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Abstract
Purpose  Cancer, a major public health problem, exhibits significant redox alteration. Thioredoxin (Trx) system, including 
Trx and Trx reductase (TrxR), as well as Trx-interacting protein (TXNIP) play important roles in controlling the cellular 
redox balance in cancer cells. In most cancers, Trx and TrxR are usually overexpressed and TXNIP is underexpressed. In 
recent years, some agents targeting Trx, TrxR, and TXNIP were used to explore a therapy approach for cancer patients.
Methods  A systematic search of PMC and the PubMed Database was conducted to summarize the potential of Trx system 
inhibitors for cancer treatment.
Results  In this article, we first summarize the functions of Trx, TrxR, and TXNIP in cancers. We also review some small 
molecule inhibitors of Trx/TrxR and d-allose (TXNIP inducer) and discuss their antitumor mechanisms. We highlight the 
combined inhibition of Trx system and GSH system in cancer therapy. We expect that a highly specific and selective anti-
tumor agent with no cytotoxicity on human normal cells could be developed in the future.
Conclusion  In conclusion, Trx system may be very promising for clinical therapy of cancer in the future.
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Cancer and redox alteration

Cancer is currently one of high fatal diseases worldwide. 
Among the cancer-causing factors, oxidative stress is the 
most important and well-studied one that results in tumor 
development and progression. Cellular metabolism, espe-
cially mitochondrial metabolism, will produce reactive oxy-
gen species (ROS). Normal cells need to maintain a redox 
homeostasis via keeping a balance between the generation 
of ROS and their scavenging by intracellular antioxidant sys-
tems. Modest ROS levels play specific roles in the regula-
tion of many cellular processes, including gene expression, 
cell proliferation, and signal transduction [1]. Cancer cells 

usually exhibit increased ROS levels due to the high meta-
bolic rate and unlimited proliferation compared to normal 
cells. Extortionate ROS levels can cause damage to key cel-
lular components, such as lipids, proteins, and nucleic acids, 
and ultimately lead to cell death [2]. The elevated ROS con-
tent is essential for maintaining tumor phenotypes, but also 
renders cancer cells high susceptibility to oxidative stress 
[3]. To maintain the balance of redox environment, cancer 
cells also increase their antioxidant capacity to scavenge the 
increased ROS levels. The redox alteration is the fatal weak-
ness of cancer cells, and could be utilized to clinically treat 
cancer [4, 5]. Therefore, modulating cellular redox signaling 
may be a potential strategy for cancer treatment [6–9].

Thioredoxin system

Thioredoxin (Trx) was first characterized in Escherichia 
coli in 1964 by Laurent et al. [10]. Trx, a 12 kDa multi-
functional protein with a conserved redox catalytic site 
(–Cys–Gly–Pro–Cys–) [11], is identified in all organisms 
from microbe to human. The two redox-active cysteine resi-
dues render Trx a vital role to maintain the cellular environ-
ment in a reduced state. Trx system is composed of Trx, 
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thioredoxin reductase (TrxR), and coenzyme α-nicotinamide 
adenine dinucleotide phosphate (NADPH), as well as Trx-
interacting protein. Mammalian TrxR, a selenoenzyme, 
maintains the intracellular redox balance via catalyzing elec-
tron transport from NADPH to the oxidized/inactive form of 
Trx (Trx-S2) and reduces it to an reduced/active form (Trx-
(SH)2) [12] and various other substrates [13]. Reduced Trx 
can reduce many substrates by transferring corresponding 
reducing equivalents.

Structures of Trx and TrxR

There are two major isoforms of Trx identified in mamma-
lian cells, cytosolic Trx-1 and mitochondrial Trx-2 [14]. 
Human Trx-1 has two cysteine residues (Cys32 and Cys35) 
in its active site and three additional structural cysteine 
residues (Cys62, Cys69, and Cys73). These three structural 
cysteine residues, especially Cys62 and Cys69, can form an 
extra disulfide in Trx-1. Increasing evidence has shown that 
the extra disulfide formed between structural cysteine resi-
dues is important for the regulation of Trx-1 activity [15]. 
Unlike Trx-1, Trx-2 has only two cysteine residues in its 
active site. Compared to Trx-1, Trx-2 is expressed with an 
additional N-terminal 58 amino acid sequence, which medi-
ates the import to the mitochondria and is finally cleaved.

TrxRs are homodimeric proteins and the member of flavo-
protein family. Two major isoforms of TrxRs have been iden-
tified in mammals: a cytosolic (TrxR1) and a mitochondrial 
(TrxR2) [16]. Although the cellular localization is differ-
ent, TrxR1 and TrxR2 share a similar structure. Mammalian 
TrxRs have a first conserved NADPH-binding site N-ter-
minal redox-active center (–Cys–Val–Asn–Val–Gly–Cys–) 
which is located in the FAD-binding domain [17], and a 
second redox-active center (–Gly–Cys–Sec–Gly–) which is 
located at C-terminal elongation [18]. The unique seleno-
cysteine residue (Sec) is essential for catalysis due to its 
high reaction [19] and is a suitable target for the develop-
ment of selective enzyme inhibitors. Human TrxR has an 
interface domain between FAD-binding domain and C-ter-
minal elongation. As a mitochondrion-localized protein, 
TrxR2 has an additional N-terminal mitochondrial targeting 
sequence [20]. For a functional enzyme, TrxR must form a 
head-to-tail dimer in which the C-terminal redox center of 
one subunit is adjacent to the N-terminal redox center of 
the other subunit [21]. The dimeric TrxR transfers reduc-
ing equivalents through FAD from NADPH to the disulfide 
in N-terminal redox-active center of the same subunit, 
reducing the disulfide to a dithiol pair. Then, the reducing 
equivalents move to C-terminal active site of the other subu-
nit and reduce it to a selenol–thiol pair. The fully reduced 
TrxR enzyme transfer reducing equivalents to its substrates, 
including not only the native substrate oxidized Trx but also 

glutaredoxin 2 (Grx2), protein disulfide isomerase (PDI), 
and other small molecules [22].

Functions of Trx and TrxR

Trx-1 can be found in the cytoplasm, the nucleus, and the 
extracellular environment [23]. Intracellular Trx-1 mainly 
localizes in the cytoplasm. In the cytoplasm, Trx-1 system 
functions as a redox regulator and protects cells from dam-
age caused by oxidative stress, by directly scavenging ROS 
and controlling a cellular redox balance [24]. Trx-1 also 
acts as a hydrogen donor for the reduction of the enzyme 
ribonucleotide reductase in the DNA synthesis [10]. In the 
biosynthesis process of nucleotide, metabolomic results 
indicate that TrxR1 is essential for the last step by donat-
ing reducing equivalents to ribonucleotide reductase [25]. 
Trx-1 can suppress apoptosis signal-regulating kinase 1 
(ASK1)-dependent apoptosis by binding to its N-terminus 
and inhibiting its kinase activity [26]. Trx-1 can be induced 
the nuclear import through karyopherin-α by several fac-
tors, including oxidative stress [27]. In the nucleus, Trx-1 
has been shown to regulate gene expression via interacting 
with several transcription factors, such as hypoxia-induci-
ble factor-1α (HIF-1α), redox factor-1 (Ref-1), nuclear fac-
tor kappa B (NF-κB), p53, and activator protein-1 (AP-1) 
[28–31], and increasing the DNA-binding activity of these 
transcription factors [32]. In the extracellular compartments, 
Trx-1 has been reported to exhibit both cytokine-like and 
chemokine-like activity [33].

Trx-2 is highly expressed in the mitochondria of metabol-
ically active tissues, such as the brain, liver, and heart [34]. 
Trx-2 is more stable than Trx-1, since it does not contain 
other structural cysteine residues in its amino acid sequence 
except for the two in the active site [35]. Mitochondrial Trx 
system is composed of Trx-2, Trx2 reductase (TrxR2), 
NADPH, and peroxiredoxin-3 (Prx3) [20, 36]. A previous 
research has showed that Trx-2 system appears to have a 
more important role in preventing mitochondrial dysfunction 
than the mitochondrial glutathione in endothelial cells [37]. 
Along with TrxR2 and Prx3, Trx-2 plays a critical role for 
scavenging ROS to maintain a reducing status in the mito-
chondrial matrix [38]. A recent study has reported that Trx-2 
regulates the quality control of mitochondria during liver 
ischaemia/reperfusion injury [39]. Trx-2 maintains cardiac 
function via inhibiting the generation of mitochondrial ROS 
and the activity of ASK1 [34]. Trx-2 depletion alters mito-
chondrial respiratory function and induces cardiomyocyte 
hypertrophy, although it has no effects on mitochondrial bio-
genesis [40]. The deficiency of Trx-2 results in an increase 
of oxidative stress and dysfunction of oxidative phosphoryl-
ation, and finally causes early onset neurodegeneration [41]. 
Lack of functional TrxR2 leads to embryonic death, because 
TrxR is essential for hematopoiesis, heart development, and 
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heart function [42]. TrxR2 plays important roles to main-
tain the mitochondrial redox homeostasis and integrity [43]. 
Folda et al. have demonstrated that mitochondrial Trx sys-
tem also acts as a regulator of cyclophilin D, the mitochon-
drial isoform of the cyclophilin family, which is involved in 
the regulation of the mitochondrial permeability transition 
pore [44].

Trx system in cancers

The expression of Trx system in multiple cancers

Increased levels of Trx or TrxR have been detected in mul-
tiple therioma tissues. The expression of Trx-1 is gradu-
ally increasing with the progression of prostate cancer [45]. 
The mRNA expression of both Trx-1 and TrxR1 is mark-
edly increased in breast cancer patient tissues compared 
with paired normal breast cells from the same patient [46]. 
The high mRNA and protein levels of TrxR1 expression 
in meningioma tissues from the histopathological samples 
of 29 patients were detected using qRT-PCR and immu-
nostaining, which is involved in the malignant progression 
of meningiomas [47]. Compared with 8 samples of normal 
colonic mucosa and 12 colorectal adenomatous polyps, 
Trx-1 expression was significantly increased in 12 primary 
colorectal cancers and 7 metastatic colorectal cancer [48]. In 
tongue squamous cell carcinoma tissues, expressions of Trx 
and TrxR1 were significantly elevated in 65 patients com-
pared with the 10 normal oral mucous samples [49]. Analo-
gously, TrxR1 expression was also markedly upregulated in 
oral squamous cell carcinoma [50]. In addition, the levels 
of Trx-2, superoxide dismutase 2 (SOD2) and glutaredoxin 

2 were increased in oral squamous cell carcinoma, which 
protects mitochondria from oxidative stress [51]. Trx-1 
expression was also incremental in colorectal cancer tis-
sues compared to the paired non-cancerous tissues [52]. The 
mRNA and protein levels of TrxR2 were also upregulated 
in non-small cell lung carcinomas (NSCLC) tissues [53]. 
Soini et al. reported that the expression of Trx and TrxR was 
significantly increased in 89 NSCLC patients with 3 and 8 
cases negative, respectively [54]. Besides solid cancers, the 
expression of Trx and TrxR is also increased in lymphomas 
and leukemias [55, 56]. However, another group reported 
that Trx was underexpressed in both acute lymphoid leu-
kemia (ALL) and acute myeloid leukemia (AML) patients 
[57]. Interestingly, both mRNA and protein levels of Trx-1 
also increased in leiomyomas, a benign tumour, compared to 
the matched adjacent myometrium [58] (Table 1).

The function of Trx system in cancers

The increased levels of oxidative stress may be a cause 
to induce the expression of the Trx system. The concen-
tration of Trx could be a useful clinical marker for some 
cancers [59–61]. Trx system is essential for the survival 
and growth of cancer cells by reducing the sensitivity 
to cancer treatment intervention and inhibiting apop-
tosis [62]. Trx-1 knockdown with shRNA impeded the 
growth of prostate cancer cells [45]. Elevated levels of 
Trx have been linked to the resistance to chemotherapy 
drugs, such as docetaxel and cisplatin [63, 64]. Trx medi-
ates the resistance to endocrine therapy by ROS-medi-
ated dysregulation of estrogen-dependent and estrogen-
independent redox-sensitive signaling pathways in breast 
cancer, although the mechanism of action is not well 

Table 1   The expression of Trx 
system in some tumors

Tumor type Expression of Trx system References

Prostate cancer ↑ mRNA of Trx-1 [45]
Breast cancer ↑ mRNA of Trx-1 and TrxR1 [46]
Meningioma ↑ mRNA and protein of TrxR1 [47]
Primary and metastatic colorectal cancer ↑ protein of Trx-1 [48]
Tongue squamous cell carcinoma ↑ protein of Trx and TrxR1 [49]
Oral squamous cell carcinoma ↑ protein of TrxR1 and Trx-2 [50, 51]
Colorectal cancer ↑ protein of Trx-1 [52]
Non-small cell lung carcinomas ↑ mRNA and protein of TrxR2 [53, 54]
Leukemia ↑ protein of Trx and TrxR [55, 56]
Leiomyomas ↑ mRNA and protein of Trx-1 [58]
Aggressive invasive mammary carcinomas 

and advanced malignant melanomas
↑ protein of Trx-1 in nucleus and cytoplasm [73]

Breast cancer ↓ mRNA of TXNIP [157]
Hepatoma ↓ mRNA and protein of TXNIP [158]
Esophageal adenocarcinoma ↓ protein of TXNIP [159]
Pancreatic ductal adenocarcinoma ↓ protein of TXNIP [160]
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known [65]. Trx-1 overexpression promotes the growth 
and survival, and mediates the chemoresistance of dif-
fuse large B-cell lymphoma [66]. Trx-1 can also induce 
drug resistance in ovarian cancer cells via increasing the 
transcriptional activity of FOXO1 [67]. Trx-1 can pro-
mote the activation of Akt, an intracellular prosurvival 
signal pathway, and induce the growth of neuroblastoma 
cells; furthermore, Akt expression was much higher in 
metastatic than primary tumors [68]. Furthermore, Trx-1 
upregulates HIF-1α expression, leading to angiogenesis in 
tumor tissues and drug resistance [69]. Increasing expres-
sion of Trx-1 could enhance the activity of HIF-1α under 
hypoxic conditions, which is independent of TrxR status 
[70]. TrxR1-deficient DT cells, a malignant mouse cell 
line, were more sensitive to selenite toxicity compared to 
control cells [71]. Knockdown of TrxR1 also enhanced 
the cytotoxicity in selenazolidine-treated human lung 
cancer cells via inducing mitochondrial dysfunction and 
DNA damage [72].

Trx expression is closely related to cancer development. 
In vitro assays showed that overexpression of Trx-1 or 
addition of exogenous Trx-1 enhanced the cell invasion 
of MDA-MB-231 breast cancer cell lines [46]. In aggres-
sive invasive mammary carcinomas and advanced malig-
nant melanomas, Trx-1 was highly overexpressed in both 
nucleus and cytoplasm compared to tumours of lesser 
aggressive nature [73]. Trx-1 overexpression promoted the 
invasion and metastasis of colorectal cancer by activating 
the transcription of S100P gene and, in turn, promoting 
Trx-1 expression and nuclear localization via upregulating 
p-ERK1/2 and downregulating TXNIP expression [52]. 
Trx-1 overexpression significantly increased the activity 
of ribonucleotide reductase and interacted with ribonu-
cleotide reductase large subunit, resulting in enhanced 
DNA synthesis and cancer malignancy [74]. The immu-
noreactivity of cytoplasmic and nuclear Trx and TrxR in 
Grade I–II NSCLC was stronger than grade III tumors, 
suggesting loss of redox regulation in tumors with low 
differentiation [54]. In addition, Trx overexpression may 
predict poor prognosis [49].

Mitochondrial Trx-2 system is also significantly related 
to the survival of cancer cells. Trx-2 could protect human 
glioblastoma cells against TNFα-induced apoptosis [75]. 
In HeLa cells, Trx-2 downregulation by siRNA resulted 
in increased sensitivity to BG [76]. Suppression of TrxR2 
with miR17* transfection inhibited the tumorigenicity of 
prostate cancer [77]. Downregulation of TrxR2 suppressed 
the proliferation of NSCLC cells, induced apoptosis, and 
inhibited cell invasion and migration [53]. Mitochondrial 
glutaredoxin 2 system can act as a backup for the mito-
chondrial TrxR2 and reduce Trx-2 to protect HeLa cells 
from apoptosis induced by auranofin and 4-hydroxynon-
enal [78].

Trx system inhibitors and cancers

Both Trx and TrxR can be targeted by a chemotherapeutic 
reagent, since the inhibition of TrxR will lead to lower levels 
of reduced Trx in cells, which prevents the redox function 
of Trx.

Trx inhibitors

PX‑12

1-Methylpropyl 2-imidazolyl disulfide (PX-12) has been 
proposed as a Trx-1 inhibitor with antitumor effects, since 
it targets the Cys73 of Trx. It has been demonstrated that 
PX-12 inhibited the growth of lung cancer A549 and Calu-6 
cells via arresting the G2/M phase and induced caspase-
mediated apoptosis, which was associated with the intracel-
lular increase in ROS levels and depletion of another anti-
oxidant protein glutathione (GSH) [79, 80]. Analogously, 
PX-12 played the same effects in HeLa cells [81]. PX-12 was 
also shown to exhibit a potential to inhibit the cell growth 
and to induce apoptosis in human cultured (HL-60, NB4 and 
U937) and primary acute myeloid leukemia (AML) cells 
in a dose-dependent manner, and to enhance the sensitivity 
of AML cells to arsenic trioxide [82]. Furthermore, inhibi-
tion of Trx-1 by PX-12 administration significantly inhibited 
tumor formation in male Nu/Nu mice injected with LNAI 
cells [45]. In addition, PX-12 treatment also inhibited the 
migration and invasion of colorectal cancer by inducing a 
G2/M phase arrest, reducing NOX1, CDH17, and S100A4 
expression, and increasing KLF17 expression [83] (Table 2).

PMX464

4-Benzothiazole-substituted quinol (PMX464) is reported as 
a putative Trx-1 inhibitor [84]. PMX464 could bind cova-
lently to Trx through Michael addition of the cyclohexadien-
one ring [85]. Acting as an electrophilic dual-Michael accep-
tor, PMX464 targeted and alkylated all the five cysteines in 
Trx-1, including the Cys32 and Cys35 in the active site of 
Trx-1, and subsequently induced significant redox altera-
tions in cancer cells [86, 87]. A previous research reported 
that PMX464 inhibited Trx-1 function without altering its 
expression, and decreased the proliferation and survival of 
colorectal cancer HT29 cells [88] (Table 2).

SAHA

Suberoylanilide hydroxamic acid (SAHA), a histone deacet-
ylase inhibitor, has striking anticancer effects. SAHA exhib-
ited a potential to inhibit the phenotypes of gastric cancer 
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cells, including proliferation, migration, and invasion [89]. 
The anticancer effects of SAHA may attribute to its activity 
to decrease the levels of Trx-1 and further increase oxidative 
stress in various cancer cells [90, 91]. Importantly, treatment 
with the SAHA increased the levels of thioredoxin-interact-
ing protein (TXNIP, endogenous Trx-1 inhibitor), decreased 
the activity of Trx-1, and switched the reduced Trx-1 toward 
oxidized one [92]. This is consistent with the study in pros-
tate carcinoma and bladder carcinoma [93]. SAHA increased 
the level of miR-129-5p, binding to 3′-untranslated region 
of Trx-1 and downregulating its expression, which further 
resulted in the activation of ASK1/JNK or ASK1/p38 path-
way in lung cancer cells [94] (Table 2).

TrxR inhibitors

Most TrxR inhibitors are electrophiles or proelectrophiles, 
and inhibit the enzyme activity via binding to the surface-
exposed and highly reactive Sec residue of the enzyme [95]. 
We will discuss several types of TrxR inhibitors.

Gold‑containing compounds

Gold-containing compounds, including gold(I) and gold(III) 
compounds, are indicated to exert strong cytotoxicity and 
potent inhibitory effect on tumor cells [96]. Gold-containing 
drugs and widely used in clinical medicine against tumors 
and have been validated as potent TrxR inhibitors.

Among the gold(I) compounds, auranofin is the most 
commonly used one. Auranofin, an oral gold-containing 
triethylphosphine first used in the treatment of rheuma-
toid arthritis [97], has been previously reported to inhibit 

cytosolic and mitochondrial TrxR [98]. After treatment 
with auranofin, cell migration and clonogenic activity of 
MDA-MB-231 cells were inhibited with increased ROS 
levels [46]. Auranofin also increased the radiosensitivity 
of breast cancer cells by inducing ROS overproduction 
[99]. Auranofin could kill primary chronic lymphocytic 
leukemia (CLL) cultured and primary cells with deletion 
of chromosome 11q or 17p by increasing intracellular 
ROS levels and inducing a lethal endoplasmic reticulum 
stress response [100]. The anticancer effects of auranofin, 
including inhibition of MAPK (JNK and p38 MAPK) 
phosphorylation, and caspase-3 cleavage and thereby 
PARP-1 dissociation, can be abolished by the treatment 
of Trx mimetic peptides [101] (Table 3). Unfortunately, it 
has been reported that auranofin showed some side effects, 
such as proteinuria and diarrhea, during clinic treatment 
for cancers [102].

Apart from auranofin, several other gold(I) compounds 
possessing different oxidation states of gold have recently 
been evaluated and confirmed to be effective to inhibit TrxR. 
Gold(I) carbene complexes showed potent and selective 
inhibition properties of TrxR [103], which led to extensive 
oxidation of Trx-1 and Trx-2 in particular in cancer cell 
lines [104]. Gold(I)–NHC complex (e.g., MC3, a potent 
inhibitor of TrxR) disturbed the cellular redox homeostasis 
and resulted in increased ROS levels, induced the apoptosis 
of pancreatic ductal adenocarcinoma cells via blocking the 
interaction between Trx-1 and ASK1, and subsequently acti-
vated p38-MAPK signaling [105]. Gold(I) phosphine com-
plexes inhibited the growth of cervical carcinoma HeLa cells 
through cell cycle arrest, mitochondrial membrane depo-
larisation, and increased production of ROS [106] (Table 3).

Table 2   Some Trx inhibitors and the antitumor mechanisms

Inhibitor Tumor type Mechanisms References

PX12 Lung cancer (A549 and Calu-6 cells), cervical carcinoma 
(HeLa cells)

Increasing in ROS levels and depletion of GSH, arresting 
the G2/M phase, inducing caspase-mediated apoptosis

[79–81]

Acute myeloid leukemia (HL-60, NB4, U937 and primary 
cells)

Inhibiting the growth, inducing apoptosis and enhance the 
sensitivity to arsenic trioxide

[82]

Prostate cancer Inhibiting tumor formation [45]
Colorectal cancer (DLD-1 and SW620 cells) Inhibiting the growth, migration, and invasion by inducing 

a G2/M phase arrest of the cell cycle, reducing NOX1, 
CDH17, and S100A4 expression, and increasing KLF17 
expression

[83]

PMX464 Colorectal cancer (HT29 cells) Decreasing the proliferation and survival [88]
SAHA Gastric cancer (MGC-803 and MKN28) Inhibit the proliferation, migration and invasion [89]

Mesothelioma (Phi and ROB cells) Increasing oxidative stress and decreasing levels of Trx-1 [90]
Cervical carcinoma (HeLa cells) Decreasing Trx-1 and inducing cell death and mitochon-

drial dysfunction
[91]

Prostate carcinoma (LNCaP cells) and bladder carcinoma 
(T24 cells)

Increasing TXNIP and decreasing Trx-1 [93]

Lung cancer cells Increasing the level of miR-129-5p, decreasing Trx-1 
expression, activating ASK1/JNK or ASK1/p38

[94]
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Gold(III) compounds are another class of gold complexes 
with strong cytotoxicity and are presently used as antitu-
mor agents. Engman et al. have demonstrated that gold(III) 
compounds with up to two gold-carbon bonds are usually 
potential inhibitors of TrxR [107]. Gold(III)–dithiocarba-
mato complex exhibited enhanced stability due to the pres-
ence of the chelating ligands, and could induce cancer cell 
death through the inhibition of TrxR activity, generation 
of ROS, and prolonged phosphorylation of ERK1/2 [108]. 
Gold(III)–dithiocarbamato complex also showed an antitu-
mor activity in prostate cancer cells and xenografts by induc-
ing mitochondrial dysfunction and apoptosis [109]. Using a 
cancer-targeted delivering nanosystem, gold(III) porphyrin 
complex showed enhanced inhibition on TrxR, resulting in 
decreased Trx-1 expression, disturbed redox status, over-
production of ROS, and ultimate death of A549 cells [110]. 
Importantly, gold(III) containing compounds have a good 
antitumor activity on cisplatin-resistant cells [97] (Table 3).

Platinum‑containing complexes

Inhibitory activity of platinum-containing complexes on 
TrxR has been demonstrated to be critical for their anti-
tumor effects [111]. Platinum-containing complexes could 
irreversibly inhibit the activity of mammalian TrxR [112]. 
Cisplatin, the first generation of platinum-containing anti-
cancer drug, could inhibit TrxR in dose- and time-depend-
ent manners [113]. Carboplatin, the second generation of 
platinum-containing anticancer drug, has a better solubility 
and higher chemical stability and lower side effects than 
cisplatin. Oxaliplatin, the third generation of platinum-con-
taining anticancer drug, shows notable inhibition on multiple 
tumors, especially on cisplatin/carboplatin-resistant cancer 
cells [114]. There are many effective platinum derivatives 
used in cancer treatment. Acting as a TrxR inhibitor, plati-
num complexes containing (2-benzimidazole [4,5-f]-[1,10] 
phenanthroline) ligand could effectively enhance the radio-
sensitivity in human melanoma A375 cells through induc-
tion of G2/M arrest with much lower cytotoxicity toward 
human normal cells. These complexes also increased intra-
cellular ROS levels, resulted in DNA damage, activated 
p38MAPK signaling pathways, and inhibited prosurvival 
Akt and ERK signaling pathways [115]. Wang et al. have 
described a mono-functional platinum complex, Mon-Pt-2, 
which mainly accumulates in mitochondria, and stimulates 
significant TrxR2 inhibition and ROS release, ultimately 
resulting in apoptosis of various tumor cell lines. Impor-
tantly, Mon-Pt-2 exhibits better anticancer activity and lower 
acute toxicity than cisplatin in a mouse tumor model [116]. 
A tacrine platinum(II) complex induced the apoptosis of cis-
platin-resistant ovarian cancer SK-OV3/DDP cells via induc-
ing mitochondrial dysfunction, activating the p53 signaling Ta

bl
e 

3  
(c

on
tin

ue
d)

In
hi

bi
to

r
In

hi
bi

to
r

Tu
m

or
 ty

pe
M

ec
ha

ni
sm

s
Re

fe
re

nc
es

A
rs

en
ic

-c
on

ta
in

in
g 

co
m

po
un

ds
A

rs
en

ic
 tr

io
xi

de
A

cu
te

 p
ro

m
ye

lo
cy

tic
 le

uk
em

ia
[1

35
]

B
re

as
t c

an
ce

r (
M

C
F-

7 
ce

lls
)

In
hi

bi
tin

g 
ce

ll 
gr

ow
th

, o
xi

di
zi

ng
 T

rx
[1

36
]

A
s (

2-
m

er
ca

pt
op

yr
id

in
e 

N
-o

xi
de

)3
N

eu
ro

bl
as

to
m

a 
(S

H
-S

H
5Y

 c
el

ls
)

O
xi

di
zi

ng
 a

ll 
th

e 
C

ys
 re

si
du

es
 in

 T
rx

-1
, 

in
cr

ea
si

ng
 th

e 
RO

S 
le

ve
ls

 a
nd

 tr
ig

ge
rin

g 
ce

ll 
de

at
h 

pr
oc

es
s

[1
5]

D
ith

ia
rs

in
an

e
H

um
an

 a
cu

te
 p

ro
m

ye
lo

cy
tic

 le
uk

em
ia

 (H
L-

60
 

ce
lls

)
In

du
ci

ng
 R

O
S 

pr
od

uc
tio

n,
 a

ct
iv

at
in

g 
ca

sp
as

e-
3

[1
37

]

So
di

um
 a

rs
en

ite
In

su
lin

om
a 

(I
N

S-
1 

ce
lls

)
A

ct
iv

at
in

g 
A

SK
1,

 re
du

ci
ng

 B
ax

/B
cl

-2
 ra

tio
, 

an
d 

tri
gg

er
in

g 
ca

sp
as

e-
3

[1
38

]



461Cancer Chemotherapy and Pharmacology (2019) 84:453–470	

1 3

pathway, and inhibiting the telomerase activity by directly 
targeting the c-myc promoter [117] (Table 3).

Curcumin and its derivatives

TrxR can be inhibited by many natural products, among of 
which curcumin has been identified as an effective irrevers-
ible inhibitor of TrxR by interacting with the catalytic center 
of the enzyme. Curcumin, a polyphenol extracted from the 
plant Curcuma longa, has been well known due to its anti-
cancer and antiangiogenic activities. Curcumin irreversibly 
inhibits TrxR1 by alkylation of both Cys and Sec residues in 
the catalytically active site; curcumin-modified TrxR1 will 
strongly induce NADPH oxidase activity to produce ROS, 
resulting in cancer cell death [118]. A synthetic curcumin 
analogue, B5, is a potent inhibitor of TrxR that has potential 
anticancer effects. It activated caspases, cleaved PARP, and 
induced mitochondrial pathway-mediated apoptosis in cervi-
cal cancer cell lines [119]. In addition, B5 treatment resulted 
in the accumulation of oxidized Trx-1 and subsequently acti-
vated ASK1-p38/JNK proapoptotic signal pathway. Another 
curcumin analogue (hexamethoxy-diarylpentadienone), act-
ing as G2/M cell cycle arrest agents, could more effectively 
target intracellular TrxR and more easily induce the pro-
duction of ROS and collapse of the redox buffering system 
via Michael acceptor-dependent redox intervention [120]. 
Mitocurcumin, a derivative of curcumin, has been shown 
to selectively target mitochondria and exhibits much bet-
ter anticancer effects than curcumin. Jayakumar et al. have 
demonstrated that mitocurcumin binds to the active site of 
the TrxR2 with high affinity, decreases its activity, disrupts 
mitochondrial redox, and, finally, kills cancer cells [121] 
(Table 3).

Selenium‑containing compounds

Organic forms of selenium compounds, such as ebselen 
and selenocystine, are the substrates for TrxR. The metabo-
lism of these selenium-containing compounds will oxidize 
NADPH and produce ROS via TrxR, oxidize reduced Trx, 
and then induce apoptosis in vivo. For example, ebselen, 
a substrate of TrxR1, could target both the Cys497 and 
Sec498 in the active sites of TrxR1; moreover, high lev-
els of ebselen may kill cells by competing electrons from 
NADPH and Trx, and further inhibiting the reduction of 
protein disulfide [122]. Selenocystine, a synergistic inhibitor 
of TrxR1, enhanced auranofin-induced apoptosis through the 
induction of ROS-dependent apoptosis with the involvement 
of mitochondrial dysfunction, DNA damage-mediated p53 
phosphorylation, and downregulation of phosphorylated Akt 
and ERK in human breast cancer MCF-7 cells [123]. Com-
bination of selenocystine and auranofin also enhanced the 
apoptosis of human lung adenocarcinoma A549 cells in vitro 

and in vivo by inducing ROS accumulation, DNA damage, 
and inactivation of Akt and ERK [124] (Table 3).

Butaselen, an organic selenium compound and a novel 
inhibitor of TrxR, played a role in suppressing tumorigenesis 
by reducing the expression of PD-L1 and further promoting 
the immune response via the inhibition of STAT3 signal 
pathway [125]. Butaselen also induced ROS generation, 
G2/M arrest, and apoptosis in hepatocellular carcinoma by 
inhibiting TrxR/Ref-1 and NF-κB pathways [126]. Another 
organoselenium-containing compound ethaselen combined 
with low-dosage sodium selenite inhibited cell prolifera-
tion, and induced apoptosis in non-small cell lung cancer 
cells (A549, NCI-H1299, and NCI-1266) via decreasing 
expression and nuclear translocation of Trx-1, as well as the 
expression of Ref-1 and AP-1 [127]. Selenadiazole deriva-
tives, potent TrxR inhibitors, enhanced the radiosensitivity 
of human melanoma and cervical carcinoma cells by trigger-
ing excessive ROS-mediated DNA damage involving inhibi-
tion of Akt and MAPKs [128, 129]. Selenium nanoparticles 
further enhanced the anticancer effects of Doxorubicin by 
progressively inhibiting the activity of TrxR [130] (Table 3).

DNCB

1-Chloro-2,4-dinitrobenzene (DNCB) is the first identified 
inhibitor of TrxR. von Nida and Quirk used DNCB to treat 
successfully a patient with in-transit melanoma metastases 
[131]. DNCB could result in irreversible inhibition of TrxR 
by promoting the alkylation of the Cys497 and Sec498 resi-
dues, and highly induce NADPH oxidase, which produces 
excessive ROS [132]. That is why, DNCB shows high cyto-
toxicity and induces the activation of caspase-3/7 in HeLa 
cells [133]. Treatment with DNCB significantly induced 
an increase in the oxidized Trx-1 form in a time-dependent 
manner and enhanced the antitumor effects of arsenic triox-
ide (another TrxR inhibitor) in liver carcinoma HepG2 cells 
[134] (Table 3).

Arsenic‑containing compounds

Arsenic-containing compounds can be employed to treat 
human diseases. For example, arsenic trioxide can be used 
to treat acute promyelocytic leukemia [135]. Lu et al. have 
discovered that arsenic trioxide irreversibly inhibited TrxR 
by reacting with both N-terminal redox-active dithiol and the 
C-terminal GCUG active site, and subsequently resulted in 
Trx oxidation in cultured MCF-7 cells [136]. This inhibition 
blocked DNA replication and repair, arrested the cell cycle, 
inhibited the growth of cancer cells, and, finally, induced 
apoptosis. Other arsenic-containing compounds also induced 
cell apoptosis via inhibition of TrxR. Arsenic-containing 
compound (2-mercaptopyridine N-oxide), TrxR1-targeting 
drugs, oxidized all the Cys residues in Trx-1, which affected 
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electron transfer from NADPH and TrxR1 to peroxire-
doxin 1 (Prx1), increased the ROS levels and triggered cell 
death process [15]. Another arsenic-containing compound 
[2-(4-aminophenyl)-1,3,2-dithiarsinane] induced oxidative 
stress-mediated apoptosis in HL-60 cells by Selectively 
Targeting TrxR [137]. Sodium arsenite targeted TrxR and 
induced the death of insulinoma INS-1 cells by activating 
ASK1, reducing Bax/Bcl-2 ratio and eventually triggering 
caspase-3-dependent apoptosis [138] (Table 3).

Combined Trx and GSH inhibition in cancer 
therapy

Trx/GSH and their system components are the major 
defenses against oxidative stress in cells [139, 140]. Dys-
regulation of the Trx and GSH systems may contribute to a 
broad spectrum of diseases, including cancer, and various 
infectious and inflammatory disorders [141]. The combina-
tion of Trx/GSH system inhibitors plays synergetic antitu-
mor effects in cancer treatment (Fig. 1).

The combined inhibition of GSH and Trx antioxidant 
pathways leads to a synergistic cancer cell death in vitro 
and in vivo, demonstrating the importance of these two anti-
oxidants for tumor progression and the potential targets for 
therapeutic intervention [8]. Mandal et al. have demonstrated 
that tumor cells from TrxR1−/− mice exhibit normal prolif-
erative, clonogenic, and tumorigenic potential; whereas they 
are hypersensitive to the GSH synthesis inhibitor buthionine 

sulfoximine (a γ-glutamylcysteine synthetase inhibitor) 
[142], suggesting the potential redundancies between Trx-1 
and GSH antioxidant systems. The combined administration 
of PX-12 and buthionine sulfoximine intensified the death of 
HeLa cells [81]. Habermann et al. have found that the inhibi-
tion of GSH by buthionine sulfoximine or erastin (the cystine/
glutamate antiporter inhibitor) synergized with TrxR inhibi-
tor auranofin to induce the death of rhabdomyosarcoma cells 
[143]. They further found that auranofin acts together with 
buthionine sulfoximine or erastin to enhanced the activation of 
BAX/BAK and caspase-3/-7. Combined inhibition of Trx and 
GSH also enhanced cancer cell clonogenic killing and radia-
tion responses in human breast and pancreatic cancer cells; 
moreover, combined inhibition of Trx and GSH by auranofin 
and buthionine sulfoximine prior to irradiation significantly 
increased the survival of mice with human breast cancer xeno-
grafts [144]. Du et al. have recently shown that physiologi-
cal concentrations of glutathione, NADPH, and glutathione 
reductase acted as a backup system of TrxR1 when it was 
inhibited to reduce Trx-1 in vitro and that the reaction was 
strongly stimulated by glutaredoxin system [145]. They further 
found that combined inhibition of glutathione by buthionine 
sulfoximine and TrxR1 activity by aurothioglucose resulted in 
overoxidation of Trx-1 and decreased viability of HeLa cells. 
In conclusion, targeting both Trx and GSH systems may be a 
promising approach for cancer therapy.

Dual disruption of Trx and GSH enhanced the A549 
and NCI-H292 lung cancer cell killing and sensitivity to 
2-deoxy-d-glucose plus carboplatin [146]. Simultaneous 
inhibition of Trx and GSH systems induces oxidative stress 
and clonogenic killing in human head-and-neck squamous 
cell carcinoma cells (HNSCCs); furthermore, this strategy 
may be useful in sensitizing HNSCCs to EGFR inhibitors 
[147]. Combined inhibition of Trx- and GSH-dependent 
metabolism is necessary to sensitize human breast and 
prostate cancer cells to 2-deoxy-d-glucose + 17-allylamino-
17-demethoxygeldanamycin (an experimental chemothera-
peutic agent)-mediated cell killing via enhanced oxidative 
stress [148]. A recent research showed that dual inhibition 
of the Trx and GSH systems led to activation of the nuclear 
factor E2-related factor 2 (Nrf2)/antioxidant response ele-
ment (ARE) pathway, resulting in a cut-rate effect of GSH 
and Trx inhibition and the tolerance of head-and-neck cancer 
[149]. This study indicates that triple inhibition of the Nrf2/
ARE pathway, the Trx system and the GSH system may be 
applied to clinical treatment of cancer.

TXNIP in cancers

As an endogenous inhibitor of Trx, thioredoxin-interacting 
protein (TXNIP) is broadly regarded as a member of Trx 
system [150]. TXNIP, also termed as thioredoxin-binding 

Fig. 1   The synergetic effects of combined inhibition of Trx and GSH 
systems. GSH system, acting as a backup system of TrxR, can trans-
form oxidized Trx to reduced Trx when TrxR is inhibited. Dual inhi-
bition of Trx and GSH systems play synergetic antitumor effects in 
cancer treatment via inducing ROS, arresting cell cycle, and activat-
ing ASK1-mediated cancer cell apoptosis. TrxR thioredoxin reduc-
tase, Trx thioredoxin, Grx glutaredoxin, GR glutathione reductase, 
GSH reduced glutathione, ROS reactive oxygen species, ASK1 apop-
tosis signal-regulating kinase 1
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protein (TBP2) [151], was first identified in 1995 as a gene 
upregulated in vitamin D3-treated leukemia HL-60 cells 
[152]. TXNIP inhibits the action and function of Trx-1 via 
a direct interaction with Trx-1, as well as acts as a competi-
tive inhibitor to remove Trx-1 from ASK1 [153]. Further-
more, the carbohydrate response element in the promoter of 
TXNIP gene mediates the induction of TXNIP expression in 
a glucose-dependent manner [154], which results in reduced 
activity of TrxR [155].

TXNIP expression in cancers

TXNIP is usually underexpressed in some human cancers 
[156]. TXNIP expression exhibits a notable decrease in 
MCF-7 cells, which is associated with prognosis in breast 
cancer [157]. TXNIP expression is also decreased during 
the process of human hepatic carcinogenesis [158]. A recent 
study has reported that TXNIP expression is decreased in 
esophageal adenocarcinoma [159]. In pancreatic ductal ade-
nocarcinoma, TXNIP is negatively regulated by increased 
miR-224, which binds directly to the 3′-untranslated region 
of TXNIP and results in HIF1α activation [160] (Table 1).

The function of TXNIP in cancers

TXNIP functions as a tumor suppressor, since it directly 
regulates another tumor-suppressor p53 protein by induc-
ing its expression [161]. TXNIP overexpression decreased 
the interaction between p53 and mouse double minute 2 
(MDM2) and further inhibited its ubiquitination degrada-
tion [161]. It has been reported that TXNIP deficiency is 
sufficient to initiate hepatocellular carcinoma [162], whereas 
overexpression of TXNIP not only inhibits hepatocarcino-
genesis by suppressing TNF-α-induced NF-κB activation 
via association with HDAC1 and HDAC3 [158], but also 
suppresses the proliferation of hepatocellular carcinoma 
SMMC7221 cells and triggers apoptosis through inducing 
generation ROS and activating MAPK pathway [163]. In the 
neoadjuvant tumors, high levels of TXNIP are considered 
as an independent marker for improved disease-specific sur-
vival [164]. TXNIP has been showed to negatively regulate 
bladder carcinogenesis via inhibiting the activation of ERK 
induced by stromal cell-derived factor-1/C-X-C chemokine 
receptor type 4 signal [165]. Feingold et al. have indicated 
that constitutive overexpression of TXNIP decreased the 
proliferation and clonogenicity of esophageal adenocarci-
noma cells, and the tumor xenograft growth in murine; fur-
thermore, upregulation of TXNIP by a histone deacetylase 
inhibitor synergistically increased cisplatin-induced DNA 
damage and apoptosis [159]. Reactivation of TXNIP induced 
apoptosis via ASK1-MAPK signal pathway in acute mye-
loid leukemia [166]. TXNIP overexpression decreases the 
growth of anaplastic thyroid cancer HTh74 cells and inhibits 

the glucose uptake. Importantly, overexpression of TXNIP 
in T238 cells also results in suppressed tumor growth and 
decreased metastasis in an orthotopic thyroid cancer mouse 
model (153) [167]. TXNIP downregulation leads to the high 
proliferative activity and estrogen-induced cell growth of 
breast cancer cell lines [168]. TXNIP knockout can promote 
the progress of Helicobacter pylori-induced gastric carcino-
genesis in C57BL/6 mice, in part by disrupting cell growth 
and inhibiting the induction of TNF-α, NF-κB and COX-2 
[169]. TXNIP deficiency enhances TGF-β signaling and 
promotes TGF-β-induced epithelial–mesenchymal transi-
tion, suggesting that TXNIP could inhibit tumor progres-
sion [170].

Antitumor effects of d‑allose: involvement of TXNIP

d-Allose, a C-3 epimer of d-glucose, is one of rare sugars 
which exists in small quantities in nature. Accumulating 
evidence has demonstrated that d-allose is an inducer of 
TXNIP and exhibits potential antitumor effects in multiple 
cancers. d-Allose could inhibit the proliferation of leuke-
mia MOLT-4F cells by inhibiting cell cycle progression 
via induction of TXNIP expression [171]. d-Allose also 
exerted growth inhibitory effects on head-and-neck can-
cer cells in vitro and in vivo [172]. d-Allose significantly 
induced TXNIP expression and decreased the expression of 
glucose transporters 1 in a dose-dependent manner in hepa-
tocellular carcinoma (HuH-7), Caucasian breast adenocar-
cinoma (MDA-MB-231), and neuroblastoma (SH-SY5Y), 
and further inhibited cancer cell growth by G1 cell cycle 
arrest [173]. G1 cell cycle arrest by upregulated TXNIP in 
d-allose-treated hepatocellular carcinoma may attribute to 
the stabilization of cell cycle inhibitor p27 (kip1) [174]. 
However, a recent research has reported that elevated expres-
sion of TXNIP by d-allose induced subsequent G2/M arrest 
in non-small cell lung cancer [175]. d-Allose enhanced the 
effects of radiation therapy in 3D cultured head-and-neck 
cancer HSC-3 cells [176]. d-Allose also enhanced antitumor 
effect of 5-fluorouracil in hepatocellular carcinoma HuH-7 
cells [177]. d-Allose not only exhibits antitumor activity, but 
also has no side effects on normal human cells [178], sug-
gesting that it may be useful as a potential anticancer agent.

Concluding remarks and perspectives

Increased levels of Trx and TrxR have been reported in 
most cancer cells, which are necessary to maintain the 
tumor phenotypes and characteristics, such as prolifera-
tion, invasion, and metastasis. The upregulation of Trx 
system also renders tumor tissues resistance against 
chemotherapy and radiotherapy. Thus, Trx system is a 
promising therapeutic target for cancers. In this review, 
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we have described the antitumor effects of some inhibi-
tors that target components of the Trx system. Numer-
ous inhibitors of Trx system have been developed and 
used to explore a better approach for cancer treatment. 
We also review the function of TXNIP, an endogenous 
inhibitor of Trx. As summarized above, TXNIP is usu-
ally underexpressed in multiple cancers. Overexpression 
of TXNIP exhibits potential antitumor effects, including 
regulation on tumor-suppressor p53 protein and induction 
of apoptosis. d-Allose could exert an antitumor activity, 
which is involved with upregulation of TXNIP expression. 
Importantly, d-allose has no known side effects on normal 
human cells, suggesting that it is a promising agent for 
cancer treatment.

Increasing studies have provided information regard-
ing the action mechanisms, such as induction of oxida-
tive stress, cell cycle arrest, apoptosis, and inhibition of 
prosurvival signal pathways, by which these compounds 
act on the Trx system, but several questions should be 
answered in the future. First, inhibiting the function of Trx 
system may inevitably generate cytotoxicity because of the 
extensive biological action of Trx system, Although cancer 
cells are much more sensitive to TrxR/Trx inhibitors than 
normal cells, a common question that how to minimize or 
overcome the side effects of TrxR/Trx inhibitors on normal 
cells should be addressed, because the function of Trx sys-
tem is essential for normal cell survival. Thus, it is a great 
challenge to develop TrxR/Trx inhibitors as anticancer 
drugs. Another obvious question is to develop inhibitors 
with high specificity and selectivity, since some inhibitors 
currently used in clinical trials are not specific for Trx 
system. In addition, more advanced delivery approaches 
should also be developed in the future.

Breaking the interaction of subunit–subunit may 
be a new strategy for inhibiting TrxR function. TrxR 
must form a head-to-tail homodimer to act as a func-
tional enzyme. The catalytic mechanisms of TrxR 
involve that one subunit (N-terminal redox center: 
–Cys–Val–Asn–Val–Gly–Cys–) obtains electrons from 
NADPH and transfers them to another subunit (C-terminal 
redox center: –Gly–Cys–Sec–Gly–), and, finally, passes 
the reducing equivalents to the disulfide bond of oxidized 
Trx. Thus, inhibiting the formation of TrxR dimer may 
depress the enzyme function. Considering that a single 
molecule may fail to target the large interface of TrxR 
dimer, a fragment-based approach could be used to link 
several weak interface-binding molecules together to 
develop a selective inhibitor.
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