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Abstract: Glutathione S-transferases (GSTs) are a major class of phase II metabolic enzymes. Besides
their essential role in detoxification, GSTs also exert diverse biological activities in the occurrence and
development of various diseases. In the past few decades, much research interest has been paid to
exploring the mechanisms of GST overexpression in tumor drug resistance. Correspondingly, many
GST inhibitors have been developed and applied, solely or in combination with chemotherapeutic
drugs, for the treatment of multi-drug resistant tumors. Moreover, novel roles of GSTs in other
diseases, such as pulmonary fibrosis and neurodegenerative diseases, have been recognized in
recent years, although the exact regulatory mechanisms remain to be elucidated. This review,
firstly summarizes the roles of GSTs and their overexpression in the above-mentioned diseases
with emphasis on the modulation of cell signaling pathways and protein functions. Secondly,
specific GST inhibitors currently in pre-clinical development and in clinical stages are inventoried.
Lastly, applications of GST inhibitors in targeting cell signaling pathways and intracellular biological
processes are discussed, and the potential for disease treatment is prospected. Taken together, this
review is expected to provide new insights into the interconnection between GST overexpression and
human diseases, which may assist future drug discovery targeting GSTs.

Keywords: glutathione S-transferases; overexpression; chemoresistance; neurodegenerative disease;
pulmonary fibrosis; GST inhibitors

1. Introduction

Glutathione S-transferases (GSTs) were first isolated from cytoplasm in rat liver tissue
in the 1960s and have been of continuous research interest ever since [1]. Mammalian GSTs
are a large family that can be further divided into three classes, namely cytosolic GSTs,
mitochondrial GSTs, and microsomal GSTs, according to their cellular localizations [2].
Among them, cytosolic GSTs are probably the most well-studied GSTs and are widely
expressed in various types of cells [3]. Therefore, this review mainly focuses on cytosolic
GSTs, their different biological activities, and their roles in human diseases.

Cytosolic GSTs exist as homodimers or heterodimers in the cytoplasm of cells, with
a subunit length between 200 and 250 amino acids and a molecular weight between 23
and 28 kDa [4–6]. Cytosolic GSTs are classified into seven classes based on the similarity
of amino acid sequences and structural features: Alpha (α), Sigma (σ), Mu (µ), Pi (π),
Omega (ω), Theta (θ), and Zeta (ζ) [7–9]. In mammals, the sequence identity of cytosolic
GST isozymes in the same class is >40%, and the sequence identity of isozymes between
classes is <25% [10]. Each isoform is encoded by a unique gene, and the coding genes are
in different chromosomal locations. Cytosolic GSTs are extensively expressed in human

Antioxidants 2023, 12, 1970. https://doi.org/10.3390/antiox12111970 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12111970
https://doi.org/10.3390/antiox12111970
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://doi.org/10.3390/antiox12111970
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12111970?type=check_update&version=1


Antioxidants 2023, 12, 1970 2 of 29

tissues (Table 1). Cytosolic GSTs have a variety of biological functions: (1) catalysis of conju-
gation reactions of reduced glutathione (GSH) to electrophilic substances (including drugs),
electrophilic drug metabolites, and endogenous electrophiles [5]; (2) catalysis of reduction
in organic hydroperoxides; (3) regulation of various cellular signaling pathways, such as
the mitogen-activated protein (MAP) kinase pathway via the inhibition of c-Jun N-terminal
kinase 1 (JNK1) and apoptosis signal-regulating kinase 1 (ASK1) [11]; (4) post-translational
modification of various proteins by S-glutathionylation or de-glutathiolation [12]; and
(5) contribution to multidrug resistance to chemotherapeutic drugs and protection of cancer
cells against apoptosis [13].

Table 1. Classification of cytosolic GST family members.

Class Gene Chromosome Human Isoform Tissue and Organ Distribution References

α GSTA 6p12.2

GSTA1-1 liver, kidney, adrenal gland, pancreas,
testes, prostate [14–16]

GSTA2-2 liver, pancreas, kidney [17,18]

GSTA3-3 ovaries, testes, adrenal
glands, placenta [18]

GSTA4-4 brain, placenta, skeletal muscle [16]
GSTA5-5 liver, kidney [2]

µ GSTM 1p13.3

GSTM1-1 liver, testes, brain [16,18]
GSTM2-2 brain, testes, heart [16,18]
GSTM3-3 testes, brain [18]
GSTM4-4 duodenum, intestine [2]
GSTM5-5 brain [16]

π GSTP 11q13 GSTP1-1 brain, heart, lungs, testes, pancreas,
skin, kidney, bladder, prostate, colon [16,19,20]

θ GSTT 22q11.23 GSTT1-1 kidney, liver, small intestine,
brain, lung [2,16,18]

GSTT2-2 liver [18]

σ GSTS 4q23.3 GSTS1-1 brain, heart, testicles [16]

ω GSTO 10q25.1 GSTO1-1 liver, heart, [18]
GSTO2-2 testicles [21]

ζ GSTZ 14q24.3 GSTZ1-1 liver, testicles [16]

A growing number of studies have associated the diverse biological activities of GSTs
with a variety of diseases. GSTs have been shown to be overexpressed in many tumor
tissues. This high expression of GSTs mediates cellular resistance to antitumor drugs via
distinct mechanisms, which mainly involve metabolic detoxification, regulation of the
MAPK signaling pathway, DNA repair, autophagy, and glycolytic processes. In addition,
a recent study showed that a high expression of GSTs in lung fibroblasts promotes the
progression of pulmonary fibrosis by catalyzing protein S-glutathionylation in lung fibrob-
last [22]. In addition, the complex role of GSTs in the pathogenesis of neurodegenerative
diseases is also attracting increasing research interest [23,24]. In this review, we focus on
the consequences of overexpression of GSTs in a selection of human diseases, including
tumor resistance, pulmonary fibrosis, and neurodegenerative diseases. In addition, the
development of GST inhibitors to suppress overexpressed GSTs as possible therapeutic
implications was introduced.

2. Structure

As mentioned above, GST active enzymes are composed of homo- or heterodimeric
forms. Each subunit contains two functional domains: the N-terminal functional domain
and the C-terminal functional domain. The two functional domains correspond to two
active sites, namely the G-site and H-site, respectively (Figure 1A) [25]. The N-terminal
functional domain is made up of amino acids 1–82, with a thioredoxin-like folded structure
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consisting of four β-folds and three α-helices (βαβαββα) (Figure 1B) [26]. Starting from
the N-terminal and ending at the C-terminal, the order is β1-α1-β2-α2-β3-β4-α3, where
β1β2β4 are parallel in the same direction, and with β3 in the opposite direction [27]. Helix
α2 and fold β3 are connected through a proline ring consisting of cis-proline residues
(Figure 1B). This ring is not directly involved in the catalytic function of GSTs but forms
hydrogen bonding interactions with the backbone amine group of the cysteine-residue
of GSH and plays an important role in maintaining the protein in a catalytically active
structure [28,29]. The N-terminal functional domain is the binding site for GSH and is
therefore referred to as the G site. This site has a strong specificity for GSH and is therefore
a very conserved pocket [30]. N-terminal amino acid residues important for GSH activa-
tion include serine (GSTT), tyrosine (GST A, M, S, and P), or cysteine (GSTO and Z) [16].
The hydroxyl group of the Tyr/Ser residue forms a hydrogen bond with the sulfhydryl
group of GSH to promote the formation and stabilization of the thiolate anion. In contrast,
the Cys residue of GSTO and GSTZ forms a mixed disulfide with GSH, not a thiolate
anion [27]. It is noteworthy that GSTs containing different amino acid residues have dif-
ferent catalytic activities. For example, most GSTs containing serine or tyrosine residues
(GSTT/GSTA/GSTM/GST/GSTP) exhibit glutathione transferase activity, while GSTs with
catalytic cysteine residues (GSTO/GSTZ) exhibited glutathione lyase activity [25].
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nal structural domain of the other subunit, and this interaction is mainly electrostatic and 
hydrophobic (Figure 1C) [26]. The catalytic mechanism of two sites involved in GSTs is as 
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the GSH conjugate, which will be released via the C-terminus [34]. 

Figure 1. Structural diagram of human GSTP1 (pdb code 3GUS). (A) The two subunits are colored
blue and pink, respectively. The G site is occupied by a GSH (red rod structure) molecule, while the
H site is occupied by a NBDHEX (yellow rod structure) molecule. (B) The thioredoxin-like folded
structure consists of four β-folds and three α-helices in the order β1-α1-β2-α2-β3-β4-α3, with α2
and β3 connected by a proline ring. (C) Interactions of amino acids at the interface of two subunits.
The figure is created using PYMOL version 2.6.0a0.
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The C-terminal functional domain consists of amino acids 90–217 and is an all-α helical
structural domain [31]. It is the binding site for hydrophobic compounds and is therefore
designated as the H site [32]. The H site is not conserved and can non-specifically bind to
a large variety of hydrophobic substrates with varying affinities, such as heme, bilirubin,
dexamethasone, and polycyclic aromatic hydrocarbons [33].

These two sites jointly form a complete subunit from amino acid residues at positions
83–89, which is recognized as the active catalytic site of GSTs. The two subunits interact via
the contact between the N-terminal structural domain of one subunit and the C-terminal
structural domain of the other subunit, and this interaction is mainly electrostatic and
hydrophobic (Figure 1C) [26]. The catalytic mechanism of two sites involved in GSTs is as
follows: (1) GSH binds to the G site to form the strong nucleophilic thiolate anion, (2) the
electrophilic substrate bound to the H site reacts with the thiolate anion of GSH to form the
GSH conjugate, which will be released via the C-terminus [34].

3. Physiological Function
3.1. Detoxification

GST are important phase II detoxification enzymes involved in the detoxification of a
variety of exogenous and endogenous substances. The general formula of a GST-catalyzed
substitution reaction is presented as GSH + R-X→ R-SG + H-X, where the X represents
a leaving group, for example, halogen (Cl, Br, I) or sulfate groups. In addition, GSTs
can catalyze additional reactions, as in the case of α, β-unsaturated aldehydes, epoxides,
quinones, and quinoneimines.

The hydrophilic GSH-conjugate (R-SG) formed intracellularly is excreted from the cell
by the multidrug resistance-associated protein MRP and then processed subsequently by
gamma-glutamyltransferases, dipeptidases and N-acetyltransferases to an N-acetylcysteine
conjugate, also known as mercapturic acid, which will be excreted in the kidney to urine [35].
Various electrophilic compounds are known to cause intracellular damage by covalently
binding to DNA and proteins. Thus, the GST-catalyzed GSH conjugation is protective of
these biomolecules inside the cell and therefore is considered as a detoxification process
(Figure 2) [9,36]. The major types of GST-catalyzed reactions include epoxide ring open-
ing, nucleophilic aromatic substitution reactions, Michael addition of α, β-unsaturated
aldehydes and ketones, isomerization, and peroxidase reactions [5,37].
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Figure 2. The involvement of GSTs in detoxification process of xenobiotics. The xenobiotics can
be divided into lipophilic compounds and hydrophilic compounds. Lipophilic compounds are
metabolized by the phase I metabolic enzyme CYP450s, resulting in an increased polarity. Polar
metabolic intermediates or hydrophilic compounds are metabolized by phase II metabolic enzymes
like GSTs with formation of highly water-soluble conjugate R-SG. R-SG is then excreted from the cell
by multidrug resistance proteins (MRPs) and finally processed into mercapturic acid conjugates that
are excreted in the urine.
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The substrate selectivity of GSTs is very broad and includes both exogenous and
endogenous compounds, as illustrated by the examples shown in Figure 3. For example,
GSTs inactivate the 8,9-epoxide formed by the CYP450-catalyzed oxidation of the envi-
ronmental toxicant/carcinogen aflatoxin B1, Figure 3a. The pesticides alachlor atrazine
and dichlorodiphenyltrichloroethane (DDT) are metabolized directly by GSTs by chloro-
substitution reactions, which in the case of DDT is followed by spontaneous deglutathiony-
lation leading to DDE (Figure 3b–d) [38,39]. The metabolism of anticancer drugs by GSTs
is a process that leads to loss of drug efficacy, as in the case of 1,3-di-(2-chloroethyl)-1-
nitrosourea (BCNU), cyclophosphamide and melphalan (Figure 3e–g) [40]. Also, certain
components of medicinal herbs are known to be metabolized to reactive metabolites that
have been associated with toxic reactions. GST-mediated detoxification reactions have
been recently reported for reactive metabolites derived from geniposide, icaritin, and
pterostilbene (Figure 3h–j) [41–43].

Some endogenous compounds, such as oleic acid, arachidonic acid, and cholesterol,
are metabolized by the cytochrome CYP450 enzyme to reactive epoxides (Figure 4a,b). GSTs
have been shown to catalyze the inactivation of these epoxides by GSH conjugation [44–46].
Another source of endogenous electrophiles is the process of lipid peroxidation and oxi-
dation of DNA bases. These processes can be initiated by reactive oxygen species (ROS)
formed by ionizing radiation, aerobic respiration, or inflammation. ROS, which include
superoxide anion radicals, hydrogen peroxide, and hydroxyl radicals, can interact with
membrane lipids and DNA to produce toxic metabolites containing lipid peroxides, car-
bonyls, and epoxides [37]. Decomposition of lipid peroxides can lead to protein-reactive
metabolites, e.g., 4-hydroxynonenal, whereas the oxidation of DNA bases can lead to
reactive adenine propenal (Figure 4c,d) [38,47]. Studies have shown that electrophilic
substances produced by oxidative stress are associated with a variety of diseases, such as
cancer, Alzheimer’s disease, Parkinson’s disease, schizophrenia, diabetes, atherosclerosis,
and aging-related diseases [48–54]. GSTs play an important role in the inactivation of these
endogenous electrophiles, which implies that a deficiency of GSTs may increase the risk for
these diseases.

3.2. Cellular Signaling Regulation
3.2.1. JNK Signaling Pathway

Apart from the catalytic functions, GST isoenzymes are also involved in the mitogen-
activated protein kinase (MAPK) pathway, a cell survival and death signal transduction
pathway, in a non-catalytic manner by direct protein–protein interaction [18]. C-Jun N-
terminal kinase (JNK), a member of the MAPK superfamily, plays an important role in the
regulation of cell proliferation, apoptosis, inflammatory response, cancer, fibrosis, and other
pathophysiological processes [55]. Many studies have shown that GSTP1 interacts with JNK
and inhibits its activity, thereby suppressing the activation of downstream targets [56–58].
In the non-stressed cellular status, JNK activity is strongly suppressed by GSTP1 binding,
Figure 5. It has been shown that the activity of JNK is negatively correlated with the
expression level of GSTP1, confirming the negative regulatory role of GSTP1 [58]. Once
cells are stimulated by cytokines, radiative, oxidative, or other types of stress, GSTP1
dissociates from JNK, and the activated JNK mediates phosphorylation of c-Jun, a member
of the activated protein-1 (AP-1) transcription complex. Phosphorylated c-Jun, in turn,
regulates biological processes such as cell proliferation and apoptosis [59]. It has been
confirmed that GSTP1 is highly expressed in a variety of cancer cells [60–63], which is
considered an essential mechanism of multidrug resistance to chemotherapeutics because
suppression of JNK leads to the prevention of apoptosis. GSTA1 and GSTM1 can also form
protein complexes with JNK in a mechanism similar to GSTP1, but their inhibitory activity
against JNK is rather weak [2,36].
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Figure 5. Regulatory roles of GSTP1 in the MAPK pathway. (1) GSTP1-JNK interaction: Under
conditions of oxidative stress, GSTP1 dissociates from the heterotrimeric complex formed with
JNK/c-Jun, releases and activates the JNK/c-Jun complex and forms a GSTP1 dimer. After that,
JNK and c-Jun are phosphorylated and activated successively, and c-Jun is involved in transcription
and regulates cell growth (apoptosis, proliferation, or differentiation). (2) GSTP1-TRAF2 interaction:
When cells are stimulated by TNF-α, intracellular ROS is generated and ASK1 is activated and binds
to TRAF2, ultimately activating JNK and p38. GSTP1 can form a complex with TRAF2 to prevent this
process, while GSTM1 plays a regulatory role by directly acting on ASK1.
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3.2.2. ASK1 Signaling Pathway

GSTP1 also regulates upstream signaling of the tumor necrosis factor-α (TNFα) ac-
tivated MAPK pathway. In human cervical cancer Hela cells, overexpression of GSTP1
was shown to not only inhibit the activation of JNK, as described above but also activa-
tion of p38 by suppression of the tumor necrosis factor receptor-related factor 2 (TRAF2),
thereby playing a key regulatory role in TNF-α-induced MAPK signal transduction [11,64].
GSTP1 forms a complex with TRAF2 and thereby prevents the formation of TNF-α-induced
TRAF2-ASK1 complex and therefore suppresses the activation of apoptosis signal-regulated
kinase 1 (ASK1) [65]. Since ASK1 is a MAPK kinase that activates the JNK and p38 path-
ways, GSTP1-mediated indirect inhibition of ASK1 results in cells being spared from
apoptosis (Figure 5) [66]. Interestingly, GSTM1 can also mediate similar inhibitory effects,
but unlike GSTP1, GSTM1 is able to directly bind and inhibit the activity of ASK1 [67].
In addition, GSTM3 has been reported to interact with TRAF6 in cervical cancer tumors
similar to GSTP1-TRAF2 [68].

3.2.3. Other Signaling Pathways

Dowling et al. [69] showed that the activation of AMPK can inhibit the mammalian
target of rapamycin (mTOR), resulting in the blockade of the synthesis of downstream
proteins. Therefore, activating AMPK to inhibit mTOR is a potential anti-cancer strategy.
AMPK activity has been shown to be suppressed by GSTP1. It was shown that the inactiva-
tion of GSTP1 in triple-negative breast cancer (TNBC) resulted in decreased cell survival
and tumorigenesis of TNBC cells, which is related to decreased suppression of AMPK acti-
vation by GSTP1 [70]. Other GST isozymes, such as GSTA1, negatively regulate the mTOR
signaling pathway [71]. GSTO1 is able to regulate the activation of protein kinase B and
MAPK1/2 [72]. Studies in human hepatoma cells have shown that GSTP1 is able to bind
to signal transduction and transcriptional activator 3 (STAT3) to form the GSTP1-STAT3
complex, inhibiting epidermal growth factor (EGF)-mediated phosphorylation of STAT3
tyrosine and preventing its transcriptional activity, thereby reducing cell proliferation and
halting the cell cycle [73].

3.3. Protein S-Glutathionylation

Post-translational modifications (PTMs) of proteins are important processes that reg-
ulate the activity of proteins by adding chemical groups to one or more critical amino
acid residues [74]. Common forms of PTMs include phosphorylation, acetylation, ubiquiti-
nation, methylation, glycosylation, SUMOylation, carbonylation, etc. [13]. Among them,
S-glutathionylation is a process of forming mixed disulfide bonds between protein cysteine
residues and the cysteine residue of GSH [75]. This process is reversible and is also thought
to be a protective mechanism against irreversible modification of the cysteine sulfhydryl
groups of target proteins [76,77]. Correspondingly, deglutathionylation of proteins refers
to the release of the GSH group from the protein cysteine residue, which reduces protein
to its native status [78,79]. S-glutathionylation of proteins is normally induced by endoge-
nous oxidative stress or nitrosative stress (RNS) but can also be the result of exposure to
exogenous oxidants [80].

S-glutathionylation of proteins and its reverse reaction deglutathionylation are both
spontaneous and enzymatic. The major enzymes catalyzing forward S-glutathionylation
reactions include GSTP1, GSTA4, and GSTO1, among which the role of GSTP1 was most
recognized up to date. In the meanwhile, GSTO1, Grx, and Trx are major enzymes catalyz-
ing deglutathionylation reactions [81–83]. Experiments showed that GSTP1 knockout mice
had substantially lower overall protein glutathionylation levels than wild-type mice [84].
It has been reported that many proteins involved in various intracellular processes are
prone to glutathionylation. Cellular processes affected by protein glutathionylation in-
clude protein folding and stability, nitric oxide regulation, and the activity of cysteinases
involved in redox homeostasis. Glutathionylated proteins identified include cytoskeletal
proteins, transcription factors, signaling proteins, ras and heat shock proteins, ion channels,
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calcium pumps and binding proteins, and glycolysis enzymes [80]. Proteins regulated
by glutathionylation have been identified using proteomic and bioinformatic approaches.
Several comprehensive reviews have been published which described the types of proteins
susceptible to glutathionylation and the effects of post-translational modifications on their
functions in detail [3,80,85]. For example, GSTP1 catalyzes the glutathionylation of oxidized
peroxiredoxin VI (Prx VI), thereby restoring its peroxidase activity [86,87]. GSTP1 can also
catalyze the glutathionylation of pyruvate kinase M2 (PKM2) and reprogram the classic gly-
colysis activity of PKM2. Increased GST expression and glutathionylation level of p53 block
its ability to recognize common DNA sequences, thus promoting tumorigenesis [3,88,89].
The consequences of protein glutathionylation are complicated by modulating various
physiological processes such as protein folding, cytoskeleton remodeling, signal trans-
duction, inflammation, calcium homeostasis, and regulation of metabolic pathways [90].
Excessive protein glutathionylation was shown to be associated with various diseases,
including tumorigenesis [91], antitumor drug resistance [92], cardiovascular diseases [93],
and neurodegenerative diseases [94,95], which is to be discussed in the following sections
within this review.

4. Roles of GST Overexpression in Human Diseases
4.1. GSTs and Tumor Multidrug Resistance

Chemotherapy is one of the most common and effective treatments for cancers. How-
ever, tumor cells are known to often develop multidrug resistance (MDR) during chemother-
apy, which is the main reason for therapeutic failure [7]. The American Cancer Society
estimates that more than 90% of cancer deaths are associated with MDR. MDR is defined
as loss of sensitivity to antineoplastic drugs with distinct structures and different molecular
targets. Many mechanisms have been proposed to explain MDR, such as the decrease
in intracellular drug concentrations due to efflux pump induction, the mutation of drug
targets, the upregulated metabolic detoxification, and the enhanced DNA damage repair
function [63]. The mechanism of drug resistance may involve a variety of proteins. One
type of MDR is based on overexpression of efflux pumps at the plasma membrane, such as
P-gp, MRP1, and BCRP, resulting in strongly reduced intracellular drug concentrations [12].
Overexpression of P-gp is considered to play an important role in MDR and is the main rea-
son for the failure of chemotherapy [96]. The other type of MDR is based on overexpression
of GSTs, which can result in direct detoxification of chemotherapeutics and/or inhibition
of the MAPK signaling pathway [12]. GSTs can cooperate with efflux transporters and
multidrug resistance proteins to protect tumor cells from the cytotoxicity of anticancer
drugs [97].

The role of GSTs, especially GSTP1, in the development of cancer has attracted atten-
tion in recent years. A study showed that the expression of GST isozymes is upregulated
in 60 human tumor cell lines, both at mRNA and protein levels. GSTP1 was shown to be
the most abundant isozyme in all of these cell lines [18,98]. Overexpression of GSTP1 has
been reported to involve cancer cell resistance to chemotherapeutics, such as resistance of
ovarian cancer cells against carboplatin and cisplatin, adriamycin-resistance of breast cancer
cells and prostate cancer cells, resistance of gastric cancer cells against fluorouracil (5-FU)
and cisplatin, and resistance of neurogliomas against cisplatin and irinotecan [99–103].
The roles of other GST isoforms, including GSTA, GSTM, GSTO, and GSTT, in MDR have
also been investigated. For instance, it is demonstrated that GSTA played an essential
role in the detoxification of chlorambucil via catalyzing the GSH conjugation reaction of
this alkylating reagent [104]. Table 2 lists the involvement of different GST isoforms in
drug-resistant chemotherapies and related antineoplastic drugs. Several GST isoforms have
been shown to play essential roles in tumorigenesis and metastasis. For example, in breast
cancer cells, chemotherapy-induced GSTO1 expression leads to chemotherapy resistance
and promotes metastasis. The GSTO1 inhibitor S2E increased the rate of apoptosis by
tamoxifen in MDA-MB-231 cells [105]. Wang et al. [106] showed that overexpressed GSTA1
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not only promotes the proliferation of lung cancer cells but also stimulates metastasis of
lung cancer cells by promoting epithelial–mesenchymal transition (EMT).

Table 2. Involvement of GSTs in multidrug resistance in cancer chemotherapeutics.

Isozyme Types Types of Cancer Anti-Tumor Drugs References

GSTP1

Breast cancer, ovarian cancer,
colorectal cancer, lung cancer,
gastric cancer, glioma, human

squamous cell carcinoma,
glioblastoma multiforme (GBM),

bladder cancer, osteosarcoma,
mantle cell lymphoma (MCL),
acute lymphoblastic leukemia

(ALL), prostate cancer,
esophageal cancer

Cisplatin, carboplatin,
doxorubicin, cyclophosphamide,
paclitaxel, docetaxel, melphalan,

etoposide, oxaliplatin,
fluorouracil, irinotecan,
cytarabine, gemcitabine,

bortezomib

[18,103,107–110]

GSTA1 Colorectal cancer, leukemia,
lung cancer

Bacitracin, melphalan,
chlorambucil, thiotepa,

cyclophosphamide, imatinib,
cisplatin

[18,104,106,111,112]

GSTM1 Intracranial tumors (ICT), liver
cancer, melanoma Thiotepa, oxaliplatin, vincristine [18,97,107,113,114]

GSTM3 Breast cancer, glioblastoma
multiforme (GBM) BCNU, temozolomide (TMZ) [18,103,105,115]

GSTO1 Breast cancer, pancreatic cancer,
ovarian cancer Cisplatin [21,103]

GSTT1 Ovarian cancer,
glioblastoma multiforme Paclitaxel, carboplatin, BCNU [18,116,117]

4.1.1. Nuclear Localization of GSTP1

In addition to the high expression of GSTP1 in tumor tissues, the subcellular lo-
calization in tumor cells has been associated with oncogenic effects [2]. In normal cells,
GSTP1 is mainly expressed in the cytoplasm, whereas it is found that in oral squamous
cell carcinoma, GSTP1 is mainly located in the nucleus [118]. Nuclear GSTP1-negative
cells have previously been shown to be more sensitive to cytotoxic drugs than nuclear
GSTP1-positive cells, suggesting that the nuclear localization of GSTP1 is associated with
drug resistance [119]. GSTP1 has been reported to be expressed in the nuclei of glioma cells
and uterine cancer cells, and its nuclear localization showed a negative correlation with
patient survival [120,121]. Rolland et al. [110] elaborated on the effect of GSTP1 nuclear
translocation inhibitors on the chemotherapy sensitivity in mantle cell lymphoma (MCL)
cells. It was shown that inhibition of GSTP1 nuclear translocation with agaricus bisporus
lectin (ABL) was able to increase the sensitivity of MCL to doxorubicin (DOX), cisplatin
(CDDP), cytarabine (Ara-C), gemcitabine (GEM), and bortezomib [110]. It is proposed that
the nuclear localization of GSTP1 is chemotherapy-induced and contributes to the drug
resistance of cancer cells.

4.1.2. Effects of GSTs on Glycolysis

Glycolysis is one of the most important processes in cellular energy metabolism, con-
verting glucose in cells to provide the energy needed for life activities. In tumor tissues,
aerobic glycolysis with abnormal release of adenosine triphosphate (ATP) and lactate, which
is known as the Warburg effect, fulfills the requirement of rapid tumor growth [115,122,123].
Lactate dehydrogenase A (LDHA) is known to be relevant to angiogenesis, proliferation,
immune evasion, and metastasis during tumorigenesis [124]. Furthermore, altered gly-
colytic metabolism in tumor cells is highly correlated with the prognosis of tumor patients
and therefore can be used as a target for cancer therapy [125]. A previous study showed that
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GSTM3 was highly expressed in TMZ-resistant T98G cells and affects glycolysis [115]. The
activity of LDHA and the glycolytic end product L-lactate level were significantly reduced
in T98G cells along with GSTM3 gene suppression, which implied that GSTM3 downregula-
tion might prevent cell invasion. Interestingly, Wang et al. [126] found that GSTM3-silenced
pancreatic cancer (PC) cells exhibited increased levels of glycolysis, whereas the overexpres-
sion of GSTM3 showed a decrease in glycolysis. This suggested that GSTM3 may provide a
potential therapeutic strategy for PC treatment.

4.1.3. Effects of GSTs on DNA Repair

DNA repair is a cellular response to DNA damage that will restore the DNA structure
to its original form. However, it sometimes does not completely eliminate the DNA damage
but only enables the cell to tolerate the DNA damage and continue to survive. Cancer cells
use residual DNA repair capacity to repair the damage caused by DNA replication stress
and genotoxic antitumor drugs [127]. DNA topoisomerases are crucial nuclear enzymes in
DNA replication and repair. Many chemotherapeutic drugs target DNA topoisomerases
and interfere with DNA replication to exert their anti-tumor activity [128]. It has been
shown that GSTT1 expression is significantly upregulated in chemotherapy-resistant serous
ovarian cancer (SOC) cells and that inhibition of GSTT1 expression negatively influenced the
proliferation of SOC cells, thereby enhancing their sensitivity to paclitaxel/carboplatin [116].
Immunoprecipitation results showed a significant interaction between GSTT1 and Topo
I in vitro, and these two enzymes expressed synergistically in drug-resistant cancer cells,
suggesting that the mechanism of GSTT1-mediated drug resistance may be involved in
DNA repair during chemotherapy of SOC cells [116]. To date, the mechanism of this
interaction remains to be clarified.

4.1.4. Effects of GSTs on Autophagy

Autophagy is a tightly regulated intracellular degradation process. As a dynamic
circulator system, autophagy provides energy and components for cell renewal and main-
tenance of homeostasis [129]. The consequences of autophagy can be contradictory based
on the stage of tumorigenesis. In non-tumor cells and at the early stage of tumor develop-
ment, autophagy functions as a tumor suppressor, while in already-established tumors,
autophagy promotes cancer cell survival [130]. However, the roles of autophagy in cancers
vary with different types of tumors. In pancreatic cancer cells, the inhibition of autophagy
leads to cell growth inhibition [131]. Fu et al. [113] showed that the chemoresistance to
oxaliplatin in hepatocellular carcinoma cells might be mediated by GSTM1-regulated au-
tophagy. In that study, GSTM1 silencing resulted in a significant decrease in the number
of oxaliplatin-induced autophagic vesicles. Nevertheless, other studies have shown that
activation of autophagy presented beneficial effects that facilitated lapatinib to overcome
drug resistance and increase its toxicity in tumor cells [132]. Therefore, the different roles
of autophagy and an in-depth understanding of the genetic backgrounds of specific tumor
types are particularly important for the understanding of the involvement of GSTs in the
autophagy process, which determines the fate of cancer cells.

4.1.5. Effects of GSTs on Ferroptosis

Ferroptosis is a recently identified form of programmed cell death that is distinct from
necrosis, apoptosis, and autophagy and was first described in 2012 [133]. It is considered
to be an iron-dependent form of cell death and characterized by the involvement of lipid
peroxidation, which ultimately leads to the rupture of the cytoplasmic membrane and the
release of cellular contents. The role of ferroptosis in cancer treatment is gaining attention
since it is recognized that induction of ferroptosis may be beneficial for more efficient
elimination of cancer cells [134]. However, so far, ferroptosis-based therapy has been found
to be effective in only a small number of cancer types, whereas most cancers encounter
problems of ferroptosis resistance [135–137]. Wang et al. [138] first found that GSTZ1 could
enhance sorafenib-induced ferroptosis by inhibiting the nuclear factor erythroid 2-related
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factor 2/glutathione peroxidase 4 (NRF2/GPX4) signaling pathway in hepatocellular
carcinoma (HCC) cells. In this study, GSTZ1 was found to be downregulated in sorafenib-
resistant HCC cells, while recovery of GSTZ1 enhanced sorafenib-induced ferroptosis in
HCC cells. This suggests that GSTZ1 acts as a negative regulator of sorafenib resistance
via the ferroptosis pathway. In contrast, microsomal glutathione S-transferase 1 (MGST1)
was shown to negatively regulate and also promote resistance to ferroptosis in pancreatic
ductal adenocarcinoma (PDAC) cells [139].

4.2. GSTs and Parkinson’s Disease

Parkinson’s disease is a movement disorder caused by degenerative changes in
dopaminergic neurons in the substantia nigra of the skull, resulting in a decrease and
deficiency of striatal dopamine. Oxidative stress has been reported to play a key role in the
pathogenesis of PD [140]. Because of its relatively weak antioxidant capacity, the central
nervous system is highly sensitive to oxidative stress, with the substantia nigra region
being the most sensitive and vulnerable site [141]. A comparison of protein profiles us-
ing a quantitative proteomics technique revealed that GSTP1 is overexpressed in cortical
neuronal cells in the late stages of PD [142]. In that study, GSTP1 overexpression was
found to attenuate oxidative stress and ER stress as well as prevent rotenone-induced
neurotoxicity. This suggests that GSTP1 may be able to delay disease progression in PD.
Some studies suggested that the neuroprotective effects of GSTP1 may be related to its
inhibition of JNK activation and prevention of the subsequent cell death cascade [23]. In ad-
dition, the overexpression of GSTS1 was shown to inhibit neurodegeneration [143]. Notably,
GSTO1 may mediate the inflammatory response in the pathogenesis of PD and Alzheimer’s
disease (AD) by participating in the regulation of interleukin-1β activity, and this inflam-
matory response is thought to be a contributing mechanism in the pathogenesis of PD and
AD [144,145]. GSTM2 has been shown to be expressed in the substantia nigra of the human
brain and exhibits a neuroprotective role by efficiently catalyzing the GSH-conjugation of
ortho-quinone metabolite of dopamine, thereby protecting against its toxicity, redox cycling,
and apoptosis, processes that have been associated with PD and schizophrenia [146]. The
enzymatic activities of the GSTA, P, and T classes are substantially low or even negligible
compared to GSTM2, while GSTM1 was slightly less effective than GSTM2.

4.3. GSTs and Epilepsy

Epilepsy is a chronic disease in which sudden abnormal discharges of neurons in the
brain lead to transient brain dysfunction and muscular contractions. The pathogenesis of
epilepsy is complex, and clinical data and experimental studies suggest that free radicals
generated by oxidative reactions in mitochondria during disease onset may be the most
critical cause of epilepsy pathogenesis. An association study showed that deficiency of
GSTT1 is a risk factor for epilepsy, while genotypes of GSTM1 and GSTP1 showed no
effect [147]. However, a very high GSTP1 expression was found in the neuroglia of epileptic
foci in brain specimens from patients with refractory epilepsy when compared to patients
with non-refractory epilepsy [148]. These GSTP1-positive astrocytes were widely present
in the seizure lesions.

4.4. GSTs and Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic, and interstitial
lung disease of unknown etiology, with the pathogenesis not fully elucidated. It has been
shown that intracellular GST levels are increased in pulmonary fibrosis cells from IPF
mice models and patients, suggesting that GSTs may play an important role in promoting
pulmonary fibrosis formation [149]. The combination treatment with the GSTP inhibitor
TLK117 and pirfenidone was found to be more effective than pirfenidone alone in a mouse
model of pulmonary fibrosis. Pulmonary epithelial cell apoptosis promotes fibroblast
activation and remodeling and may play a key role in the pathogenesis of IPF. McMillan
et al. [150] demonstrated that S-glutathionylation of FAS by GSTP stimulates apoptosis of
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pulmonary epithelial cells, which may result in pulmonary fibrosis. These results showed
that FAS-GSTP interaction was increased in lung epithelial cells of IPF patients and that the
use of GSTP inhibitor TLK117 attenuated the level of S-glutathionylation and fibroblast
remodeling [150]. This suggests that inhibition of GSTP in the airway may be a new strategy
for the treatment of pulmonary fibrosis.

5. GST Inhibition in Disease Therapeutics

As introduced above, overexpression of GSTs in tumor tissues has been shown to
increase tumor cell resistance to chemotherapies by multiple mechanisms. Additionally,
GST upregulation has been suggested to play an important role in neurodegenerative
diseases and pulmonary fibrosis. Therefore, targeting GST isozymes with specific inhibitors
has been considered a potential therapeutic strategy for various diseases [150,151]. Over
decades, GSTP, GSTA, GSTM, and GSTO inhibitors have been identified, and some of
them have already been applied for clinical investigation or therapeutics. Representative
examples and advances of research progress are described below.

5.1. GSTP Inhibitors
5.1.1. Ethacrynic Acid and Its Derivatives

Ethacrynic acid (EA), Figure 6A, was first developed in 1963 as a potent diuretic for the
treatment of patients with hypertension and intractable edema [152–154]. EA was found to
be a potent inhibitor of GSTP, GSTA, and GSTM enzymes, with the most potent inhibition
activity of GSTP1 [155]. The inhibitory effect of EA on GSTP1 is attributed to the α,β-
unsaturated carbonyl group, which is capable of covalently binding to cysteine residues
in the active site of GSTP1 following Michael addition reaction [7]. EA has been proven
to exert anti-proliferative effects on tumor cells and increases the cytotoxicity of several
alkylating agents such as melphalan, carmustine, mitomycin C, and nitrogen mustard. EA is
both an inhibitor and substrate of GSTs. The glutathione conjugate of EA, EA-SG, exhibited
a 10-fold higher inhibitory potency to GSTP1 than EA [156]. However, due to the lack of
specificity and the strong diuretic side effects, the GST-targeted clinical usage of EA and its
GSH conjugate is limited [154,157]. Punganuru et al. [157] designed and synthesized a non-
diuretic EA analog, ethacrynic acid-glucosamine conjugate (EAG), Figure 6B, which targets
tumor cells via the highly expressed glucose transporter 1. Cell survival assays showed
that EAG was 3 to 4.5-fold more cytotoxic to human cancer cells when compared to EA. In
response to GSTP1 overexpression-induced cisplatin resistance, a trans-PtIV carboxylate
complex, ethacraplatin (EA-CPT), containing ethacrynate was developed (Figure 6C) [158].
By combining the advantages of cisplatin and EA, this compound efficiently alkylates the
DNA of cancer cells and also inhibits GSTP1 and GSTA1 more effectively than EA [159]. In
another study, the combination of ethacrynic acid and a flurbiprofen-like structure in the
platinum complex PtCl2 (LEF) resulted in a high cancer cell selectivity and overcame the
cisplatin resistance (Figure 6D) [160].

5.1.2. NBDHEX and Its Analogues

6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) and its analogs are a class
of non-glutathione (GSH) peptidomimetic compounds, Figure 7A. NBDHEX is a general
inhibitor of GSTs, and the most potent inhibition of GSTP1. NBDHEX induces apoptosis in
cancer cell lines alone or in combination with other antitumor agents, e.g., cisplatin, doxoru-
bicin, vincristine, methotrexate, and temozolomide. The fact that NBDHEX is active in cell
lines from various cancers, including leukemia, melanoma, osteosarcoma, and small-cell
lung cancers, suggests it may be broadly applicable [161]. Several major mechanisms have
been proposed for the cellular effects of NBDHEX. Firstly, NBDHEX induces apoptosis via
activation of the JNK/c-Jun signaling pathway [162]. As a GSTP1 inhibitor, NBDHEX binds
to the H site of GSTP1, forcing GSTP1 to be released from JNK protein, thereby inducing
subsequent JNK phosphorylation, leading to tumor cell cycle arrest and apoptosis [163].
Secondly, NBDHEX has been found to dissociate the TRAF2-GSTP1 complex in human
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osteosarcoma cells (U-2OS), therefore inducing activation of JNK and p38 downstream
signals and eventually apoptosis [11]. Therefore, NBDHEX was proposed as a potential
treatment for cisplatin-resistant human osteosarcoma [155]. Thirdly, studies have shown
that the compound can not only activate a variety of proapoptotic pathways but also acts as
an inhibitor of autophagy in the late stage of melanoma, which may reduce tumor growth,
metastasis, and progression [164]. Lastly, NBDHEX is not a substrate for the P-glycoprotein
export pump but promotes cysteine-dependent apoptosis in cells overexpressing P-gp and
may be used to treat P-gp-positive tumors [165].
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In addition to GSTP1 inhibition, NBDHEX also showed a high affinity to GSTM2,
which may lead to side effects [166]. Also, the poor water solubility limits its oral bioavail-
ability. Therefore, researchers have developed several novel NBDHEX analogs to overcome
the water solubility limitation and to increase the selectivity for GSTP1. Three NBD-
HEX analogs, MC3165, MC3181, and MC2753 (Figure 7B–D), are introduced as examples
here [167,168]. It is shown that both MC3165 and MC3181 exhibited higher aqueous solu-
bility, while MC3181 exhibited higher GSTP1 selectivity and higher cytotoxicity against
osteosarcoma and melanoma cells [169,170]. MC2753 is a benzoate ester of NBDHEX;
the water solubility and inhibition potency are similar to those of NBDHEX. The major
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advantage of MC2753 over NBDHEX is that the hydrophobicity of the side chain strongly
affects the interaction between MC2753 and GSTP1 and does not require GSH to trigger the
dissociation of the GSTP1-TRAF2 complex. Therefore, it may serve as a lead compound
for the development of GSH-independent GSTP1 inhibitors [161]. Furthermore, recently,
Di Paolo et al. [171] synthesized the phosphate monoesters of NBDHEX and MC3181
(Figure 7E,F), which showed high water solubility and potent GSTP1 inhibitory activity
and therefore exhibited promising anti-proliferation effects against human melanoma and
osteosarcoma cells, which is implicated as a potential clinical treatment for melanoma.

5.1.3. TLK199 and TLK117

Ezatiostat hydrochloride (TLK199), a glutathione derivate and inhibitor of GSTP1,
is developed for the treatment of myelodysplastic syndromes (MDS) (Figure 8A) [172].
TLK199 has been shown to stimulate the differentiation of primitive cells into mature
monocytes, granulocytes, and erythrocytes and may prevent the generation of ineffective
bone marrow in MDS [173]. As an ester prodrug, TLK199 undergoes hydrolysis reaction
intracellularly to generate the active metabolite, TLK117. TLK117 selectively binds and
inhibits GSTP1 with a Ki constant of 400 nM, substantially lower than the Ki range of 20 to
75 µM for GSTA and GSTM [174]. It promotes JNK phosphorylation of c-Jun and stimu-
lates the proliferation of normal hematopoietic cells and/or apoptosis of malignant cells
(Figure 8B) [22,175]. Moreover, TLK199 also acts as an inhibitor of MDR1 and enhances the
effects of co-administrated anticancer drugs affected by efflux transport proteins [18,172].
Furthermore, TLK117-mediated GSTP1 inhibition may also block pulmonary fibrosis by
inference of the JNK pathway [150].
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5.1.4. Auranofin

The antiarthritic gold(I) phosphine compound [(2,3,4,6-tetra-O-acetyl-1-(thio-κS)-β-D-
glucopyranosato)(triethyl-phosphine)gold(I)], auranofin (AUF), was introduced clinically
as an oral antiarthritic in 1979 (Figure 8C) [176]. There have been various studies demon-
strating that auranofin and its analogs are promising anticancer agents for the treatment of
cancers such as colorectal cancer and refractory sclerofibrosarcoma [177–179]. It has been
reported that AUF exhibited an inhibitory effect on GSTP1 [180]. The inhibition potency of
AUF on GSTP1 wild-type and cysteine mutants was similar, which suggested that unlike
other inhibitors, GSTP1 inactivation by AUF is not related to cysteine residue binding.
Further studies focusing on the mechanisms of the inhibitory effect of AUF on GSTs are
needed. In addition, AUF is a strong inhibitor of the selenase thioredoxin reductase, which
is associated with intracellular redox homeostasis and cytotoxic effects induced by oxidative
stress [180].
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5.1.5. Arsenic Compounds

Trisenox (arsenic trioxide, As2O3) was initially approved for the treatment of acute
promyelocytic leukemia (APL) in 2000, and following studies revealed that it is also effec-
tive against a variety of malignancies, including chronic lymphocytic leukemia, multiple
myeloma, neuroblastoma, and gastric cancer [181–185]. However, GSTP1 overexpressing
cancer cells are able to inactive As2O3 by catalyzing the formation of arsenic-GSH con-
jugates, which facilitate their elimination via MDR1 efflux in vitro, resulting in acquired
resistance [186]. The organic derivative of arsenic, phenylarsenic oxide (PAO), was found to
remain highly toxic in As2O3-resistant cell lines. PAO is described as one of the most potent
GSTP1 inhibitors, with a Ki value of 90 nM, which binds both the enzyme active site and
C101 at the dimer interface. The inhibition mechanisms of PAO were both GSH-dependent
and independent. In the presence of GSH, the di-GSH-phenylarsenic complex binds to
the G site and sequesters PAO at the dimer interface. In the absence of GSH, PAO binds
to two cysteine residues at C47 and C101, respectively [187], and therefore blocks GSTP1
activity. This arsenical complex is considered a promising drug candidate for the treatment
of APL, especially for patients with As2O3 resistance, and provides new insights for the
development of GST inhibitors.

5.1.6. LAS17

LAS17 is a dichlorotriazine-containing compound that can selectively and irreversibly
inhibit GSTP1 in human cancer cells with high efficacy (Figure 8D). Unlike previously
reported inhibitors targeting cysteine residues, the modification site of LAS17 in GSTP1
is a tyrosine residue (Y108) [188]. Louie et al. [70] found that LAS17 impaired cell sur-
vival of estrogen/progesterone/HER2 receptor-negative (triple negative) breast cancer cell
lines. In addition, daily treatment of LAS17 slowed the growth of tumors implanted in
immune-deficient mice. By analyzing the metabolomic changes induced by LAS17, it was
demonstrated that GSTP1 greatly activates GAPDH-activity in the triple-negative breast
cancer cells. The fact that activation of GAPDH by GSTP1 was independent of the presence
of GSH or GSSG indicates that the activation resulted from protein-protein interaction, as
was confirmed by a pulldown experiment. By inhibiting GSTP1, LAS17 treatment results
in a decrease in GADPH activity, which plays an important role in glycolytic metabolism
and oncogenic signaling pathways [73]. Therefore, the results with LAS17 illustrate that
GSTP1 inhibition appears to be a novel therapeutic strategy to treat triple-negative breast
cancer, which so far has a poor prognosis.

5.1.7. CNBSF

1-Chloro-2,4-dinitrobenzene (CDNB) is a classic substrate of GSTs and is conjugated
to GSH to form GS-DNB adducts. Shishido et al. [189] recently modified the structure of
CDNB by replacing one of the nitro groups with sulfonyl fluoride (SF) to form chloroni-
trobenzenesulfonyl fluoride (CNBSF), a cell membrane permeable irreversible inhibitor of
GSTP1 (Figure 8E). CNBSF first undergoes an aromatic substitution reaction with GSH,
leading to the formation of a GSH adduct, which subsequently inactivates GSTP1 by form-
ing a sulfonyl ester bond at Tyr108 [189]. CNBSF showed inhibitory effects on GSTP1 with
IC50 values of 21 ± 1.3 µM (X = Cl) or 12 ± 0.4 µM (X = F). The design and synthesis of
analogs of CNBSF are likely to contribute to the development of alternative G-site inhibitors
of GSTs.

5.1.8. Other GSTP Inhibitors

Sulfasalazine, an anti-inflammatory diseases reagent, can effectively inhibit GST isoen-
zymes A, M, and P, which was proposed to be a good candidate drug for regulating
GSH/GST mediated drug resistances [190]. It was found that the combination of sul-
fasalazine with cisplatin improved the toxicity of cisplatin on human lung cancer cells
overexpressing GSTP (Figure 9A) [191]. Besides the synthetic GSTP inhibitors as mentioned
above, various ingredients originating from natural resources also showed inhibitory prop-
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erties to GSTP. For example, 8-methoxypsoralen (8-MOP), originally extracted from the
carrot family plant, is clinically used to treat skin diseases such as psoriasis and vitiligo.
However, 8-MOP was found to act as a promising GST inhibitor (Figure 9B) [192,193]. It is
shown that 8-MOP was able to bind tightly to the H site of GSTs by forming hydrophobic
interactions with residues Phe-08, Tyr-108, Trp-38, Tyr-7, and Leu-52. Docking simulations
showed that its interaction with the GSTP1 active site was more potent than NBDHEX.
Piperlongumine (PL), derived from the amide of Capsicum annuum, is a biologically ac-
tive alkaloid that showed potential anti-cancer activity (Figure 9C) [194]. PL is a prodrug,
with hPL generated by intracellular hydrolysis being the active metabolite. hPL is able to
conjugate with GSH to form a complex that tightly binds to the GSTP1 active site, thereby
inhibiting cancer cell proliferation (Figure 9D) [195]. It has been shown that PL can se-
lectively induce the death of head and neck cancer cells and increase cisplatin antitumor
activity, involving the JNK and PARP death pathways [196]. Moreover, a computational
simulation study predicted that curcumin is a potent competitive GST inhibitor and pro-
posed a combination usage with chemotherapeutic agents for an improved efficacy [151].
Another study revealed that curcumin inhibits both mRNA and protein levels of GSTP1
and induces apoptosis by suppressing the GSTP1 transcriptional level (Figure 9E) [197].
Additionally, Pantiora et al. have found that the monosarbonyl curcumin derivative, DM96,
is an effective GSTP1 inhibitor (IC50 = 5.45 ± 1.08 µM) (Figure 9E), with also showed potent
cytotoxicity against prostate cancer cell line DU-145 (IC50 = 8.60 ± 1.07 µM), therefore was
proposed as a decent chemical sensitizer to cancer cells [198].
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5.2. GSTA Inhibitors

It has been shown that overexpressed GSTA1 can also be involved in the resistance of
lung, ovarian, and stomach cancer cells to cisplatin. Therefore, selective inhibitors of GSTA
are being developed, which may increase the sensitivity of these types of cisplatin-resistant
tumors [112]. Perperopoulou et al. [199] reported that 2,2′-dihydroxybenzophenones and
their carbonyl N-analogues are potential inhibitors of GSTA. Via the integration of GST
inhibitor screening, enzyme inhibition kinetics, and molecular modeling approaches, they
identified that 2,2′-dihydroxybenzophenones 6 and 8, as well as the N-acyl hydrazone
analogues 14 and 16, exhibited satisfactory inhibitory potencies (IC50(6) = 1.77 ± 0.10 µM;
IC50(8) = 0.24± 0.04 µM; IC50(14) = 0.33± 0.05 µM; IC50(16) = 0.18 µM). Examining the effects
of these four compounds on the activity of human colon adenocarcinoma (Caco-2) cells, it
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was found that benzophenone 6 and N-acyl hydrazone analog 14 seem to be promising lead
structures (LC50(6) = 31.4 ± 0.4 µM; LC50(14) = 87 ± 1.9 µM) (Figure 10A,B). Furthermore,
different 2,2′-dihydroxybenzophenones and their carbonyl N-analogs showed distinct
GSTA1 and GSTP1 isozymes inhibition specificity, with disubstituted benzophenones
exhibited a minimal inhibition to GSTP1, whereas the inhibition potency to GSTA1 was
still adequate [200]. In addition, natural flavonoids fisetin and myricetin are effective
inhibitors of GSTA1, with IC50 values of 1.2 ± 0.1 µM and 2.1 ± 0.2 µM, respectively
(Figure 10C,D) [201,202]. Fisetin not only inhibits the activity of GSTA1 in Caco-2 cells but
also reduces the expression levels of GSTA1 mRNA and protein.
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5.3. GSTM Inhibitors

Most GST inhibitors are monovalent inhibitors, with binding to either G- or H-site of
the enzyme. This type of inhibitor normally exhibited high affinity, such as ethacrynic acid
and its derivatives. In addition, bivalent inhibitors of GSTs are able to bind to both active
sites and interact with both junction and cleft regions of the enzyme, thus showing even
higher affinity and better isozyme selectivity compared to monovalent inhibitors [203].
A recent study linking ethacrynic acid with ethylenediamine and 1,4-butanediamine to
obtain N, N′-ethyl-1,4-di-ethacrynic amide (EDEA) and N, N′-butyl-1,4-di-ethacrynic amide
(BDEA), which are bivalent inhibitors of the membrane permeable glutathione S-transferase
(Figure 11A,B) [204]. The bivalent GSH conjugates of BDEA and EDEA are able to produce
inhibition by slow but tight binding to GSTM, which have the highest affinity for GSTM
retrievable to date. Moreover, these two inhibitors were shown to be conventional inhibitors
of GSTA and GSTP as well. The selectivity of BDEA toward GSTM was around 47-fold to
that of GSTP and about 12-fold to that of GSTA, respectively. The affinity of EDEA for GSTM
was about 15-fold higher than that of GSTP and GSTA. It is indicated that the two inhibitors
might be promising probes for the biological and pharmacological roles of GSTM in cellular
activity and as sensitizers for cisplatin-resistant ovarian cancer cells in chemotherapeutics,
apart from the underlying mechanisms, are to be clarified. Nevertheless, drawbacks of
EDEA and BDEA, such as high hydrophobicity and low solubility, as well as the strong
binding to serum albumin, need to be solved in future structural optimization to obtain
better membrane permeability and solubility [204].

5.4. GSTO Inhibitors
5.4.1. Alpha-Tocopherol (Vitamin E)

Vitamin E has been reported to prevent neurodegenerative diseases, and the asso-
ciation between vitamin E levels and brain health has been demonstrated, but the exact
mechanism is unclear (Figure 12A) [205]. A previous study showed that interleukin 1β
(IL-1β) is overexpressed in the brains of patients with Alzheimer’s disease (AD), while
GSTO1 may be involved in the regulation of interleukin activity [144,206]. Therefore, ther-
apeutic agents targeting GSTO1 and IL-1β might be capable of treating or ameliorating
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neurodegenerative diseases. Some researchers have suggested that the positive role of
vitamin E in Alzheimer’s disease treatment is not caused by α-tocopherol alone but by
another form of tocopherol or a combination of tocopherols [207]. In vitro studies showed
α-tocopheryl phosphate and α-tocopheryl succinate (two forms of α-tocopherol supple-
mentation) inhibited GSTO1 activity in a concentration-dependent manner [206,208]. The
researchers speculated that the possible mechanism by which α-tocopherol ameliorates the
progression of Alzheimer’s disease is the direct inhibition of GSTO1 and the subsequent
inhibition of IL-1β activity. Further studies are needed to investigate the exact mechanisms
of action of vitamin E in AD and the involvement of GSTO1 inhibition in this process.
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5.4.2. α-Chloroacetamide (CA)

As previously described, GSTO1 is overexpressed in human cancer cells and has
been associated with chemotherapy resistance. The Scripps Research Institute Molecular
Screening Center (SRIMSC) performed high throughput screening (HTS) of a variety of
compounds by using fluorescence polarization–Activity-Based Protein Profiling (FluoPol-
ABPP) and found that compounds containing the α-chloroacetamide fraction could act as
selective GSTO1 inhibitors [209]. α-Chloroacetamide is a unique scaffold that can be used to
target various proteins on cysteine residues. ML175 and KT53 are two potent and selective
α-chloroacetamide GSTO1 inhibitors that are able to covalently modify the cysteine residue
(Cys32) of GSTO1 (Figure 12B,C) [210,211]. Cancer cells treated with KT53 were shown
to exhibit higher sensitivity to cisplatin in the study. Furthermore, Ramkumar et al. [212]
identified three potent GSTO1 inhibitors containing chloroacetamide, namely C1-27, C1-31,
and C4-10 (Figure 12D–F), via extensive small molecule screening, biochemical analysis,
and X-ray crystallography. C1-31 and C4-10 interact with the H site by hydrophobic
interactions, whereas C1-27 showed both hydrophilic and hydrophobic interactions with
amino acid residues exhibiting the highest affinity. In addition, the authors predicted that
these three compounds may also bind to GSTO2. These inhibitors could inhibit cancer
cell growth, enhance the cytotoxicity of cisplatin, and act as a single drug to exert tumor
growth inhibition in colon cancer models [212,213]. Recently, three more compounds
(3d, 22e and 25) have been designed based on the C1-27 scaffold (Figure 12G–I) [210].
Compound 25 has the highest intracellular inhibitory activity with a Kinact/KI value of
2.3 × 104 M−1S−1, while its elimination rate is slower than compounds C1-27, 3d, and 22e.
Therefore, compound 25 is considered the most potent GSTO1-1 inhibitor reported up to
date [214].
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6. Conclusions and Perspectives

Over recent decades, the roles of GSTs in cancer occurrence, metastasis, and drug
resistance have been studied extensively and intensively. Already-recognized mechanisms
include the overexpression of GSTs in cancer cells mediated antineoplastics detoxification
and MAPK signaling regulation. In fact, the modulation mechanisms of GSTs in cancer
cells are complex and diverse, including the recently revealed functions in DNA repair,
autophagy, and glycolysis. Interestingly, besides the high expression of GSTP1 in tumor
tissues, its localization in tumor cells has also been associated with oncogenic effects. In
various types of cancers, the high expression of GSTP1 in the cell nucleus is positively
correlated with chemotherapy drug resistance and negatively correlated with the survival
of tumor patients. A more comprehensive understanding of these mechanisms would
reveal the core principles and significantly assist the development of new strategies for
cancer therapeutics.

The selective inhibition of GSTP is probably the most well studied to date, where a
large amount of GSTP inhibitors have been reported. One of the GSTP1 inhibitors with
potential for clinical application is TLK199, which was renamed “Ezatiostat” after entering
the clinical trial stage. Phase I and II clinical data show that ezatiostat has good tolerance
and promotes hematopoietic activity in MDS patients. In addition, broad-spectrum GST
inhibitors, such as 8-MOP and sulfasalazine, have been used clinically in combination
with antineoplastic drugs for the treatment of chemotherapeutic-resistant cancers. Within
this manuscript, we summarized the inhibitors developed for different GST isoenzymes,
including some promising lead compounds such as CNBSF, benzophenone 6, and N-
acylhydrazone analogue 14, and the potential applications in disease therapies. The design
and development of these lead compounds will assist in the further optimization and
finding of novel GST inhibitors with high potency and selectivity. Nevertheless, several
significant limitations still hindered the development of the aforementioned compounds,
e.g., low solubility, poor membrane permeability, poor specificity, and unclear in vivo
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efficacy and safety. Therefore, it is necessary to integrate the knowledge of medicinal
chemistry, (bio)pharmaceutics, pharmacokinetics, pharmacodynamics, and toxicology for
the continuous research and development of novel GST inhibitors for clinical applications.

Author Contributions: Conceptualization, N.L. and Y.Z.; methodology, N.L., C.H. and H.H.;
writing—original draft, N.L.; writing—review and editing, N.L., Z.D., C.L. and Y.Z.; visualiza-
tion, N.L., C.H. and H.H.; supervision, X.C., C.L. and Y.Z.; funding acquisition, C.L. and Y.Z.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (No. 82003877); the
Science and Technology Development Fund of Nanjing Medical University (No. NMUB20220156);
the Talents Start-up Grants of Nanjing Jiangning Hospital (No. JNYYRC202301); and the Medical
Education Collaborative Innovation Fund of Jiangsu University (No. JDYY2023095).

Acknowledgments: We thank Jan N.M. Commandeur (Vrije Universiteit Amsterdam) for his helpful
advice and comments; Shanliang Sun (Nanjing University of Chinese Medicine) for his technical
assistance during the manuscript preparation; and Huili Chen (University of Floria) for her valuable
contribution to reviewing and editing this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Booth, J.; Boyland, E.; Sims, P. An enzyme from rat liver catalysing conjugations with glutathione. Biochem. J. 1961, 79, 516–524.

[CrossRef]
2. Chatterjee, A.; Gupta, S. The multifaceted role of glutathione S-transferases in cancer. Cancer Lett. 2018, 433, 33–42. [CrossRef]
3. Singh, R.R.; Reindl, K.M. Glutathione S-Transferases in Cancer. Antioxidants 2021, 10, 701. [CrossRef] [PubMed]
4. Flanagan, J.U.; Smythe, M.L. Sigma-class glutathione transferases. Drug Metab. Rev. 2011, 43, 194–214. [CrossRef]
5. Eaton, D.L.; Bammler, T.K. Concise review of the glutathione S-transferases and their significance to toxicology. Toxicol. Sci. 1999,

49, 156–164. [CrossRef]
6. Hayes, J.D.; Flanagan, J.U.; Jowsey, I.R. Glutathione transferases. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 51–88. [CrossRef]
7. Townsend, D.M.; Tew, K.D. The role of glutathione-S-transferase in anti-cancer drug resistance. Oncogene 2003, 22, 7369–7375.

[CrossRef] [PubMed]
8. Mahajan, S.; Atkins, W.M. The chemistry and biology of inhibitors and pro-drugs targeted to glutathione S-transferases. Cell. Mol.

Life Sci. 2005, 62, 1221–1233. [CrossRef] [PubMed]
9. Bocedi, A.; Noce, A.; Marrone, G.; Noce, G.; Cattani, G.; Gambardella, G.; Di Lauro, M.; Di Daniele, N.; Ricci, G. Glutathione

Transferase P1-1 an Enzyme Useful in Biomedicine and as Biomarker in Clinical Practice and in Environmental Pollution.
Nutrients 2019, 11, 1741. [CrossRef]

10. Wu, B.; Dong, D. Human cytosolic glutathione transferases: Structure, function, and drug discovery. Trends Pharmacol. Sci. 2012,
33, 656–668. [CrossRef]

11. De Luca, A.; Mei, G.; Rosato, N.; Nicolai, E.; Federici, L.; Palumbo, C.; Pastore, A.; Serra, M.; Caccuri, A.M. The fine-tuning
of TRAF2-GSTP1-1 interaction: Effect of ligand binding and in situ detection of the complex. Cell Death Dis. 2014, 5, e1015.
[CrossRef] [PubMed]

12. Zhang, Y.; Zhou, T.; Duan, J.; Xiao, Z.; Li, G.; Xu, F. Inhibition of P-glycoprotein and glutathione S-transferase-pi mediated
resistance by fluoxetine in MCF-7/ADM cells. Biomed. Pharmacother. 2013, 67, 757–762. [CrossRef] [PubMed]

13. Townsend, D.M.; Findlay, V.L.; Tew, K.D. Glutathione S-transferases as regulators of kinase pathways and anticancer drug targets.
Methods Enzymol. 2005, 401, 287–307. [CrossRef]

14. Board, P.G.; Menon, D. Glutathione transferases, regulators of cellular metabolism and physiology. Biochim. Biophys. Acta 2013,
1830, 3267–3288. [CrossRef] [PubMed]

15. Parsons, J.K.; Nelson, C.P.; Gage, W.R.; Nelson, W.G.; Kensler, T.W.; De Marzo, A.M. GSTA1 expression in normal, preneoplastic,
and neoplastic human prostate tissue. Prostate 2001, 49, 30–37. [CrossRef]

16. Mohana, K.; Achary, A. Human cytosolic glutathione-S-transferases: Quantitative analysis of expression, comparative analysis of
structures and inhibition strategies of isozymes involved in drug resistance. Drug Metab. Rev. 2017, 49, 318–337. [CrossRef]

17. Tetlow, N.; Board, P.G. Functional polymorphism of human glutathione transferase A2. Pharmacogenetics 2004, 14, 111–116.
[CrossRef]

18. Singh, S. Cytoprotective and regulatory functions of glutathione S-transferases in cancer cell proliferation and cell death. Cancer
Chemother. Pharmacol. 2015, 75, 1–15. [CrossRef]

19. Gonera, A.; Wawryka, J.; Sobkowicz, A.; Biezunska-Kusiak, K.; Dubinska-Magiera, M.; Krajewski, A.; Choromanska, A. SKOV-3
and Me45 cell response to cisplatin-based chemotherapy: An in vitro study. Folia Biol. 2014, 60, 213–219.

20. Hayes, P.C.; Bouchier, I.A.; Beckett, G.J. Glutathione S-transferase in humans in health and disease. Gut 1991, 32, 813–818.
[CrossRef]

https://doi.org/10.1042/bj0790516
https://doi.org/10.1016/j.canlet.2018.06.028
https://doi.org/10.3390/antiox10050701
https://www.ncbi.nlm.nih.gov/pubmed/33946704
https://doi.org/10.3109/03602532.2011.560157
https://doi.org/10.1093/toxsci/49.2.156
https://doi.org/10.1146/annurev.pharmtox.45.120403.095857
https://doi.org/10.1038/sj.onc.1206940
https://www.ncbi.nlm.nih.gov/pubmed/14576844
https://doi.org/10.1007/s00018-005-4524-6
https://www.ncbi.nlm.nih.gov/pubmed/15798895
https://doi.org/10.3390/nu11081741
https://doi.org/10.1016/j.tips.2012.09.007
https://doi.org/10.1038/cddis.2013.529
https://www.ncbi.nlm.nih.gov/pubmed/24457959
https://doi.org/10.1016/j.biopha.2013.04.012
https://www.ncbi.nlm.nih.gov/pubmed/23731711
https://doi.org/10.1016/s0076-6879(05)01019-0
https://doi.org/10.1016/j.bbagen.2012.11.019
https://www.ncbi.nlm.nih.gov/pubmed/23201197
https://doi.org/10.1002/pros.1115
https://doi.org/10.1080/03602532.2017.1343343
https://doi.org/10.1097/00008571-200402000-00005
https://doi.org/10.1007/s00280-014-2566-x
https://doi.org/10.1136/gut.32.7.813


Antioxidants 2023, 12, 1970 22 of 29

21. Piaggi, S.; Raggi, C.; Corti, A.; Pitzalis, E.; Mascherpa, M.C.; Saviozzi, M.; Pompella, A.; Casini, A.F. Glutathione transferase
omega 1-1 (GSTO1-1) plays an anti-apoptotic role in cell resistance to cisplatin toxicity. Carcinogenesis 2010, 31, 804–811. [CrossRef]

22. Zhang, J.; Ye, Z.W.; Janssen-Heininger, Y.; Townsend, D.M.; Tew, K.D. Development of Telintra as an Inhibitor of Glutathione
S-Transferase P. Handb. Exp. Pharmacol. 2021, 264, 71–91. [CrossRef] [PubMed]

23. Castro-Caldas, M.; Carvalho, A.N.; Rodrigues, E.; Henderson, C.; Wolf, C.R.; Gama, M.J. Glutathione S-transferase pi mediates
MPTP-induced c-Jun N-terminal kinase activation in the nigrostriatal pathway. Mol. Neurobiol. 2012, 45, 466–477. [CrossRef]
[PubMed]

24. Kumar, A.; Dhull, D.K.; Gupta, V.; Channana, P.; Singh, A.; Bhardwaj, M.; Ruhal, P.; Mittal, R. Role of Glutathione-S-transferases
in neurological problems. Expert Opin. Ther. Pat. 2017, 27, 299–309. [CrossRef]

25. Wan Osman, W.H.; Mikami, B.; Saka, N.; Kondo, K.; Nagata, T.; Katahira, M. Structure of a serine-type glutathione S-transferase of
Ceriporiopsis subvermispora and identification of the enzymatically important non-canonical residues by functional mutagenesis.
Biochem. Biophys. Res. Commun. 2019, 510, 177–183. [CrossRef]

26. Armstrong, R.N. Glutathione S-transferases: Structure and mechanism of an archetypical detoxication enzyme. Adv. Enzymol.
Relat. Areas Mol. Biol. 1994, 69, 1–44. [CrossRef]

27. Frova, C. Glutathione transferases in the genomics era: New insights and perspectives. Biomol. Eng. 2006, 23, 149–169. [CrossRef]
28. Allocati, N.; Casalone, E.; Masulli, M.; Ceccarelli, I.; Carletti, E.; Parker, M.W.; Di Ilio, C. Functional analysis of the evolutionarily

conserved proline 53 residue inProteus mirabilisglutathione transferase B1-1. FEBS Lett. 1999, 445, 347–350. [CrossRef] [PubMed]
29. Oakley, A. Glutathione transferases: A structural perspective. Drug Metab. Rev. 2011, 43, 138–151. [CrossRef] [PubMed]
30. Lawless, M.J.; Pettersson, J.R.; Rule, G.S.; Lanni, F.; Saxena, S. ESR Resolves the C Terminus Structure of the Ligand-free Human

Glutathione S-Transferase A1-1. Biophys. J. 2018, 114, 592–601. [CrossRef]
31. Rushmore, T.H.; Pickett, C.B. Glutathione S-transferases, structure, regulation, and therapeutic implications. J. Biol. Chem. 1993,

268, 11475–11478. [CrossRef] [PubMed]
32. Lian, L.Y. NMR structural studies of glutathione S-transferase. Cell. Mol. Life Sci. 1998, 54, 359–362. [CrossRef] [PubMed]
33. Dourado, D.F.; Fernandes, P.A.; Ramos, M.J. Mammalian cytosolic glutathione transferases. Curr. Protein Pept. Sci. 2008, 9, 325–337.

[CrossRef] [PubMed]
34. Dourado, D.F.; Fernandes, P.A.; Mannervik, B.; Ramos, M.J. Glutathione transferase: New model for glutathione activation.

Chemistry 2008, 14, 9591–9598. [CrossRef]
35. Ketterer, B.; Coles, B.; Meyer, D.J. The role of glutathione in detoxication. Environ. Health Perspect. 1983, 49, 59–69. [CrossRef]
36. Pljesa-Ercegovac, M.; Savic-Radojevic, A.; Matic, M.; Coric, V.; Djukic, T.; Radic, T.; Simic, T. Glutathione Transferases: Potential

Targets to Overcome Chemoresistance in Solid Tumors. Int. J. Mol. Sci. 2018, 19, 3785. [CrossRef] [PubMed]
37. Ketterer, B. Detoxication reactions of glutathione and glutathione transferases. Xenobiotica 1986, 16, 957–973. [CrossRef]
38. Dohnal, V.; Wu, Q.; Kuca, K. Metabolism of aflatoxins: Key enzymes and interindividual as well as interspecies differences. Arch.

Toxicol. 2014, 88, 1635–1644. [CrossRef]
39. Hayes, J.D.; Pulford, D.J. The glutathione S-transferase supergene family: Regulation of GST and the contribution of the

isoenzymes to cancer chemoprotection and drug resistance. Crit. Rev. Biochem. Mol. Biol. 1995, 30, 445–600. [CrossRef]
40. Josephy, P.D. Genetic variations in human glutathione transferase enzymes: Significance for pharmacology and toxicology. Hum.

Genom. Proteom. 2010, 2010, 876940. [CrossRef]
41. Chen, X.; Han, L.; Zhao, Y.; Huang, H.; Pan, H.; Zhang, C.; Chen, H.; Sun, S.; Yao, S.; Chen, X.; et al. Mechanistic Study of

Icaritin-Induced Inactivation of Cytochrome P450 2C9. Drug Metab. Dispos. Biol. Fate Chem. 2023, 51, 771–781. [CrossRef]
42. Zhao, Y.; Huang, H.; Lv, N.; Huang, C.; Chen, H.; Xing, H.; Guo, C.; Li, N.; Zhao, D.; Chen, X.; et al. Glutathione S-Transferases

Mediate In Vitro and In Vivo Inactivation of Genipin: Implications for an Underlying Detoxification Mechanism. J. Agric. Food
Chem. 2023, 71, 2399–2410. [CrossRef] [PubMed]

43. Li, Y.; Sun, C.; Zhang, Y.; Chen, X.; Huang, H.; Han, L.; Xing, H.; Zhao, D.; Chen, X.; Zhang, Y. Phase I Metabolism of Pterostilbene,
a Dietary Resveratrol Derivative: Metabolite Identification, Species Differences, Isozyme Contribution, and Further Bioactivation.
J. Agric. Food Chem. 2023, 71, 331–346. [CrossRef]

44. Tsikas, D. Rat liver glutathione S-transferase-catalyzed conjugation of glutathione to the endogenous epoxides of oleic acid and
cholesterol. Anal. Biochem. 2022, 644, 113994. [CrossRef] [PubMed]

45. Tsikas, D.; Sawa, M.; Brunner, G.; Gutzki, F.; Meyer, H.; Frolich, J. Gas chromatography–mass spectrometry of cis-9,10-
epoxyoctadecanoic acid (cis-EODA)I. Direct evidence for cis-EODA formation from oleic acid oxidation by liver microsomes and
isolated hepatocytes. J. Chromatogr. B 2003, 784, 351–365. [CrossRef] [PubMed]

46. Thum, T.; Batkai, S.; Malinski, P.G.; Becker, T.; Mevius, I.; Klempnauer, J.; Meyer, H.H.; Frolich, J.C.; Borlak, J.; Tsikas, D.
Measurement and diagnostic use of hepatic cytochrome P450 metabolism of oleic acid in liver disease. Liver Int. 2010, 30,
1181–1188. [CrossRef] [PubMed]

47. Balogh, L.M.; Atkins, W.M. Interactions of glutathione transferases with 4-hydroxynonenal. Drug Metab. Rev. 2011, 43, 165–178.
[CrossRef]

48. Nair, U.; Bartsch, H.; Nair, J. Lipid peroxidation-induced DNA damage in cancer-prone inflammatory diseases: A review of
published adduct types and levels in humans. Free Radic. Biol. Med. 2007, 43, 1109–1120. [CrossRef]

49. Butterfield, D.A.; Bader Lange, M.L.; Sultana, R. Involvements of the lipid peroxidation product, HNE, in the pathogenesis and
progression of Alzheimer’s disease. Biochim. Biophys. Acta 2010, 1801, 924–929. [CrossRef]

https://doi.org/10.1093/carcin/bgq031
https://doi.org/10.1007/164_2020_392
https://www.ncbi.nlm.nih.gov/pubmed/32767141
https://doi.org/10.1007/s12035-012-8266-9
https://www.ncbi.nlm.nih.gov/pubmed/22539231
https://doi.org/10.1080/13543776.2017.1254192
https://doi.org/10.1016/j.bbrc.2019.01.076
https://doi.org/10.1002/9780470123157.ch1
https://doi.org/10.1016/j.bioeng.2006.05.020
https://doi.org/10.1016/S0014-5793(99)00147-7
https://www.ncbi.nlm.nih.gov/pubmed/10094487
https://doi.org/10.3109/03602532.2011.558093
https://www.ncbi.nlm.nih.gov/pubmed/21428697
https://doi.org/10.1016/j.bpj.2017.12.016
https://doi.org/10.1016/S0021-9258(19)50219-8
https://www.ncbi.nlm.nih.gov/pubmed/8505281
https://doi.org/10.1007/s000180050164
https://www.ncbi.nlm.nih.gov/pubmed/9614973
https://doi.org/10.2174/138920308785132677
https://www.ncbi.nlm.nih.gov/pubmed/18691123
https://doi.org/10.1002/chem.200800946
https://doi.org/10.1289/ehp.834959
https://doi.org/10.3390/ijms19123785
https://www.ncbi.nlm.nih.gov/pubmed/30487385
https://doi.org/10.3109/00498258609038976
https://doi.org/10.1007/s00204-014-1312-9
https://doi.org/10.3109/10409239509083491
https://doi.org/10.4061/2010/876940
https://doi.org/10.1124/dmd.122.001245
https://doi.org/10.1021/acs.jafc.2c08175
https://www.ncbi.nlm.nih.gov/pubmed/36705628
https://doi.org/10.1021/acs.jafc.2c05334
https://doi.org/10.1016/j.ab.2020.113994
https://www.ncbi.nlm.nih.gov/pubmed/33080216
https://doi.org/10.1016/S1570-0232(02)00821-8
https://www.ncbi.nlm.nih.gov/pubmed/12505783
https://doi.org/10.1111/j.1478-3231.2010.02310.x
https://www.ncbi.nlm.nih.gov/pubmed/20629947
https://doi.org/10.3109/03602532.2011.558092
https://doi.org/10.1016/j.freeradbiomed.2007.07.012
https://doi.org/10.1016/j.bbalip.2010.02.005


Antioxidants 2023, 12, 1970 23 of 29

50. Zhou, C.; Huang, Y.; Przedborski, S. Oxidative stress in Parkinson’s disease: A mechanism of pathogenic and therapeutic
significance. Ann. N. Y. Acad. Sci. 2008, 1147, 93–104. [CrossRef]

51. Ketterer, B. Glutathione S-transferases and prevention of cellular free radical damage. Free Radic. Res. 1998, 28, 647–658. [CrossRef]
52. Grimsrud, P.A.; Picklo, M.J., Sr.; Griffin, T.J.; Bernlohr, D.A. Carbonylation of adipose proteins in obesity and insulin resistance:

Identification of adipocyte fatty acid-binding protein as a cellular target of 4-hydroxynonenal. Mol. Cell. Proteom. 2007, 6, 624–637.
[CrossRef]

53. Leitinger, N. Cholesteryl ester oxidation products in atherosclerosis. Mol. Asp. Med. 2003, 24, 239–250. [CrossRef]
54. Zimniak, P. Detoxification reactions: Relevance to aging. Ageing Res. Rev. 2008, 7, 281–300. [CrossRef]
55. Laborde, E. Glutathione transferases as mediators of signaling pathways involved in cell proliferation and cell death. Cell Death

Differ. 2010, 17, 1373–1380. [CrossRef] [PubMed]
56. Gate, L.; Majumdar, R.S.; Lunk, A.; Tew, K.D. Increased myeloproliferation in glutathione S-transferase pi-deficient mice is

associated with a deregulation of JNK and Janus kinase/STAT pathways. J. Biol. Chem. 2004, 279, 8608–8616. [CrossRef]
57. Adler, V.; Yin, Z.; Tew, K.D.; Ronai, Z. Role of redox potential and reactive oxygen species in stress signaling. Oncogene 1999,

18, 6104–6111. [CrossRef]
58. Adler, V.; Yin, Z.; Fuchs, S.Y.; Benezra, M.; Rosario, L.; Tew, K.D.; Pincus, M.R.; Sardana, M.; Henderson, C.J.; Wolf, C.R.; et al.

Regulation of JNK signaling by GSTp. EMBO J. 1999, 18, 1321–1334. [CrossRef] [PubMed]
59. Davis, R.J. Signal Transduction by the JNK Group of MAP Kinases. Cell 2000, 103, 239–252. [CrossRef] [PubMed]
60. Li, S.; Li, B.; Wang, J.; Zhang, D.; Liu, Z.; Zhang, Z.; Zhang, W.; Wang, Y.; Bai, D.; Guan, J.; et al. Identification of Sensitivity

Predictors of Neoadjuvant Chemotherapy for the Treatment of Adenocarcinoma of Gastroesophageal Junction. Oncol. Res. 2017,
25, 93–97. [CrossRef]

61. Qiang, F.; Guangguo, R.; Yongtao, H.; Dandan, D.; Hong, Y. Multidrug resistance in primary tumors and metastases in patients
with esophageal squamous cell carcinoma. Pathol. Oncol. Res. 2013, 19, 641–648. [CrossRef]

62. Yang, L.; Du, C.; Wu, L.; Yu, J.; An, X.; Yu, W.; Cao, S.; Li, H.; Ren, X. Cytokine-Induced Killer Cells Modulates Resistance to
Cisplatin in the A549/DDP Cell Line. J. Cancer 2017, 8, 3287–3295. [CrossRef] [PubMed]

63. Wang, W.; Wei, J.; Tu, X.; Ye, X. Potential Role of GST-pi in Lung Cancer Stem Cell Cisplatin Resistance. BioMed Res. Int. 2021,
2021, 9142364. [CrossRef] [PubMed]

64. Lee, S.Y.; Reichlin, A.; Santana, A.; Sokol, K.A.; Nussenzweig, M.C.; Choi, Y. TRAF2 Is Essential for JNK but Not NF-κB Activation
and Regulates Lymphocyte Proliferation and Survival. Immunity 1997, 7, 703–713. [CrossRef] [PubMed]

65. Wu, Y.; Fan, Y.; Xue, B.; Luo, L.; Shen, J.; Zhang, S.; Jiang, Y.; Yin, Z. Human glutathione S-transferase P1-1 interacts with TRAF2
and regulates TRAF2-ASK1 signals. Oncogene 2006, 25, 5787–5800. [CrossRef] [PubMed]

66. Ichijo, H.; Nishida, E.; Irie, K.; ten Dijke, P.; Saitoh, M.; Moriguchi, T.; Takagi, M.; Matsumoto, K.; Miyazono, K.; Gotoh, Y.
Induction of apoptosis by ASK1, a mammalian MAPKKK that activates SAPK/JNK and p38 signaling pathways. Science 1997,
275, 90–94. [CrossRef]

67. Cho, S.G.; Lee, Y.H.; Park, H.S.; Ryoo, K.; Kang, K.W.; Park, J.; Eom, S.J.; Kim, M.J.; Chang, T.S.; Choi, S.Y.; et al. Glutathione
S-transferase mu modulates the stress-activated signals by suppressing apoptosis signal-regulating kinase 1. J. Biol. Chem. 2001,
276, 12749–12755. [CrossRef]

68. Checa-Rojas, A.; Delgadillo-Silva, L.F.; Velasco-Herrera, M.D.C.; Andrade-Dominguez, A.; Gil, J.; Santillan, O.; Lozano, L.;
Toledo-Leyva, A.; Ramirez-Torres, A.; Talamas-Rohana, P.; et al. GSTM3 and GSTP1: Novel players driving tumor progression in
cervical cancer. Oncotarget 2018, 9, 21696–21714. [CrossRef]

69. Dowling, R.J.; Zakikhani, M.; Fantus, I.G.; Pollak, M.; Sonenberg, N. Metformin inhibits mammalian target of rapamycin-
dependent translation initiation in breast cancer cells. Cancer Res. 2007, 67, 10804–10812. [CrossRef]

70. Louie, S.M.; Grossman, E.A.; Crawford, L.A.; Ding, L.; Camarda, R.; Huffman, T.R.; Miyamoto, D.K.; Goga, A.; Weerapana, E.;
Nomura, D.K. GSTP1 Is a Driver of Triple-Negative Breast Cancer Cell Metabolism and Pathogenicity. Cell Chem. Biol. 2016,
23, 567–578. [CrossRef]

71. Liu, X.; Sui, X.; Zhang, C.; Wei, K.; Bao, Y.; Xiong, J.; Zhou, Z.; Chen, Z.; Wang, C.; Zhu, H.; et al. Glutathione S-transferase
A1 suppresses tumor progression and indicates better prognosis of human primary hepatocellular carcinoma. J. Cancer 2020,
11, 83–91. [CrossRef] [PubMed]

72. Saisawang, C.; Wongsantichon, J.; Robinson, R.C.; Ketterman, A.J. Glutathione transferase Omega 1-1 (GSTO1-1) modulates Akt
and MEK1/2 signaling in human neuroblastoma cell SH-SY5Y. Proteins 2019, 87, 588–595. [CrossRef]

73. Kou, X.; Chen, N.; Feng, Z.; Luo, L.; Yin, Z. GSTP1 negatively regulates Stat3 activation in epidermal growth factor signaling.
Oncol. Lett. 2013, 5, 1053–1057. [CrossRef] [PubMed]

74. Knorre, D.G.; Kudryashova, N.V.; Godovikova, T.S. Chemical and functional aspects of posttranslational modification of proteins.
Acta Naturae 2009, 1, 29–51. [CrossRef] [PubMed]

75. Dominko, K.; Dikic, D. Glutathionylation: A regulatory role of glutathione in physiological processes. Arh. Hig. Rada Toksikol.
2018, 69, 1–24. [CrossRef] [PubMed]

76. Dalle-Donne, I.; Rossi, R.; Colombo, G.; Giustarini, D.; Milzani, A. Protein S-glutathionylation: A regulatory device from bacteria
to humans. Trends Biochem. Sci. 2009, 34, 85–96. [CrossRef] [PubMed]

77. Musaogullari, A.; Chai, Y.C. Redox Regulation by Protein S-Glutathionylation: From Molecular Mechanisms to Implications in
Health and Disease. Int. J. Mol. Sci. 2020, 21, 8113. [CrossRef] [PubMed]

https://doi.org/10.1196/annals.1427.023
https://doi.org/10.3109/10715769809065820
https://doi.org/10.1074/mcp.M600120-MCP200
https://doi.org/10.1016/S0098-2997(03)00019-0
https://doi.org/10.1016/j.arr.2008.04.001
https://doi.org/10.1038/cdd.2010.80
https://www.ncbi.nlm.nih.gov/pubmed/20596078
https://doi.org/10.1074/jbc.M308613200
https://doi.org/10.1038/sj.onc.1203128
https://doi.org/10.1093/emboj/18.5.1321
https://www.ncbi.nlm.nih.gov/pubmed/10064598
https://doi.org/10.1016/S0092-8674(00)00116-1
https://www.ncbi.nlm.nih.gov/pubmed/11057897
https://doi.org/10.3727/096504016X14719078133564
https://doi.org/10.1007/s12253-013-9623-3
https://doi.org/10.7150/jca.19426
https://www.ncbi.nlm.nih.gov/pubmed/29158802
https://doi.org/10.1155/2021/9142364
https://www.ncbi.nlm.nih.gov/pubmed/34840986
https://doi.org/10.1016/S1074-7613(00)80390-8
https://www.ncbi.nlm.nih.gov/pubmed/9390693
https://doi.org/10.1038/sj.onc.1209576
https://www.ncbi.nlm.nih.gov/pubmed/16636664
https://doi.org/10.1126/science.275.5296.90
https://doi.org/10.1074/jbc.M005561200
https://doi.org/10.18632/oncotarget.24796
https://doi.org/10.1158/0008-5472.CAN-07-2310
https://doi.org/10.1016/j.chembiol.2016.03.017
https://doi.org/10.7150/jca.36495
https://www.ncbi.nlm.nih.gov/pubmed/31892975
https://doi.org/10.1002/prot.25683
https://doi.org/10.3892/ol.2012.1098
https://www.ncbi.nlm.nih.gov/pubmed/23426146
https://doi.org/10.32607/20758251-2009-1-3-29-51
https://www.ncbi.nlm.nih.gov/pubmed/22649613
https://doi.org/10.2478/aiht-2018-69-2966
https://www.ncbi.nlm.nih.gov/pubmed/29604197
https://doi.org/10.1016/j.tibs.2008.11.002
https://www.ncbi.nlm.nih.gov/pubmed/19135374
https://doi.org/10.3390/ijms21218113
https://www.ncbi.nlm.nih.gov/pubmed/33143095


Antioxidants 2023, 12, 1970 24 of 29

78. Gallogly, M.M.; Mieyal, J.J. Mechanisms of reversible protein glutathionylation in redox signaling and oxidative stress. Curr.
Opin. Pharmacol. 2007, 7, 381–391. [CrossRef]

79. Ghezzi, P.; Bonetto, V.; Fratelli, M. Thiol-disulfide balance: From the concept of oxidative stress to that of redox regulation.
Antioxid. Redox Signal. 2005, 7, 964–972. [CrossRef]

80. Sciskalska, M.; Milnerowicz, H. The role of GSTpi isoform in the cells signalling and anticancer therapy. Eur. Rev. Med. Pharmacol.
Sci. 2020, 24, 8537–8550. [CrossRef]

81. Townsend, D.M.; Manevich, Y.; He, L.; Hutchens, S.; Pazoles, C.J.; Tew, K.D. Novel role for glutathione S-transferase pi. Regulator
of protein S-Glutathionylation following oxidative and nitrosative stress. J. Biol. Chem. 2009, 284, 436–445. [CrossRef] [PubMed]

82. Cha, S.J.; Lee, S.; Choi, H.J.; Han, Y.J.; Jeon, Y.M.; Jo, M.; Lee, S.; Nahm, M.; Lim, S.M.; Kim, S.H.; et al. Therapeutic modulation of
GSTO activity rescues FUS-associated neurotoxicity via deglutathionylation in ALS disease models. Dev. Cell 2022, 57, 783–798.e8.
[CrossRef] [PubMed]

83. Board, P.G.; Menon, D. Structure, function and disease relevance of Omega-class glutathione transferases. Arch. Toxicol. 2016,
90, 1049–1067. [CrossRef] [PubMed]

84. Ye, Z.W.; Zhang, J.; Ancrum, T.; Manevich, Y.; Townsend, D.M.; Tew, K.D. Glutathione S-Transferase P-Mediated Protein
S-Glutathionylation of Resident Endoplasmic Reticulum Proteins Influences Sensitivity to Drug-Induced Unfolded Protein
Response. Antioxid. Redox Signal. 2017, 26, 247–261. [CrossRef] [PubMed]

85. Ghezzi, P. Protein glutathionylation in health and disease. Biochim. Biophys. Acta 2013, 1830, 3165–3172. [CrossRef]
86. Manevich, Y.; Fisher, A.B. Peroxiredoxin 6, a 1-Cys peroxiredoxin, functions in antioxidant defense and lung phospholipid

metabolism. Free Radic. Biol. Med. 2005, 38, 1422–1432. [CrossRef] [PubMed]
87. Noguera-Mazon, V.; Lemoine, J.; Walker, O.; Rouhier, N.; Salvador, A.; Jacquot, J.P.; Lancelin, J.M.; Krimm, I. Glutathionylation

induces the dissociation of 1-Cys D-peroxiredoxin non-covalent homodimer. J. Biol. Chem. 2006, 281, 31736–31742. [CrossRef]
88. Yusuf, M.A.; Chuang, T.; Bhat, G.J.; Srivenugopal, K.S. Cys-141 glutathionylation of human p53: Studies using specific polyclonal

antibodies in cancer samples and cell lines. Free Radic. Biol. Med. 2010, 49, 908–917. [CrossRef]
89. Velu, C.S.; Niture, S.K.; Doneanu, C.E.; Pattabiraman, N.; Srivenugopal, K.S. Human p53 is inhibited by glutathionylation of

cysteines present in the proximal DNA-binding domain during oxidative stress. Biochemistry 2007, 46, 7765–7780. [CrossRef]
90. Cha, S.J.; Kim, H.; Choi, H.J.; Lee, S.; Kim, K. Protein Glutathionylation in the Pathogenesis of Neurodegenerative Diseases. Oxid.

Med. Cell. Longev. 2017, 2017, 2818565. [CrossRef]
91. Jeon, D.; Park, H.J.; Kim, H.S. Protein S-glutathionylation induced by hypoxia increases hypoxia-inducible factor-1alpha in

human colon cancer cells. Biochem. Biophys. Res. Commun. 2018, 495, 212–216. [CrossRef]
92. Zhang, J.; Ye, Z.W.; Chen, W.; Culpepper, J.; Jiang, H.; Ball, L.E.; Mehrotra, S.; Blumental-Perry, A.; Tew, K.D.; Townsend, D.M.

Altered redox regulation and S-glutathionylation of BiP contribute to bortezomib resistance in multiple myeloma. Free Radic. Biol.
Med. 2020, 160, 755–767. [CrossRef] [PubMed]

93. Belcastro, E.; Gaucher, C.; Corti, A.; Leroy, P.; Lartaud, I.; Pompella, A. Regulation of protein function by S-nitrosation and
S-glutathionylation: Processes and targets in cardiovascular pathophysiology. Biol. Chem. 2017, 398, 1267–1293. [CrossRef]
[PubMed]

94. Halloran, M.; Parakh, S.; Atkin, J.D. The role of s-nitrosylation and s-glutathionylation of protein disulphide isomerase in protein
misfolding and neurodegeneration. Int. J. Cell Biol. 2013, 2013, 797914. [CrossRef] [PubMed]

95. Sabens Liedhegner, E.A.; Gao, X.H.; Mieyal, J.J. Mechanisms of altered redox regulation in neurodegenerative diseases--focus on
S--glutathionylation. Antioxid. Redox Signal. 2012, 16, 543–566. [CrossRef] [PubMed]

96. Leonard, G.D.; Fojo, T.; Bates, S.E. The role of ABC transporters in clinical practice. Oncologist 2003, 8, 411–424. [CrossRef]
[PubMed]

97. Depeille, P.; Cuq, P.; Mary, S.; Passagne, I.; Evrard, A.; Cupissol, D.; Vian, L. Glutathione S-transferase M1 and multidrug
resistance protein 1 act in synergy to protect melanoma cells from vincristine effects. Mol. Pharmacol. 2004, 65, 897–905. [CrossRef]

98. Tew, K.D.; Monks, A.; Barone, L.; Rosser, D.; Akerman, G.; Montali, J.A.; Wheatley, J.B.; Schmidt, D.E., Jr. Glutathione-associated
enzymes in the human cell lines of the National Cancer Institute Drug Screening Program. Mol. Pharmacol. 1996, 50, 149–159.

99. Mousseau, M.; Chauvin, C.; Nissou, M.F.; Chaffanet, M.; Plantaz, D.; Pasquier, B.; Schaerer, R.; Benabid, A. A study of the
expression of four chemoresistance-related genes in human primary and metastatic brain tumours. Eur. J. Cancer 1993, 29, 753–759.
[CrossRef]

100. Fruehauf, J.P.; Brem, H.; Brem, S.; Sloan, A.; Barger, G.; Huang, W.; Parker, R. In vitro drug response and molecular markers
associated with drug resistance in malignant gliomas. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2006, 12, 4523–4532.
[CrossRef]

101. Geng, M.; Wang, L.; Chen, X.; Cao, R.; Li, P. The association between chemosensitivity and Pgp, GST-π and Topo II expression in
gastric cancer. Diagn. Pathol. 2013, 8, 198. [CrossRef]

102. Yu, D.S.; Hsieh, D.S.; Chang, S.Y. Increasing expression of GST-pi MIF, and ID1 genes in chemoresistant prostate cancer cells.
Arch. Androl. 2006, 52, 275–281. [CrossRef]

103. Wang, Z.; Liang, S.; Lian, X.; Liu, L.; Zhao, S.; Xuan, Q.; Guo, L.; Liu, H.; Yang, Y.; Dong, T.; et al. Identification of proteins
responsible for adriamycin resistance in breast cancer cells using proteomics analysis. Sci. Rep. 2015, 5, 9301. [CrossRef] [PubMed]

https://doi.org/10.1016/j.coph.2007.06.003
https://doi.org/10.1089/ars.2005.7.964
https://doi.org/10.26355/eurrev_202008_22650
https://doi.org/10.1074/jbc.M805586200
https://www.ncbi.nlm.nih.gov/pubmed/18990698
https://doi.org/10.1016/j.devcel.2022.02.022
https://www.ncbi.nlm.nih.gov/pubmed/35320731
https://doi.org/10.1007/s00204-016-1691-1
https://www.ncbi.nlm.nih.gov/pubmed/26993125
https://doi.org/10.1089/ars.2015.6486
https://www.ncbi.nlm.nih.gov/pubmed/26838680
https://doi.org/10.1016/j.bbagen.2013.02.009
https://doi.org/10.1016/j.freeradbiomed.2005.02.011
https://www.ncbi.nlm.nih.gov/pubmed/15890616
https://doi.org/10.1016/S0021-9258(19)84088-7
https://doi.org/10.1016/j.freeradbiomed.2010.06.020
https://doi.org/10.1021/bi700425y
https://doi.org/10.1155/2017/2818565
https://doi.org/10.1016/j.bbrc.2017.11.018
https://doi.org/10.1016/j.freeradbiomed.2020.09.013
https://www.ncbi.nlm.nih.gov/pubmed/32937189
https://doi.org/10.1515/hsz-2017-0150
https://www.ncbi.nlm.nih.gov/pubmed/28822219
https://doi.org/10.1155/2013/797914
https://www.ncbi.nlm.nih.gov/pubmed/24348565
https://doi.org/10.1089/ars.2011.4119
https://www.ncbi.nlm.nih.gov/pubmed/22066468
https://doi.org/10.1634/theoncologist.8-5-411
https://www.ncbi.nlm.nih.gov/pubmed/14530494
https://doi.org/10.1124/mol.65.4.897
https://doi.org/10.1016/S0959-8049(05)80361-2
https://doi.org/10.1158/1078-0432.CCR-05-1830
https://doi.org/10.1186/1746-1596-8-198
https://doi.org/10.1080/01485010600630124
https://doi.org/10.1038/srep09301
https://www.ncbi.nlm.nih.gov/pubmed/25818003


Antioxidants 2023, 12, 1970 25 of 29

104. Smitherman, P.K.; Townsend, A.J.; Kute, T.E.; Morrow, C.S. Role of multidrug resistance protein 2 (MRP2, ABCC2) in alky-
lating agent detoxification: MRP2 potentiates glutathione S-transferase A1-1-mediated resistance to chlorambucil cytotoxicity.
J. Pharmacol. Exp. Ther. 2004, 308, 260–267. [CrossRef]

105. Manupati, K.; Debnath, S.; Goswami, K.; Bhoj, P.S.; Chandak, H.S.; Bahekar, S.P.; Das, A. Glutathione S-transferase omega
1 inhibition activates JNK-mediated apoptotic response in breast cancer stem cells. FEBS J. 2019, 286, 2167–2192. [CrossRef]
[PubMed]

106. Wang, W.; Liu, F.; Wang, C.; Wang, C.; Tang, Y.; Jiang, Z. Glutathione S-transferase A1 mediates nicotine-induced lung cancer cell
metastasis by promoting epithelial-mesenchymal transition. Exp. Ther. Med. 2017, 14, 1783–1788. [CrossRef]

107. Ezgu, M.C.; Kural, C.; Simsek, G.G.; Kaygin, P.; Oguztuzun, S.; Kirik, A.; Yasar, S.; Kose, G.; Sarialtin, S.Y.; Coban, T.; et al.
Chemoresistance in Malignant Intracranial Tumors: Longer Survival with Negative MDR1 Expression. Turk. Neurosurg. 2021,
31, 447–459. [CrossRef] [PubMed]

108. Yang, S.J.; Wang, D.D.; Li, J.; Xu, H.Z.; Shen, H.Y.; Chen, X.; Zhou, S.Y.; Zhong, S.L.; Zhao, J.H.; Tang, J.H. Predictive role of
GSTP1-containing exosomes in chemotherapy-resistant breast cancer. Gene 2017, 623, 5–14. [CrossRef] [PubMed]

109. Rolland, D.; Raharijaona, M.; Barbarat, A.; Houlgatte, R.; Thieblemont, C. Inhibition of GST-pi nuclear transfer increases mantle
cell lymphoma sensitivity to cisplatin, cytarabine, gemcitabine, bortezomib and doxorubicin. Anticancer. Res. 2010, 30, 3951–3957.

110. Tang, Y.; Xuan, X.Y.; Li, M.; Dong, Z.M. Roles of GST-π and polβ genes in chemoresistance of esophageal carcinoma cells. Asian
Pac. J. Cancer Prev. APJCP 2013, 14, 7375–7379. [CrossRef]

111. Wang, X.; Li, Y.; Chen, W.; Wang, Y.; Hui, L.; Liu, J.; Li, N.; Zhang, L.; Zou, Y.; Wang, F. Nrf-2/Gst-αmediated imatinib resistance
through rapid 4-HNE clearance. Exp. Cell Res. 2017, 353, 72–78. [CrossRef] [PubMed]

112. Zou, M.; Hu, X.; Xu, B.; Tong, T.; Jing, Y.; Xi, L.; Zhou, W.; Lu, J.; Wang, X.; Yang, X.; et al. Glutathione Stransferase isozyme alpha
1 is predominantly involved in the cisplatin resistance of common types of solid cancer. Oncol. Rep. 2019, 41, 989–998. [CrossRef]
[PubMed]

113. Fu, X.T.; Song, K.; Zhou, J.; Shi, Y.H.; Liu, W.R.; Tian, M.X.; Jin, L.; Shi, G.M.; Gao, Q.; Ding, Z.B.; et al. Autophagy activation
contributes to glutathione transferase Mu 1-mediated chemoresistance in hepatocellular carcinoma. Oncol. Lett. 2018, 16, 346–352.
[CrossRef] [PubMed]

114. Attaoua, C.; Vincent, L.A.; Abdel Jaoued, A.; Hadj-Kaddour, K.; Bai, Q.; De Vos, J.; Vian, L.; Cuq, P. Differential involvement of
glutathione S-transferase mu 1 and multidrug resistance protein 1 in melanoma acquired resistance to vinca alkaloids. Fundam.
Clin. Pharmacol. 2015, 29, 62–71. [CrossRef]

115. Cheng, S.Y.; Chen, N.F.; Wen, Z.H.; Yao, Z.K.; Tsui, K.H.; Kuo, H.M.; Chen, W.F. Glutathione S-Transferase M3 Is Associated
with Glycolysis in Intrinsic Temozolomide-Resistant Glioblastoma Multiforme Cells. Int. J. Mol. Sci. 2021, 22, 7080. [CrossRef]
[PubMed]

116. Zhang, J.; Xie, S.; Zhou, L.; Tang, X.; Guan, X.; Deng, M.; Zheng, H.; Wang, Y.; Lu, R.; Guo, L. Up-regulation of GSTT1 in serous
ovarian cancer associated with resistance to TAXOL/carboplatin. J. Ovarian Res. 2021, 14, 122. [CrossRef]

117. Diedrich, A.; Bock, H.C.; Konig, F.; Schulz, T.G.; Ludwig, H.C.; Herken, R.; Quondamatteo, F. Expression of glutathione
S-transferase T1 (GSTT1) in human brain tumours. Histol. Histopathol. 2006, 21, 1199–1207. [CrossRef]

118. Kobayashi, Y. A study on diagnosis of oral squamous cell carcinoma (oral SCC) by glutathione S-transferase-pi (GST-pi). Kokubyo
Gakkai Zasshi J. Stomatol. Soc. Jpn. 1999, 66, 46–56. [CrossRef]

119. Goto, S.; Ihara, Y.; Urata, Y.; Izumi, S.; Abe, K.; Koji, T.; Kondo, T. Doxorubicin-induced DNA intercalation and scavenging by
nuclear glutathione S-transferase pi. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2001, 15, 2702–2714. [CrossRef]

120. Ali-Osman, F.; Brunner, J.M.; Kutluk, T.M.; Hess, K. Prognostic significance of glutathione S-transferase pi expression and
subcellular localization in human gliomas. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 1997, 3, 2253–2261.

121. Shiratori, Y.; Soma, Y.; Maruyama, H.; Sato, S.; Takano, A.; Sato, K. Immunohistochemical detection of the placental form of
glutathione S-transferase in dysplastic and neoplastic human uterine cervix lesions. Cancer Res. 1987, 47, 6806–6809.

122. Chen, Z.; Hao, W.; Tang, J.; Gao, W.-Q.; Xu, H. CSTF2 Promotes Hepatocarcinogenesis and Hepatocellular Carcinoma Progression
via Aerobic Glycolysis. Front. Oncol. 2022, 12, 897804. [CrossRef]

123. Vaupel, P.; Schmidberger, H.; Mayer, A. The Warburg effect: Essential part of metabolic reprogramming and central contributor to
cancer progression. Int. J. Radiat. Biol. 2019, 95, 912–919. [CrossRef] [PubMed]

124. Feng, Y.; Xiong, Y.; Qiao, T.; Li, X.; Jia, L.; Han, Y. Lactate dehydrogenase A: A key player in carcinogenesis and potential target in
cancer therapy. Cancer Med. 2018, 7, 6124–6136. [CrossRef] [PubMed]

125. Ganapathy-Kanniappan, S.; Geschwind, J.F. Tumor glycolysis as a target for cancer therapy: Progress and prospects. Mol. Cancer
2013, 12, 152. [CrossRef] [PubMed]

126. Wang, S.; Yang, J.; Ding, C.; Li, J.; You, L.; Dai, M.; Zhao, Y. Glutathione S-Transferase Mu-3 Predicts a Better Prognosis and
Inhibits Malignant Behavior and Glycolysis in Pancreatic Cancer. Front. Oncol. 2020, 10, 1539. [CrossRef]

127. Wang, Z.; Jia, R.; Wang, L.; Yang, Q.; Hu, X.; Fu, Q.; Zhang, X.; Li, W.; Ren, Y. The Emerging Roles of Rad51 in Cancer and Its
Potential as a Therapeutic Target. Front. Oncol. 2022, 12, 935593. [CrossRef]

128. Lock, R.B.; Ross, W.E. DNA topoisomerases in cancer therapy. Anti-Cancer Drug Des. 1987, 2, 151–164.
129. Kundu, M.; Thompson, C.B. Autophagy: Basic principles and relevance to disease. Annu. Rev. Pathol. 2008, 3, 427–455. [CrossRef]
130. Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728–741. [CrossRef]

https://doi.org/10.1124/jpet.103.057729
https://doi.org/10.1111/febs.14813
https://www.ncbi.nlm.nih.gov/pubmed/30873742
https://doi.org/10.3892/etm.2017.4663
https://doi.org/10.5137/1019-5149.JTN.29819-20.3
https://www.ncbi.nlm.nih.gov/pubmed/33978213
https://doi.org/10.1016/j.gene.2017.04.031
https://www.ncbi.nlm.nih.gov/pubmed/28438694
https://doi.org/10.7314/APJCP.2013.14.12.7375
https://doi.org/10.1016/j.yexcr.2017.03.004
https://www.ncbi.nlm.nih.gov/pubmed/28267438
https://doi.org/10.3892/or.2018.6861
https://www.ncbi.nlm.nih.gov/pubmed/30431119
https://doi.org/10.3892/ol.2018.8667
https://www.ncbi.nlm.nih.gov/pubmed/29928420
https://doi.org/10.1111/fcp.12093
https://doi.org/10.3390/ijms22137080
https://www.ncbi.nlm.nih.gov/pubmed/34209254
https://doi.org/10.1186/s13048-021-00873-2
https://doi.org/10.14670/HH-21.1199
https://doi.org/10.5357/koubyou.66.46
https://doi.org/10.1096/fj.01-0376com
https://doi.org/10.3389/fonc.2022.897804
https://doi.org/10.1080/09553002.2019.1589653
https://www.ncbi.nlm.nih.gov/pubmed/30822194
https://doi.org/10.1002/cam4.1820
https://www.ncbi.nlm.nih.gov/pubmed/30403008
https://doi.org/10.1186/1476-4598-12-152
https://www.ncbi.nlm.nih.gov/pubmed/24298908
https://doi.org/10.3389/fonc.2020.01539
https://doi.org/10.3389/fonc.2022.935593
https://doi.org/10.1146/annurev.pathmechdis.2.010506.091842
https://doi.org/10.1016/j.cell.2011.10.026


Antioxidants 2023, 12, 1970 26 of 29

131. Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.; Dell’antonio, G.; et al. Pancreatic
cancers require autophagy for tumor growth. Genes Dev. 2011, 25, 717–729. [CrossRef] [PubMed]

132. Martin, A.P.; Mitchell, C.; Rahmani, M.; Nephew, K.P.; Grant, S.; Dent, P. Inhibition of MCL-1 enhances lapatinib toxicity and
overcomes lapatinib resistance via BAK-dependent autophagy. Cancer Biol. Ther. 2009, 8, 2084–2096. [CrossRef]

133. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.;
Yang, W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060–1072. [CrossRef] [PubMed]

134. Dixon, S.J. Ferroptosis: Bug or feature? Immunol. Rev. 2017, 277, 150–157. [CrossRef] [PubMed]
135. Brown, C.W.; Amante, J.J.; Goel, H.L.; Mercurio, A.M. The α6β4 integrin promotes resistance to ferroptosis. J. Cell Biol. 2017,

216, 4287–4297. [CrossRef]
136. Zhang, C.; Liu, X.; Jin, S.; Chen, Y.; Guo, R. Ferroptosis in cancer therapy: A novel approach to reversing drug resistance. Mol.

Cancer 2022, 21, 47. [CrossRef] [PubMed]
137. Jiang, Z.; Lim, S.O.; Yan, M.; Hsu, J.L.; Yao, J.; Wei, Y.; Chang, S.S.; Yamaguchi, H.; Lee, H.H.; Ke, B.; et al. TYRO3 induces

anti-PD-1/PD-L1 therapy resistance by limiting innate immunity and tumoral ferroptosis. J. Clin. Investig. 2021, 131, e139434.
[CrossRef]

138. Wang, Q.; Bin, C.; Xue, Q.; Gao, Q.; Huang, A.; Wang, K.; Tang, N. GSTZ1 sensitizes hepatocellular carcinoma cells to sorafenib-
induced ferroptosis via inhibition of NRF2/GPX4 axis. Cell Death Dis. 2021, 12, 426. [CrossRef]

139. Kuang, F.; Liu, J.; Xie, Y.; Tang, D.; Kang, R. MGST1 is a redox-sensitive repressor of ferroptosis in pancreatic cancer cells. Cell
Chem. Biol. 2021, 28, 765–775.e765. [CrossRef]

140. Pearce, R.K.; Owen, A.; Daniel, S.; Jenner, P.; Marsden, C.D. Alterations in the distribution of glutathione in the substantia nigra
in Parkinson’s disease. J. Neural Transm. 1997, 104, 661–677. [CrossRef]

141. Sian, J.; Dexter, D.T.; Lees, A.J.; Daniel, S.; Agid, Y.; Javoy-Agid, F.; Jenner, P.; Marsden, C.D. Alterations in glutathione levels in
Parkinson’s disease and other neurodegenerative disorders affecting basal ganglia. Ann. Neurol. 1994, 36, 348–355. [CrossRef]

142. Shi, M.; Bradner, J.; Bammler, T.K.; Eaton, D.L.; Zhang, J.; Ye, Z.; Wilson, A.M.; Montine, T.J.; Pan, C.; Zhang, J. Identification of
glutathione S-transferase pi as a protein involved in Parkinson disease progression. Am. J. Pathol. 2009, 175, 54–65. [CrossRef]

143. Whitworth, A.J.; Theodore, D.A.; Greene, J.C.; Benes, H.; Wes, P.D.; Pallanck, L.J. Increased glutathione S-transferase activity
rescues dopaminergic neuron loss in a Drosophila model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA 2005, 102, 8024–8029.
[CrossRef]

144. Laliberte, R.E.; Perregaux, D.G.; Hoth, L.R.; Rosner, P.J.; Jordan, C.K.; Peese, K.M.; Eggler, J.F.; Dombroski, M.A.; Geoghegan, K.F.;
Gabel, C.A. Glutathione s-transferase omega 1-1 is a target of cytokine release inhibitory drugs and may be responsible for their
effect on interleukin-1beta posttranslational processing. J. Biol. Chem. 2003, 278, 16567–16578. [CrossRef] [PubMed]

145. Li, Y.J.; Oliveira, S.A.; Xu, P.; Martin, E.R.; Stenger, J.E.; Scherzer, C.R.; Hauser, M.A.; Scott, W.K.; Small, G.W.; Nance, M.A.; et al.
Glutathione S-transferase omega-1 modifies age-at-onset of Alzheimer disease and Parkinson disease. Hum. Mol. Genet. 2003,
12, 3259–3267. [CrossRef]

146. Baez, S.; Segura-Aguilar, J.; Widersten, M.; Johansson, A.S.; Mannervik, B. Glutathione transferases catalyse the detoxication of
oxidized metabolites (o-quinones) of catecholamines and may serve as an antioxidant system preventing degenerative cellular
processes. Biochem. J. 1997, 324 Pt 1, 25–28. [CrossRef] [PubMed]

147. Ercegovac, M.; Jovic, N.; Sokic, D.; Savic-Radojevic, A.; Coric, V.; Radic, T.; Nikolic, D.; Kecmanovic, M.; Matic, M.; Simic, T.; et al.
GSTA1, GSTM1, GSTP1 and GSTT1 polymorphisms in progressive myoclonus epilepsy: A Serbian case-control study. Seizure
2015, 32, 30–36. [CrossRef]

148. Shang, W.; Liu, W.H.; Zhao, X.H.; Sun, Q.J.; Bi, J.Z.; Chi, Z.F. Expressions of glutathione S-transferase alpha, mu, and pi in brains
of medically intractable epileptic patients. BMC Neurosci. 2008, 9, 67. [CrossRef]

149. He, N.; Bai, S.; Huang, Y.; Xing, Y.; Chen, L.; Yu, F.; Lv, C. Evaluation of Glutathione S-Transferase Inhibition Effects on Idiopathic
Pulmonary Fibrosis Therapy with a Near-Infrared Fluorescent Probe in Cell and Mice Models. Anal. Chem. 2019, 91, 5424–5432.
[CrossRef] [PubMed]

150. McMillan, D.H.; van der Velden, J.L.; Lahue, K.G.; Qian, X.; Schneider, R.W.; Iberg, M.S.; Nolin, J.D.; Abdalla, S.; Casey, D.T.;
Tew, K.D.; et al. Attenuation of lung fibrosis in mice with a clinically relevant inhibitor of glutathione-S-transferase π. JCI Insight
2016, 1, e85717. [CrossRef]

151. Robin, S.K.D.; Ansari, M.; Uppugunduri, C.R.S. Spectrophotometric Screening for Potential Inhibitors of Cytosolic Glutathione
S-Transferases. J. Vis. Exp. JoVE 2020, 164, e61347. [CrossRef]

152. Melvin, K.E.; Farrelly, R.O.; North, J.D. Ethacrynic acid: A new oral diuretic. Br. Med. J. 1963, 1, 1521–1524. [CrossRef]
153. Dollery, C.T.; Parry, E.H.; Young, D.S. Diuretic and Hypotensive Properties of Ethacrynic Acid: A Comparison with Hydrochloroth-

iazide. Lancet 1964, 1, 947–952. [CrossRef] [PubMed]
154. Sau, A.; Pellizzari Tregno, F.; Valentino, F.; Federici, G.; Caccuri, A.M. Glutathione transferases and development of new principles

to overcome drug resistance. Arch. Biochem. Biophys. 2010, 500, 116–122. [CrossRef] [PubMed]
155. Awasthi, S.; Srivastava, S.K.; Ahmad, F.; Ahmad, H.; Ansari, G.A. Interactions of glutathione S-transferase-pi with ethacrynic acid

and its glutathione conjugate. Biochim. Biophys. Acta 1993, 1164, 173–178. [CrossRef] [PubMed]
156. Punganuru, S.R.; Mostofa, A.G.M.; Madala, H.R.; Basak, D.; Srivenugopal, K.S. Potent anti-proliferative actions of a non-diuretic

glucosamine derivative of ethacrynic acid. Bioorganic Med. Chem. Lett. 2016, 26, 2829–2833. [CrossRef] [PubMed]

https://doi.org/10.1101/gad.2016111
https://www.ncbi.nlm.nih.gov/pubmed/21406549
https://doi.org/10.4161/cbt.8.21.9895
https://doi.org/10.1016/j.cell.2012.03.042
https://www.ncbi.nlm.nih.gov/pubmed/22632970
https://doi.org/10.1111/imr.12533
https://www.ncbi.nlm.nih.gov/pubmed/28462529
https://doi.org/10.1083/jcb.201701136
https://doi.org/10.1186/s12943-022-01530-y
https://www.ncbi.nlm.nih.gov/pubmed/35151318
https://doi.org/10.1172/JCI139434
https://doi.org/10.1038/s41419-021-03718-4
https://doi.org/10.1016/j.chembiol.2021.01.006
https://doi.org/10.1007/BF01291884
https://doi.org/10.1002/ana.410360305
https://doi.org/10.2353/ajpath.2009.081019
https://doi.org/10.1073/pnas.0501078102
https://doi.org/10.1074/jbc.M211596200
https://www.ncbi.nlm.nih.gov/pubmed/12624100
https://doi.org/10.1093/hmg/ddg357
https://doi.org/10.1042/bj3240025
https://www.ncbi.nlm.nih.gov/pubmed/9164836
https://doi.org/10.1016/j.seizure.2015.08.010
https://doi.org/10.1186/1471-2202-9-67
https://doi.org/10.1021/acs.analchem.9b00713
https://www.ncbi.nlm.nih.gov/pubmed/30869868
https://doi.org/10.1172/jci.insight.85717
https://doi.org/10.3791/61347
https://doi.org/10.1136/bmj.1.5344.1521
https://doi.org/10.1016/S0140-6736(64)91742-8
https://www.ncbi.nlm.nih.gov/pubmed/14121351
https://doi.org/10.1016/j.abb.2010.05.012
https://www.ncbi.nlm.nih.gov/pubmed/20494652
https://doi.org/10.1016/0167-4838(93)90245-M
https://www.ncbi.nlm.nih.gov/pubmed/8329448
https://doi.org/10.1016/j.bmcl.2016.04.062
https://www.ncbi.nlm.nih.gov/pubmed/27156773


Antioxidants 2023, 12, 1970 27 of 29

157. Parker, L.J.; Italiano, L.C.; Morton, C.J.; Hancock, N.C.; Ascher, D.B.; Aitken, J.B.; Harris, H.H.; Campomanes, P.; Rothlisberger, U.;
De Luca, A.; et al. Studies of glutathione transferase P1-1 bound to a platinum(IV)-based anticancer compound reveal the
molecular basis of its activation. Chemistry 2011, 17, 7806–7816. [CrossRef] [PubMed]

158. Ang, W.H.; Khalaila, I.; Allardyce, C.S.; Juillerat-Jeanneret, L.; Dyson, P.J. Rational design of platinum(IV) compounds to overcome
glutathione-S-transferase mediated drug resistance. J. Am. Chem. Soc. 2005, 127, 1382–1383. [CrossRef]

159. Biancalana, L.; Batchelor, L.K.; Pereira, S.A.P.; Tseng, P.J.; Zacchini, S.; Pampaloni, G.; Saraiva, L.; Dyson, P.J.; Marchetti, F.
Bis-conjugation of Bioactive Molecules to Cisplatin-like Complexes through (2,2′-Bipyridine)-4,4′-Dicarboxylic Acid with Optimal
Cytotoxicity Profile Provided by the Combination Ethacrynic Acid/Flurbiprofen. Chemistry 2020, 26, 17525–17535. [CrossRef]

160. Sha, H.H.; Wang, Z.; Dong, S.C.; Hu, T.M.; Liu, S.W.; Zhang, J.Y.; Wu, Y.; Ma, R.; Wu, J.Z.; Chen, D.; et al. 6-(7-nitro-2,1,3-
benzoxadiazol-4-ylthio) hexanol: A promising new anticancer compound. Biosci. Rep. 2018, 38, BSR20171440. [CrossRef]

161. Turella, P.; Cerella, C.; Filomeni, G.; Bullo, A.; De Maria, F.; Ghibelli, L.; Ciriolo, M.R.; Cianfriglia, M.; Mattei, M.; Federici, G.; et al.
Proapoptotic activity of new glutathione S-transferase inhibitors. Cancer Res. 2005, 65, 3751–3761. [CrossRef]

162. Zhang, J.; Grek, C.; Ye, Z.W.; Manevich, Y.; Tew, K.D.; Townsend, D.M. Pleiotropic functions of glutathione S-transferase P. Adv.
Cancer Res. 2014, 122, 143–175. [CrossRef]

163. Pasello, M.; Michelacci, F.; Scionti, I.; Hattinger, C.M.; Zuntini, M.; Caccuri, A.M.; Scotlandi, K.; Picci, P.; Serra, M. Overcoming
glutathione S-transferase P1-related cisplatin resistance in osteosarcoma. Cancer Res. 2008, 68, 6661–6668. [CrossRef] [PubMed]

164. Sciarretta, F.; Fulci, C.; Palumbo, C.; Rotili, D.; Tentori, L.; Graziani, G.; Caccuri, A.M. Effects of Glutathione Transferase-Targeting
Nitrobenzoxadiazole Compounds in Relation to PD-L1 Status in Human Melanoma Cells. Chemotherapy 2019, 64, 138–145.
[CrossRef]

165. Turella, P.; Filomeni, G.; Dupuis, M.L.; Ciriolo, M.R.; Molinari, A.; De Maria, F.; Tombesi, M.; Cianfriglia, M.; Federici, G.;
Ricci, G.; et al. A strong glutathione S-transferase inhibitor overcomes the P-glycoprotein-mediated resistance in tumor cells. 6-(7-
Nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) triggers a caspase-dependent apoptosis in MDR1-expressing leukemia
cells. J. Biol. Chem. 2006, 281, 23725–23732. [CrossRef] [PubMed]

166. Ricci, G.; De Maria, F.; Antonini, G.; Turella, P.; Bullo, A.; Stella, L.; Filomeni, G.; Federici, G.; Caccuri, A.M. 7-Nitro-2,1,3-
benzoxadiazole derivatives, a new class of suicide inhibitors for glutathione S-transferases. Mechanism of action of potential
anticancer drugs. J. Biol. Chem. 2005, 280, 26397–26405. [CrossRef]

167. De Luca, A.; Rotili, D.; Carpanese, D.; Lenoci, A.; Calderan, L.; Scimeca, M.; Mai, A.; Bonanno, E.; Rosato, A.; Geroni, C.; et al.
A novel orally active water-soluble inhibitor of human glutathione transferase exerts a potent and selective antitumor activity
against human melanoma xenografts. Oncotarget 2015, 6, 4126–4143. [CrossRef] [PubMed]

168. Fulci, C.; Rotili, D.; De Luca, A.; Stella, L.; Morozzo Della Rocca, B.; Forgione, M.; Di Paolo, V.; Mai, A.; Falconi, M.;
Quintieri, L.; et al. A new nitrobenzoxadiazole-based GSTP1-1 inhibitor with a previously unheard of mechanism of action
and high stability. J. Enzym. Inhib. Med. Chem. 2017, 32, 240–247. [CrossRef]

169. Graziani, G.; Artuso, S.; De Luca, A.; Muzi, A.; Rotili, D.; Scimeca, M.; Atzori, M.G.; Ceci, C.; Mai, A.; Leonetti, C.; et al. A new
water soluble MAPK activator exerts antitumor activity in melanoma cells resistant to the BRAF inhibitor vemurafenib. Biochem.
Pharmacol. 2015, 95, 16–27. [CrossRef]

170. Palumbo, C.; De Luca, A.; Rosato, N.; Forgione, M.; Rotili, D.; Caccuri, A.M. c-Jun N-terminal kinase activation by nitrobenzoxa-
diazoles leads to late-stage autophagy inhibition. J. Transl. Med. 2016, 14, 37. [CrossRef]

171. Di Paolo, V.; Fulci, C.; Rotili, D.; De Luca, A.; Tomassi, S.; Serra, M.; Scimeca, M.; Geroni, C.; Quintieri, L.; Caccuri, A.M.
Characterization of water-soluble esters of nitrobenzoxadiazole-based GSTP1-1 inhibitors for cancer treatment. Biochem. Pharmacol.
2020, 178, 114060. [CrossRef] [PubMed]

172. Hamilton, D.; Batist, G. TLK-199 (Telik). IDrugs Investig. Drugs J. 2005, 8, 662–669.
173. Raza, A.; Galili, N.; Callander, N.; Ochoa, L.; Piro, L.; Emanuel, P.; Williams, S.; Burris, H., 3rd; Faderl, S.; Estrov, Z.; et al. Phase

1-2a multicenter dose-escalation study of ezatiostat hydrochloride liposomes for injection (Telintra, TLK199), a novel glutathione
analog prodrug in patients with myelodysplastic syndrome. J. Hematol. Oncol. 2009, 2, 20. [CrossRef] [PubMed]

174. Ruscoe, J.E.; Rosario, L.A.; Wang, T.; Gaté, L.; Arifoglu, P.; Wolf, C.R.; Henderson, C.J.; Ronai, Z.; Tew, K.D. Pharmacologic or
genetic manipulation of glutathione S-transferase P1-1 (GSTpi) influences cell proliferation pathways. J. Pharmacol. Exp. Ther.
2001, 298, 339–345. [PubMed]

175. Mahadevan, D.; Sutton, G.R. Ezatiostat hydrochloride for the treatment of myelodysplastic syndromes. Expert Opin. Investig.
Drugs 2015, 24, 725–733. [CrossRef] [PubMed]

176. Kean, W.F.; Hart, L.; Buchanan, W.W. Auranofin. Br. J. Rheumatol. 1997, 36, 560–572. [CrossRef]
177. Abdalbari, F.H.; Telleria, C.M. The gold complex auranofin: New perspectives for cancer therapy. Discov. Oncol. 2021, 12, 42.

[CrossRef]
178. Massai, L.; Cirri, D.; Marzo, T.; Messori, L. Auranofin and its analogs as prospective agents for the treatment of colorectal cancer.

Cancer Drug Resist. 2022, 5, 1–14. [CrossRef]
179. Ito, K.; Nishida, Y.; Hamada, S.; Shimizu, K.; Sakai, T.; Ohkawara, B.; Alman, B.A.; Enomoto, A.; Ikuta, K.; Koike, H.; et al. Efficacy

of auranofin as an inhibitor of desmoid progression. Sci. Rep. 2022, 12, 11918. [CrossRef]
180. De Luca, A.; Hartinger, C.G.; Dyson, P.J.; Lo Bello, M.; Casini, A. A new target for gold(I) compounds: Glutathione-S-transferase

inhibition by auranofin. J. Inorg. Biochem. 2013, 119, 38–42. [CrossRef]
181. Bradley, D. Therapeutic needs revive arsenic compound. Pharm. Sci. Technol. Today 2000, 3, 401. [CrossRef]

https://doi.org/10.1002/chem.201100586
https://www.ncbi.nlm.nih.gov/pubmed/21681839
https://doi.org/10.1021/ja0432618
https://doi.org/10.1002/chem.202003199
https://doi.org/10.1042/BSR20171440
https://doi.org/10.1158/0008-5472.CAN-04-3903
https://doi.org/10.1016/b978-0-12-420117-0.00004-9
https://doi.org/10.1158/0008-5472.CAN-07-5840
https://www.ncbi.nlm.nih.gov/pubmed/18701490
https://doi.org/10.1159/000503339
https://doi.org/10.1074/jbc.M604372200
https://www.ncbi.nlm.nih.gov/pubmed/16769721
https://doi.org/10.1074/jbc.M503295200
https://doi.org/10.18632/oncotarget.2798
https://www.ncbi.nlm.nih.gov/pubmed/25595904
https://doi.org/10.1080/14756366.2016.1247059
https://doi.org/10.1016/j.bcp.2015.03.004
https://doi.org/10.1186/s12967-016-0796-x
https://doi.org/10.1016/j.bcp.2020.114060
https://www.ncbi.nlm.nih.gov/pubmed/32473836
https://doi.org/10.1186/1756-8722-2-20
https://www.ncbi.nlm.nih.gov/pubmed/19439093
https://www.ncbi.nlm.nih.gov/pubmed/11408560
https://doi.org/10.1517/13543784.2015.1021003
https://www.ncbi.nlm.nih.gov/pubmed/25724698
https://doi.org/10.1093/rheumatology/36.5.560
https://doi.org/10.1007/s12672-021-00439-0
https://doi.org/10.20517/cdr.2021.71
https://doi.org/10.1038/s41598-022-15756-9
https://doi.org/10.1016/j.jinorgbio.2012.08.006
https://doi.org/10.1016/S1461-5347(00)00318-7


Antioxidants 2023, 12, 1970 28 of 29

182. Murgo, A.J. Clinical trials of arsenic trioxide in hematologic and solid tumors: Overview of the National Cancer Institute
Cooperative Research and Development Studies. Oncologist 2001, 6 (Suppl. S2), 22–28. [CrossRef]

183. Bahlis, N.J.; McCafferty-Grad, J.; Jordan-McMurry, I.; Neil, J.; Reis, I.; Kharfan-Dabaja, M.; Eckman, J.; Goodman, M.; Fernan-
dez, H.F.; Boise, L.H.; et al. Feasibility and correlates of arsenic trioxide combined with ascorbic acid-mediated depletion of
intracellular glutathione for the treatment of relapsed/refractory multiple myeloma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer
Res. 2002, 8, 3658–3668.

184. Akao, Y.; Yamada, H.; Nakagawa, Y. Arsenic-induced apoptosis in malignant cells in vitro. Leuk. Lymphoma 2000, 37, 53–63.
[CrossRef] [PubMed]

185. Zhang, T.C.; Cao, E.H.; Li, J.F.; Ma, W.; Qin, J.F. Induction of apoptosis and inhibition of human gastric cancer MGC-803 cell
growth by arsenic trioxide. Eur. J. Cancer 1999, 35, 1258–1263. [CrossRef]

186. Xie, Y.; Liu, J.; Liu, Y.; Klaassen, C.D.; Waalkes, M.P. Toxicokinetic and genomic analysis of chronic arsenic exposure in multidrug-
resistance mdr1a/1b(-/-) double knockout mice. Mol. Cell. Biochem. 2004, 255, 11–18. [CrossRef] [PubMed]

187. Parker, L.J.; Bocedi, A.; Ascher, D.B.; Aitken, J.B.; Harris, H.H.; Lo Bello, M.; Ricci, G.; Morton, C.J.; Parker, M.W. Glutathione
transferase P1-1 as an arsenic drug-sequestering enzyme. Protein Sci. 2017, 26, 317–326. [CrossRef]

188. Crawford, L.A.; Weerapana, E. A tyrosine-reactive irreversible inhibitor for glutathione S-transferase Pi (GSTP1). Mol. BioSyst.
2016, 12, 1768–1771. [CrossRef] [PubMed]

189. Shishido, Y.; Tomoike, F.; Kuwata, K.; Fujikawa, H.; Sekido, Y.; Murakami-Tonami, Y.; Kameda, T.; Abe, N.; Kimura, Y.;
Shuto, S.; et al. A Covalent Inhibitor for Glutathione S-Transferase Pi (GSTP(1-1)) in Human Cells. Chembiochem 2019, 20, 900–905.
[CrossRef] [PubMed]

190. Gupta, V.; Jani, J.P.; Jacobs, S.; Levitt, M.; Fields, L.; Awasthi, S.; Xu, B.H.; Sreevardhan, M.; Awasthi, Y.C.; Singh, S.V. Activity of
melphalan in combination with the glutathione transferase inhibitor sulfasalazine. Cancer Chemother. Pharmacol. 1995, 36, 13–19.
[CrossRef]

191. Pathania, S.; Bhatia, R.; Baldi, A.; Singh, R.; Rawal, R.K. Drug metabolizing enzymes and their inhibitors’ role in cancer resistance.
Biomed. Pharmacother. 2018, 105, 53–65. [CrossRef] [PubMed]

192. Tzaneva, S.; Kittler, H.; Thallinger, C.; Hönigsmann, H.; Tanew, A. Oral vs. bath PUVA using 8-methoxypsoralen for chronic
palmoplantar eczema. Photodermatol. Photoimmunol. Photomed. 2009, 25, 101–105. [CrossRef]

193. de Oliveira, D.M.; de Farias, M.T.; Teles, A.L.; Dos Santos Junior, M.C.; de Cerqueira, M.D.; Lima, R.M.; El-Bachá, R.S. 8-
Methoxypsoralen is a competitive inhibitor of glutathione S-transferase P1-1. Front. Cell. Neurosci. 2014, 8, 308. [CrossRef]

194. Bezerra, D.P.; Pessoa, C.; de Moraes, M.O.; Saker-Neto, N.; Silveira, E.R.; Costa-Lotufo, L.V. Overview of the therapeutic potential
of piplartine (piperlongumine). Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2013, 48, 453–463. [CrossRef] [PubMed]

195. Harshbarger, W.; Gondi, S.; Ficarro, S.B.; Hunter, J.; Udayakumar, D.; Gurbani, D.; Singer, W.D.; Liu, Y.; Li, L.; Marto, J.A.; et al.
Structural and Biochemical Analyses Reveal the Mechanism of Glutathione S-Transferase Pi 1 Inhibition by the Anti-cancer
Compound Piperlongumine. J. Biol. Chem. 2017, 292, 112–120. [CrossRef]

196. Roh, J.L.; Kim, E.H.; Park, J.Y.; Kim, J.W.; Kwon, M.; Lee, B.H. Piperlongumine selectively kills cancer cells and increases cisplatin
antitumor activity in head and neck cancer. Oncotarget 2014, 5, 9227–9238. [CrossRef]

197. Duvoix, A.; Morceau, F.; Delhalle, S.; Schmitz, M.; Schnekenburger, M.; Galteau, M.M.; Dicato, M.; Diederich, M. Induction
of apoptosis by curcumin: Mediation by glutathione S-transferase P1-1 inhibition. Biochem. Pharmacol. 2003, 66, 1475–1483.
[CrossRef]

198. Pantiora, P.; Furlan, V.; Matiadis, D.; Mavroidi, B.; Perperopoulou, F.; Papageorgiou, A.C.; Sagnou, M.; Bren, U.; Pelecanou, M.;
Labrou, N.E. Monocarbonyl Curcumin Analogues as Potent Inhibitors against Human Glutathione Transferase P1-1. Antioxidants
2022, 12, 63. [CrossRef]

199. Perperopoulou, F.D.; Tsoungas, P.G.; Thireou, T.N.; Rinotas, V.E.; Douni, E.K.; Eliopoulos, E.E.; Labrou, N.E.; Clonis, Y.D.
2,2′-Dihydroxybenzophenones and their carbonyl N-analogues as inhibitor scaffolds for MDR-involved human glutathione
transferase isoenzyme A1-1. Bioorganic Med. Chem. 2014, 22, 3957–3970. [CrossRef]

200. Pouliou, F.M.; Thireou, T.N.; Eliopoulos, E.E.; Tsoungas, P.G.; Labrou, N.E.; Clonis, Y.D. Isoenzyme- and allozyme-specific in-
hibitors: 2,2′-dihydroxybenzophenones and their carbonyl N-analogues that discriminate between human glutathione transferase
A1-1 and P1-1 allozymes. Chem. Biol. Drug Des. 2015, 86, 1055–1063. [CrossRef] [PubMed]

201. Alqarni, M.H.; Foudah, A.I.; Muharram, M.M.; Labrou, N.E. The Interaction of the Flavonoid Fisetin with Human Glutathione
Transferase A1-1. Metabolites 2021, 11, 190. [CrossRef] [PubMed]

202. Alqarni, M.H.; Foudah, A.I.; Muharram, M.M.; Alam, A.; Labrou, N.E. Myricetin as a Potential Adjuvant in Chemotherapy:
Studies on the Inhibition of Human Glutathione Transferase A1-1. Biomolecules 2022, 12, 1364. [CrossRef]

203. Clipson, A.J.; Bhat, V.T.; McNae, I.; Caniard, A.M.; Campopiano, D.J.; Greaney, M.F. Bivalent enzyme inhibitors discovered using
dynamic covalent chemistry. Chemistry 2012, 18, 10562–10570. [CrossRef] [PubMed]

204. Xu, B.; Tong, T.; Wang, X.; Liu, F.; Zhang, X.; Hu, X.; Li, X.; Yang, X.; Liao, F. Short divalent ethacrynic amides as pro-inhibitors of
glutathione S-transferase isozyme Mu and potent sensitisers of cisplatin-resistant ovarian cancers. J. Enzym. Inhib. Med. Chem.
2022, 37, 728–742. [CrossRef]

205. Rota, C.; Rimbach, G.; Minihane, A.M.; Stoecklin, E.; Barella, L. Dietary vitamin E modulates differential gene expression in the
rat hippocampus: Potential implications for its neuroprotective properties. Nutr. Neurosci. 2005, 8, 21–29. [CrossRef]

https://doi.org/10.1634/theoncologist.6-suppl_2-22
https://doi.org/10.3109/10428190009057628
https://www.ncbi.nlm.nih.gov/pubmed/10721769
https://doi.org/10.1016/S0959-8049(99)00106-9
https://doi.org/10.1023/B:MCBI.0000007256.44450.8c
https://www.ncbi.nlm.nih.gov/pubmed/14971641
https://doi.org/10.1002/pro.3084
https://doi.org/10.1039/C6MB00250A
https://www.ncbi.nlm.nih.gov/pubmed/27113843
https://doi.org/10.1002/cbic.201800671
https://www.ncbi.nlm.nih.gov/pubmed/30548113
https://doi.org/10.1007/BF00685726
https://doi.org/10.1016/j.biopha.2018.05.117
https://www.ncbi.nlm.nih.gov/pubmed/29843045
https://doi.org/10.1111/j.1600-0781.2009.00419.x
https://doi.org/10.3389/fncel.2014.00308
https://doi.org/10.1016/j.ejps.2012.12.003
https://www.ncbi.nlm.nih.gov/pubmed/23238172
https://doi.org/10.1074/jbc.M116.750299
https://doi.org/10.18632/oncotarget.2402
https://doi.org/10.1016/S0006-2952(03)00501-X
https://doi.org/10.3390/antiox12010063
https://doi.org/10.1016/j.bmc.2014.06.007
https://doi.org/10.1111/cbdd.12574
https://www.ncbi.nlm.nih.gov/pubmed/25891019
https://doi.org/10.3390/metabo11030190
https://www.ncbi.nlm.nih.gov/pubmed/33806779
https://doi.org/10.3390/biom12101364
https://doi.org/10.1002/chem.201201507
https://www.ncbi.nlm.nih.gov/pubmed/22782854
https://doi.org/10.1080/14756366.2022.2038591
https://doi.org/10.1080/10284150400027123


Antioxidants 2023, 12, 1970 29 of 29

206. Sampayo-Reyes, A.; Zakharyan, R.A. Inhibition of human glutathione S-transferase omega by tocopherol succinate. Biomed.
Pharmacother. 2006, 60, 238–244. [CrossRef]

207. Morris, M.C.; Evans, D.A.; Tangney, C.C.; Bienias, J.L.; Wilson, R.S.; Aggarwal, N.T.; Scherr, P.A. Relation of the tocopherol forms
to incident Alzheimer disease and to cognitive change. Am. J. Clin. Nutr. 2005, 81, 508–514. [CrossRef] [PubMed]

208. Sampayo-Reyes, A.; Zakharyan, R.A. Tocopherol esters inhibit human glutathione S-transferase omega. Acta Biochim. Pol. 2006,
53, 547–552. [CrossRef]

209. Bachovchin, D.A.; Brown, S.J.; Rosen, H.; Cravatt, B.F. Identification of selective inhibitors of uncharacterized enzymes by
high-throughput screening with fluorescent activity-based probes. Nat. Biotechnol. 2009, 27, 387–394. [CrossRef]

210. Tsuboi, K.; Bachovchin, D.A.; Speers, A.E.; Brown, S.J.; Spicer, T.; Fernandez-Vega, V.; Ferguson, J.; Cravatt, B.F.; Hodder, P.; Rosen,
H. Optimization and Characterization of an Inhibitor for Glutathione S-Tranferase Omega 1 (GSTO1). In Probe Reports from the
NIH Molecular Libraries Program; National Center for Biotechnology Information (US): Bethesda, MD, USA, 2010.

211. Dai, W.; Samanta, S.; Xue, D.; Petrunak, E.M.; Stuckey, J.A.; Han, Y.; Sun, D.; Wu, Y.; Neamati, N. Structure-Based Design of
N-(5-Phenylthiazol-2-yl)acrylamides as Novel and Potent Glutathione S-Transferase Omega 1 Inhibitors. J. Med. Chem. 2019,
62, 3068–3087. [CrossRef] [PubMed]

212. Ramkumar, K.; Samanta, S.; Kyani, A.; Yang, S.; Tamura, S.; Ziemke, E.; Stuckey, J.A.; Li, S.; Chinnaswamy, K.; Otake, H.; et al.
Mechanistic evaluation and transcriptional signature of a glutathione S-transferase omega 1 inhibitor. Nat. Commun. 2016,
7, 13084. [CrossRef] [PubMed]

213. Tsuboi, K.; Bachovchin, D.A.; Speers, A.E.; Spicer, T.P.; Fernandez-Vega, V.; Hodder, P.; Rosen, H.; Cravatt, B.F. Potent and selective
inhibitors of glutathione S-transferase omega 1 that impair cancer drug resistance. J. Am. Chem. Soc. 2011, 133, 16605–16616.
[CrossRef] [PubMed]

214. Xie, Y.; Tummala, P.; Oakley, A.J.; Deora, G.S.; Nakano, Y.; Rooke, M.; Cuellar, M.E.; Strasser, J.M.; Dahlin, J.L.; Walters, M.A.; et al.
Development of Benzenesulfonamide Derivatives as Potent Glutathione Transferase Omega-1 Inhibitors. J. Med. Chem. 2020,
63, 2894–2914. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biopha.2006.04.005
https://doi.org/10.1093/ajcn.81.2.508
https://www.ncbi.nlm.nih.gov/pubmed/15699242
https://doi.org/10.18388/abp.2006_3326
https://doi.org/10.1038/nbt.1531
https://doi.org/10.1021/acs.jmedchem.8b01960
https://www.ncbi.nlm.nih.gov/pubmed/30735370
https://doi.org/10.1038/ncomms13084
https://www.ncbi.nlm.nih.gov/pubmed/27703239
https://doi.org/10.1021/ja2066972
https://www.ncbi.nlm.nih.gov/pubmed/21899313
https://doi.org/10.1021/acs.jmedchem.9b01391
https://www.ncbi.nlm.nih.gov/pubmed/32105470

	Introduction 
	Structure 
	Physiological Function 
	Detoxification 
	Cellular Signaling Regulation 
	JNK Signaling Pathway 
	ASK1 Signaling Pathway 
	Other Signaling Pathways 

	Protein S-Glutathionylation 

	Roles of GST Overexpression in Human Diseases 
	GSTs and Tumor Multidrug Resistance 
	Nuclear Localization of GSTP1 
	Effects of GSTs on Glycolysis 
	Effects of GSTs on DNA Repair 
	Effects of GSTs on Autophagy 
	Effects of GSTs on Ferroptosis 

	GSTs and Parkinson’s Disease 
	GSTs and Epilepsy 
	GSTs and Idiopathic Pulmonary Fibrosis 

	GST Inhibition in Disease Therapeutics 
	GSTP Inhibitors 
	Ethacrynic Acid and Its Derivatives 
	NBDHEX and Its Analogues 
	TLK199 and TLK117 
	Auranofin 
	Arsenic Compounds 
	LAS17 
	CNBSF 
	Other GSTP Inhibitors 

	GSTA Inhibitors 
	GSTM Inhibitors 
	GSTO Inhibitors 
	Alpha-Tocopherol (Vitamin E) 
	-Chloroacetamide (CA) 


	Conclusions and Perspectives 
	References

