viruses such as KSHV engage Nrf2 to sustain transformation, while oncolytic viruses exploit Nrf2-
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high states for replication. Nrf2 activators hold promise as host-directed antivirals, but their context-
dependent effects highlight therapeutic complexity. In some cases, activation may favor viral
persistence or tumor growth, while inhibition risks exacerbating oxidative injury. Thus, Nrf2
represents a true double-edged sword, demanding virus- and tissue-specific strategies to harness its
protective functions without promoting viral fitness or cancer progression. Understanding the
nuances of Nrf2 signaling in viral infections will enable more precise, personalized approaches to
antiviral therapy that harness its protective functions while avoiding its exploitation by viruses.
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