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Abstract: Cells constantly face the challenge of managing oxidants. In aerobic organisms, oxygen (O2)
is used for energy production, generating reactive oxygen species (ROS) as byproducts of enzymatic
reactions. To protect against oxidative damage, cells possess an intricate system of redox scavengers
and antioxidant enzymes, collectively forming the antioxidant defense system. This system maintains
the redox equilibrium and enables the generation of localized oxidative signals that regulate essential
cellular functions. One key component of this defense is the thioredoxin (Trx) system, which includes
Trx, thioredoxin reductase (TrxR), and NADPH. The Trx system reverses oxidation of macromolecules
and indirectly neutralizes ROS via peroxiredoxin (Prx). This dual function protects cells from damage
accumulation and supports physiological cell signaling. However, the Trx system also shields tumors
from oxidative damage, aiding their survival. Due to elevated ROS levels from their metabolism,
tumors often rely on the Trx system. In addition, the Trx system regulates critical pathways such as
proliferation and neoangiogenesis, which tumors exploit to enhance growth and optimize nutrient
and oxygen supply. Consequently, the Trx system is a potential target for cancer therapy. The
challenge lies in selectively targeting malignant cells without disrupting the redox equilibrium in
healthy cells. The aim of this review article is threefold: first, to elucidate the function of the Trx
system; second, to discuss the Trx system as a potential target for cancer therapies; and third, to
present the possibilities for inhibiting key components of the Trx system, along with an overview of
the latest clinical studies on these inhibitors.

Keywords: thioredoxin (Trx); thioredoxin reductase (TrxR); reactive oxygen species (ROS); oxidative
stress; anti-oxidative defence; cancer therapy

1. Introduction

Oxygen (O2) became crucial for life on Earth with the emergence of photosynthesis
by archaebacteria. To utilize oxygen for energy production, organisms had to develop
protective mechanisms against oxidation by O2 and reactive oxygen species (ROS) [1–4].

All cells have to balance the generation of ROS and their elimination by cellular
antioxidant networks. The primary source of ROS is mitochondrial metabolism. Cancer
cells have higher ROS levels than healthy cells due to uncontrolled proliferation and high
metabolic rates. Elevated levels of ROS render cells vulnerable to oxidative stress. This
weakness could be exploited to target and combat malignant cells. Therefore, there is
growing interest in modulating cellular redox equilibrium as a potential strategy for cancer
treatment [5–8].

The primary cellular ROS include superoxide anions (O2
•−), hydroxyl radicals (•OH),

and hydrogen peroxide (H2O2) [3,4,9–11]. In general, ROS production begins with electron
transfer to O2, forming O2

•−. O2
•− is highly reactive, with a short half-life of about 1 µs
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and limited diffusion through membranes due to its charge [3,4]. In aqueous environments,
O2

•− rapidly converts to H2O2. Although not a radical, H2O2 is classified as an ROS.
Compared to other ROS, it has a longer half-life of about 1 ms and can diffuse through
cell membranes, and it is rather specific, oxidizing primarily free thiols [3,4]. H2O2 can be
converted into water (H2O). This occurs via enzymes such as catalase, which transforms
H2O2 into O2 and H2O [9,12,13]. Another key factor in H2O2 removal is the tripeptide glu-
tathione, which acts as an effective oxidative scavenger in its reduced form (GSH) [9,12,14].
In addition to GSH, thioredoxin (Trx) acts as an essential disulfide reductase, reversing thiol
oxidation. Trx is an important component of the cellular redox system, playing a crucial
role in regulating various redox signaling pathways. It is also increasingly recognized as
an important modulator of tumor development and tumor growth [14–17].

This review aims to provide a comprehensive understanding of the role of the Trx
system in cellular processes. The review will highlight how Trx contributes to cellular redox
homeostasis and its broader implications in health and disease by discussing its function.
The second goal of the review is to explore the potential of the Trx system as a therapeutic
target in cancer treatment. The final objective is to present different strategies for inhibiting
key components of the Trx system and to provide an overview of the latest clinical studies
involving these inhibitors.

2. The Thioredoxin System

The thioredoxin system, comprising NADPH, Trx, and thioredoxin reductase (TrxR),
is highly conserved in all eukaryotic cells [18]. It plays a crucial role in regulating various
cellular functions, including the activity of transcription factors, DNA synthesis (as a
hydrogen donor for ribonucleotide reductase (RNR)), and cell growth through the activation
of kinase cascades [19,20].

2.1. Thioredoxin

Trx is a small protein of 12 kDa, composed of five β-strands surrounded by four
α-helices. This structure is conserved across the oxidoreductase superfamily [18]. In mam-
malian cells, three Trx isoforms have been identified: cytosolic Trx (Trx1), mitochondrial
Trx (Trx2), and spermatozoa Trx (SpTrx). The redox-active site (CGPC) is conserved in all
Trx proteins, typically located between the β2-strand and the N-terminal portion of α2 [21].
Human Trx1 has five cysteine (Cys) residues: Cys32 and Cys35 in the active center of the
protein and Cys62, Cys67, and Cys73 outside the active center [18,21]. Cys73 regulates the
overall activity of Trx [22–26]. The active form of Trx is the reduced dithiol form (Trx-(SH)2).
Trx-(SH)2 can interact with target proteins and reduce disulfide bonds (-S-S-) within these
proteins. During this process, the free thiols at the active site of Trx are oxidized, forming
a disulfide bond between Cys32 and Cys35 (Trx-S2). This disulfide bond is then reduced
back to the dithiol form by TrxR using NADPH as a co-factor, thus restoring the activity of
Trx [18,19,27] (Figure 1A). In addition to reducing disulfide bonds in target proteins, Trx
directly influences redox balances. Trx can transfer electrons to peroxiredoxins (Prx) to
remove H2O2, ROOH, and ONOO− and thus eliminate oxidative stress [27–29] (Figure 1B).
Furthermore, Trx serves as the hydrogen donor for methionine sulfoxide reductases. These
enzymes are responsible for reducing oxidized methionine, thereby repairing damage
caused by oxidation [30–33].

In addition to Trx, there is also the thioredoxin-related protein of 14 kDa (Trp14),
which should also be briefly mentioned here. Trp14 is a highly conserved oxidoreductase
that is ubiquitously expressed [34,35]. It serves as a substrate for TrxR1, which can reduce
Trp14 and restore its activity [35]. Unlike Trx, Trp14 does not influence the activities
of ribonucleotide reductase, peroxiredoxins, or methionine sulfoxide reductases. Trp14
reduces L-cystine and thereby directly affects glutathione synthesis, which in turn impacts
the cellular redox equilibrium [34].
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Figure 1. Schematic representation of the thioredoxin (Trx) redox system. (A) Reduced Trx catalyzes
the reduction of disulfide bonds (S-S) in oxidized proteins. In this process, Trx is oxidized and
subsequently reduced by thioredoxin reductase (TrxR). (B) Peroxiredoxin (Prx) converts H2O2 directly
into water, becoming oxidized at a cysteine residue. The reduced Redox state of Prx is restored by
reduction by Trx. red = reduced; ox = oxidized. The figure was created with the assistance of
BioRender.com.

2.2. Thioredoxin Reductase

TrxRs are essential for the Trx system, catalyzing the reduction of oxidized Trx to its
active form using electrons derived from NADPH (Figure 1A). TrxR homodimeric proteins
belong to the flavoprotein family of pyridine nucleotide disulfide oxidoreductases, which
contain a prosthetic FAD group, an NADPH-binding site, and a dithiol/disulfide redox-
active site. The active site of mammalian TrxR contains a selenocysteine residue, which
is essential for efficient catalysis and distinguishes it from other oxidoreductases [17,27]
(Figure 2).
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Figure 2. Schematic representation of the reaction catalyzed by the thioredoxin reductase homodimer.
Reduction equivalents from NADPH are transferred to the flavin cofactor, then to the disulfide
Cys135-Cys138 of thioredoxin reductase TrxR, and finally to the disulfide Cys32-Cys35 of thioredoxin
(Trx). The figure was created with the assistance of BioRender.com.
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In humans, TrxR exists in three isoforms: TrxR1, located in the cytosol (55 kDa), the
mitochondrial isoform TrxR2 (56.2 kDa), and TrxR3 (65 kDa), which is localized in the
nucleus. TrxR2 contains an additional N-terminal sequence responsible for mitochondrial
translocation. TrxR3 can reduce both oxidized Trx and oxidized glutathione (GSSSG), and
is thus often referred to as thioredoxin-glutathione reductase [36–39]. TrxR3 contains an
additional glutaredoxin domain at the N-terminus. This allows for the reduction of mixed
disulfides in proteins formed by glutathionylation [38,39].

2.3. Functions of the Thioredoxin System

The Trx system reverses protein oxidations and can scavenge ROS (Figure 1), thus
maintaining cellular redox equilibrium and modulating oxidative signals. Oxidative signals
are integral to many signal transduction cascades, with H2O2 playing a key role due to its
relatively long half-life, its ability to diffuse through membranes, and its primary attack on
free thiols, leading to disulfide bond formation [4]. The reversibility of such oxidations is
crucial for signaling, with Trx being pivotal in reducing disulfide bonds, thereby enabling
the switching on and off of these signals.

2.3.1. Regulation of Thioredoxin Expression and Activity

To rapidly and precisely adapt to changes in redox equilibrium, Trx activity can be
regulated at various levels, including gene expression, posttranslational modifications, and
protein–protein interactions [23].

The transcription factors nuclear factor erythroid 2-related factor 2 (Nrf2), TATA-
binding protein (TBP), and cAMP response element-binding protein (CREB) can regulate
the Trx system at the level of gene expression [29,40,41]. These transcription factors are
activated by cellular stress, such as the accumulation of ROS. Upon activation, they bind
to the antioxidant response element (ARE) in the promoter region of Trx and initiate
transcription. There are also feedback mechanisms between these transcription factors
and Trx. Active reduced Trx promotes Nrf2 binding by reducing cysteine residues in
the DNA-binding domain of small musculoaponeurotic fibrosarcoma proteins (sMAF).
The sMAF proteins can form a heterodimer with Nrf2 and stabilize its DNA binding,
further enhancing Trx transcription [42]. Expression of Nrf2 and subsequently Trx can also
upregulated by the aryl hydrocarbon receptor (AhR). AhR is a ligand-activated transcription
factor belonging to the Per-ARNT-Sim (PAS) family. In its inactive state, AhR is part of
a complex with heat shock protein 90 (Hsp90), the aryl hydrocarbon receptor interacting
protein (AIP), and p23 in the cytosol. Upon ligand binding, which includes a range of
polycyclic hydrocarbons such as benzo[a]pyrene, dioxins, and furans, as well as indole
derivatives, AhR is released and translocates to the nucleus. In the nucleus, AhR forms a
dimer with the aryl hydrocarbon receptor nuclear translocator protein (ARNT) and can
induce anti-stress responses. Among other functions, AhR can induce the expression of
Nrf2 and the Nrf2 target Trx [43,44].

In addition to its redox-active cysteine residues (Cys32 and Cys35), Trx has three
non-active cysteine residues (Cys62, Cys69, and Cys73) that can be post-translationally
modified, altering its activity. Trx can be glutathionylated at Cys73, preventing dimerization
and inhibiting its enzymatic activity [45]. S-nitrosylation of Trx at Cys62, Cys69, or Cys73
also restricts its activity [46–48]. Trx can also be phosphorylated at threonine 100 (T100),
influencing its activity [49].

Trx can also be inhibited through protein–protein interactions. Thioredoxin-interacting
protein (Txnip) binds to the active site of Trx1 via its cysteine residue Cys247. This binding
results in inactivation of Trx1 activity [29,50–53]. Txnip-mediated inhibition of Trx is
involved in inflammation and aging [54,55].

2.3.2. Regulation of Gene Expression via the Thioredoxin System

The majority of Trx1 is located in the cytosol, with a subpopulation in the nucleus [56].
Thus, Trx1 can act on transcription factors in the nucleus.
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Trx1 reduces the redox factor-1 (Ref-1). Subsequently, Ref-1 reduces a conserved
cysteine in the DNA-binding domain of the transcription factor activator protein-1 (AP-1),
enhancing its DNA-binding activity. This redox-sensitive mechanism is crucial for AP-1
activation and the induction of AP-1 target gene expression [57–60].

Trx1 and reduced Ref-1 play an essential role in stabilizing the hypoxia-inducible factor
α (HIF-1α). Once stabilized, HIF-1α forms a heterodimer with HIF-1β. The HIF-1α/HIF-1β
dimer binds to hypoxia response elements (HREs) and initiates the transcription of genes
involved in cellular adaptation to hypoxia [61,62].

In addition to AP-1 and HIF1α, nuclear factor kappa B (NF-κB) is a crucial redox-
sensitive transcription factor. NF-κB refers to dimeric transcription factors within the Rel
family [59]. In the absence of activating signals, NF-κB is sequestered in the cytoplasm by
binding to the inhibitor of NF-κB (IκB). Upon activation of the IκB kinase (IKK) complex,
IκB is phosphorylated, marked for ubiquitination, and subsequently degraded. Degrada-
tion of IκB results in the exposure of the nuclear localization sequence of NF-κB, facilitating
its translocation into the nucleus [63,64]—a process enhanced by a pro-oxidative envi-
ronment in the cytosol and the oxidation of thiol groups within NF-κB [3,65–68]. In the
nucleus, NF-κB has to be reduced to bind optimally to DNA, a task performed by Trx1
(Figure 3) [3,26,59].
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Figure 3. Phosphorylation of the inhibitor of NF-κB (IκB) by the IκB kinase (IKK) complex leads to
its degradation. Oxidation of IκB can further enhance this process, resulting in the release of the
nuclear factor kappa B (NF-κB). A pro-oxidative environment and oxidation of NF-κB promote its
translocation to the nucleus. In the nucleus, NF-κB is reduced by thioredoxin 1 (Trx1) to ensure
optimal DNA binding. P = phosphorylation; ox = oxidation. The figure was created with the
assistance of BioRender.com.

2.3.3. Regulation of Cell Death via the Thioredoxin System

Trx influences the induction of apoptosis. In the cytosol, Trx1 can bind to the N-
terminal non-catalytic region of apoptosis signal-regulating kinase 1 (ASK1), a mitogen-
activated protein kinase kinase kinase (MAP3K). This binding inhibits ASK1, preventing it
from activating the c-Jun N-terminal kinase (JNK) and the p38 MAP kinase pathway, which
is necessary to initiate apoptosis. The interaction between Trx1 and ASK1 highly depends
on the redox status of Trx1, with only the reduced form of Trx binding to ASK1 [29,69,70].
In addition, Trx1 can directly alter the stability of ASK1 by inducing the ubiquitination and
degradation of ASK1. In this process, Trx1 interacts through a free thiol in its active site
(Cys32 or Cys35) with a thiol group (Cys250) in ASK1 (Figure 4) [70,71].
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Trx2 is crucial in controlling the accumulation of mitochondrial ROS. The absence of
Trx2 leads to ROS accumulation, cytochrome c release from mitochondria, and induction of
apoptosis [72]. Trx2 can also interact with ASK1 in mitochondria, blocking its activity. This
process is similar to the inhibition of ASK1 in the cytosol by Trx1 [73]. Of note, Trx2 can
maintain Bcl-xL levels in a redox-independent manner, protecting the outer mitochondrial
membrane from permeabilization and thereby preventing the induction of apoptosis [74].

2.4. Secretion of Thioredoxin

In response to increased oxidative stress, Trx can be secreted by cells, although the
precise mechanisms are not yet fully understood [75–80]. Thus, serum or plasma lev-
els of Trx serve as a reliable, minimally invasive marker for oxidative stress in various
diseases [75,76,81]. Trx serum levels are elevated in patients with hepatocellular carcinoma
(HCC) and pancreatic cancer [82,83]. Since these levels return to normal after tumor re-
section, the tumor itself is likely the main source of the secreted Trx [82]. Elevated levels
of extracellular Trx have been also detected in patients with acquired immunodeficiency
syndrome (AIDS). These Trx levels negatively correlate with reduced glutathione (GSH)
levels, suggesting that HIV-infected individuals with AIDS experience elevated systemic
oxidative stress [84,85]. Moreover, Trx is not only a marker in HIV infection but also plays
a role in AIDS pathogenesis by reducing a disulfide bond in the HIV envelope glycoprotein
gp120, facilitating CD4 binding and T cell entry [86,87]. In contrast to intracellular Trx,
extracellular Trx does not appear to directly influence tumor proliferation. However, extra-
cellular Trx provides protective effects against TNF- and ROS-induced apoptosis [88,89].
Extracellular Trx protects the tumor from the immune system [79,90]. Although most
extracellular Trx is rapidly oxidized, it is likely that it can intercept therapeutic agents
before they enter cells, potentially affecting the patient’s response to treatment.

2.5. The Thioredoxin System in Cancer

The Trx system is undoubtedly a double-edged sword. On one hand, it protects against
oxidative damage, preventing the oxidation of macromolecules such as proteins, lipids, and
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nucleic acids. This protects cells from the accumulation of mutations, thereby defending
the organism from the development of malignancies.

An existing malignoma benefits from these protective mechanisms. Tumors often
exhibit elevated ROS levels due to their metabolism. Trx prevents this increased ROS
production from damaging and killing tumor cells. This increased proliferation due to
the activation of transcription factors like NF-κB or AP-1 leads to faster tumor growth.
Additionally, HIF-1α significantly promotes angiogenesis and metastasis formation. Acti-
vated HIF-1α induces various target genes such as vascular endothelial growth factor (VEGF)
and matrix metalloproteinases (MMPs) genes. VEGF promotes angiogenesis, while MMPs
facilitate invasion and metastasis [91–95].

There is a correlation between the overexpression of components of the Trx system
and multidrug resistance (MDR) [96]. In pancreatic cancer cells, higher Trx expression
protects against cisplatin-induced apoptosis [97–99]. In KRAS wild-type colorectal car-
cinoma cells, increased TrxR2 expression is involved in the development of MDR [100].
It has been shown that Trx expression is increased to protect various cancers, leading to
increased tumor aggressiveness and poorer overall survival [62,101–103], including in
colorectal carcinoma (CRC) [104–106], lung cancer [102,107], pancreatic cancer [83], gas-
tric cancer [108–111], hepatic cancer [82,112], breast cancer [113–115], and tumors of the
hematopoietic system [26,116–119]. A correlation between the thioredoxin system and re-
sistance to paclitaxel has also been observed. In ovarian cancer cells, it has been shown that
Trx1 binds to the transcription factor forkhead box protein O1 (FOXO1) and induces its
translocation to the nucleus, and thereby promotes the expression of FOXO1-dependent
genes that protect the tumor from cell death [120]. Trx can also protect breast cancer
cells from tamoxifen-induced apoptosis by directly scavenging H2O2 via Prx or inducing
estrogen-dependent and estrogen-independent redox-sensitive survival pathways [121].
Increased expression of the Trx system proteins is also associated with resistance to doxoru-
bicin, docetaxel, and tamoxifen [62,99,122,123].

Therefore, the overexpression of Trx system components not only results in more
aggressive, rapidly growing, and highly metastatic tumors, but also significantly limits
treatment options and reduces patient survival. Thus, the individual components of the
Trx system represent viable targets for cancer therapy.

3. Manipulation of the Thioredoxin System—Potential Therapeutic Approaches

The Trx system is essential for maintaining cellular redox balance and, together with
Prx, acts as a crucial ROS scavenger. On one hand, it helps control oxidative signaling
pathways, prevent oxidative damage, and reduce mutation accumulation, thus ensuring
normal cell function and preventing cancer. On the other hand, the Trx system can protect
established tumors from cell death and even promote their proliferation. Cancer cells
often exhibit higher ROS levels, and the Trx system protects these cells from oxidation-
induced cell death. Additionally, since the Trx system regulates proliferation-promoting
transcription factors, it can further enhance the proliferation of malignancies.

3.1. Inhibition of Thioredoxin

Inhibiting Trx presents a promising target. Particularly interesting are the cysteines
in the active site (Cys32 and Cys35), as well as cysteines Cys62, Cys69, and Cys73, which,
although not located in the active site, regulate Trx activity.

3.1.1. 1-Methyl Propyl 2-Imidazolyl Disulfide (PX-12)

PX-12 is a small molecule originally discovered through a screening evaluating disul-
fide compounds for their inhibition of cancer cell proliferation [124–126]. PX-12 binds to
Cys73 of Trx1, inhibiting the reduction of oxidized Trx1 by TrxR1. This leads to the accumu-
lation of inactive, oxidized Trx1 [127,128]. It has been shown that PX-12 sensitizes acute
myeloid leukemia (AML) cells to arsenic trioxide-induced apoptosis [129]. In addition,
PX-12 alone can induce cell death in AML cells [129]. In acute lymphoblastic leukemia
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(ALL) cells, PX-12 was also shown to induce cell death [130]. In an osteosarcoma model,
PX-12 was also able to induce cell death and prevent metastasis formation [131]. In all
these models, it is hypothesized that inhibition of Trx1 leads to a significant accumulation
of ROS, which induces mitochondria-mediated apoptosis (Figure 5A).
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Figure 5. Schematic representation of the mechanism of action of PX-12 and dimethyl fumarate
(DMF). (A) PX-12 inhibits thioredoxin 1 (Trx1). This leads to the accumulation of reactive oxygen
species (ROS), which oxidizes macromolecules such as lipids, proteins, and nucleic acids. These
oxidative damages (particularly the accumulation of DNA damage) induce the intrinsic apoptosis
cascade. The pro-apoptotic Bcl-2 family members BAX (Bcl-2-associated X protein) and BAK (Bcl-2
homologous antagonist/killer) oligomerize and form a pore in the outer mitochondrial membrane,
leading to a collapse of the membrane potential and the release of cytochrome C (Cyt C). This release
of Cyt C induces the formation of the death platform called the apoptosome and the induction of cell
death. (B) DMF also inhibits Trx1. As a result, the redox-sensitive transcription factor NF-κB can no
longer be reduced in the nucleus. NF-κB can then no longer effectively bind to its binding sites in the
promoter regions of its target genes. This leads to a decreased expression of the anti-apoptotic proteins
cFLIP (FLICE-like inhibitory protein) and the inhibitor of apoptosis (IAP) proteins IAP1, IAP2, and
XIAP. The absence of IAPs allows the formation of the death platform called the ripoptosome. This
can induce both apoptosis and necroptosis through the receptor-interacting serine/threonine-protein
kinases RIP1 and RIP3, if the apoptosis pathway is blocked. The figure was created with the assistance
of BioRender.com.

The efficacy and maximum tolerated dose of PX-12 in patients with advanced or
metastatic cancer were investigated in a Phase I clinical study (NCT00736372) (Table 1) [132].
However, a Phase II clinical study in patients with advanced pancreatic cancer was termi-
nated early due to low Trx1 expression in the patients and a lack of treatment efficacy with
PX-12 (NCT00177242) (Table 1) [133]. The authors of the study suggest selecting patients
with elevated Trx1 expression for future studies and then repeating the trial. However, no
data are currently available on this. It remains to be seen whether PX-12 will find a clinical
application in cancer patients.
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3.1.2. Dimethyl Fumarate (DMF)

Treatment of cells with DMF leads to modification of Cys73 in Trx1, similar to treatment
with PX-12. DMF causes monomethyl-succinylation of this cysteine, resulting in the
inactivation of Trx1. Active Trx1 is required in the nucleus to reduce NF-κB, enabling
optimal binding to its DNA binding sites [26]. T-cell lymphomas with constitutive NF-κB
activation, such as T-ALL and cutaneous T-cell lymphoma (CTCL), show dependence on
NF-κB. When NF-κB is inhibited, these cells undergo cell death [8,26,134]. Inhibition of
NF-κB by DMF leads to decreased expression of various target genes, including gens of
anti-apoptotic proteins such as inhibitors of apoptosis (BIRC2 encoding for IAP1, BIRC3
encoding for IAP2, and X-Linked Inhibitor Of Apoptosis encoding for XIAP) and the gene
for the FLICE-like inhibitory protein (CFLAR encoding for cFLIP). The downregulation of
these proteins leads to the assembly of an intracellular death platform, the ripoptosome.
The ripoptosome, whose activity is regulated by cFLIP, subsequently induces apoptosis
or necroptosis if the apoptotic pathway is inhibited (Figure 5B) [26]. These data were
also confirmed in a CTCL mouse model. The primary tumor showed significantly slower
growth. In addition, metastasis was shown to be almost completely blocked [134].

A multicenter Phase II clinical study (NCT02546440) also demonstrated the efficacy
of DMF in patients with CTCL (Table 1). DMF demonstrated its efficacy, particularly in
patients suffering from the highly aggressive form of CTCL known as Sézary syndrome.
Prolonged survival was observed in these patients. It is important to note that these
patients also exhibited high constitutive NF-κB activation. The quality of life of the patients
significantly improved, as skin lesions rapidly regressed immediately after the initiation
of treatment. In addition, DMF is administered orally, which significantly reduces the
burden on patients. Moreover, DMF showed almost no undesirable side effects in these
patients [135]. A combination with Bcl-2 inhibitors was also investigated. It was shown
that DMF and the Bcl-2 inhibitor ABT-199 (Venetoclax), as well as a combination with
ABT-263 (Navitoclax), synergistically induced cell death in malignant T-cells isolated from
CTCL patients [136]. DMF and ABT-199 also synergistically induced cell death in a mouse
model [136], suggesting that this combination should be further investigated in clinical
studies, as both DMF and ABT-199 are already in clinical use.

Table 1. Clinical studies on the inhibition of thioredoxin (Trx) for cancer therapy (for details, see the
sections above).

Study Title Study Number Status Published Results

A Trial of PX-12 in Patients With a Histologically
or Cytologically Confirmed Diagnosis of

Advanced or Metastatic Cancer
NCT00736372 Completed [132]

Study of Gefitinib and Docetaxel as Salvage
Therapy in Advanced Pancreatic Carcinoma NCT00177242 Prematurely terminated [133]

Study on Therapy With Dimethylfumarate
(DMF) in Patients With Cutaneous T Cell

Lymphoma (CTCL) (DMF-CTCL)
NCT02546440 Completed [135]

3.1.3. 4-(benzothiazol-2-yl)-4-hydroxycyclohexa-2,5-dienone (PMX464)

PMX464 (previously named AW464) is a benzothiazole-substituted quinoline com-
pound capable of binding all five cysteines in Trx-1, including Cys32 and Cys35 in the active
site [137–139]. Consequently, PMX464 is a potent Trx-1 inhibitor currently undergoing
preclinical evaluation [139]. Studies on colorectal and breast cancer cell lines have shown
that PMX464 induces cytotoxic and anti-proliferative effects [140,141]. In colon carcinoma
cells, it has been shown that the effect of PMX464 is limited under normoxic conditions but
becomes cytotoxic under hypoxia. Additionally, fibroblasts (even under hypoxic conditions)
are relatively resistant to PMX464 compared to the tumor cell lines [141]. However, the
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identification of an optimal dose of the inhibitor will therefore be crucial to effectively use
it as a hypoxic anti-tumorogenic therapy.

3.1.4. Suberoylanilide Hydroxamic Acid (SAHA)

Histone deacetylase inhibitors (HDACis) like SAHA are agents that modify chro-
matin. Gene expression regulation depends on histone acetylation and deacetylation,
mediating interactions between histone complexes and chromatin. HDACis inhibit histone
deacetylation, leading to modulation of gene expression and prevention of chromatin
condensation [128,142–144]. SAHA is a polar compound from the hydroxamate group of
HDACis [145]. In prostate cancer cells, it has been shown that SAHA induces the expression
of the Trx inhibitor TXNIP. TXNIP, in turn, inhibits Trx-1 and leads to oxidative stress in
the tumor cells [146,147]. Therefore, indirect inhibition of Trx-1 via SAHA is an interesting
option for tumor treatment.

3.1.5. Sodium Butyrate

Sodium butyrate is a short-chain fatty acid mainly produced by bacteria. It has
been shown to reduce the activity of Trx-1 in colon carcinoma cells, while the activity of
Trx-1 in healthy mucosal cells did not change after sodium butyrate treatment [148,149].
Sodium butyrate inhibits HDAC activity, acting as an HDAC inhibitor, leading to histone
hyperacetylation. Similar to SAHA, sodium butyrate induces the expression of the natural
Trx inhibitor TXNIP, which restricts Trx activity [149]. These results were also confirmed
in in vivo studies, where treatment with sodium butyrate led to a reduction in tumor
growth [104,148].

3.1.6. Isoforretin A (Iso A)

Diterpenoids are terpenoid compounds consisting of 20 carbon atoms arranged in four
isoprene units. Iso A is a diterpenoid compound isolated from Isodon forrestii var. forrestii, a
medicinal herb from China. Iso A can inhibit Trx-1, leading to an increase in ROS levels
within cells, resulting in oxidative stress and cell death. In a colon carcinoma model, it was
shown that Iso A not only inhibits Trx-1 activity but also induces chromatin condensation
and fragmentation, leading to cell death [150].

3.1.7. Diallyl Trisulfide

Diallyl trisulfide, also known as allitridin, is an organosulfur compound derived from
garlic. It can be formed through the hydrolysis of allicin. Through Michael addition, diallyl
trisulfide directly conjugates to the Cys32 and Cys35 residues in the active site of Trx-1,
thereby inhibiting it [151].

The predominant cause of high mortality in triple-negative breast cancer (TNBC) is
metastasis. It is suggested that Trx-1 plays an important role in breast cancer metastasis.
Analyses in a nude mouse model of spontaneous and induced breast cancer metastasis
showed that diallyl trisulfide leads to inhibition of Trx-1 and suppresses metastasis [151].
In addition, it has been demonstrated that diallyl trisulfide sensitizes glioblastoma cells to
radiotherapy. This is likely directly related to the inactivation of Trx-1 and a weakening of
the oxidative defense by diallyl trisulfide [152].

3.1.8. Eprenetapopt (APR-246, PRIMA-1Met)

In addition to thioredoxins, glutaredoxins (Grx) are involved in reducing disulfide
bonds and reversing protein oxidations. There are four human Grx proteins: Grx1, located
in the cytosol, mitochondrial intermembrane space, and nucleus; Grx2, located in the
cytosol, mitochondria, and nucleus; Grx3, located in the cytosol and nucleus; and Grx5,
located in the cytosol and mitochondria [153]. Grx contains a disulfide bridge in its active
site and uses glutathione as a cofactor. Unlike Trx, Grx is reduced by glutathione rather
than specific reductases. Due to the similar functions of Trx and Grx, and since Grx can
serve as a backup system for TrxR to restore Trx activity, inhibitors that block both Trx and
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Grx are of particular clinical interest [153]. Eprenetapopt (APR-246, PRIMA-1Met), a small
molecule originally developed to restore the activity of mutated, inactive p53, also inhibits
Trx1 and Grx1 [154]. The extent of its effectivity on tumors in relation to Trx/Grx inhibition
requires further investigation. Other interesting Grx inhibitors include the fungal toxin
sporidesmin [155] and the chloroacetamido compound CWR-J02 [156].

Thus, the inhibition of Trx and Grx are potential targets for cancer treatment. PX-12
and DMF are two promising candidates for inhibiting Trx that are currently in clinical trials.
However, it must always be considered that Trx and Grx play important physiological
roles, which will undoubtedly be affected by the application of an inhibitor. Therefore, it is
crucial to determine the correct dosage and achieve the highest possible specificity towards
the tumor

3.2. Inhibition of Thioredoxin Reductase

TrxR is upregulated in many tumors, attracting increasing interest as an anti-cancer
target. TrxR has an N-terminal redox center (Cys59/Cys64) that is sterically inaccessible and
unsuitable for inhibitor development. Mammalian TrxRs possess an essential selenocysteine
(Sec) residue at the C-terminus (Cys497/Sec498), which forms another redox-active site
with an adjacent cysteine (Cys) via a selenolthiol/selenenylsulfide exchange reaction. This
structure is on the protein surface, making it more accessible and suitable for inhibitor
development [15].

3.2.1. Ethaselen

Ethaselen is an organoselenium TrxR inhibitor that exerts its antitumor effects through
the induction of intrinsic (mitochondrial-induced) apoptosis in several cancer cells, includ-
ing lung, stomach, cervical, and prostate cancer [157,158]. Ethaselen is currently being
investigated in a Phase I clinical trial for advanced non-small cell lung cancer with ele-
vated thioredoxin reductase activity (NCT02166242) (Table 2). The focus of this trial is on
progression-free survival, quality of life, overall survival, and drug safety. The recruitment
phase has been completed, but no results have been published yet.

3.2.2. Metal Complexes Targeting Thioredoxin Reductase—Auranofin

Various metal complexes that influence TrxR activity are used in cancer therapy, with
platinum and gold complexes being particularly significant. Gold complexes, formed
from gold ions with specific electronic properties, interact with reduced macromolecules,
including reduced TrxR, and inhibit their function. Among these, the gold compound aura-
nofin is the most effective TrxR inhibitor [15,39,159–161]. Platinum complexes (cisplatin,
carboplatin) irreversibly inhibit TrxR. Interestingly, the activity of other reductases such
as glutaredoxin or glutathione (GSH) reductase is not inhibited. This is due to platinum
complexes having a higher affinity for the selenol residue in TrxR compared to the thiol
groups present in other reductases [39,162]. These metal complex inhibitors efficiently
block TrxR in both the cytosol and mitochondria. This blockade results in the release of
ROS, which subsequently damages macromolecules such as lipids, proteins, and nucleic
acids. Particularly, the inhibition of TrxR2 in the mitochondria leads to massive ROS pro-
duction and mitochondrial damage. The electron transport chain (ETC) complexes are also
affected, resulting in further increased ROS production and significantly impairing energy
production via the ETC.

For example, it has been shown that auranofin leads to an accumulation of ROS in
colorectal carcinoma cells (Figure 6). This can sensitize malignant cells to radiation [163]
and induce cell death by causing ROS-induced DNA damage [164]. Furthermore, it has
been shown that auranofin can inhibit cancer cell proliferation, invasiveness, and metastasis,
which has also been confirmed in colon carcinoma mouse models [163,165]. Also interesting
are data from colon organoids. It was shown that cancer organoids responded much more
effectively to auranofin compared to organoids derived from healthy tissue. Therefore,
auranofin appears to exhibit a certain degree of tumor specificity [166]. In lung carcinoma
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cells, auranofin induces the accumulation of ROS and inhibition of glycolysis, leading to
induction of cell death [167]. Auranofin also shows sensitizing effects in combination with
other agents. In B-cells, high doses of L-ascorbate lead to autoxidation and the production
of H2O2. This mechanism is mitigated by the Trx system. However, when TrxR is inhibited
by auranofin, there is a significant induction of oxidative stress. Interestingly, in B-cells
treated with the combination of auranofin and L-ascorbate, H2O2 reacts with iron (Fe)2+

in the so-called Fenton reaction, generating •OH, which cause lipid peroxidation and
subsequently trigger ferroptosis [168,169]. In ovarian cancer cells that were resistant to
platinum treatment, ROS-dependent cell death could be effectively induced with auranofin
in combination with selenite or tellurite [170]. In breast cancer cell lines, a synergistic effect
of auranofin and mesupron, a small molecule that inhibits urokinase-type plasminogen
activator (uPA), was demonstrated [171]. Due to promising results, four clinical trials
with auranofin are currently underway for the treatment of chronic lymphocytic leukemia
(NCT01419691), ovarian cancer (NCT01747798, NCT03456700), and recurrent lung cancer
(NCT01737502). However, no results of the studies have been released yet (Table 2).
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Figure 6. Auranofin inhibits thioredoxin reductase 1 (TrxR1), leading to reactive oxygen species (ROS)
accumulation. Elevated ROS levels cause the accumulation of misfolded proteins in the endoplasmic
reticulum (ER), triggering ER stress and the induction of the unfolded protein response (UPR), which
can induce cell death. ROS also causes DNA damage, activating the intrinsic apoptotic pathway. This
results in mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome C
(Cyt C) from the mitochondrial intermembrane space through a pore formed by the Bcl-2-associated
X protein (BAX) and the Bcl-2 homologous antagonist/killer (BAK), subsequently leading to the
formation of the apoptosome and the induction of apoptosis. Auranofin further exacerbates this by
inhibiting mitochondrial thioredoxin reductase 2 TrxR2, causing mitochondrial damage, including to
the electron transport chain, which increases ROS production and oxidative damage.

In the search for more efficient hydrophilic, water-soluble metal complexes, Casini
and colleagues demonstrated that various mono- and binuclear gold(I) complexes with
sulfonate and hydroxyl groups are capable of inhibiting TrxR [172,173] and inducing
apoptosis in various cancer models [172–176].
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3.2.3. Curcumin

Curcumin is extracted from Curcuma longa, a plant species belonging to the ginger
family (Zingiberaceae). anti-inflammatory and anticancer properties are attributed to
curcumin. It has been reported that curcumin inhibits, among others, NF-κB and TrxR [177].
Curcumin hinders the activity of TrxR by binding to its active site and disrupting the
electron transfer from NADPH to TrxR [178]. Several studies show that curcumin leads to
an accumulation of ROS in tumor cells, inhibiting metastasis formation and inducing cell
death and/or sensitizing the cells to radiation [179].

Curcumin exhibits limitations for potential clinical applications due to its poor water
solubility. Therefore, analogues have been developed, such as WZ26, which inhibits TrxR
and restricts the proliferation and survival of tumor cells [180]. Currently, additional
analogues are being developed and tested [113].

Several clinical studies have already been conducted on curcumin. In a Phase I trial
with theracurmin, a curcumin derivative that demonstrates higher bioavailability than
curcumin, it was shown that a combination with irinotecan is safe and well-tolerated
in patients with advanced solid tumors (NCT04028739) [181]. Another clinical study
on patients with colorectal carcinoma and unresectable metastases demonstrated that a
combination treatment of bevacizumab/FOLFIRI with a ginsenoside-modified nanostruc-
tured lipid carrier containing curcumin resulted in an overall 1-year survival rate of 87.4%
(NCT02439385) [182]. In a Phase II clinical study, patients were treated either with FOLFOX
(folinic acid/5-fluorouracil/oxaliplatin) or with a combination of FOLFOX and curcumin.
The combination therapy showed no significant side effects and was deemed safe. Al-
though a slightly improved overall survival rate was observed, there were no significant
improvements in quality of life or reduction in neurotoxicity compared to the FOLFOX
treatment alone (NCT01490996) [183] (Table 2). In additional studies that have been com-
pleted but have not yet released results, curcumin has been investigated for the treatment
of colorectal carcinoma (NCT00027495, NCT01859858), prostate cancer (NCT03211104),
and breast cancer (NCT03847623) (Table 2). Another study on the treatment of leukemia
(NCT05045443) has completed the recruitment phase, while studies on cervical cancer
(NCT06080841) and prostate cancer (NCT02064673) are still in the recruitment phase. Initial
results are expected in 2025 and 2026, respectively (Table 2).

Table 2. Clinical studies on the inhibition of thioredoxin reductase (TrxR) for cancer therapy (for
details, see the sections above).

Study Title Study Number Status Published Results

Ethaselen for the Treatment of Thioredoxin
Reductase High Expression Advanced Non-Small

Cell Lung Cancers
NCT02166242

Recruitment completed;
analysis pending; last

update 2022
No data posted

Phase I and II Study of Auranofin in Chronic
Lymphocytic Leukemia (CLL) NCT01419691 Completed No data posted

Auranofin in Treating Patients With Recurrent
Epithelial Ovarian, Primary Peritoneal, or

Fallopian Tube Cancer
NCT01747798 Completed No data posted

Auranofin and Sirolimus in Treating Participants
With Ovarian Cancer NCT03456700

Recruitment completed;
analysis pending; last

update 2024
No data posted

Sirolimus and Auranofin in Treating Patients With
Advanced or Recurrent Non-Small Cell Lung

Cancer or Small Cell Lung Cancer
NCT01737502

Recruitment completed;
analysis pending; last

update 2023
No data posted

Theracurmin vs. Curcumin Bioavailability Study NCT04028739 Completed [181]



Antioxidants 2024, 13, 1078 14 of 23

Table 2. Cont.

Study Title Study Number Status Published Results

Avastin/FOLFIRI in Combination With Curcumin
in Colorectal Cancer Patients With

Unresectable Metastasis
NCT02439385 Completed [182]

Combining Curcumin With FOLFOX
Chemotherapy in Patients With Inoperable

Colorectal Cancer (CUFOX)
NCT01490996 Completed [183]

Curcumin for the Prevention of Colon Cancer NCT00027495 Completed No data posted

Effect of Curcumin on Dose Limiting Toxicity and
Pharmacokinetics of Irinotecan in Patients With

Solid Tumors
NCT01859858

Recruitment completed;
analysis pending; last

update 2023
No data posted

Comparison of Duration of Treatment Interruption
With or Without Curcumin During the Off

Treatment Periods in Patients With Prostate Cancer
Undergoing Intermittent Androgen

Deprivation Therapy

NCT03211104 Completed No data posted

Effect of Preoperative Curcumin in Breast Cancer
Patients (EPC) NCT03847623 Unknown status No data posted

Safety and Efficacy of Curcumin in Children With
Acute Lymphoblastic Leukemia (CurcumPedALL) NCT05045443 Recruitment completed;

analysis pending
Results are expected in

end of 2024

Curcumin Supplementation in Cervical Cancer NCT06080841 Recruiting Results are expected
in 2025

Adjuvant Curcumin to Assess Recurrence-Free
Survival in Patients Who Have Had

a Radical Prostatectomy
NCT02064673 Recruiting Results are expected

in 2026

3.2.4. Piperlongumine

Piperlongumine is an alkaloid extracted from long pepper plants (Piper longum L.).
Piperlongumine inhibits TrxR [184]. It has been shown that piperlongumine-treated cancer
cells accumulate ROS, leading to DNA damage, which sensitizes the cells to radiation [184,185].
These studies were conducted in vitro on cell lines. Only one study describes an additive
effect with oxaliplatin in a colon cancer mouse model [186]. Due to the limited data, further
studies are needed to determine if piperlongumine could be a viable option for tumor
treatment and clinical application.

3.2.5. Isodeoxyelephantopin

Isodeoxyelephantopin is a compound isolated from Elephantopus scaber L., a tropical
flowering plant of the Asteraceae family. This medicinal plant is known for its anticancer
properties [187]. Isodeoxyelephantopin inhibits TrxR and induces ROS accumulation,
leading to the activation of the JNK signaling pathway and apoptosis. When combined with
the glutamate-cysteine ligase inhibitor buthionine sulfoximine (BSO), which decreases GSH
levels, the two substances synergistically induce apoptosis [188]. Additionally, treatment
with isodeoxyelephantopin, both as a single agent and in combination with cisplatin, has
reduced colorectal tumor growth in a mouse model [188].

4. Conclusions

Organisms have to manage ROS, which arise either as byproducts of enzymatic
reactions or are intentionally generated for signaling. Maintaining redox balance is crucial
to prevent oxidative damage and support effective signaling. The Trx system and other
redox regulators maintain this balance. Dysregulation can lead to cellular damage and
tissue degradation and promote malignancies. Tumor cells, with their altered metabolism,
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often have increased ROS production and express higher amounts of antioxidant proteins,
including components of the Trx system. This makes the Trx system a potential target for
cancer treatment. However, its essential role in healthy cells and in regulating oxidative
signals related to survival and proliferation presents a challenge for therapeutic targeting.

Despite these challenges, Trx and TrxR inhibitors show promise in clinical trials
(Tables 1 and 2). Studies with PX-12 and DMF suggest that carefully selected doses can
target malignant cells based on elevated Trx-1 expression to minimize the impact on healthy
tissue. Combination therapies, like DMF with Bcl-2 inhibitors, further reduce the required
therapeutic doses, helping to protect healthy cells. Indirect inhibition strategies, such as
using HDACi SAHA to induce TXNIP, an endogenous Trx inhibitor, also offer the potential
for selectively targeting tumors with elevated Trx levels. However, more research is needed
to validate this approach. The same applies to TrxR; it is crucial to predominantly target
tumor cells, as they are particularly reliant on the Trx system. Among TrxR inhibitors,
metal complexes like auranofin stand out. Auranofin sensitizes tumor cells to oxidative
stress, especially in combination with irradiation. Ongoing clinical trials are exploring its
clinical utility. Similar considerations apply to the organoselenium TrxR inhibitor Ethaselen.
The efficacy of curcumin is difficult to assess due to often inaccurate or misleading in vitro
results. The mechanism of curcumin is complex, particularly the role of TrxR inhibition,
as curcumin can influence many signaling pathways. However, clinical studies suggest
curcumin could be a potential option for cancer therapy.

In summary, the Trx system is vital for maintaining cellular redox balance, protecting
against oxidative damage, and regulating cell survival, proliferation, and differentiation
(Figure 7). It also plays a key role in neoangiogenesis, which is crucial for both organism
survival and tumor growth. In tumors, the Trx system supports resistance to cell death,
stress protection, and nutrient supply via neovascularization, increasing metastasis risk.
This makes the Trx system a critical target for cancer therapy, although the challenge lies in
specifically targeting the tumor’s Trx system or normalizing its upregulated activity.

Antioxidants 2024, 13, x FOR PEER REVIEW  16  of  25 
 

malignant cells based on elevated Trx-1 expression  to minimize  the  impact on healthy 

tissue. Combination therapies, like DMF with Bcl-2 inhibitors, further reduce the required 

therapeutic doses, helping to protect healthy cells. Indirect inhibition strategies, such as 

using HDACi SAHA to induce TXNIP, an endogenous Trx inhibitor, also offer the poten-

tial for selectively targeting tumors with elevated Trx levels. However, more research is 

needed to validate this approach. The same applies to TrxR; it is crucial to predominantly 

target tumor cells, as they are particularly reliant on the Trx system. Among TrxR inhibi-

tors, metal complexes like auranofin stand out. Auranofin sensitizes tumor cells to oxida-

tive stress, especially in combination with irradiation. Ongoing clinical trials are exploring 

its  clinical  utility.  Similar  considerations  apply  to  the  organoselenium  TrxR  inhibitor 

Ethaselen. The efficacy of curcumin is difficult to assess due to often inaccurate or mis-

leading in vitro results. The mechanism of curcumin is complex, particularly the role of 

TrxR inhibition, as curcumin can influence many signaling pathways. However, clinical 

studies suggest curcumin could be a potential option for cancer therapy. 

In summary, the Trx system is vital for maintaining cellular redox balance, protecting 

against oxidative damage, and regulating cell survival, proliferation, and differentiation 

(Figure 7). It also plays a key role in neoangiogenesis, which is crucial for both organism 

survival and tumor growth. In tumors, the Trx system supports resistance to cell death, 

stress protection, and nutrient supply via neovascularization, increasing metastasis risk. 

This makes the Trx system a critical target for cancer therapy, although the challenge lies 

in specifically targeting the tumor’s Trx system or normalizing its upregulated activity. 

 

Figure 7. The thioredoxin (Trx) system regulates a plethora of signaling pathways. The figure was 

created with the assistance of BioRender.com. 

Author Contributions: Conceptualization, K.G.; writing—original  draft  preparation, K.G.,  R.S.; 

writing—review and editing, C.K., D.T., P.H., A.K., S.S., M.M.; visualization, R.S.; supervision, K.G.; 

funding acquisition, D.T., K.G. All authors have read and agreed  to  the published version of  the 

manuscript. 

Funding: This research was funded by Wilhelm-Sander Stiftung, grant number: 2022.096.1. 

Acknowledgments: We wish to acknowledge all authors for their support, engagement, and exper-

tise during the conceptualization, review, and visualization phases of this paper. Special thanks go 

Figure 7. The thioredoxin (Trx) system regulates a plethora of signaling pathways. The figure was
created with the assistance of BioRender.com.

BioRender.com


Antioxidants 2024, 13, 1078 16 of 23

Author Contributions: Conceptualization, K.G.; writing—original draft preparation, K.G. and R.S.;
writing—review and editing, C.K., D.T., P.H., A.K., S.S. and M.M.; visualization, R.S.; supervision,
K.G.; funding acquisition, D.T. and K.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Wilhelm-Sander Stiftung, grant number: 2022.096.1.

Acknowledgments: We wish to acknowledge all authors for their support, engagement, and expertise
during the conceptualization, review, and visualization phases of this paper. Special thanks go to
Elisabeth Aschenbrenner and Kirstin Pollinger for proofreading the manuscript. Additionally, we are
grateful to the Wilhelm-Sander Stiftung for their generous funding.

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

References
1. Case, A.J. On the Origin of Superoxide Dismutase: An Evolutionary Perspective of Superoxide-Mediated Redox Signaling.

Antioxidants 2017, 6, 82. [CrossRef]
2. Choudhury, F.K.; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress combination. Plant J.

2017, 90, 856–867. [CrossRef] [PubMed]
3. Gülow, K.; Tümen, D.; Heumann, P.; Schmid, S.; Kandulski, A.; Müller, M.; Kunst, C. Unraveling the Role of Reactive Oxygen

Species in T Lymphocyte Signaling. Int. J. Mol. Sci. 2024, 25, 6114. [CrossRef]
4. Reth, M. Hydrogen peroxide as second messenger in lymphocyte activation. Nat. Immunol. 2002, 3, 1129–1134. [CrossRef]

[PubMed]
5. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?

Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef]
6. Robert, M.; Kennedy, B.K.; Crasta, K.C. Therapy-induced senescence through the redox lens. Redox Biol. 2024, 74, 103228.

[CrossRef]
7. Li, K.; Fan, C.; Chen, J.; Xu, X.; Lu, C.; Shao, H.; Xi, Y. Role of oxidative stress-induced ferroptosis in cancer therapy. J. Cell. Mol.

Med. 2024, 28, e18399. [CrossRef] [PubMed]
8. Kiessling, M.K.; Klemke, C.D.; Kaminski, M.M.; Galani, I.E.; Krammer, P.H.; Gülow, K. Inhibition of constitutively activated

nuclear factor-kappaB induces reactive oxygen species- and iron-dependent cell death in cutaneous T-cell lymphoma. Cancer Res.
2009, 69, 2365–2374. [CrossRef] [PubMed]

9. Dröge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
10. Flohé, L. Looking Back at the Early Stages of Redox Biology. Antioxidants 2020, 9, 1254. [CrossRef]
11. Kunst, C.; Schmid, S.; Michalski, M.; Tümen, D.; Buttenschön, J.; Müller, M.; Gülow, K. The Influence of Gut Microbiota on

Oxidative Stress and the Immune System. Biomedicines 2023, 11, 1388. [CrossRef] [PubMed]
12. Dröge, W. Aging-related changes in the thiol/disulfide redox state: Implications for the use of thiol antioxidants. Exp. Gerontol.

2002, 37, 1333–1345. [CrossRef] [PubMed]
13. Rampon, C.; Volovitch, M.; Joliot, A.; Vriz, S. Hydrogen Peroxide and Redox Regulation of Developments. Antioxidants 2018, 7,

159. [CrossRef]
14. Meister, A.; Anderson, M.E. Glutathione. Annu. Rev. Biochem. 1983, 52, 711–760. [CrossRef]
15. Bian, M.; Fan, R.; Zhao, S.; Liu, W. Targeting the Thioredoxin System as a Strategy for Cancer Therapy. J. Med. Chem. 2019, 62,

7309–7321. [CrossRef] [PubMed]
16. Xu, Q.; Zhang, J. Novel strategies for targeting the thioredoxin system for cancer therapy. Expert Opin. Drug Discov. 2022, 17,

437–442. [CrossRef]
17. Zhang, J.; Li, X.; Han, X.; Liu, R.; Fang, J. Targeting the Thioredoxin System for Cancer Therapy. Trends Pharmacol. Sci. 2017, 38,

794–808. [CrossRef]
18. Holmgren, A.; Johansson, C.; Berndt, C.; Lönn, M.E.; Hudemann, C.; Lillig, C.H. Thiol redox control via thioredoxin and

glutaredoxin systems. Biochem. Soc. Trans. 2005, 33, 1375–1377. [CrossRef]
19. Ghareeb, H.; Metanis, N. The Thioredoxin System: A Promising Target for Cancer Drug Development. Chem. Eur. J. 2020, 26,

10175–10184. [CrossRef]
20. Nordberg, J.; Arnér, E.S. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free Radic. Biol. Med.

2001, 31, 1287–1312. [CrossRef]
21. Eklund, H.; Gleason, F.K.; Holmgren, A. Structural and functional relations among thioredoxins of different species. Proteins 1991,

11, 13–28. [CrossRef] [PubMed]
22. Gasdaska, J.R.; Kirkpatrick, D.L.; Montfort, W.; Kuperus, M.; Hill, S.R.; Berggren, M.; Powis, G. Oxidative inactivation of

thioredoxin as a cellular growth factor and protection by a Cys73 → Ser mutation. Biochem. Pharmacol. 1996, 52, 1741–1747.
[CrossRef]

23. Haendeler, J. Thioredoxin-1 and posttranslational modifications. Antioxid. Redox Signal. 2006, 8, 1723–1728. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox6040082
https://doi.org/10.1111/tpj.13299
https://www.ncbi.nlm.nih.gov/pubmed/27801967
https://doi.org/10.3390/ijms25116114
https://doi.org/10.1038/ni1202-1129
https://www.ncbi.nlm.nih.gov/pubmed/12447370
https://doi.org/10.1038/nrd2803
https://doi.org/10.1016/j.redox.2024.103228
https://doi.org/10.1111/jcmm.18399
https://www.ncbi.nlm.nih.gov/pubmed/38757920
https://doi.org/10.1158/0008-5472.CAN-08-3221
https://www.ncbi.nlm.nih.gov/pubmed/19258503
https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.3390/antiox9121254
https://doi.org/10.3390/biomedicines11051388
https://www.ncbi.nlm.nih.gov/pubmed/37239059
https://doi.org/10.1016/S0531-5565(02)00175-4
https://www.ncbi.nlm.nih.gov/pubmed/12559403
https://doi.org/10.3390/antiox7110159
https://doi.org/10.1146/annurev.bi.52.070183.003431
https://doi.org/10.1021/acs.jmedchem.8b01595
https://www.ncbi.nlm.nih.gov/pubmed/30963763
https://doi.org/10.1080/17460441.2022.2045270
https://doi.org/10.1016/j.tips.2017.06.001
https://doi.org/10.1042/BST0331375
https://doi.org/10.1002/chem.201905792
https://doi.org/10.1016/S0891-5849(01)00724-9
https://doi.org/10.1002/prot.340110103
https://www.ncbi.nlm.nih.gov/pubmed/1961698
https://doi.org/10.1016/S0006-2952(96)00595-3
https://doi.org/10.1089/ars.2006.8.1723
https://www.ncbi.nlm.nih.gov/pubmed/16987024


Antioxidants 2024, 13, 1078 17 of 23

24. Hashemy, S.I.; Holmgren, A. Regulation of the catalytic activity and structure of human thioredoxin 1 via oxidation and
S-nitrosylation of cysteine residues. J. Biol. Chem. 2008, 283, 21890–21898. [CrossRef]

25. Weichsel, A.; Gasdaska, J.R.; Powis, G.; Montfort, W.R. Crystal structures of reduced, oxidized, and mutated human thioredoxins:
Evidence for a regulatory homodimer. Structure 1996, 4, 735–751. [CrossRef] [PubMed]

26. Schroeder, A.; Warnken, U.; Röth, D.; Klika, K.D.; Vobis, D.; Barnert, A.; Bujupi, F.; Oberacker, T.; Schnölzer, M.; Nicolay, J.P.; et al.
Targeting Thioredoxin-1 by dimethyl fumarate induces ripoptosome-mediated cell death. Sci. Rep. 2017, 7, 43168. [CrossRef]

27. Lu, J.; Holmgren, A. The thioredoxin antioxidant system. Free Radic. Biol. Med. 2014, 66, 75–87. [CrossRef]
28. Hanschmann, E.-M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and peroxiredoxins—

molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling. Antioxid. Redox Signal. 2013, 19,
1539–1605. [CrossRef]

29. Oberacker, T.; Kraft, L.; Schanz, M.; Latus, J.; Schricker, S. The Importance of Thioredoxin-1 in Health and Disease. Antioxidants
2023, 12, 1078. [CrossRef]

30. Arnér, E.S.; Holmgren, A. Physiological functions of thioredoxin and thioredoxin reductase. Eur. J. Biochem. 2000, 267, 6102–6109.
[CrossRef]

31. Hassouni, M.E.; Chambost, J.P.; Expert, D.; van Gijsegem, F.; Barras, F. The minimal gene set member msrA, encoding peptide
methionine sulfoxide reductase, is a virulence determinant of the plant pathogen Erwinia chrysanthemi. Proc. Natl. Acad. Sci.
USA 1999, 96, 887–892. [CrossRef] [PubMed]

32. Brot, N.; Weissbach, H. Biochemistry of methionine sulfoxide residues in proteins. Biofactors 1991, 3, 91–96. [CrossRef] [PubMed]
33. Lee, S.R.; Kim, J.R.; Kwon, K.S.; Yoon, H.W.; Levine, R.L.; Ginsburg, A.; Rhee, S.G. Molecular cloning and characterization of a

mitochondrial selenocysteine-containing thioredoxin reductase from rat liver. J. Biol. Chem. 1999, 274, 4722–4734. [CrossRef]
[PubMed]

34. Espinosa, B.; Arnér, E.S.J. Thioredoxin-related protein of 14 kDa as a modulator of redox signalling pathways. Br. J. Pharmacol.
2019, 176, 544–553. [CrossRef]

35. Jeong, W.; Yoon, H.W.; Lee, S.-R.; Rhee, S.G. Identification and characterization of TRP14, a thioredoxin-related protein of 14 kDa.
New insights into the specificity of thioredoxin function. J. Biol. Chem. 2004, 279, 3142–3150. [CrossRef]

36. Brandstaedter, C.; Fritz-Wolf, K.; Weder, S.; Fischer, M.; Hecker, B.; Rahlfs, S.; Becker, K. Kinetic characterization of wild-type and
mutant human thioredoxin glutathione reductase defines its reaction and regulatory mechanisms. FEBS J. 2018, 285, 542–558.
[CrossRef]

37. Rendón, J.L.; Miranda-Leyva, M.; Guevara-Flores, A.; Martínez-González, J.d.J.; Del Arenal, I.P.; Flores-Herrera, O.; Pardo, J.P.
Insight into the Mechanistic Basis of the Hysteretic-Like Kinetic Behavior of Thioredoxin-Glutathione Reductase (TGR). Enzyme
Res. 2018, 2018, 3215462. [CrossRef]

38. Sun, Q.-A.; Su, D.; Novoselov, S.V.; Carlson, B.A.; Hatfield, D.L.; Gladyshev, V.N. Reaction mechanism and regulation of
mammalian thioredoxin/glutathione reductase. Biochemistry 2005, 44, 14528–14537. [CrossRef]

39. Jastrząb, A.; Skrzydlewska, E. Thioredoxin-dependent system. Application of inhibitors. J. Enzym. Inhib. Med. Chem. 2021, 36,
362–371. [CrossRef]

40. Hawkes, H.-J.K.; Karlenius, T.C.; Tonissen, K.F. Regulation of the human thioredoxin gene promoter and its key substrates: A
study of functional and putative regulatory elements. Biochim. Biophys. Acta 2014, 1840, 303–314. [CrossRef]

41. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
[PubMed]

42. Kim, Y.-C.; Yamaguchi, Y.; Kondo, N.; Masutani, H.; Yodoi, J. Thioredoxin-dependent redox regulation of the antioxidant
responsive element (ARE) in electrophile response. Oncogene 2003, 22, 1860–1865. [CrossRef]

43. Hirabayashi, Y.; Inoue, T. Aryl hydrocarbon receptor biology and xenobiotic responses in hematopoietic progenitor cells. Biochem.
Pharmacol. 2009, 77, 521–535. [CrossRef] [PubMed]

44. Grishanova, A.Y.; Perepechaeva, M.L. Aryl Hydrocarbon Receptor in Oxidative Stress as a Double Agent and Its Biological and
Therapeutic Significance. Int. J. Mol. Sci. 2022, 23, 6719. [CrossRef] [PubMed]

45. Casagrande, S.; Bonetto, V.; Fratelli, M.; Gianazza, E.; Eberini, I.; Massignan, T.; Salmona, M.; Chang, G.; Holmgren, A.; Ghezzi, P.
Glutathionylation of human thioredoxin: A possible crosstalk between the glutathione and thioredoxin systems. Proc. Natl. Acad.
Sci. USA 2002, 99, 9745–9749. [CrossRef]

46. Mitchell, D.A.; Marletta, M.A. Thioredoxin catalyzes the S-nitrosation of the caspase-3 active site cysteine. Nat. Chem. Biol. 2005,
1, 154–158. [CrossRef] [PubMed]

47. Wu, C.; Liu, T.; Chen, W.; Oka, S.; Fu, C.; Jain, M.R.; Parrott, A.M.; Baykal, A.T.; Sadoshima, J.; Li, H. Redox regulatory mechanism
of transnitrosylation by thioredoxin. Mol. Cell. Proteom. 2010, 9, 2262–2275. [CrossRef]

48. Haendeler, J.; Hoffmann, J.; Tischler, V.; Berk, B.C.; Zeiher, A.M.; Dimmeler, S. Redox regulatory and anti-apoptotic functions of
thioredoxin depend on S-nitrosylation at cysteine 69. Nat. Cell Biol. 2002, 4, 743–749. [CrossRef]

49. Chen, X.; Tang, W.; Liu, S.; Yu, L.; Chen, Z. Thioredoxin-1 phosphorylated at T100 is needed for its anti-apoptotic activity in
HepG2 cancer cells. Life Sci. 2010, 87, 254–260. [CrossRef]

50. Nishiyama, A.; Matsui, M.; Iwata, S.; Hirota, K.; Masutani, H.; Nakamura, H.; Takagi, Y.; Sono, H.; Gon, Y.; Yodoi, J. Identification
of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin function and
expression. J. Biol. Chem. 1999, 274, 21645–21650. [CrossRef]

https://doi.org/10.1074/jbc.M801047200
https://doi.org/10.1016/S0969-2126(96)00079-2
https://www.ncbi.nlm.nih.gov/pubmed/8805557
https://doi.org/10.1038/srep43168
https://doi.org/10.1016/j.freeradbiomed.2013.07.036
https://doi.org/10.1089/ars.2012.4599
https://doi.org/10.3390/antiox12051078
https://doi.org/10.1046/j.1432-1327.2000.01701.x
https://doi.org/10.1073/pnas.96.3.887
https://www.ncbi.nlm.nih.gov/pubmed/9927663
https://doi.org/10.1016/0968-0004(82)90204-3
https://www.ncbi.nlm.nih.gov/pubmed/1910456
https://doi.org/10.1074/jbc.274.8.4722
https://www.ncbi.nlm.nih.gov/pubmed/9988709
https://doi.org/10.1111/bph.14479
https://doi.org/10.1074/jbc.M307932200
https://doi.org/10.1111/febs.14357
https://doi.org/10.1155/2018/3215462
https://doi.org/10.1021/bi051321w
https://doi.org/10.1080/14756366.2020.1867121
https://doi.org/10.1016/j.bbagen.2013.09.013
https://doi.org/10.1089/ars.2017.7342
https://www.ncbi.nlm.nih.gov/pubmed/28899199
https://doi.org/10.1038/sj.onc.1206369
https://doi.org/10.1016/j.bcp.2008.09.030
https://www.ncbi.nlm.nih.gov/pubmed/18940184
https://doi.org/10.3390/ijms23126719
https://www.ncbi.nlm.nih.gov/pubmed/35743162
https://doi.org/10.1073/pnas.152168599
https://doi.org/10.1038/nchembio720
https://www.ncbi.nlm.nih.gov/pubmed/16408020
https://doi.org/10.1074/mcp.M110.000034
https://doi.org/10.1038/ncb851
https://doi.org/10.1016/j.lfs.2010.06.018
https://doi.org/10.1074/jbc.274.31.21645


Antioxidants 2024, 13, 1078 18 of 23

51. Yamanaka, H.; Maehira, F.; Oshiro, M.; Asato, T.; Yanagawa, Y.; Takei, H.; Nakashima, Y. A possible interaction of thioredoxin
with VDUP1 in HeLa cells detected in a yeast two-hybrid system. Biochem. Biophys. Res. Commun. 2000, 271, 796–800. [CrossRef]
[PubMed]

52. Schulze, P.C.; Yoshioka, J.; Takahashi, T.; He, Z.; King, G.L.; Lee, R.T. Hyperglycemia promotes oxidative stress through inhibition
of thioredoxin function by thioredoxin-interacting protein. J. Biol. Chem. 2004, 279, 30369–30374. [CrossRef]

53. Patwari, P.; Higgins, L.J.; Chutkow, W.A.; Yoshioka, J.; Lee, R.T. The interaction of thioredoxin with Txnip. Evidence for formation
of a mixed disulfide by disulfide exchange. J. Biol. Chem. 2006, 281, 21884–21891. [CrossRef]

54. Cao, X.; He, W.; Pang, Y.; Cao, Y.; Qin, A. Redox-dependent and independent effects of thioredoxin interacting protein. Biol. Chem.
2020, 401, 1215–1231. [CrossRef]

55. Oberacker, T.; Bajorat, J.; Ziola, S.; Schroeder, A.; Röth, D.; Kastl, L.; Edgar, B.A.; Wagner, W.; Gülow, K.; Krammer, P.H. Enhanced
expression of thioredoxin-interacting-protein regulates oxidative DNA damage and aging. FEBS Lett. 2018, 592, 2297–2307.
[CrossRef]

56. Holmgren, A.; Luthman, M. Tissue distrubution and subcellular localization of bovine thioredoxin determined by radioim-
munoassay. Biochemistry 1978, 17, 4071–4077. [CrossRef] [PubMed]

57. Ding, M.; Li, J.J.; Leonard, S.S.; Ye, J.P.; Shi, X.; Colburn, N.H.; Castranova, V.; Vallyathan, V. Vanadate-induced activation of
activator protein-1: Role of reactive oxygen species. Carcinogenesis 1999, 20, 663–668. [CrossRef] [PubMed]

58. Hirota, K.; Matsui, M.; Iwata, S.; Nishiyama, A.; Mori, K.; Yodoi, J. AP-1 transcriptional activity is regulated by a direct association
between thioredoxin and Ref-1. Proc. Natl. Acad. Sci. USA 1997, 94, 3633–3638. [CrossRef] [PubMed]

59. Hong, Y.; Boiti, A.; Vallone, D.; Foulkes, N.S. Reactive Oxygen Species Signaling and Oxidative Stress: Transcriptional Regulation
and Evolution. Antioxidants 2024, 13, 312. [CrossRef]

60. Abate, C.; Patel, L.; Rauscher, F.J.; Curran, T. Redox regulation of fos and jun DNA-binding activity in vitro. Science 1990, 249,
1157–1161. [CrossRef]

61. Huang, L.E.; Arany, Z.; Livingston, D.M.; Bunn, H.F. Activation of hypoxia-inducible transcription factor depends primarily
upon redox-sensitive stabilization of its alpha subunit. J. Biol. Chem. 1996, 271, 32253–32259. [CrossRef]

62. Karlenius, T.C.; Tonissen, K.F. Thioredoxin and Cancer: A Role for Thioredoxin in all States of Tumor Oxygenation. Cancers 2010,
2, 209–232. [CrossRef] [PubMed]

63. Huang, Y.; Wange, R.L. T cell receptor signaling: Beyond complex complexes. J. Biol. Chem. 2004, 279, 28827–28830. [CrossRef]
[PubMed]

64. Rothwarf, D.M.; Karin, M. The NF-kappa B activation pathway: A paradigm in information transfer from membrane to nucleus.
Sci. STKE 1999, 1999, RE1. [CrossRef] [PubMed]

65. Schreck, R.; Rieber, P.; Baeuerle, P.A. Reactive oxygen intermediates as apparently widely used messengers in the activation of the
NF-kappa B transcription factor and HIV-1. EMBO J. 1991, 10, 2247–2258. [CrossRef]

66. Israël, N.; Gougerot-Pocidalo, M.A.; Aillet, F.; Virelizier, J.L. Redox status of cells influences constitutive or induced NF-kappa
B translocation and HIV long terminal repeat activity in human T and monocytic cell lines. J. Immunol. 1992, 149, 3386–3393.
[CrossRef]

67. Kaminski, M.M.; Sauer, S.W.; Klemke, C.-D.; Süss, D.; Okun, J.G.; Krammer, P.H.; Gülow, K. Mitochondrial reactive oxygen species
control T cell activation by regulating IL-2 and IL-4 expression: Mechanism of ciprofloxacin-mediated immunosuppression. J.
Immunol. 2010, 184, 4827–4841. [CrossRef]
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