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A B S T R A C T   

Glutathione-S-transferases (GSTs) are phase II detoxification isozymes that conjugate glutathione (GSH) to xe-
nobiotics and also suppress redox stress. It was suggested that GSTs have evolved not to enhance their GSH 
affinity, but to better interact with and metabolize cytotoxic nitric oxide (NO). The interactions between NO and 
GSTs involve their ability to bind and store NO as dinitrosyl-dithiol iron complexes (DNICs) within cells. 
Additionally, the association of GSTP1 with inducible nitric oxide synthase (iNOS) results in its inhibition. The 
function of NO in vasodilation together with studies associating GSTM1 or GSTT1 null genotypes with pre-
eclampsia, additionally suggests an intriguing connection between NO and GSTs. Furthermore, suppression of c- 
Jun N-terminal kinase (JNK) activity occurs upon increased levels of GSTP1 or NO that decreases transcription of 
JNK target genes such as c-Jun and c-Fos, which inhibit apoptosis. This latter effect is mediated by the direct 
association of GSTs with MAPK proteins. GSTP1 can also inhibit nuclear factor kappa B (NF-κB) signaling 
through its interactions with IKKβ and Iκα, resulting in decreased iNOS expression and the stimulation of 
apoptosis. It can be suggested that the inhibitory activity of GSTP1 within the JNK and NF-κB pathways may be 
involved in crosstalk between survival and apoptosis pathways and modulating NO-mediated ROS generation. 
These studies highlight an innovative role of GSTs in NO metabolism through their interaction with multiple 
effector proteins, with GSTP1 functioning as a “good Samaritan” within each pathway to promote favorable 
cellular conditions and NO levels.   

1. Introduction 

Traditionally, nitric oxide (NO) has been reported to play a role in a 
plethora of biological functions [1–24]. These processes include cell 
signaling [1–6], neurotransmission [7–9], carcinogenesis [10,11], the 
immune response [12–14], macrophage-induced suppression of tumor 
cell growth [15–18], and in the regulation of vasodilation [1,19–23]. 
Considering the multiple functions of NO, studies have explored its 
generation and potential metabolism through its relationship with 
various proteins [1,16,18,19,24–28]. 

One intriguing molecular interaction is between NO and the gluta-
thione-S-transferase (GST) family of proteins [24,25,27–30]. These in-
teractions include: (1) the binding dinitrosyl-dithiol iron complexes 
(DNICs) composed of NO, glutathione (GSH), and iron to specific GST 
family members (GSTP, GSTA, and GSTM) [25,26,30]; (2) the 

interaction between GSTP1 and the glutathione transporter, multi-drug 
resistance-related protein 1 (MRP1), to act as an integrated transport 
and storage system for DNICs [28,29,31]; and (3) the direct association 
of GSTP1 with inducible NO synthase (iNOS) to inhibit NO generation 
[24]. 

These latter studies suggest an intriguing role of GSTs in NO meta-
bolism, which is accentuated by the interactions of GSTs with other 
proteins that play critical roles in cellular signaling, proliferation, 
apoptosis, and differentiation [32–39]. In fact, notable effects include 
the inhibitory activity of GSTP1 within the c-Jun N-terminal kinase 
(JNK) and nuclear factor kappa B (NF-κB) pathways and GSTP1 may be 
involved in crosstalk between survival and apoptosis pathways and 
modulating NO-mediated reactive oxygen species (ROS) generation. As 
such, GSTs through their role in metabolizing NO and their direct in-
teractions with multiple proteins could act as a novel conduit for 
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coupling disparate pathways. This review will examine this concept and 
propose novel mechanisms by which GSTs function to challenge the 
paradigm that they only act to eliminate toxins via glutathionylation. 

2. Impact of NO cytotoxicity and evolution of the GST 
superfamily 

GSTs play roles in phase II detoxification isozymes that are ubiqui-
tously expressed in almost all living organisms, being characterized into 
three families: microsomal, mitochondrial, and cytosolic [40,41]. The 
canonical function of the GSTs is to protect proteins from reactive 
electrophiles by catalysing their conjugation to glutathione (GSH). This 
family of proteins has key functions in cellular protection, including 
modulating cellular and oxidative stress, and act synergistically as both 
enzymes and ligandins to catalyze the conjugation of GSH to toxins 
[42–44]. While GSTs have similar characteristics and functions, cyto-
solic GSTs are divided into 16 gene-independent GST classes by 
sequence homology, substrate specificity, inhibitor sensitivity, and 
immunological properties [45,46]. The central feature of GSTs in GSH 
activation is facilitated by Tyr, Ser, or Cys residues within their active 
sites [45,46]. 

Evolutionarily, the active site of the GST class of enzymes has 
changed over time [46,47]. This progression in GST structure involves a 
change to the crucial cysteine residue (β and Ω classes) observed in the 
more ancient GSTs, to a serine residue (θ, τ, δ, ε and φ classes), and more 
recently, to a tyrosine residue (α (GSTA), μ (GSTM), π (GSTP), and Σ 
(GSTE) classes) [46,47]. It should also be stated that there are a number 
of GST isotypes within each class e.g., GSTP1, GSTP2, etc. [46,47]. 
Bocedi and colleagues examining 42 different GSTs identified that each 
of these proteins demonstrated similar affinities for GSH, with efficient 
activation of the GSH sulfhydryl group [27]. Considering their results, 
these authors suggested that the Cys/Ser/Tyr evolution of the active site 
does not appear relevant to fulfill this function [27]. Instead, it was 
suggested that GSTs evolved to protect cells from the cytotoxicity of NO 
via DNIC binding [27]. 

This latter suggestion has arisen because the most common NO 
adduct in cells is present as DNICs [48]. The DNICs are spontaneously 
formed transition metal complexes composed of NO, iron, and a thiolate 

ligand (i.e., glutathione or cysteine), with these complexes having 
cytotoxic activity [49–51]. The remaining two coordination sites around 
the iron atom (iron is hexacoordinate) are probably completed with 
other ligands such as water, etc. When bound to GSTs as DNICs, the 
half-life of NO is increased from less than a second to 4–8 h, depending 
on the GST isotype [25,27]. Generally, it is known that DNIC formation 
in solution increases the half-life of NO from less than a second to 1–2 h 
[48,52–54]. Bocedi et al. discovered that the more evolutionarily 
evolved Tyr-based GSTs displayed a very marked affinity for DNICs (Kd 
< 10− 9 M) to sequester NO [27]. In contrast, the less evolved Ser- and 
Cys-based GSTs exhibited significantly lower affinities for DNICs 
(102–104 times lower), which led to inefficient binding [27]. 

The above conclusion was supported by an earlier investigation from 
the same laboratory that solved a crystal structure for a DNIC bound to 
GSTP1-1 [25]. It was demonstrated that Tyr-7 within the GSTP1-1 active 
site was crucial for binding DNICs in the form of a 
dinitrosyl-diglutathionyl iron complex [25]. This structure demon-
strated that Tyr-7 within GSTP1 binds to the iron atom through its 
phenolate group, and in so doing displaces one of the GSH ligands [25]. 
As such, in GSTP1 the iron atom is coordinated by Tyr-7, GSH, and the 
two NO molecules [25] (Fig. 1). 

The half-lives of these GST-DNIC complexes within human placenta 
and rat liver homogenates were approximately 8 h when DNICs were 
bound to GST-P1-1 [55]. In contrast, DNICs bound to GST-A and GSTM 
had half-lives of 4.5 h [55]. The enhanced binding affinity of GSTP1-1 
for DNICs relative to other Tyr-based GSTs (GSTA1 and GSTM1) may 
suggest a more prominent relationship of GSTP1 in NO metabolism [27]. 
A later study by the same laboratories revealed that 20% of these 
DNIC-GST complexes were associated with subcellular components, 
including the nucleus, which may indicate a protective mechanism 
against DNA damage [56]. On the other hand, the less evolved bacterial 
Cys-based GSTs demonstrate low affinity for DNICs and it was suggested 
that this may contribute to the sensitivity of bacteria to NO [27]. 

3. Nitric oxide storage and transport in cells are mediated by 
GST P1-1 and MRP1 via DNICs 

The multi-functional properties of GSTs, particularly in 

Fig. 1. MRP1 and GSTP1-mediated trans-
port and storage of NO as DNICs. Cytokines 
such as TNFα activates the NF-κB pathway 
leading to the transactivation of iNOS that 
generates intracellular NO within murine 
macrophages. Intracellular iron in the labile 
iron pool can spontaneously complex with 
NO and GSH, leading to DNIC formation. 
The DNICs can be reversibly bound and 
stored by GSTP1 and transported out of cells 
by the GSH transporter, MRP1. As such, 
GSTP1 and MRP1 form a functional unit that 
can protect cells from the cytotoxicity of NO 
as DNICs. Protein disulfide isomerase (PDI) 
may play a role in NO transport across the 
membrane [62]. However, no functional 
studies have indicated an integrated role of 
PDI with GSTP1 and MRP1.   
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detoxification, may be key to NO regulation and metabolism [57–59]. As 
mentioned above, the complexation of GSTs (A1, M1, and P1) to DNICs 
extends the half-life of ‘free NO’ [55]. The functional roles of these 
GST-DNIC complexes are not well understood, and some studies have 
suggested that GSTs may act as storage enzymes for NO or play a key role 
in detoxifying this radical [28,31]. This observation is supported by 
studies that demonstrated that GSTA1 could stabilize glutathione 
reductase from irreversible inhibition by DNICs [26]. When the DNIC 
concentration exceeded the binding capacity of the GST enzymes, 
glutathione reductase activity was inhibited by DNICs [26]. 

Our laboratory has proposed a model for NO trafficking in cells 
where DNICs act as a common currency for the transport and storage of 
NO, which is mediated by GSTP1-1 and the GSH transporter, MRP1 
(Fig. 1) [28,31,60]. This mechanism extends the findings that GSTs can 
protect cells from the cytotoxic activity of NO [61] and suggests that 
GSTs function as a storage protein for DNICs that are then transported 
out of the cell by MRP1 [28,31]. Initial studies using stably transfected 
MRP1 hyper-expressing MCF7-VP breast cancer cells and its relevant 
control cell-type (MCF7-WT) stably transfected to overexpress GSTA1-1, 
GSTM1-1, or GSTP1-1, reported a marked decrease in NO-mediated iron 
release (as DNICs) by MRP1 following GSTP1-1 overexpression only 
[31]. These results suggested that the increased affinity of GSTP1 for 
DNICs compared to the other GST isotypes may be associated with its 
ability to mediate the storage of DNICs in tumor cells. The decreased 
NO-mediated iron release from cells observed during GSTP1-1 over-
expression was shown via electron paramagnetic resonance (EPR) and 
fast-pressure liquid chromatography to be the result of increased 
DNIC-GST P1-1 complex formation [31]. 

It was suggested by this later study that the GSTP1-1-DNIC com-
plexes may function as a ‘storage sink’ for NO within cells and that 
GSTP1-DNIC binding prevents NO-mediated iron release [31]. Collec-
tively, these investigations propose a model for NO trafficking in cells 
where GSTP1 sequesters NO, iron, and GSH in the form of DNICs to 
inhibit DNIC transport out of tumor cells by MRP1 [31]. Of relevance, 
the enzyme protein disulfide isomerase (PDI) has been reported to play a 
role in NO transport across the membrane into cells [62], again sug-
gesting that there are specific protein-mediated mechanisms of NO 
trafficking in cells (Fig. 1). 

Subsequent studies demonstrated that both GSTP1 and MRP1 were 
up-regulated in NO-generating murine macrophage-like cell-types 
(RAW264.7 and J774) after activation with lipopolysaccharide and 
interferon-γ [28]. In support of the proposed mechanism in Fig. 1, these 
studies in macrophage models also demonstrated that inhibition of Mrp1 
transport activity via either pharmacological inhibition using MK571 or 
after silencing Mrp1 expression using Mrp1 siRNA resulted in decreased 
NO-induced iron-59 release from cells [28]. Furthermore, Mrp1 
silencing also resulted in DNIC accumulation within macrophages [28], 
suggesting that MRP1 was involved in transporting DNICs out of cells. 

The synergistic relationship between MRP1 and GSTP1 was evi-
denced by the enhanced efflux of iron-59 (as DNICs) from the cells 
following Gstp1 silencing [28]. Viability studies corroborated the pro-
tective function of MRP1 and GSTP1 expression, as silencing of Mrp1 or 
Gstp1 expression led to a significant decrease in cellular viability [28]. 
These data are consistent with the aforementioned study using human 
MCF7 cells that demonstrated cells hyper-expressing GSTP1 and MRP1 
were resistant to exogenous NO [31]. Furthermore, silencing of nuclear 
factor-erythroid 2-related factor 2 (Nrf2), a transcriptional regulator of 
MRP1 and GSTP1, reduced cellular viability by 60–80% after a 4–24 h 
incubation [28]. The decreased viability of the macrophages after 
silencing Gstp1 or Mrp1 was prevented by the NOS inhibitor, L-NAME 
[28]. 

An investigation examining rat hepatocytes and liver homogenates 
identified DNIC complexes bound to GSTA [55]. In these studies, GSTA 
exhibited extraordinarily high affinity (Kd 10− 10 M) for DNICs [55]. 
Taking into account that Tyr-based GST enzymes bind DNICs with 
slightly differing affinities (Kd 10− 9 to 10− 10 M) [25,30] and that GSTA 

is highly expressed in hepatocytes (0.3 mM concentration) [55], it may 
be that different GST enzymes are necessary for protection against NO 
cytotoxicity within different cell-types. Further investigations using a 
variety of physiologically relevant cell-types that express multiple GST 
isoforms are required to understand how GST enzymes interact with 
DNICs and MRP1. Nonetheless, the well-known coordinate role of MRP1 
and GST in the detoxification of substrates such as cytotoxic drugs [57, 
58,63], also extends to NO present in cells as DNICs [64]. 

Consistent with the interaction of DNICs with GSTs, it is interesting 
to discuss studies demonstrating the association between the GSTM1 and 
GSTT1 null genotype and NO-related disorders, including preeclampsia, 
hypertension, and atherogenesis [65–68]. A 2018 study of 104 patients 
with preeclampsia and 200 healthy controls identified a highly signifi-
cant (p < 0.001) association between the GSTM1 null genotype and the 
development of preeclampsia [68]. Although the risk of developing 
preeclampsia was higher for patients with the GSTT1 genotype, it was 
not significant [68]. However, the risk of developing preeclampsia with 
a combined GSTM1 and GSTT1 genotype was much higher relative to 
the GSTM1 null genotype alone [68]. These results are similar to another 
study in Mexican mestizo populations that demonstrated that patients 
with the combined GSTM1/GSTT1 deletion genotype conferred a 
marginally higher risk of preeclampsia versus the controls [67]. An 
analogous association was also demonstrated for the individual GSTM1 
and GSTT1 null genotypes and the risk of developing preeclampsia [67]. 

Furthermore, data comprising 12 studies with a total of 2040 cases 
and 2462 controls revealed a significant association between the GSTM1 
and GSTT1 null genotype and the risk of hypertension [66]. Case studies 
on the incidence of atherosclerosis in Serbian populations found that the 
GSTM1 null genotype was significantly more frequent in atherosclerotic 
patients than in controls (52.0% versus 34.1%), with a 2-fold increase in 
the risk of developing atherosclerosis [65]. It was shown that both 
GSTM1 and GSTT1 genes had a protective effect against atherosclerosis, 
while deletion of both genes led to a robust atherosclerosis risk [65]. 

Collectively, given the strong correlation between GSTs and the 
development of preeclampsia, hypertension, and atherogenesis, further 
research is required to investigate the role of the MRP1 and GST system 
in endothelial cells to examine its role in the regulation of vasodilation. 

4. GSTP1 associates with iNOS and decreases its stability and 
protein level 

It has been previously reported that GSTP1 levels are increased in 
response to lipopolysaccharide (LPS) stimulation in macrophage-like 
cells [28], and that GSTP1 overexpression in cells suppressed the 
excessive generation of pro-inflammatory factors and iNOS expression 
[69]. Moreover, studies have demonstrated that GSTP1 can decrease 
iNOS protein levels in macrophage-like cells, with GSTP1 expression 
also decreasing the effects of the acute inflammatory response to LPS in 
vivo in mice [69,70]. 

Considering the roles of iNOS in mediating the inflammatory 
response [71–73] and the reported interactions between GSTP1 and NO 
[25,28,30,31,55,61,74], an intriguing recent study has reported the 
direct interaction between GSTP1 and iNOS [24]. These studies 
demonstrated that overexpression of GSTP1, but not GSTM1 or the 
GSTP1 mutant that possesses an inactive catalytic site (Y7F), decreased 
iNOS protein levels following LPS stimulation of RAW264.7 macro-
phages [24]. Knockdown of GSTP1 using shRNA also demonstrated that 
inhibition of GSTP1 expression increased iNOS levels in activated 
RAW264.7 cells [24]. To understand how GSTP1 impacts iNOS levels, 
HEK293 cells were co-transfected with iNOS and GSTP1 and 
pre-incubated with the protein synthesis inhibitor, cycloheximide [24]. 
These studies demonstrated lower iNOS protein levels in GSTP1 over-
expressing cells upon cycloheximide treatment, suggesting a decrease in 
iNOS half-life [24]. Collectively, these results suggested that GSTP1 
expression may promote iNOS protein degradation [24]. 

Intriguingly, immunoprecipitation of GSTP1 and iNOS in activated 
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RAW264.7 cells stably expressing GSTP1 demonstrated that GSTP1 
directly binds iNOS [24]. These results were replicated in HEK293 cells 
under overexpression conditions [24]. Moreover, co-transfection of 
HEK293 cells with the catalytically inactive GSTP1 mutant (Y7F) and 
iNOS demonstrated interactions between iNOS and the GSTP1 mutant 
[24]. These data suggested that the binding of GSTP1 to iNOS is inde-
pendent of catalytic activity. It is of note that iNOS is composed of two 
catalytic units, the C-terminal reductase, and the N-terminal oxygenase 
domains [75]. On the other hand, GSTs are dimers, with each monomer 
containing two substrate-binding sites, namely the GSH-binding site 
(G-site) and the xenobiotic substrate-binding site (H-site) [76]. Mapping 
of the iNOS and GSTP1 domains using immunoprecipitation revealed 

that the oxygenase domain of iNOS, but not the reductase domain, was 
required for iNOS-GSTP1 binding [24]. Additionally, the G-site of 
GSTP1, but not the H-site domain, was required for GSTP1-iNOS binding 
[24]. 

Docking of GSTP1 with iNOS by Cao et al. using the program, ZDock, 
predicted their interaction, and it was suggested that Tyr7, Phe8, Val32, 
Val33, Glu36, Lys190, and Asn200 of GSTP1, and Tyr78, Arg80, Lys97, 
and Glu154 of iNOS were involved [24]. This observation is of interest, 
as studies that solved the crystal structure of a DNIC bound to GSTP1 
demonstrated that Tyr-7 was directly involved in its binding [25]. 

Similar docking studies using the more sophisticated high ambiguity 
driven protein-protein docking (HADDOCK 2.4) server [77,78] 

Fig. 2. A, B. Docking of iNOS and GSTP1 via 
the HADDOCK docking server [77,78] sug-
gests an association between these proteins, 
confirming a previous experimental and 
docking study with GSTP1 [24]. A novel 
interaction of iNOS and GSTA1 was also 
demonstrated using the HADDOCK server 
and suggested similar interaction sites as 
observed for iNOS and GSTP1. The tabulated 
positive and negative controls are in-
teractions of E2A with HPR and p21 with 
EGFR, respectively, and are suggested con-
trol interactions by the docking server [78, 
106].   
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confirmed the association of GSTP1 and iNOS (Fig. 2). This program 
results in a HADDOCK score, which is a weighted sum of multiple energy 
terms that predicts the potential association between proteins [77,78]. 
The HADDOCK score generated for the iNOS-GSTP1 interaction (− 97.6) 
was more favorable than the positive control interaction of the proteins 
E2A and HPR (− 34.4), or the negative control interaction between p21 
and EGFR (+27.7; Fig. 2). Analogously, the van der Waals energy, 
desolvation energy, and Z-score from HADDOCK all indicated a poten-
tial association between iNOS and GSTP1 (Fig. 2). 

Additional docking studies using HADDOCK and GSTA1 also 
demonstrated a strong potential binding between GSTA1 and iNOS 
(Fig. 2), with a HADDOCK score of − 64.7. While this value is slightly 
lower than that predicted for the GSTP1-iNOS interaction (Fig. 2), it 
suggests further binding studies would be valuable in understanding the 
relationship between GSTA1 and iNOS. Due to the absence of a crystal 
structure for mouse GSTM1, no docking of this protein to iNOS could be 
achieved. 

4.1. GSTP1 regulates iNOS monomer/dimer level 

Dimerization of NOS is required for NO generation and inhibitors of 
dimerization suppress iNOS activity and promote its S-nitrosylation and 
degradation [79,80]. Considering this, the regulation of iNOS dimer-
ization by GSTP1 has been investigated in activated macrophages [24]. 
It was discovered that GSTP1, but not GSTM1 or mutant GSTP1 (Y7F), 
significantly decreased iNOS dimer levels relative to the monomer [24]. 
Furthermore, GSTP1 knockdown in activated RAW264.7 cells increased 
iNOS dimer levels [24]. Together, these studies suggest that GSTP1 may 
be able to promote the S-nitrosylation of iNOS that leads to its 
degradation. 

4.2. GSTP1 expression increases S-nitrosylation and ubiquitination of 
iNOS 

While iNOS is robustly transcriptionally regulated by NF-κB, post- 
translational modifications such as S-nitrosylation and ubiquitination 
may also modulate iNOS protein levels [24,81–83]. Of interest, NO has 
been shown to inhibit iNOS dimer stability through S-nitrosylation of 
the zinc-binding tetrathiolate cysteines in iNOS, resulting in the release 
of zinc and the generation of inactive monomers [83]. 

Considering the role of GSTP1 in decreasing iNOS stability, the 
impact of GSTP1 on the S-nitrosylation and ubiquitination of iNOS has 
recently been investigated in activated RAW264.7 cells and GSTP1- 
overexpressing HEK293 cells [24]. This study demonstrated that 
GSTP1 overexpression significantly increased the level of S-nitrosylated 
iNOS and that GSTP1 knockdown resulted in a decrease in S-nitrosylated 
iNOS [24]. It has also been reported that ubiquitination of iNOS is 
necessary for its degradation [81] and that GSTP1 facilitates iNOS 
ubiquitination upon treatment of cells with the proteosome inhibitor, 
MG132 [24]. 

Collectively, these studies suggest that GSTP1 modulates the post- 
translational regulation of iNOS. However, the regulation of iNOS by 
GSTP1 may also occur at the transcriptional level through the inhibition 
of NF-κB [35], and this is described below. 

5. NF-κB is a key redox regulator of iNOS induction and GST 
isoform expression 

Central to the regulation of NO is the induction of the transcription 
factor, NF-κB, which is responsible for modulating several pro-survival, 
pro-inflammatory, and immune-regulatory pathways [84–86], 
including the expression of cytokines and iNOS [85,87,88]. In this 
pathway, pro-inflammatory cytokines including tumor necrosis factor-α 
(TNF-α) and interleukin (IL)-1, as well as other agents, such as LPS, can 
activate NF-κB transcriptional activity via the trimeric IκB kinase (IKK) 
complex [89] (Fig. 3). 

The IKK complex consists of two homologous catalytic subunits, 
IKKα and IKKβ, and the regulatory subunit, NF-κB essential modulator 
(NEMO) [89–92]. Once activated, IKKβ can induce the phosphorylation 
and subsequent degradation of the “inhibitor of KB” (IκB) by the IKK 
complex [89–92]. The IκB protein consists of 3 major isoforms, IκBα, 
IκBβ, and IκBε, and functions to specifically inhibit the NF-κB dimers, 
p50 and p65 [89,93]. Once phosphorylated, IκB proteins are degraded, 
and p50 and p65 can translocate to the nucleus and promote target gene 
transcription, including iNOS [94–96] (Fig. 3). 

Considering the significance of NF-κB in regulating cellular re-
sponses, several mechanisms, including oxidant-dependent modifica-
tions, regulate NF-κB activation and its down-stream targets [84,97]. 
The redox-sensitive cysteine thiols on some proteins are highly suscep-
tible to such oxidative modifications including S-nitrosylation [98–101], 
S-glutathionylation [35,102–106], sulfenic acid formation [35,36,107, 
108], and the generation of disulfide bonds [36,109–111]. Multiple 
studies have demonstrated that NF-κB is modified via S-gluta-
thionylation (the conjugation of GSH with cysteine residues) [98–101]. 
Additionally, S-glutathionylation of IKKβ impedes its kinase activity and 

Fig. 3. Canonical NF-κB signaling via the IKK complex and IκB, and subsequent 
induction of iNOS transcription. The binding of TNFα to the TNF receptor 1 
(TNF-R1) activates downstream signaling via the TRADD, RIP, and TRAF2 
complex. Subsequently, this activated complex promotes the NF-κB IKK com-
plex, consisting of NEMO, IKKα, and IKKβ. The IKK complex can then phos-
phorylate the NF-κB inhibitor, IĸB, targeting it for ubiquitination and 
degradation. The liberation of the NF-κB transcriptional complex (composed of 
p65 and p50) from IκB can then translocate to the nucleus to transcribe target 
genes, e.g., iNOS. 
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the induction of downstream pro-inflammatory responses [35,102,103, 
105]. 

Considering the function of GSTP1 in S-glutathionylation [112], a 
recent study has investigated the role of GSTP1 in NF-κB activation and 
pro-inflammatory cytokine production in epithelial cells exposed to LPS 
[35]. This latter study using unstimulated lung epithelial cells (C10 
cells), demonstrated that GSTP1 became directly associated with IκBα 
and resulted in NF-κB inhibition [35]. However, upon exposure to LPS, 
there was a rapid decrease in the IκBα and GSTP1 interaction and an 
increased association of GSTP1 with IKKβ, along with enhanced IKKβ 
S-glutathionylation [35]. This observation was supported by the 
decreased S-glutathionylation of IKKβ observed after siRNA-mediated 
knockdown of GSTP1 in LPS-stimulated cells [35]. Knockdown of 
GSTP1 also promoted NF-κB nuclear translocation, transcriptional ac-
tivity, and pro-inflammatory cytokine production, demonstrating the 
inhibitory activity of GSTP1 on IKKβ [35]. Similar results to that 
observed with the knockdown strategy were achieved using the 
isotype-selective inhibitor of GSTP, TLK117 [35]. Incubation of 
RAW264.7 macrophage-like cells with LPS has been demonstrated to 
increase NF-κB, p65, and iNOS expression and lead to elevated NO levels 
[113]. 

Several studies have indicated that NO prevents the phosphorylation 
and degradation of IκBα [114,115] and can inhibit IKKβ activity via its 
S-nitrosylation [98]. These data indicate a feedback system mediated by 
NO and assisted via the inhibitory binding by GSTP1 [35]. Furthermore, 
as described above, it is of interest that GSTP1 also directly associates 
with iNOS [24], a key downstream effector of the NF-κB pathway [98]. 
The inhibitory binding activity of GSTs, either to: (1) iNOS; (2) NF-κB 
regulators (IκBα and IKKβ); or (3) in terms of GSTP1 directly binding 
DNICs [25,28,31], demonstrates a broad functional role of GSTP1 in 
regulating the activity of NO itself and NO-related pathways. 

Intriguingly, it has been reported that GSTP1 also physically asso-
ciates with TRAF-2 [33,34,116], which is a critical upstream activator of 
transcription factors such as NF-κB [117–119] (Fig. 3). It was demon-
strated that GSTP1 overexpression inhibited TRAF2-induced activation 
of its downstream targets, JNK and p38, but not NF-κB in vivo and in vitro 
[33]. However, the GSTP1-induced inhibition of AP1, another key 
TRAF2 downstream target, has not yet been investigated. Considering 
the role of AP1 in activating iNOS transcription [120], studies exploring 
the effect of GSTP1-TRAF2 binding on AP1 activation could highlight 
another regulatory mechanism of GSTP1 that inhibits NO metabolism. 
However, the ability of GSTP1 to directly bind JNK could have signifi-
cant implications on cellular NO generation [32,116,119,121] and is 
described below. 

6. The potential coordinate suppression of JNK by GSTs and NO 

The genomic and physiological response of cells to changes in their 
environment is induced by multiple pathways, such as the mitogen- 
activated protein kinase (MAPK) pathway that relays, amplifies, and 
integrates signals from extracellular stimuli [122–124]. As part of the 
MAPK pathway, JNK signaling is predominantly regulated by environ-
mental stress, such as oxidative insults (e.g., ROS) or cytokines [32,39, 
125–130]. Central to this pathway is the phosphorylation and activation 
of JNK and its downstream targets, c-Jun and c-Fos, which form the AP1 
transcriptional complex [131–133]. The AP-1 complex has central roles 
in apoptosis, proliferation, and the transcription of essential target genes 
[133–136]. Of relevance, another key regulator of the JNK pathway is 
GSTP1, which binds to JNK and prevents its activation [32,39,119,121, 
125,126,137,138]. 

6.1. GST inhibition of the JNK pathway and potential negative feedback 
systems 

The GSTP1-mediated inhibition of JNK is well established [32,32,34, 
116,121,139]. Studies by Adler et al. have purified a complex composed 

of GSTP1, c-Jun, and JNK that exhibited a dose-dependent inhibition of 
JNK activity by GSTP1 [32]. Moreover, an investigation using mouse 
embryo fibroblasts from Gstp-null mice demonstrated a high basal level 
of JNK activity that was decreased by forced expression of Gstp cDNA 
[139]. It has also been discovered using purified recombinant proteins 
and fluorescence resonance energy transfer (FRET) studies that the 
C-terminus of JNK is crucial for the JNK-GSTP1 protein-protein inter-
action [121]. 

Studies conducted by Colman and colleagues examined this GSTP1- 
JNK interaction by assessing the binding of GSTP1 to the JNK1 and JNK2 
isoforms [138]. It was reported that GSTP1 preferentially bound the 
active form of JNK1 [138]. However, the interaction of GSTP1 with 
unphosphorylated JNK1 required the JNK substrate, ATF2 [138]. The 
same study demonstrated that GSTP1-1 directly interacted with ATF2 
and suggested that the GSTP1-mediated inhibition of JNK could be 
explained by the competition of GSTP1 with active JNK for ATF2 [138]. 
These latter results conflict with investigations demonstrating a direct 
interaction with GSTP1 and non-activated JNK [32,121,125,140]. 

GSTP1 exists in its monomeric and dimeric forms, which are in 
equilibrium [39,141]. Recent investigations showed that GSTP1 is a 
downstream target of epidermal growth factor receptor (EGFR). 
Intriguingly, phosphorylation of tyrosine-3, -7, and -198 in GSTP1 by 
this receptor tyrosine kinase shifts the GSTP1 dimer-monomer equilib-
rium to the monomer [39] (Fig. 4). This shift in equilibrium results in a 
>2.5-fold decrease in JNK downstream signaling, as GSTP1 binds JNK in 
monomeric form, suppressing its activity [39] (Fig. 4). Other reports 
have demonstrated similar inhibition of JNK downstream signaling by 
GSTP1. Forced expression of GSTP1 in mouse fibroblast cells (3T3-4A) 
decreases JNK phosphorylation, which coincides with a decline in JNK 
activity, increased c-Jun ubiquitination, and decreased c-Jun-mediated 
transcriptional activity [32]. 

When exposed to oxidative stress, the cysteine residues of GSTP1 are 
oxidized and form intra- and inter-subunit disulfide bonds between 
Cys47, Cys101, and other cysteine residues, resulting in GSTP1 oligo-
merization and dissociation of JNK (Fig. 4) [39,121,126,142]. Then, 
JNK can be phosphorylated to activate c-Jun and AP1 [32,121,134]. 
Studies have also shown inactivation of GSTP1 via tyrosine nitration 
from RNS agents such as peroxynitrite and tetranitromethane, which 
suggests that RNS may also induce GSTP1 oligomerization [143]. 

GSTs are largely transcriptionally regulated by the transcription 
factor, nuclear factor erythroid 2-related factor 2 (NRF2), via antioxi-
dant response elements (AREs) located within the promoter and 
enhancer regions of the GST gene [144–146]. Expression of GSTP1 is 
regulated by an ARE within the GSTP1 enhancer, GPE1 [144,145]. 
Intriguingly, both Nrf2 and the down-stream target of JNK, c-Jun, have 
been shown in rat liver cells to transactivate GSTP1 expression via GPE1 
[145]. This coordinate regulation of GSTP1 expression by Nrf2 and 
activated c-Jun suggests potential negative feedback on JNK mediated 
by the direct binding of GSTP1 to JNK. It can also be suggested that 
GSTP1 functions as a sensor for oxidative stress in these pathways. 

Studies have also demonstrated that the C-terminal of GSTM1 
directly associates with the N-terminal region of apoptosis signal- 
regulating kinase 1 (ASK1), which is an activator of c-Jun [38,147]. It 
was reported that GSTM1-1 suppressed stress-stimulated ASK1 activity 
in human 293 embryonic kidney cells, and this was independent of 
GSTM1 glutathione-conjugating activity (Fig. 4). Moreover, interactions 
between ASK1 and GSTM1 inhibited ASK1-dependent apoptotic cell 
death [38]. Considering this, GSTA1 also binds JNK, with this being 
associated with the suppression of its signaling and apoptosis in Caco-2 
cells [37]. While studies exploring the direct relationship of GSTM1 and 
GSTA1 with JNK signaling pathways are limited, the central roles of 
GSTs in detoxification and modulating oxidative stress suggest these 
GSTs may be novel regulators of the JNK pathway along with GSTP1 
(Fig. 4). 

GSTP1-1 can interfere with the MAPK pathway not only through its 
interaction with JNK, but also at the TRAF2 level by blocking the 

T.M. Russell and D.R. Richardson                                                                                                                                                                                                          



Redox Biology 59 (2023) 102568

7

upstream signal transduction that leads to JNK and p38 phosphorylation 
[33]. TRAF2 is an important signal transducer for many TNF receptor 
superfamily members [118,148,149]. The release of TRAF2 into the 
cytoplasm leads to the activation of MAPKs that mediate opposite effects 
[148]. As previously mentioned, another vital protein-protein interac-
tion of GSTP1 in the JNK pathway is the association of GSTP1 with the 
TRAF domain of TRAF2 [33,34,116]. It has been demonstrated that 
GSTP1 physically binds to TRAF2 (Fig. 4) and that GSTP1 over-
expression results in TRAF2-induced inhibition of JNK and p38 activa-
tion [33]. The same study reported that GSTP1 inhibited ASK1 
activation and TRAF2-ASK1-induced signaling [33]. This observation 
again highlights the prominent role of GSTP1 in cellular signaling 
through its direct interaction with multiple proteins (Fig. 4). In partic-
ular, the downstream impact of GSTP1-mediated inhibition of JNK and 
p38 is of interest in terms of NO metabolism, as p38 [150–152] and JNK 
[153,154] induce NOS expression. Of interest, there are several reports 
indicating regulation of the MAPK pathway by NO [155–158]. 

6.2. NO and NO derivatives as mediators of the JNK pathway 

Similarly to GSTP1, studies have revealed that endogenously pro-
duced NO can suppress JNK activation via S-nitrosation in BV-2 murine 
microglial cells, RAW264.7 cells, and rat alveolar macrophage cells 
(Fig. 4) [155]. In these studies, IFN-γ-induced suppression of JNK1 
activation was prevented by NG-nitro-L-arginine, a NO synthase inhibi-
tor [155]. Moreover, the NO donor, S-nitroso-N-acetyl-DL-penicillamine 
(SNAP), was also able to suppress the activation of JNK1 in vivo [155]. 
Further studies demonstrated that IFN-γ-induced NO production in 
RAW264.7 cells increased the S-nitrosation of JNK1 at Cys116. This 
observation is of interest given the involvement of Cys116 in the 
thiol-mediated redox regulation of JNK1 [159]. 

It was later discovered that NO could inhibit all three JNK isotypes 
via a thiol-mediated redox mechanism [158]. This inhibition is revers-
ible and could modify JNK and its kinase properties while still allowing 
the phosphorylation of JNK by SAPK/Erk kinase (SEK1) [158]. It was 
suggested that NO-mediated inhibition of JNK, unlike that mediated by 

Fig. 4. Coordinate GSTP and iNOS mRNA expression mediated by ROS-induced activation of the JNK signaling pathway and the subsequent expression of target 
genes. Phosphorylation and activation of EGFR result in the monomerization of GSTP1, which then binds JNK and inhibits its activity and subsequent downstream 
signaling. Oxidative stress promotes GSTP1 oligomerization that then results in the liberation of JNK and the activation of its downstream targets, c-Jun and AP1. 
Subsequently, c-Jun can transactivate the GSTP1 enhancer, GPE1, resulting in elevated GSTP1 expression, indicating a potential negative feedback mechanism for 
inhibiting JNK activity. On the other hand, AP1 enhances iNOS transcription, increasing its protein levels and, consequently, NO generation. Considering that NO 
inhibits JNK through S-nitrosation that then inhibits AP1 transcriptional activity, the generation of NO may act as a negative feedback on JNK and NO generation 
via iNOS. 
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GSTP1, occurred by suppressing the interaction between JNK and c-Jun 
[158]. These studies are supported by more recent reports that show a 
NO-mediated increase in serum deprivation-induced apoptosis of 
meniscal cells via the inactivation of JNK [160]. Some data also in-
dicates that S-nitrosation may suppress the JNK activator, ASK1 [161]. 

Additional complexity regarding the effects of NO on these signaling 
pathways is demonstrated by studies demonstrating that the DNA- 
binding activity of c-Jun may be suppressed by physiological levels of 
S-nitrosoglutathione, which can modify specific cysteine residues within 
c-Jun’s DNA-binding site [162]. The binding site of another 
down-stream target of JNK, AP-1 (composed of c-Jun and c-Fos), is also 
suppressed via the modification of conserved cysteine residues in the 
c-Jun- and c-Fos-binding domain by NO [163]. Although it is suggested 
that NO functions to inactivate the JNK pathway via S-nitrosation of JNK 
itself, studies examining the impact of NO donors and NO derivatives 
such as reactive nitrogen species (RNS) suggest a more complex 
relationship. 

While ROS and RNS are generally considered as “radical species,” 
RNS possess distinctive chemical and biological properties that facilitate 
the S-nitrosation and nitration of target molecules [164]. Considering 
this, RNS can exert oxidative activity via species such as peroxynitrite, 
which is produced by the reaction of NO and superoxide [165]. Con-
flicting with the research above, studies have shown that exogenous NO 
donors, such as sodium nitroprusside (SNP), S-nitrosoglutathione, and 
diethylamine NONOate, exert similar effects as ROS and can activate 
JNK [166–168]. These results are corroborated by reports of JNK acti-
vation following increased iNOS levels induced by serum deprivation of 
PC12 pheochromocytoma cells [169]. 

Of interest, the generation of NO and superoxide (O2
− ) are necessary 

for activating JNK by shear stress in endothelial cells [170]. Increased 
shear stress increases tyrosine nitration, a common marker for RNS 
generation, which was suppressed by NO scavengers and inhibitors 
[170]. Incubating these cells with peroxynitrite also resulted in JNK 
activation [170]. 

Considering the suppression and activation of the JNK pathways by 
RNS, it is possible that their effect on JNK activity is dependent on the 
specific RNS species, their concentration, the cell-type, and the cellular 
redox state [155,158,161,164,166,166–169,171–175]. JNK appears to 
be effectively inactivated by S-nitrosation induced by endogenous NO 
[155,158]. However, in cells that are exposed to increased levels of 
shear stress and ROS, RNS seems to instead induce JNK activation [164]. 
These results suggest that RNS may function as a signaling molecule in 
the activation and suppression of JNK, and this is dependent on the 
redox state of the cell [155,158,161,164,166,166–169,171–175]. This 
relationship of NO to the JNK pathway may be linked to the regulatory 
activities of GSTP1 in this pathway. 

6.3. The coordinate regulation by GSTP1 and NO of the JNK pathway 
and its implications 

As illustrated in Fig. 4 and as described above, GSTs and NO play 
integral roles in the activation or suppression of the JNK pathway. 
Considering the GSTP1- and GSTM1-mediated inhibition of JNK and its 
down-stream targets, AP1 and p38 [69], which transcriptionally acti-
vate iNOS [120,150], an underlying regulatory mechanism of iNOS by 
GSTs may exist. Given the mechanisms of GSTP1 in suppressing NO 
generation [24,35], it can be suggested that GSTs inhibit JNK activation 
to maintain favorable NO levels for apoptosis. This hypothesis is sup-
ported by the feedback mechanism of NO, in which RNS can induce JNK 
activation and the subsequent activation of transcription factors that 
increase iNOS transcription [120,133,134,153,164]. In contrast, 
iNOS-mediated generation of NO can inhibit JNK activation [155,158, 
171], and this is supported by the positive feedback of GSTP1 via c-Jun, 
which can promote GSTP1 expression, and hence, the inhibition of the 
JNK pathway [144,145]. These feedback systems for NO inhibition and 
activation can be associated with broader GSTP1-mediated suppression 

of NO signaling in survival and apoptosis pathways (Section 7). 

7. The interplay of GSTP1 in inhibiting apoptosis and survival 
pathways that induce NO 

As mentioned above, high ROS and RNS levels are toxic and can 
result in non-specific DNA, protein, and lipid damage within the cell [36, 
176,177]. The response to such insults is to promote the expression of 
antioxidants such as the GSTs to alleviate oxidative stress [36,178,179]. 
However, when the cell has endured significant damage, apoptosis can 
occur. Thus, the cell can flux between apoptosis and survival responses 
depending on the cellular state [36,180–182], which may be regulated 
by GSTP1. To understand the potential connection of GSTP1 with the 
opposing pathways of survival and apoptosis, the interplay between ROS 
and the NF-κB and JNK pathways is first briefly described below. 

There are two central pathways involved in apoptosis: the death 
receptor (extrinsic) and the mitochondrial (intrinsic) pathways, which 
both require caspase activity [183]. The role of NF-κB in these pathways 
is to inhibit apoptosis [36,182,183]. The relevance of this function of 
NF-κB is supported by the embryonic lethality and liver degeneration 
observed in mice lacking the RelA component of NF-κB [184]. 
Furthermore, other studies expound on the importance of IKKβ and IKKγ 
in preventing embryonic liver apoptosis [185–187]. On the other hand, 
activated JNK can promote apoptosis via c-Jun/AP1 mediated expres-
sion of pro-apoptotic genes or by translocating to the mitochondria [36, 
188]. Within mitochondria, JNK can phosphorylate Bcl2 to inhibit its 
anti-apoptotic activity [188]. Additionally, JNK can also stimulate the 
release of cytochrome c from the mitochondrial inner membrane, which 
initiates the activation of the caspase-9-dependent caspase cascade to 
induce apoptosis [188]. 

Several feedback mechanisms have been identified between ROS, 
caspases, JNK, and the NF-κB pathway [180,182]. The expression of 
anti-apoptotic genes such as Bcl-2 and caspase inhibitors are induced by 
NF-κB [189,190]. Moreover, NF-κB can transactivate multiple antioxi-
dant genes, including manganese superoxide dismutase (MnSOD), Cu, Zn 
superoxide dismutase (SOD1), ferritin heavy chain (FHC), thioredoxin 1 
(TRX1), TRX2, GSTP1, metallothionein-3 (MT3), NAD(P)H quinone de-
hydrogenase 1 (NQO1), heme oxygenase 1 (HO-1), glutathione peroxidase 1 
(Gpx1), and dihydrodiol dehydrogenase (DDH1) [36]. In fact, NF-κB 
activation results in the inhibition of prolonged JNK activation, prob-
ably via the assuagement of ROS due to the up-regulation of anti-oxidant 
targets and other activities [36,180,191,192]. However, the inhibition 
of NF-κB stimulates apoptosis [185–187]. 

In view of the studies above demonstrating the association of GSTP1 
with JNK, TRAF2, IKKβ, and IKβa in the JNK and NF-κB pathways 
(Section 5-6), a new hypothesis can be proposed (Fig. 5). It can be 
speculated that the inhibitory activity of GSTP1 on the NF-κB versus JNK 
pathways may be mediated by NO and other ROS through their ability to 
induce GSTP1 oligomerization leading to the release of JNK [39,121, 
126,142]. The liberation of JNK then results in its activation and the 
induction of apoptosis [32,116,119,125,126,137,138,140,188] (Fig. 5). 

It has been proposed that ROS behaves as a bridging molecule in NF- 
κB and JNK crosstalk [36,193]. Under normal physiological conditions, 
ROS is attenuated by activating the expression of the antioxidants 
mentioned above e.g., SOD1, HO-1, GSTP1, etc. However, the excessive 
production of mitochondrial ROS can instead instigate JNK apoptotic 
pathways and induce the prolonged activation of JNK [180,188]. In 
addition to mitochondrial ROS, NO can also stimulate apoptosis at high 
concentrations. In our proposed mechanism (Fig. 5), GSTP1 inhibits the 
NF-κB pathway under conditions of excess ROS to favor apoptosis 
through prolonged JNK activation and the NF-κB-mediated inhibition of 
iNOS transcription. This suggestion is supported by GSTP1 dissociation 
from JNK and the subsequent oligomerization of GSTP1 via ROS [39, 
121,126,142] (Fig. 5). Although these latter studies demonstrate GSTP1 
oligomerizes with ROS, this has only been observed regarding the 
GSTP1-JNK interaction [39,121,126,142]. 
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Additionally, investigations examining the endogenous production 
of GSTP1 via the Nrf2 pathway after it is activated by ROS [145,146] 
suggest that under redox stress, there is sufficient GSTP1 to inhibit the 
NF-κB pathway. As stated above, NF-κB can function to halt prolonged 
JNK activation via JNK/NF-κB crosstalk and by decreasing ROS levels 
[36,180,191,192]. This decrease in oxidative stress is achieved by the 
transcription up-regulation of antioxidants that can scavenge ROS [36, 
146,180,191,192], likely preventing the oligomerization of GSTP1. The 
generation of GSTP1 within both these pathways may favor the inhibi-
tion of apoptosis pathways through GSTP1-mediated inhibition of 
TRAF2, ASK1, and JNK. 

It has been suggested that TNF-α may play a crucial role in the 
crosstalk between JNK and NF-κB pathways through the selective acti-
vation and inhibition of NF-κB signaling, which prevents prolonged JNK 
activity [36,180,193,194]. This mechanism may be linked to the 
GSTP1-NO relationship, as GSTP1 can inhibit activation of LPS-induced 
MAPKs, including JNK and p38, as well as NF-κB in RAW264.7 cells 
[69]. This inhibition via GSTP1 resulted in decreased TNF-α and NO 
generation, highlighting yet another regulatory mechanism of NO by 
GSTP1. It is further proposed that GSTP1 may act as a molecular switch 
for LPS-induced ROS [69]. 

Fig. 5. The proposed interplay between apoptosis and 
survival pathways and the dual function of GSTP1. (A) 
Elevated GSTP1 levels result in the increased binding 
of GSTP1 to JNK and inhibition of this apoptosis 
pathway. This mechanism is activated upon the in-
duction of excessive ROS, which oxidizes cysteines in 
GSTP1, resulting in oligomerization and inactivation, 
and also JNK liberation. JNK can then be phosphor-
ylated, resulting in the up-regulation of its down-
stream targets, c-Jun and AP1, to induce apoptosis. 
Notably, AP1 can also function to increase iNOS 
transactivation. Furthermore, c-Jun can promote the 
transcription of GSTP1, indicating a potential negative 
feedback to inhibit JNK activity. (B) GSTP1 can bind 
both IKKβ and IκBα for inhibition of NF-κB-mediated 
transcription of target genes involved in alleviating 
oxidative stress, e.g., GSTP1. It is suggested that the 
generation of ROS will promote the dissociation of 
GSTP1 from IKKβ and IκBa, resulting in the phos-
phorylation and degradation of IκBa and the release of 
the NF-κB complex. Activation of this pathway will 
promote cellular survival through increased antioxi-
dant production and the alleviation of ROS, which can 
then decrease ROS-induced JNK-mediated signaling. 
The oscillation between these pathways may be 
mediated by the ROS-dependent binding of GSTP1 to 
other proteins (e.g., IKKB), considering that every 
pathway results in a negative feedback mechanism to 
suppress GSTP1 expression.   

T.M. Russell and D.R. Richardson                                                                                                                                                                                                          



Redox Biology 59 (2023) 102568

10

8. NO-induced transcriptional up-regulation of protective genes 
by Nrf2 via AREs 

The physiological effect of NO on inducing apoptosis largely depends 
on the concentration of NO and the cell-type [5,195–201]. The current 
predominant view is that high NO concentrations exert cytotoxic effects 
by reacting with superoxide to generate RNS such as peroxynitrite, 
which results in non-specific DNA, protein, and lipid damage [5,202]. 
Such effects can promote the activation of downstream signaling path-
ways and gene expression, including the Nrf2 pathway [178,203] 
(Fig. 6). It is well established that Nrf2 transcriptionally activates genes 
encoding detoxification enzymes through associating with AREs located 
within the promoter and enhancer regions of genes including GSTs A, M, 
and P [144–146,204,205]. 

Under physiological conditions, Nrf2 activity is inhibited by the 
binding of Keap1, which leads to the proteasomal degradation of Nrf2 
(Fig. 6.) [206,207]. In the presence of ROS/RNS, Keap1 is inactivated by 
the oxidation of key cysteine sulfhydryl groups leading to the trans-
location of Nrf2 to the nucleus for the activation of ARE-mediated gene 
expression [146,178,208]. It has been proposed that cysteine residues 
within Keap1 are sensors for phase 2 enzyme induction and protection of 
cells from ROS [209–212]. In fact, S-nitrosation of these cysteine resi-
dues by NO may explain the NO-induced dissociation of Keap1 from 
Nrf2 and subsequent nuclear translocation of Nrf2 [213]. It has also 
been demonstrated that exposure of neuroblastoma cells to NO resulted 

in a marked increase in the transcription of the ARE-regulated genes, 
GCLC, GCLM, GSTP1, and HO-1, and a moderate increase of GSTA4 and 
TRX levels, to combat NO-induced apoptosis (Fig. 6) [178]. A similar 
study demonstrated that the role of NO in activating MAPK pathways in 
endothelial cells was linked to the ability of NO to increase Nrf2 trans-
location to the nucleus and its transactivation of HO-1 [214]. 

Considering the roles of GSTs in modulating NO levels and tran-
scription discussed above, the increased translocation of Nrf2 to the 
nucleus and the subsequent increase in GSTP1 expression may be a 
response to inhibit NO-mediated cytotoxicity. It can be collectively 
suggested that high NO concentrations increase the transactivation of 
AREs by Nrf2 to promote cytoprotection against NO via GSTP1 expres-
sion (Fig. 6). Other nuclear transcription factors, including Nrf1, c-Jun, 
JunD, c-Fos, Fra-1, YABP, MafK, and AP-1, can also bind and regulate 
AREs [146,179,215–220] and potentially the expression of GSTP1. As 
previously mentioned, Nrf2 and c-Jun have been shown to transactivate 
the ARE within the GPE1 promoter of GSTP1 [145]. Hence, GSTP1 
expression is modulated by a number of transcription factors, with Nrf2 
being a significant regulator. 

9. Summary 

Traditionally, the GSTs are well-known antioxidants that catalyze 
glutathionylation of xenobiotics, including anti-cancer drugs to prevent 
their cytotoxicity. It has been suggested that GSTs evolved from 

Fig. 6. NO-mediated nuclear translocation of Nrf2 and transcriptional up-regulation of genes containing AREs in their promoters. It has been demonstrated that NO 
can induce the dissociation of the transcription factor, Nrf2, from Keap1, potentially via S-nitrosylation of their cysteine residues, leading to increased Nrf2 nuclear 
translocation. This NO-mediated translocation of Nrf2 increases the transcription of genes possessing AREs in their promoters, namely: GCLC, GCLM, GSTA4, GSTP1, 
and TRX. The up-regulation of these genes combats NO-induced cytotoxicity and apoptosis. Of note, other nuclear transcription factors (e.g., c-Jun) can also target 
AREs, although to a lesser extent than Nrf2. 
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possessing a serine or cysteine in their catalytic site to having a tyrosine 
residue that interacts with NO as DNICs. Studies conducted by our 
laboratory demonstrated that the interaction of GSTP1 with MRP1 fa-
cilitates the storage and transport of NO as DNICs that protects macro-
phages from NO cytotoxicity (Fig. 1). More recently, it has been 
discovered that GSTP1 directly associates with iNOS resulting in its in-
hibition, suggesting GSTP1 acts as a regulatory nexus in NO metabolism. 
These interactions may explain many studies demonstrating a strong 
correlation between preeclampsia, hypertension, and atherogenesis 
with GSTM1 or GSTT1 null genotypes. 

Other key associations of GSTP1 can be identified in the NF-κB and 
JNK pathways (Figs. 3–5), where GSTP1 interacts with proteins to 
inhibit NO generation by iNOS and to maintain sufficient cellular levels 
of NO to mediate survival or apoptosis pathways. Considering this, it is 
suggested that GSTP1 functions as a “molecular switch” between sur-
vival and apoptosis and also for NO generation. The common functional 
role of GSTP1 throughout its interactions and pathways discussed herein 
is that this protein acts as a good Samaritan for maintaining cellular 
viability. This role is particularly facilitated by the ability of GSTP1 to 
interact directly with NO as DNICs, or indirectly through its ability to 
bind iNOS and other proteins in the JNK and NF-κB pathways. 

While the direct association of GSTP1 with many regulatory proteins 
has been documented, it remains unclear how it fluxes between all these 
molecules and the factors that regulate these interactions to enable 
cellular death or survival. Although the impact of ROS on GSTP1 activity 
is well documented in the pro-apoptotic JNK pathway (Fig. 4), further 
studies are required to elucidate its effect on the anti-apoptotic NF-κB 
pathway and the crosstalk between these processes (Fig. 5). For 
instance, it has been demonstrated that high ROS levels lead to GSTP1 
oligomerization. However, it is unclear if this influences the NF-κB 
pathway. Based on previous studies indicating that GSTP1 oligomeri-
zation leads to its inactivity and, subsequently, JNK activation to induce 
apoptosis, it can be speculated that the following events will also occur. 
These include: (1) the binding of GSTP1 to inhibit the NF-κB pathway via 
its interactions with Iκα and IKKβ, leading to prolonged JNK activation 
that induces apoptosis; (2) increased c-Jun activation and subsequent 
transactivation of the GPE1 enhancer region of GSTP1; and (3) ROS- 
mediated activation of Nrf2 to up-regulate antioxidant response genes 
such as GSTP1. The combined product of these protective responses is 
the alleviation of redox stress due to the up-regulation of GSTP1 and 
other antioxidant proteins that leads to the binding of nascent GSTP1 to 
JNK, which then inhibits its apoptotic activity. 

In conclusion, considering the functions of GSTs in detoxification 
and the roles of NO in cell signaling and cytotoxic effector functions, the 
interactions of GSTs with multiple effector proteins highlight an inno-
vative role of GSTs in NO metabolism. Future studies examining these 
GST interactions and their impact on the function of NO will be valuable 
in understanding the potentially expanding roles of GSTP1as a good 
Samaritan. 
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[138] A.F. Thévenin, C.L. Zony, B.J. Bahnson, R.F. Colman, GSTpi modulates JNK 
activity through a direct interaction with JNK substrate, ATF2, Protein Sci. Publ. 
Protein Soc. 20 (2011) 834–848, https://doi.org/10.1002/pro.609. 

[139] C.J. Henderson, A.G. Smith, J. Ure, K. Brown, E.J. Bacon, C.R. Wolf, Increased 
skin tumorigenesis in mice lacking pi class glutathione S-transferases, Proc. Natl. 
Acad. Sci. USA 95 (1998) 5275–5280, https://doi.org/10.1073/pnas.95.9.5275. 

[140] M. Llavanera, Y. Mateo-Otero, A. Delgado-Bermúdez, S. Recuero, S. Olives, 
I. Barranco, M. Yeste, Deactivation of the JNK pathway by GSTP1 is essential to 
maintain sperm functionality, Front. Cell Dev. Biol. 9 (2021). https://www.front 
iersin.org/articles/10.3389/fcell.2021.627140. (Accessed 10 October 2022). 
accessed. 

[141] R. Fabrini, A. De Luca, L. Stella, G. Mei, B. Orioni, S. Ciccone, G. Federici, M. Lo 
Bello, G. Ricci, Monomer-dimer equilibrium in glutathione transferases: a critical 
re-examination, Biochemistry 48 (2009) 10473–10482, https://doi.org/10.1021/ 
bi901238t. 

[142] H. Shen, S. Tsuchida, K. Tamai, K. Sato, Identification of cysteine residues 
involved in disulfide formation in the inactivation of glutathione transferase P- 
form by hydrogen peroxide, Arch. Biochem. Biophys. 300 (1993) 137–141, 
https://doi.org/10.1006/abbi.1993.1019. 

[143] P.S.-Y. Wong, J.P. Eiserich, S. Reddy, C.L. Lopez, C.E. Cross, A. van der Vliet, 
Inactivation of glutathione S-transferases by nitric oxide-derived oxidants: 
exploring a role for tyrosine nitration, Arch. Biochem. Biophys. 394 (2001) 
216–228, https://doi.org/10.1006/abbi.2001.2532. 

[144] Y. Nakamura, Q. Feng, T. Kumagai, K. Torikai, H. Ohigashi, T. Osawa, 
N. Noguchi, E. Niki, K. Uchida, Ebselen, a glutathione peroxidase mimetic seleno- 
organic compound, as a multifunctional antioxidant: implication for 
inflammation- associated carcinogenesis, J. Biol. Chem. 277 (2002) 2687–2694, 
https://doi.org/10.1074/jbc.M109641200. 

[145] C.-K. Lii, K.-L. Liu, Y.-P. Cheng, A.-H. Lin, H.-W. Chen, C.-W. Tsai, Sulforaphane 
and α-lipoic acid upregulate the expression of the π class of glutathione s- 
transferase through c-Jun and Nrf2 activation, J. Nutr. 140 (2010) 885–892, 
https://doi.org/10.3945/jn.110.121418. 

[146] A. Raghunath, K. Sundarraj, R. Nagarajan, F. Arfuso, J. Bian, A.P. Kumar, G. Sethi, 
E. Perumal, Antioxidant response elements: Discovery, classes, regulation and 
potential applications, Redox Biol. 17 (2018) 297–314, https://doi.org/10.1016/ 
j.redox.2018.05.002. 

[147] S. Dorion, H. Lambert, J. Landry, Activation of the p38 signaling pathway by heat 
shock involves the dissociation of glutathione S-transferase Mu from Ask1, J. Biol. 
Chem. 277 (2002) 30792–30797, https://doi.org/10.1074/jbc.M203642200. 

[148] Z.-P. Xia, Z.J. Chen, TRAF2: a double-edged sword? Sci. STKE (2005) https://doi. 
org/10.1126/stke.2722005pe7, 2005) pe7–pe7. 

[149] A. Borghi, L. Verstrepen, R. Beyaert, TRAF2 multitasking in TNF receptor-induced 
signaling to NF-κB, MAP kinases and cell death, Biochem. Pharmacol. 116 (2016) 
1–10, https://doi.org/10.1016/j.bcp.2016.03.009. 

[150] W. Ratajczak-Wrona, E. Jablonska, M. Marcinczyk, Z. Grabowska, L. Piotrowski, 
Role of p38 MAPK pathway in induction of iNOS expression in neutrophils and 
peripheral blood mononuclear cells in patients with squamous cell carcinoma of 
the oral cavity, J. Oral Maxillofac. Surg. 67 (2009) 2354–2363, https://doi.org/ 
10.1016/j.joms.2009.04.030. 

[151] N.R. Bhat, D.L. Feinstein, Q. Shen, A.N. Bhat, p38 MAPK-mediated transcriptional 
activation of inducible nitric-oxide synthase in glial cells: roles of nuclear factors, 
nuclear factor κB, camp response element-binding protein, CCAAT/enhancer- 
binding protein-β, and activating transcription factor-2, J. Biol. Chem. 277 (2002) 
29584–29592, https://doi.org/10.1074/jbc.M204994200. 

[152] Y. Nishiki, A. Adewola, M. Hatanaka, A.T. Templin, B. Maier, R.G. Mirmira, 
Translational control of inducible nitric oxide synthase by p38 MAPK in islet 

T.M. Russell and D.R. Richardson                                                                                                                                                                                                          

https://doi.org/10.1074/jbc.M000737200
https://doi.org/10.1074/jbc.M412424200
https://doi.org/10.1074/jbc.M412424200
https://doi.org/10.1016/j.abb.2004.05.024
https://doi.org/10.1016/j.abb.2004.05.024
https://doi.org/10.1016/j.bbrc.2007.12.123
https://doi.org/10.1074/jbc.M310171200
https://doi.org/10.1093/nar/20.15.3821
https://doi.org/10.1093/nar/20.15.3821
https://doi.org/10.1016/j.freeradbiomed.2011.04.013
https://doi.org/10.1016/j.freeradbiomed.2011.04.013
https://doi.org/10.1186/1476-9255-4-23
https://doi.org/10.1186/1476-9255-4-23
https://doi.org/10.1074/jbc.270.23.14214
https://doi.org/10.1161/01.ATV.18.11.1796
https://doi.org/10.1039/C1MB05295K
https://doi.org/10.1039/C1MB05295K
https://doi.org/10.7554/eLife.10592
https://doi.org/10.7554/eLife.10592
https://doi.org/10.1126/science.7544915
https://doi.org/10.1126/science.7544915
https://doi.org/10.1016/j.cellsig.2014.08.011
https://doi.org/10.1016/j.cellsig.2014.08.011
https://doi.org/10.3109/1547691X.2012.686929
https://doi.org/10.3109/1547691X.2012.686929
https://doi.org/10.1074/jbc.M101355200
https://doi.org/10.1074/jbc.M101355200
https://doi.org/10.1016/j.bbamcr.2007.05.003
https://doi.org/10.1016/j.bbamcr.2007.05.003
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1038/sj.cr.7290105
https://doi.org/10.1038/sj.cr.7290105
https://doi.org/10.1021/bi300559m
https://doi.org/10.1016/j.neulet.2009.01.017
https://doi.org/10.1074/jbc.270.44.26071
https://doi.org/10.1074/jbc.271.42.26335
https://doi.org/10.1073/pnas.94.8.3771
https://doi.org/10.1128/MCB.17.8.4792
https://doi.org/10.1128/MCB.17.8.4792
https://doi.org/10.1038/353670a0
https://doi.org/10.1128/MCB.19.6.4289
https://doi.org/10.1128/MCB.19.6.4289
https://doi.org/10.1016/S1476-5586(03)80025-8
https://doi.org/10.1016/S1476-5586(03)80025-8
https://doi.org/10.1016/0304-419x(91)90011-9
https://doi.org/10.1016/0304-419x(91)90011-9
https://doi.org/10.1006/excr.1993.1018
https://doi.org/10.1006/excr.1993.1018
https://doi.org/10.1016/0092-8674(95)90469-7
http://refhub.elsevier.com/S2213-2317(22)00340-8/sref137
http://refhub.elsevier.com/S2213-2317(22)00340-8/sref137
http://refhub.elsevier.com/S2213-2317(22)00340-8/sref137
https://doi.org/10.1002/pro.609
https://doi.org/10.1073/pnas.95.9.5275
https://www.frontiersin.org/articles/10.3389/fcell.2021.627140
https://www.frontiersin.org/articles/10.3389/fcell.2021.627140
https://doi.org/10.1021/bi901238t
https://doi.org/10.1021/bi901238t
https://doi.org/10.1006/abbi.1993.1019
https://doi.org/10.1006/abbi.2001.2532
https://doi.org/10.1074/jbc.M109641200
https://doi.org/10.3945/jn.110.121418
https://doi.org/10.1016/j.redox.2018.05.002
https://doi.org/10.1016/j.redox.2018.05.002
https://doi.org/10.1074/jbc.M203642200
https://doi.org/10.1126/stke.2722005pe7
https://doi.org/10.1126/stke.2722005pe7
https://doi.org/10.1016/j.bcp.2016.03.009
https://doi.org/10.1016/j.joms.2009.04.030
https://doi.org/10.1016/j.joms.2009.04.030
https://doi.org/10.1074/jbc.M204994200


Redox Biology 59 (2023) 102568

15

β-Cells, Mol. Endocrinol. 27 (2013) 336–349, https://doi.org/10.1210/me.2012- 
1230. 

[153] S. Pawate, N.R. Bhat, C-Jun, N-terminal kinase (JNK) regulation of iNOS 
expression in glial cells: predominant role of JNK1 isoform, Antioxid, Redox 
Signal 8 (2006) 903–909, https://doi.org/10.1089/ars.2006.8.903. 

[154] R. Korhonen, K. Linker, A. Pautz, U. Förstermann, E. Moilanen, H. Kleinert, Post- 
transcriptional regulation of human inducible nitric-oxide synthase expression by 
the Jun N-terminal kinase, Mol. Pharmacol. 71 (2007) 1427–1434, https://doi. 
org/10.1124/mol.106.033449. 

[155] H.-S. Park, S.-H. Huh, M.-S. Kim, S.H. Lee, E.-J. Choi, Nitric oxide negatively 
regulates c-Jun N-terminal kinase/stress-activated protein kinase by means of S- 
nitrosylation, Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 14382–14387. 

[156] H.M. Lander, A.T. Jacovina, R.J. Davis, J.M. Tauras, Differential activation of 
mitogen-activated protein kinases by nitric oxide-related species, J. Biol. Chem. 
271 (1996) 19705–19709, https://doi.org/10.1074/jbc.271.33.19705. 

[157] C.D. Jun, C.D. Oh, H.J. Kwak, H.O. Pae, J.C. Yoo, B.M. Choi, J.S. Chun, R.K. Park, 
H.T. Chung, Overexpression of protein kinase C isoforms protects RAW 264.7 
macrophages from nitric oxide-induced apoptosis: involvement of c-Jun N- 
terminal kinase/stress-activated protein kinase, p38 kinase, and CPP-32 protease 
pathways, J. Immunol. Baltim. Md 162 (1950) 3395–3401, 1999. 

[158] H.-S. Park, J.-S. Mo, E.-J. Choi, Nitric oxide inhibits an interaction between JNK1 
and c-Jun through nitrosylation, Biochem. Biophys. Res. Commun. 351 (2006) 
281–286, https://doi.org/10.1016/j.bbrc.2006.10.034. 

[159] H.S. Park, E. Park, M.S. Kim, K. Ahn, I.Y. Kim, E.J. Choi, Selenite inhibits the c- 
Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) through a 
thiol redox mechanism, J. Biol. Chem. 275 (2000) 2527–2531, https://doi.org/ 
10.1074/jbc.275.4.2527. 

[160] C. Shen, J. Yan, O.F. Erkocak, X.-F. Zheng, X.-D. Chen, Nitric oxide inhibits 
autophagy via suppression of JNK in meniscal cells, Rheumatol. Oxf. Engl. 53 
(2014) 1022–1033, https://doi.org/10.1093/rheumatology/ket471. 

[161] H.-S. Park, J.-W. Yu, J.-H. Cho, M.-S. Kim, S.-H. Huh, K. Ryoo, E.-J. Choi, 
Inhibition of apoptosis signal-regulating kinase 1 by nitric oxide through a thiol 
redox mechanism, J. Biol. Chem. 279 (2004) 7584–7590, https://doi.org/ 
10.1074/jbc.M304183200. 

[162] P. Klatt, E.P. Molina, S. Lamas, Nitric oxide inhibits c-Jun DNA binding by 
specifically targeted S-glutathionylation, J. Biol. Chem. 274 (1999) 
15857–15864, https://doi.org/10.1074/jbc.274.22.15857. 

[163] D. Nikitovic, A. Holmgren, G. Spyrou, Inhibition of AP-1 DNA binding by nitric 
oxide involving conserved cysteine residues in Jun and fos, Biochem. Biophys. 
Res. Commun. 242 (1998) 109–112, https://doi.org/10.1006/bbrc.1997.7930. 

[164] H.-M. Shen, Z. Liu, JNK signaling pathway is a key modulator in cell death 
mediated by reactive oxygen and nitrogen species, Free Radic. Biol. Med. 40 
(2006) 928–939, https://doi.org/10.1016/j.freeradbiomed.2005.10.056. 

[165] S. Di Meo, T.T. Reed, P. Venditti, V.M. Victor, Role of ROS and RNS sources in 
physiological and pathological conditions, Oxid. Med. Cell. Longev. (2016), 
1245049, https://doi.org/10.1155/2016/1245049, 2016. 

[166] P. Andreka, J. Zang, C. Dougherty, T.I. Slepak, K.A. Webster, N.H. Bishopric, 
Cytoprotection by jun kinase during nitric oxide–induced cardiac myocyte 
apoptosis, Circ. Res. 88 (2001) 305–312, https://doi.org/10.1161/01. 
RES.88.3.305. 

[167] C.-D. Jun, H.-O. Pae, H.-J. Kwak, J.-C. Yoo, B.-M. Choi, C.-D. Oh, J.-S. Chun, S.- 
G. Paik, Y.-H. Park, H.-T. Chung, Modulation of nitric oxide-induced apoptotic 
death of HL-60 cells by protein kinase C and protein kinase A through mitogen- 
activated protein kinases and CPP32-like protease pathways, Cell. Immunol. 194 
(1999) 36–46, https://doi.org/10.1006/cimm.1999.1480. 

[168] E. Nabeyrat, G.E. Jones, P.S. Fenwick, P.J. Barnes, L.E. Donnelly, Mitogen- 
activated protein kinases mediate peroxynitrite-induced cell death in human 
bronchial epithelial cells, Am. J. Physiol. Lung Cell Mol. Physiol. 284 (2003) 
L1112, https://doi.org/10.1152/ajplung.00178.2002. –L1120. 

[169] K.C. Chung, J.H. Park, C.H. Kim, Y.S. Ahn, Tumor necrosis factor-α and phorbol 
12-myristate 13-acetate differentially modulate cytotoxic effect of nitric oxide 
generated by serum deprivation in neuronal PC12 cells, J. Neurochem. 72 (1999) 
1482–1488, https://doi.org/10.1046/j.1471-4159.1999.721482.x. 

[170] Y.-M. Go, R.P. Patel, M.C. Maland, H. Park, J.S. Beckman, V.M. Darley-Usmar, 
H. Jo, Evidence for peroxynitrite as a signaling molecule in flow-dependent 
activation of c-Jun NH2-terminal kinase, Am. J. Physiol. Heart Circ. Physiol. 277 
(1999) H1647, https://doi.org/10.1152/ajpheart.1999.277.4.H1647. –H1653. 

[171] H.S. So, R.K. Park, M.S. Kim, S.R. Lee, B.H. Jung, S.Y. Chung, C.D. Jun, H. 
T. Chung, Nitric oxide inhibits c-Jun N-terminal kinase 2 (JNK2) via S- 
nitrosylation, Biochem. Biophys. Res. Commun. 247 (1998) 809–813, https://doi. 
org/10.1006/bbrc.1998.8788. 

[172] H.J. Chae, H.R. Kim, Y.G. Kwak, J.K. Ko, C.U. Joo, S.W. Chae, S.-W. Chae, Signal 
transduction of nitric oxide donor-induced protection in hydrogen peroxide- 
mediated apoptosis in H9c2 cardiomyoblasts, Immunopharmacol. 
Immunotoxicol. 23 (2001) 187–204, https://doi.org/10.1081/IPH-100103859. 

[173] A.-L. Levonen, R.P. Patel, P. Brookes, Y.-M. Go, H. Jo, S. Parthasarathy, P. 
G. Anderson, V.M. Darley-Usmar, Mechanisms of cell signaling by nitric oxide and 
peroxynitrite: from mitochondria to MAP kinases, Antioxidants Redox Signal. 3 
(2001) 215–229, https://doi.org/10.1089/152308601300185188. 

[174] I. Jibiki, S. Hashimoto, S. Maruoka, Y. Gon, A. Matsuzawa, H. Nishitoh, H. Ichijo, 
T. Horie, Apoptosis signal-regulating kinase 1–mediated signaling pathway 
regulates nitric oxide–induced activator protein-1 activation in human bronchial 
epithelial cells, Am. J. Respir. Crit. Care Med. 167 (2003) 856–861, https://doi. 
org/10.1164/rccm.2204042. 

[175] P. Shrivastava, C. Pantano, R. Watkin, B. McElhinney, A. Guala, M.L. Poynter, R. 
L. Persinger, R. Budd, Y. Janssen-Heininger, Reactive nitrogen species-induced 

cell death requires fas-dependent activation of c-Jun N-terminal kinase, Mol. Cell 
Biol. 24 (2004) 6763–6772, https://doi.org/10.1128/MCB.24.15.6763- 
6772.2004. 

[176] H. A. P, E. Ja, Generation of reactive oxygen species by mitochondria, Antioxid. 
Basel Switz. 10 (2021), https://doi.org/10.3390/antiox10030415. 

[177] M.S. Cooke, M.D. Evans, M. Dizdaroglu, J. Lunec, Oxidative DNA damage: 
mechanisms, mutation, and disease, Faseb. J. 17 (2003) 1195–1214, https://doi. 
org/10.1096/fj.02-0752rev. 

[178] S. Dhakshinamoorthy, A.G. Porter, Nitric oxide-induced transcriptional up- 
regulation of protective genes by Nrf2 via the antioxidant response element 
counteracts apoptosis of neuroblastoma cells, J. Biol. Chem. 279 (2004) 
20096–20107, https://doi.org/10.1074/jbc.M312492200. 

[179] M. Biswas, J.Y. Chan, Role of Nrf1 in antioxidant response element-mediated gene 
expression and beyond, Toxicol. Appl. Pharmacol. 244 (2010) 16–20, https://doi. 
org/10.1016/j.taap.2009.07.034. 

[180] S. Papa, C. Bubici, F. Zazzeroni, C.G. Pham, C. Kuntzen, J.R. Knabb, K. Dean, 
G. Franzoso, The NF-κB-mediated control of the JNK cascade in the antagonism of 
programmed cell death in health and disease, Cell Death Differ. 13 (2006) 
712–729, https://doi.org/10.1038/sj.cdd.4401865. 

[181] S. Papa, F. Zazzeroni, C.G. Pham, C. Bubici, G. Franzoso, Linking JNK signaling to 
NF-κB: a key to survival, J. Cell Sci. 117 (2004) 5197–5208, https://doi.org/ 
10.1242/jcs.01483. 

[182] J.-L. Luo, H. Kamata, M. Karin, IKK/NF-κB signaling: balancing life and death – a 
new approach to cancer therapy, J. Clin. Invest. 115 (2005) 2625–2632, https:// 
doi.org/10.1172/JCI26322. 

[183] L. Lossi, The concept of intrinsic versus extrinsic apoptosis, Biochem. J. 479 
(2022) 357–384, https://doi.org/10.1042/BCJ20210854. 

[184] A.A. Beg, W.C. Sha, R.T. Bronson, S. Ghosh, D. Baltimore, Embryonic lethality and 
liver degeneration in mice lacking the RelA component of NF-kappa B, Nature 
376 (1995) 167–170, https://doi.org/10.1038/376167a0. 

[185] Z.W. Li, W. Chu, Y. Hu, M. Delhase, T. Deerinck, M. Ellisman, R. Johnson, 
M. Karin, The IKKbeta subunit of IkappaB kinase (IKK) is essential for nuclear 
factor kappaB activation and prevention of apoptosis, J. Exp. Med. 189 (1999) 
1839–1845, https://doi.org/10.1084/jem.189.11.1839. 

[186] Q. Li, D. Van Antwerp, F. Mercurio, K.F. Lee, I.M. Verma, Severe liver 
degeneration in mice lacking the IkappaB kinase 2 gene, Science 284 (1999) 
321–325, https://doi.org/10.1126/science.284.5412.321. 
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