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Simple Summary: Hypoxia-activated prodrugs (HAPs), selectively reduced by specific oxidoreduc-
tases under hypoxic conditions, form cytotoxic agents damaging the local cancer cells. On the basis
of the reported clinical data concerning several HAPs, one can draw conclusions regarding their
preclinical attractiveness and, regrettably, the low efficacy of Phase III clinical trials. Clinical failure
may be explained, inter alia, by the lack of screening of patients on the basis of tumor hypoxia and
low availability of specific oxidoreductases involved in HAP activation. There is surprisingly little
information on the quantification of these enzymes in cells or tissues, compared to the advanced
research associated with the use of HAPs. Our knowledge about the expression and activity of
these enzymes in various cancer cell lines under hypoxic conditions is inadequate. Only in a few
cases were researchers able to demonstrate the differences in the expression or activity of selected
oxidoreductases, depending on the oxygen concentration. Additionally, it was cell line dependent.
More systematic studies are required. The optical probes, based on turning on the fluorescence
emission upon irreversible reduction catalyzed by the overexpressed oxidoreductases, can be helpful
in this type of research. Ultimately, such sensors can estimate both the oxidoreductase activity and
the degree of oxygenation in one step. To achieve this goal, their response must be correlated with the
expression or activity of enzymes potentially involved in turning on their emissions, as determined
by biochemical methods. In conclusion, the incorporation of biomarkers to identify hypoxia is a
prerequisite for successful HAP therapies. However, it is equally important to assess the level of
specific oxidoreductases required for their activation.

Abstract: Hypoxia is one of the hallmarks of the tumor microenvironment and can be used in the
design of targeted therapies. Cellular adaptation to hypoxic stress is regulated by hypoxia-inducible
factor 1 (HIF-1). Hypoxia is responsible for the modification of cellular metabolism that can result in
the development of more aggressive tumor phenotypes. Reduced oxygen concentration in hypoxic
tumor cells leads to an increase in oxidoreductase activity that, in turn, leads to the activation of
hypoxia-activated prodrugs (HAPs). The same conditions can convert a non-fluorescent compound
into a fluorescent one (fluorescent turn off–on probes), and such probes can be designed to specifically
image hypoxic cancer cells. This review focuses on the current knowledge about the expression and
activity of oxidoreductases, which are relevant in the activation of HAPs and fluorescent imaging
probes. The current clinical status of HAPs, their limitations, and ways to improve their efficacy are
briefly discussed. The fluorescence probes triggered by reduction with specific oxidoreductase are
briefly presented, with particular emphasis placed on those for which the correlation between the
signal and enzyme expression determined with biochemical methods is achievable.
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1. Introduction

Hypoxia generally refers to low oxygen tissue levels (<5–10 mmHg) and is an im-
portant characteristic of most solid tumors and hematological malignancies [1]. All solid
tumors are subject to hypoxia contain aerobic cells, and some also contain hypoxic cells,
however there is substantial variation in the fraction of hypoxic cells and its severity [2].
The hypoxic state is caused by the imbalance between the oxygen supply to the cells and its
consumption rate. Several types of tumor hypoxia are identified, including acute or chronic
hypoxia. This classification is based on empirical observations and could be an oversim-
plification of the real picture [3]. Chronic (or diffusion-limited) hypoxia usually refers to
reduced oxygen concentration due to fast tumor expansion and inadequate blood-vessel
formations. Chronic hypoxic changes contribute to high-frequency DNA breaks and the
accumulation of DNA errors leading to mutagenesis. Acute (or perfusion-related) hypoxia
is mainly caused by local, temporary disturbance in blood perfusion due to physical ob-
struction (e.g., cell aggregation) or transient vascular collapse. Acute hypoxia could lead to
a generation of high levels of reactive oxygen species (ROS), decreased oxygen metabolism,
and an activation of autophagy.

The response of cells to hypoxic conditions depends in part on the duration and
severity of exposure to hypoxia [4]. Primarily, hypoxia leads to the impairment of the pro-
liferative capacity of cells and eventually to cellular death. However, a minority of tumor
cells may adjust to hypoxic stress and survive by triggering proteomic and genomic modifi-
cations, leading to the growth stasis or impairment through cell-cycle arrest, differentiation,
programmed cell death, or necrosis [3]. One of the most important factors that mediate
these processes is the oxygen-sensitive transcription factor HIF-1 (hypoxia-inducible factor
1), which activates a battery of more than 30 genes involved in various cellular pathways.
The mechanism of its activation is described in the next paragraph. Hypoxia is found to
be a driving force for tumor angiogenesis. Additionally, oxygen deficiency is associated
with a substantial downregulation of cell adhesion molecules (E-cadherin and integrins),
which in turn causes cell detachment and the induction of spontaneous metastasis [5]. Hy-
poxia can lead to the development of a more aggressive tumor phenotype and can explain
the delayed recurrences, dormant micrometastases, and growth retardation observed in
large tumors [6]. Several clinical studies have identified hypoxia as a negative prognostic
indicator for patient outcomes [2,7]. It should be noted that hypoxia is not only a feature
of macroscopic tumors. Studies show that vascular micrometastases (<1 mm in diameter)
were severely hypoxic [8].

In addition to poor tumor prognosis, hypoxia is associated with the resistance to
various nonsurgical anticancer therapies [3,9]. Due to the diminished oxygen availability,
hypoxia directly reduces the efficiency of oxygen-related treatments, such as standard
radiotherapy, O2-dependent chemotherapy (e.g., bleomycin and doxorubicin), and pho-
todynamic therapy. The activity of a broad range of cytotoxic drugs (carboplatin and
cyclophosphamide) was found to be oxygen-dependent, due to the increased activity of
DNA-repair enzymes and decreased cellular proliferation caused by hypoxic conditions.
Studies also reported a diminished response of hypoxic tumors to chemo-, immune-, and
hormonotherapy due to aberrant tumor microvascular and induced post-transcriptional
modifications. Although several clinical studies have been published that demonstrate
a significant direct correlation between tumor hypoxia and poor clinical outcomes after
radiotherapy [10–12], the hypothesis that hypoxia limits the curability of human cancer by
other methods is based on numerous different in vitro studies [5]. However, there is emerg-
ing evidence that hypoxia markers can be used to guide cancer patient therapy. Several
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independent trials showed that patients with hypoxic tumors experienced greater benefits
from hypoxia-modifying radio- and chemotherapy, as well as anti-angiogenic therapy [13].
The heterogeneity of hypoxia in tumors due to the fluctuation of hypoxia with time (cycles
of hypoxia–normoxia) or steep spatial oxygen gradients (4D heterogeneity) appears to be
extremely relevant for clinical outcomes [3]. Furthermore, the existence of macroscopic
regional hypoxia is characterized by the presence of large numbers of apparently functional
vessels; however, individual vessels and their branches remain unpaired that result in
extended longitudinal gradients of nutrients, especially including oxygen [14].

This picture is additionally complicated by the different adaptive and genetic conse-
quences of hypoxia between and within tumor types [13].

Being a severe negative factor, hypoxia represents a unique tumor vulnerability, which
provides an opportunity for tumor-selective therapies [4,15]. Increased efforts have been
made to develop therapeutic agents that selectively target hypoxic cells. Hypoxia-activated
prodrugs (HAPs) are compounds that are activated by selective reduction with specific
oxidoreductases under hypoxic conditions to form cytotoxic compounds. In this way,
the drugs selectively target hypoxic cancer cells and show no toxicity to healthy tissues.
Additionally, HAPs being active towards hypoxic micrometastasis have the potential to
prevent such metastasis from developing into macroscopic tumors, thus decreasing the
metastatic rate of the tumors [1]. Since therapeutic efficiency is notoriously compromised by
the hypoxic conditions of the tumor microenvironment, the accurate monitoring of oxygen
levels can bring additional information to clinicians and provide significant therapeutic
benefits [16]. In preclinical and clinical studies, in addition to direct oxygen measurements
using needle-type O2 electrodes, many indirect methods requiring surgical resection or
biopsy applying immunolabeling have been developed. Furthermore, techniques that
offer direct read-outs, such as Magnetic Resonance Imaging (MRI) or Positron Emission
Tomography (PET) and Optical Imaging (OI), particularly those based on fluorescent
probes, have been extensively investigated. Many excellent reviews present the recent
findings in this field [14,17–19]. In many cases, probes for PET and OI relay on selective
activation under hypoxic conditions of the tumor microenvironment ensuring not only
reduced oxygen concentration, but also increased expression or activity of the relevant
oxidoreductases [14,20,21].

In this review, we refer to the current knowledge of oxidoreductases, which are
prerequisites for successful hypoxia-activated prodrug therapies, as well as for fluorescent
turn off–on probes designed to assess hypoxia that are non-florescent (off) and restore
fluorescent properties (on) due to reduction by appropriate oxidoreductases. We also
briefly discuss the current clinical status of HAPs and the possibilities to improve their
efficacy. Additionally, the designed strategy for fluorescent probes is briefly presented
along with examples of such probes, for which their signals are correlated to oxidoreductase
expressions determined with biological methods.

2. Hypoxia-Inducible Factor 1—Adaptive Response to Hypoxia

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that is expressed by all cellu-
lar organisms and has become known as the main regulator of oxygen homeostasis [22,23].
HIF-1 is a heterodimeric protein composed of an inducible α-subunit (HIF-1α) and consti-
tutively expressed β-subunit (HIF-1β). HIF-1α is an oxygen-sensitive subunit and its ex-
pression is precisely controlled in cells by post-translational modifications. The mechanism
regulating the level of the active form of the HIF-1α subunit is based on oxygen-dependent
hydroxylation. HIF-1α hydroxylation involves two enzymes, prolyl hydroxylase (PHD) and
asparaginyl hydroxylase (FIH), which, in the presence of oxygen as well as the ascorbate
and iron ions as cofactors, introduce a hydroxyl group to a proline or asparagine residue, at
the same time oxidizing α-ketoglutarate into succinate [24]. PHD hydrolyzes two proline
residues, which are located in the oxygen-dependent degradation (ODD) domain in HIF-1α,
leading to the binding of the hydroxylated domain to von Hippel–Lindau (VHL) proteins.
The binding of the HIF-1α subunit to the VHL protein activates the ubiquitination and
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targeting of HIF-1α to proteasomal degradation [25]. Under hypoxic conditions, proline
hydroxylation cannot be activated due to the lack of oxygen as a substrate; hence, the
accumulation of HIF-1α and the consequent activation of HIF-1 occurs. Moreover, there
is a second mechanism of the negative regulation of the HIF-1α pathway under aerobic
conditions. FIH in the presence of oxygen hydrolyzes an asparagine residue in the C-TAD
(C-terminal transcriptional activation domain) in the α-subunit of HIF-1. As a consequence,
the interaction with one of the essential cofactors, p300/CBP, is inhibited, preventing HIF
activation [26]. In hypoxia, HIF-1α is protected from degradation and accumulates in
the cytoplasm, and then enters the nucleus where it dimerizes with the constitutively ex-
pressed HIF-1β. The heterodimer binds to hypoxia-response elements (HREs) that initiate
the transcription of target genes [27,28] (Figure 1).
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The activation of complex intracellular signaling pathways through HIF-1 enables
cellular adaptation to hypoxic stress. In order to adapt metabolism to a low oxygen
concentration, HIF-1 induces the expression of genes associated with the activation of
glycolytic metabolism that results in the shift from oxidative phosphorylation to anaerobic
glycolysis and stimulates glucose conversion into glycogen, ensuring energy storage to
survive prolonged stress. Since the glycolytic pathway is less efficient, hypoxic cells tend to
consume more glucose to meet their energy needs. Furthermore, HIF-1 is involved in the
transcriptional activation of pro-angiogenic factors as well as other vascular endothelial
growth factors (VEGFs) engaged in the development of new blood vessels. At the same time,
the overexpression of HIF-1 has a profound effect on each stage of the metastasis cascade
and promotes the formation of a more aggressive tumor phenotypes by the transcriptional
activation of oncogenic growth factors [7,28,29]. To date, the expression of many gene-
encoding proteins relevant to cancer biology was found to be regulated by HIF-1, as recently
reviewed [28,30–32].

Due to the multifactorial effect of HIF-1, its expression is well correlated with tumor
malignancy and the level of tissue hypoxia; therefore, HIF-1 is an exceptional therapeutic
marker. However, due to the lack of standardization of the immunohistochemistry protocol
and interpretation of the results, this exogenous marker is difficult to apply, and the studies
conducted confirmed the correlation between this parameter and the measured oxygen
concentration [33].

Apart from the key role of the HIF-1α subunit in regulating hypoxia response, HIF-2α
has an equally important and very specific function. Despite their regulatory, structural, and
functional similarities, the two entities have significantly different tissue-specific expression
patterns, and their effect on the expression of some genes is different [34]. HIF-1α is present
in all tissues in the organism, while HIF-2α expression is restricted to specific tissues. HIF-
2α promotes the hypoxic induction of erythropoietin (EPO), and induces genes responsible
for metastasis, especially matrix metalloproteinases (MMPs) and a stem cell factor. HIF-2α
is stabilized and activated at higher oxygen tension levels than HIF-1α, which makes HIF-
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1α the main driver of the acute hypoxia response, and HIF-2α is responsible for adaptive
mechanisms in chronic hypoxia [35].

3. Hypoxia-Activated Prodrugs (HAPs)

Hypoxia-activated prodrugs (HAPs) are regarded as bioreductive drugs that are selec-
tively activated under hypoxic conditions and that can precisely target the hypoxic regions
of solid tumors, which are an important cause of treatment resistance to conventional
therapies. Under such conditions, these compounds can be selectively reduced by specific
oxidoreductases to form cytotoxic agents that accurately target hypoxic tumor cells, while
having only little toxicity to normal tissue. Among the representatives of these drugs, there
are quinones, nitroaromatics, aliphatic N-oxides, and hetero-aromatic N-oxides [1]. In the
case of most of HAPs (e.g., nitroaromatics, quinones, and benzotriazine di-oxides), the
process of their activation in tumors is initiated by an irreversible enzymatic one-electron
reduction by flavin-dependent oxidoreductases, leading to the generation of a prodrug rad-
ical anion. In well-oxygen-saturated tissues, it is quickly scavenged by molecular oxygen.
However, under hypoxic conditions, the radical anion either becomes fragmented or further
reduced, forming cytotoxic effector species that interact with a pharmacological target. As
a result, the alkylation and damage of DNA, the inhibition of kinase, or inactivation of
topoisomerase II occur, which leads to the hypoxic cell’s death. There is also a group of
HAPs (e.g., some quinone and nitroaromatic compounds, and aliphatic N-oxides, such as
banoxantrone) that are activated via two-electron reduction [36].

The design process of and investigation into resultful HAPs have been conducted for
about 50 years and, for this study, over a dozen potential compounds have been approved
for the clinical trials. According to our knowledge, there have been about ten of these
compounds under extensive preclinical and clinical evaluations, e.g., tirapazamine, apaz-
iquone/EO9, banoxantrone, porfiromycin, PR-104, RH1, evofosfamide/TH-302, SN30000,
and tarloxotinib bromide/TH-4000, as well as nimorazole, not exactly HAPs, but used
as a hypoxic radiosensitizer in radiotherapy (Figure 2). Only five of them (TH-302, por-
firomycin, EO9, tirapazamine, and nimorazole) reached Phase III; however, none of them
have achieved regulatory approval yet [1,36–38]. The summary of the clinical studies is
presented in Table 1.
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Table 1. Summary of clinical studies of HAPs (based on ref [38]).

Compound Study Type Target Trial Reference

Tirapazamine
Phase II

Squamous cell carcinoma of
the head and neck

NCT00094081 [39]
NCT00002774 [40]

Phase III NCT00174837 [41]

TH-302 (evofosfamide)
Phase III Pancreatic cancer NCT01746979 [42]
Phase III Soft tissue carcinoma NCT01440088 [42]
Phase III Esophageal carcinoma NCT02598687 [43]

Nimorazole
(radiosensitizer)

Phase II Squamous cell carcinoma of
the head and neck

DAHANCA [44,45]
Phase III NCT01950689 [46]

TH-4000 (tarloxotinib)

Phase II Non-small cell lung cancer NCT02454842 -

Phase II Squamous cell carcinoma of
the head and neck NCT02449681 [47]

PR-104
Phase II Small cell lung cancer NCT00544674

[48]Phase II Non-small cell lung cancer NCT00862134

AQ4N
Phase I Esophageal carcinoma

NCT00394628 [49]Phase II Glioblastoma

EO9 (apaziquone) Phase III Bladder cancer
NCT00598806

-NCT01475266
NCT02563561

Porfiromycin Phase III Squamous cell carcinoma of
the head and neck NCT00002507 [50]

TPZ (tirapazamine, 3-amino-1,2,4-benzotriazine-1,4dioxide) was the first evaluated
HAP. It was reported in 1986 [51], and its clinical safety was confirmed in 1994 [37,52]. The
main catalytic reductase involved in the reduction of TPZ is cytochrome P-450 [1,53]. The
mechanism of action of this prodrug concerns the damage of both purine and pyrimidine
residues in double-stranded DNA, which leads to its break, chromosome aberrations, and
hypoxic cell death [1]. However, at the stages of Phase I and II clinical trials, TPZ seemed
to be a very promising agent, having satisfactory antineoplastic efficacy and tolerable
toxicity; the subsequent Phase III clinical studies revealed more significant disadvantages
(e.g., muscle cramping, ototoxicity, granulocytopenia, nausea, and vomiting) [1]. As it was
reported, a number of analogues of TPZ have been developed, however none of them have
been investigated at the clinical stage [37,54].

TH-302 (evofosfamide) is a second-generation HAP. It consists of a 2-nitroimidazole
moiety linked to bromo-iso-phosphoramide mustard (Br-IPM), which alkylates DNA. The
cytotoxic effect occurs under hypoxic conditions through a 2-nitroimidazole reduction
reaction and the release of Br-IPM. The reduction reaction is determined by cytochrome
P450 oxidoreductase. The efficacy of TH-302 is highly dependent on the tumor type [1,55].
This HAP has been tested both as monotherapy as well as in different combinations with
existing anticancer therapies (e.g., chemo- or radiotherapy). Peeters et al. reported a
causal relationship observed between the tumor oxygenation levels and the therapeutic
efficacy [56]. In case of combination therapies, the treatment should be precisely planned,
since the increased hypoxia may oppose the effects of chemo- or radiotherapy [37]. Despite
the very promising results, clinical safety, and therapeutic efficacy confirmed in Phase I and
II clinical studies [57–60], TH-302 did not achieve the positive results in Phase III, similar to
TPZ. However, further investigation is in progress [1].

TH-4000 (tarloxotinib) is nowadays one of the most clinically advanced molecularly
targeted HAPs, a bioreductive pan-HER inhibitor. The mechanism of action of this prodrug
under hypoxic conditions involves its 1-electron reduction to a nitro radical anion that
afterwards fragments and releases an irreversible epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor (TKI) [38,61]. Unfortunately, the clinical trials in Phase II with
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TH-4000, as reported by Mistry et al. [38], were terminated because of the unsatisfactory
results [32].

One of the promising compounds is nimorazole. It belongs to a class of chemicals
known as 5-nitroimidazoles. What is crucial is that this drug makes tumor cells more
sensitive to radiotherapy. Currently, it is in the Phase III of the clinical trials (NCT01880359).
The efficiency and safety of this substance has already been proved and reported [44,62,63].
As it was mentioned by Tharmalingham, H. et al. [64], the use of nimorazole as a radiosen-
sitizer was a standard practice in Denmark alone, as Danish research confirmed its safety
in the treatment of, e.g., supraglottic and pharynx tumors. Recently, new clinical trials with
nimorazole in Denmark and the UK have also been reported, but it is still necessary to
assess whether this drug directly changes the oxygenation status of patient tumors [65].

The interest in this promising group of compounds has also led to the recommence-
ment of research into a new class of oxygen-mimetic nitroimidazole sulfonamide radiosen-
sitizers [66]. This confirms that the development of HAPs is essential and gives hope for
medical success.

Despite the confirmed preclinical attractiveness and antineoplastic effects of several
investigated HAPs, their limitations and deficiencies at the clinical stage have also been
revealed by many studies [1,35,36,38]. What is crucial is that none of the clinical trials in
Phase III did not take into account the assessment of the levels of tumoral hypoxia, and
this factor may be critical since these levels greatly differ [37,67,68]. Therefore, there is a
strong need for proper stratifications of patients according to the tumor hypoxia level at
the clinical-trials stage (e.g., using a combination of biomarkers to identify patients with
hypoxic tumors and biomarkers for specific prodrug-activating oxidoreductases) [37].

Furthermore, Mistry et al. indicated the lack of optimization of HAP delivery to
the remote target cell from the functional vessels as the next reason of failure of these
prodrugs. Another problem also pointed out by them was the limitation resulting from
the overlapping toxicity of both HAPs and a chemotherapeutic agent used in combined
therapy forcing a reduction in therapeutic doses of drugs [38].

Generally, the following directions for overcoming these drawbacks, or at least their
improvement, may be undertaken:

1. The development of predictive biomarkers for identifying the oxidoreductase enzymes
involved in the reaction of catalysis of the activation of HAPs via electron donation,
as well as the development of response biomarkers [36–38,69].

2. The development of screening methods (e.g., PET/CT imaging) for the selection of
the best potential prodrugs [1].

3. The advancement of combined methods, e.g., with chemotherapy, radiation therapy,
photodynamic therapy (PDT), or starvation therapy [1,38,70].

4. The development of HAPs that are preferably activated to release molecularly targeted
protein ligands, rather than DNA-damaging cytotoxins, in order to limit the toxicity
effects [38].

5. Implementation of a personalized therapeutic approach to rationally select an optimal
HAP for an individual tumor, taking into account the tumor hypoxia level [36,37].

6. Further development of gene-directed enzyme-prodrug therapy (GDEPT). This kind
of therapy engages an enzyme–prodrug combination in order to generate high levels
of bystander cell killing [71]. A genetically encoded therapeutic enzyme is indirectly
delivered to the tumor milieu, and this process is mediated by a tumor-tropic bacterial
or viral vector. Subsequently, the enzyme transforms the delivered non-toxic prodrug
into a potent cytotoxin and the therapeutic effect is much stronger, compared to
non-targeted traditional agents [72]. Enzymes, particularly bacterial nitroreductases,
known to activate anticancer nitroaromatic prodrugs, are very promising for their use
in GDEPT [73,74].

The convergence of these two factors, namely, tumor hypoxia and oxidoreductase
expression, seems to be crucial for the further development and understanding of the



Cancers 2022, 14, 2686 8 of 26

current failures of HAP therapies. Thus, we focused on these aspects and their relationship
to each other.

4. Oxidoreductases

One of the main mechanisms of cell adaptation to hypoxia is the switch from oxidative
phosphorylation to glycolysis, which results in an increased production of NADH. NADH is
the main source of electrons in the cell. Therefore, the imbalance between NAD+ and NADH
changes the cellular redox potential and creates a more reducing environment, compared
to normal tissues [75]. These microenvironmental conditions favor the overexpression of
many redox enzymes, such as nitroreductases (NTRs), azoreductases, cytochrome p450
reductase, and xanthine oxidase [76–79]. As previously mentioned, one of the approaches
in designing oxygen-sensitive prodrugs that selectively target hypoxic tumor cells is taking
advantage of the overexpression of these oxidoreductases in hypoxia [1]. Additionally,
in recent years, this metabolic feature was exploited to design small molecule probes
for hypoxia imaging. Unfortunately, the identification of HAP-activating enzymes, their
expression in neoplastic tissues, and their potential as sensitive biomarkers of hypoxia have
not yet been resolved. There is surprisingly little information on the quantification of these
enzymes in cells or tissues, compared to the advanced research associated with the use of
HAPs. Studies comparing the expression of these enzymes under normoxic and hypoxic
conditions are rare. The table below (Table 2) summarizes the available information about
the quantitative or semi-quantitative determination of selected oxidoreductases. In the
following chapters, individual enzymes are discussed, with particular emphasis being
placed on their quantitative and semi-quantitative assessments in vitro (or in vivo), under
various oxygen conditions.

Table 2. Information on the evaluation of the expression or activity of specific oxidoreductases
in vitro or in vivo under different oxygen concertation conditions using various biochemical methods.
If not otherwise stated, cancer cell lines were used.

Specific
Oxidoreductases

Detection
Method Cell Line Enzyme Changes (↑ Increase

Under Hypoxia) Comment Ref.

Nitroreductases
(NTR)

NTR ELISA KIT

HepG-2 4 U/L (normoxia and hypoxia)

No significant change in NTR
concentrations between cancer

cells cultured at different
oxygen concentrations

[80]

A549 3 U/L (normoxia and hypoxia)

SKOV-3 2.5 U/L (normoxia
and hypoxia)

HepG-2 (in vivo)

1.8 U/g (6 mm
tumor diameter)
2.0 U/g (14 mm
tumor diameter)

NTR ELISA KIT A2058
180 pg/mL (normoxia) Hypoxia led to the

enhancement of
NTR expression

[79]

300 pg/mL (hypoxia)

NTR ELISA KIT HeLa

~ 2× at 10% O2 Hypoxia led to clear
enhancement

of NTR expression
[81]

~ 5× at 5% O2
~ 10× at 1% O2

compared to 20% O2

Western blot A549 (in vivo) No quantitative analysis
(7 mm tumor diameter)

NTR expression only in
tumor tissue [82]

Western blot
detection of

carbonic
anhydrase 9

(CA9)

U87 ↑ ~ 2× at 2% O2
Indirectly assessing NTR

activity by
determination of CAIX

[83]U251 ↑ ~ 4× at 2% O2

GBM2 ↑ ~ 4× at 2% O2

GBM39 ↑ ~ 8× at 2% O2
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Table 2. Cont.

Specific
Oxidoreductases

Detection
Method Cell Line Enzyme Changes (↑ Increase

Under Hypoxia) Comment Ref.

NAD(P)H
quinone

dehydrogenase 1
(NQO1)

Western blot

A549 H460

No quantitative analysis

Confirmed NQO1 expression,
but not in normal cells (IMR90,
HUVEC) No tests in hypoxia [84]

A549 (in vivo)
Confirmed NQO1 expression
in tumor lysates, but not in

other organs

Western blot

H460, HT-29,
DU145,

A549, FaDu,
9L, 9L/2B11,

Colo-205,
PC3, MCF-7, MB231,

T47D, U251,
BxPC-3,

KM12, H522

No quantitative analysis
NQO1 levels were similar in
cells grown under hypoxia

(0.2% O2) and normoxia
[85]

Northern blot HT29 ↑ ~ 4× at 1 ppm O2
Hypoxia caused a marked

increase in NQO1 level [86]

Cytochrome p450
reductase (POR)

Western blot
UT-SCC-14 No quantitative analysis Low expression of hypoxia

and normoxia [55]

A549 No quantitative analysis No change in expression of
hypoxia vs. normoxia

Xanthine
oxidoreductase

(XOR)

Western blot
Northern blot

(+XOR activity)
BEAS-2B ↑ ~ 3× XOR activity

No changes in protein and
mRNA expression

under hypoxia
[87]

PCR Western blot
(+XOR activity

determined
by HPLC)

Rat lungs (in vivo) ↑ ~ 2× (mRNA and
XOR activity) [88]

Western blot
(+XOR activity)

RPMEC (endothelial
cells) ↑ ~ 2.3× XOR activity

50-fold increase in
phosphorylation, but without
changing the OXR expression

under hypoxia

[89]

Western blot
(+XOR activity)

BEAC bovine aortic
endothelial cell ↑ ~ 2× XOR activity No changes in XOR mRNA

expression under hypoxia [90]

↑ denotes increase in the expression or activity of specific oxidoreductases measured under hypoxic compared to
normoxic conditions.

4.1. Nitroreductases (NTRs)

Nitroreductases (NTRs) are a group of enzymes that catalyze the reduction of nitroaro-
matic compounds using NAD(P)H as the reducing agent and flavin mononucleotide (FMN)
or flavin adenine dinucleotide (FAD) as the prosthetic group [91]. In recent years, NTRs
have gained great interest due to their use in bioremediation, antibiotics therapy, and acti-
vation of prodrugs in targeted anticancer therapies [92]. NTRs have been grouped into two
categories, depending on the occurrence of one- or two-electron reduction and sensitivity to
oxygen [93]. Type-I NTRs, which are oxygen-insensitive, catalyze the two-electron transfer
from NAD(P)H to the nitro group proceeding through nitroso and hydroxylamine interme-
diates to the fully reduced amine form. The reduction process catalyzed by NTR type I is
independent of the oxygen concentration. The reduction of nitroaromatic compounds is
based on the ping-pong mechanism. In the first stage, the oxidation of NAD(P)H occurs
with the transfer of hydride to the flavin system, and then the substrate is reduced with
the simultaneous re-oxidation of the flavin. Type I of the NTRs occurs in bacteria and
fungi, with the nitroreductase from Escherichia coli being the best studied [94]. NAD(P)H
quinone dehydrogenase 1 (NQO1) can be considered as type-I NTR functioning in the
mammalian system. In contrast, type-II NTRs are oxygen-sensitive and function only in
extreme hypoxia environments. Type-II NTRs catalyze the one-electron reduction process,
generating the nitro anion radical, which, in the presence of oxygen, is rapidly re-oxidized



Cancers 2022, 14, 2686 10 of 26

to the original nitro-aromatic compound, simultaneously producing the peroxide radical.
This creates a “futile redox cycle”, which can cause oxidative stress [21,91]. However, in an
anaerobic environment, re-oxidation does not occur and the reduction of the nitro group is
complete and irreversible [79] (Figure 3). Type-II NTRs are mainly found in mammalian
systems and, due to their selective action in hypoxia, are of particular significance to the
design of prodrugs and hypoxia-sensitive imaging sensors. Different type-II nitroreduc-
tases are associated with the cytoplasm, mitochondria, and microsomes, and they include
cytochrome p450 reductase (POR), xanthine oxidase (XO), or cytochrome b5 reductase
(CYB5R). In many studies, there is no clear indication of which nitroreductase is tested, and
these works are discussed in this chapter, while the following chapters present data from
the studies with individual enzymes.
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Nitroreductases are a widely studied therapeutic target for the activation of prodrugs
targeting cancer cells. Moreover, it was suggested that the assessment of the NTR level
could be directly employed to assess the level of hypoxia, which would help to define
the disease state and the treatment prognosis [21]. Despite proposing the level of NTR
in cells as an effective biomarker of hypoxia, the data on the direct relationship between
the concentration of NTR and the degree of hypoxia are contradictory [79,80]. Sh. Luo
et al. showed that in three cancer cell lines, namely, HepG-2, A549 and SKOV-3, the NTR
concentration in the same cell line quantified using the ELISA test remained at a similar
level at different O2 concentrations ranging from 20–0.1%, reached by growing cells for 8 h
in AnaeroPack (Mitsubishi Gas Corp., New York, NY, USA) (Table 1) [80]. Furthermore,
the quantification of the expression of NTR in solid HepG-2 tumors (in a mouse model)
indicated that the NTR levels remained unchanged with tumor growth and age [80].

Recently, our group focused on a new group of nitro-pyrazinotriazapentalene deriva-
tive sensors as fluorescent turn off–on probes for imaging NTRs levels in cancer cells [79].
The quantification of NTRs was performed in the human highly invasive melanoma cell
line A2058. We demonstrated that, after 24 h of incubation, cells in a hypoxia chamber
filled with a gas mixture comprising 94% N2, 5% CO2, and 1% O2, the level of NTR in cells
increased from 180 to 300 pg/mL (determined in 1 mg of protein per ml of cell lysates), as
detected by the ELISA test (see Table 1). Moreover, the chemical induction of hypoxia using
DFO (200 µM for 24 h) increased the level of protein in cell lysates. The level of protein
expression was strongly correlated with the activation of the investigated nitroaromatic
probes, demonstrated by the increase in the level of fluorescence in the cells.

In 2022, a paper on the NTR-activated near-infrared probe was presented by Zhang
et al. [81]. The research was conducted on the HeLa cell line, for which the NTR concen-
tration, as detected by the ELISA test, significantly depended on the level of hypoxia. The
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eight-hour cell incubation under various atmospheres of oxygen resulted in an increase in
NTR expression proportional to the oxygen concentration. The 15, 10, and 1% O2 concentra-
tions corresponded to 2-, 5-, and 10-fold increase in NTR concentrations in cells, compared
to one kept under 20% O2.

The above results were also confirmed by the in vivo studies conducted on the A549
tumor in the murine model by Y. Li et al. [82]. In this study, the presence of hypoxia in
the A549 tumor in the mouse was confirmed using PET imaging. This result was further
correlated with the level of nitroreductases assessed by Western blot detection. The band
corresponding to the enzyme’s molecular weight was detected only in the neoplastic tissue.
Furthermore, the enhancement of the fluorescence of the hypoxia-sensitive near-infrared
(NIR) dye corresponded to the level of hypoxia in tumors of various sizes.

Another possibility of determining nitroreductase in cells involved carbonic anhydrase
9 (CA9) as a surrogate marker [83]. It was already shown that the expression of CA9 was
induced by hypoxia, and it was generally considered to be possibly correlated with the
oxygenation level [95]. However, as it has been recently determined [96] that it is dependent
on a cancer cell line and a cancer type. K. S. Hettie et al. reported a positive correlation
between oxygen-deprivation levels and total CA9 expression in a panel of four glioblastoma
cell lines [83]. Western blot analysis showed that U87, U251, GBM2, and GBM39 cells grown
24 h in 2% O2 showed a 2-, 4-, 4-, and 8-fold increase in CA9 expression, compared to
physiological conditions (20% O2), respectively. Furthermore, the applied fluorescent
probe activated by NTR exhibited a similar increase in emission intensity (8-fold) upon
incubation with GBM39 cells under the same conditions (2 vs. 20% O2). Based on this
observation, a correlation between the expression of CA9 and NTR was suggested. More
research is needed to observe if the demonstrated correlation is line-specific or can be
applied more universally.

4.2. Azoreductases

Azoreductases are a diverse group of flavin-containing enzymes widely present in
bacterial and higher eukaryotic organisms, which perform the reactions of reductive cleav-
age azocompounds [97]. These enzymes, such as NTRs, require NAD(P)H as an electron
donor for reduction. Azoreductases are mainly responsible for the biotransformation and
detoxification of azo and nitroaromatic dyes in the industry. However, in recent years, the
interest in azoreductases has increased due to their use in drug activation. Pro-azodrugs
are primarily used to selectively deliver drugs to the intestines, where they are cleaved
by azoreductases secreted by the intestinal microflora. Thus, anti-inflammatory drugs,
antibiotics, and anticancer drugs are delivered [98,99]. It has been shown that these en-
zymes, apart from the reduction of azocompounds, also reduce many other substrates,
including quinones and nitroaromatic compounds. The reduction of nitrofuran antibiotics
by azoreductases is widely studied [100], which presents great opportunities to design new
prodrugs using this enzyme for activation.

The group of azoreductases also includes mammalian enzymes, such as NAD(P)H
quinone dehydrogenase 1 (NQO1) and N-ribosyldihydronicotinamide:quinone reductase 2
(NQO2), which can reduce the same compounds as bacterial azoreductases [101]. NQOs
are dimeric proteins that contain FAD as a cofactor in each subunit and catalyze the benefi-
cial two-electron reduction of quinones to hydroquinones [102,103]. The DT-diaphorase
catalyzed reduction prevents the undesirable reversible one-electron reduction of quinones
to semiquinone with the generation of ROS. NQO1, which is better characterized than
NQO2, has several important biological functions, including the detoxification of quinone
compounds, protein stabilization, and activation of endogenous oxidants, such as vitamin
K, co-enzyme Q, and α-tocopherol [104]. NQO1 is involved in the degradation of many
proteins and is often overexpressed in many types of cancer, which is associated with a
poor prognosis. NQO1 level also correlates with hypoxia [105]. NQO1 stabilizes HIF1α by
binding and preventing its interaction with PHD [106]. Many studies have reported that
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the increased reduction of azogroups occurs under hypoxic conditions, which may be an
effective strategy for designing prodrugs and hypoxia probes [107–113].

Punganuru et al. examined NQO1 expression levels by Western blot in four cell lines;
two tumor cell lines, A549 and H460; and two normal lines, IMR90 and HUVEC [84]. In
tumor cells, the expression level of NQO1 was very high, while the normal lines did not
express the protein. The level of NQO1 expression correlated well with the intensity of
the fluorescent NIR probe based on the conjugation of the dicyanoisophorone fluorophore
with the NQO1 substrate—quinonopropionic acid. Moreover, in vivo studies in a mouse
model showed that NQO1 was present only in the tumor tissue and not in the other ones.
Additionally, to validate the NQO1-specific activation of the tested probe, NQO1-positive
(A549) and NQO1-negative (MDA-MB-231) tumors were generated in the same mouse.
Following the intravenous administration of the tested probe, intense fluorescence was
observed only for the NQO1-positive A549 tumor, whereas there was no discernible signal
in the NQO1-negative MDA-MB-231 tumor.

Studies comparing NQO1 expression under hypoxic and normoxic conditions in dif-
ferent tumor lines provide contradictory information. The studies performed by O’Dwyer
et al. showed a 4-fold increase in NQO1 mRNA in human HT29 cells incubated for 24 h
under anaerobic conditions. It is worth noting that, however, hypoxia was achieved by
exposing the cells to insufflation through needles with N2 [86]. Manley et al. examined
15 different tumor lines for NQO1 levels in normoxia and hypoxia (0.3% for 24 h) [85].
Western blot analysis showed that NQO1 levels ranged from high (H460, DU145, A549, and
FaDu cells), through intermediate (9 L, Colo-205, HT-29, U251, and BxPC-3), to low (KM12,
H522, and PC3 cells), while, in T47D and MDA-MB-231 cells, NQO1 was not detected.
However, no differences were found in the level of NQO1 between cells grown under
hypoxia and normoxia.

4.3. Cytochrome p450 Reductase (POR)

Various investigations show that cytochrome p450 reductase plays a crucial role in
the catalysis of the reduction of bioreductive agents [114]. Cytochrome p450 reductase
(POR) is a membrane-bound enzyme localized in the endoplasmic reticulum that transfers
electrons from NADPH to cytochrome p450 or other heme proteins. POR is involved in
the metabolism of drugs and steroid hormones and xenobiotics [115]. Cytochrome p450
reductase is a one-electron reductase that, apart from the reduction of the cytochrome
P450 under physiological conditions, is the major factor in the activation of quinone and
nitroaromatic compounds [116–119]. Cytochrome p450 reductases are attractive therapeutic
targets to activate prodrugs in hypoxia. A strong correlation was observed between the
expression of cytochrome p450 reductase and the bioactivation of tirapazamine [53,120] and
PR-104A (the metabolite of PR-104 after the hydrolysis of the phospho–ester bond) [116]
in hypoxia. Accordingly, POR plays an important role in activating prodrugs, and these
indications come from experiments in which the overexpression of this enzyme is induced.
Guise et al. additionally demonstrated that the inhibition of POR expression by 91%
reduced the toxicity of PR-104A by 47%, which confirms that POR is one of the main,
but not the only, reductase responsible for the hypoxic activation of this prodrug [116].
Furthermore, the antiproliferative potency of SN30000 under oxygen-deprived conditions
was strongly increased by the overexpression of POR [121]. Likewise, genetic screening for
enzymes required for HAP activity in hypoxia identified cytochrome p450 reductase as a
major determinant of sensitivity to HAPs [122]. Although much work has been conducted
to confirm the involvement of POR in HAP activation, there is still insufficient research
to quantify it in unmodified tumor cells under normoxic and hypoxic conditions. Nytko
et al. showed that the expression level of POR in head and neck squamous cell carcinomas
(UT-SCC-14) and in a lung cancer cell line (A549) was not influenced by hypoxia, remaining
on the same level as in normoxia (Table 1) [55]. However, it was dependent on a cell line.
The level of POR expression in the UT-SCC-14 cell line was strongly decreased compared
to the A549 cell line, which correlated well with the sensitivity of cells to evophosphamide.
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Furthermore, the downregulation of POR levels in transfected A549 cells reduced their
sensitivity to evophosphamide. This demonstrates the importance of POR evaluation for the
effective application of prodrugs activated by this enzyme. Much recent work has focused
on investigating the use of POR to bioactivate various hypoxia imaging probes [123–126].

4.4. Xanthine Oxidase (XO)/Xanthine Oxidoreductase (XOR)

Xanthine oxidase (XO) can be formed from xanthine dehydrogenase (XDH), either
by irreversible proteolysis or reversibly by thiol oxidation or phosphorylation as a post-
translational regulation of XDH activity [127]. In many studies, scientists do not indicate
what form of enzyme they work with or cannot distinguish between them, and use the
name xanthine oxidoreductase (XOR), which includes both XDH and XO. XOR is widely
distributed in a variety of species, including humans, and is mainly responsible for purine
catabolism. XOR is a homodimeric metalloflavoprotein containing a molybdenum ion,
one flavin adenine dinucleotide (FAD) cofactor, and two iron–sulfur redox centers in each
subunit [128,129]. XOR catalyzes the oxidation of hypoxanthine to xanthine and then to
uric acid. The key difference between these two forms of enzymes is the decreased affinity
for NAD+ and the increased affinity for O2 of XO compared to XDH. Both XO and XDH can
univalently reduce molecular oxygen to a superoxide radical or divalently form hydrogen
peroxide; however, XO is considered as a major ROS producer [130,131]. The ROS formed
under physiological conditions activate various signaling pathways, but when homeostasis
is disturbed, it has a destructive effect on cells [132]. In recent years, many scientists
have indicated that XO can perform the functions of nitroreductase by reducing nitro
compounds with the simultaneous oxidation of xanthine or NADH [133–135]. Additionally,
in vivo studies demonstrated that the level of XOR expression was related to the oxygen
concentration in the tissues. Hypoxia upregulates XDH gene expression, as well as its
conversion to XO in a cellular system [88,136].

Linder et al. confirmed that the total XOR activity (XO + XDH) increased under
hypoxia conditions. The incubation of BEAS-2B cells under hypoxic conditions (3% O2)
for 24 or 48 h increased XOR activity by 3- and 8-fold, compared to normoxic conditions
(21% O2), respectively [87]. A further decrease in O2 concentration to 0.5% did not signifi-
cantly change XOR activity, compared with 3%. However, the quantitative XOR protein
analysis performed using the ELISA test, as well as Western blot, and the analysis of the
XHD mRNA level in lysates showed no change regardless of the oxygen concentration. The
increase in XOR activity in hypoxia without the need to synthesize new proteins was related
to the post-translational activation of XOR by phosphorylation at low oxygen concentra-
tions. This process was not associated with the conversion of XDH to XO. Two independent
groups of researchers attained similar conclusions [89,90]. Kayyali et al. showed that XOR
was phosphorylated in hypoxic RPMEC cells through a mechanism engaging p38 kinase
and casein kinase II. The incubation of cells for 4 h in 3% O2 resulted in a 50-fold increase in
XOR phosphorylation, which increased the activity of XOR more than 2-fold. The increase
in the XOR enzyme activity was not caused by the change in the amount of protein, but
only by a posttranslational modification of the protein [89]. Furthermore, Poss et al. also
noticed a 2-fold increase in XOR activity without changing the protein expression in bovine
aortic endothelial cells incubated under hypoxic conditions (3% O2) [90]. However, the
quantification of the activity and level of XOR expression in the lungs of rats exposed to a
hypobaric atmosphere (0.5 atm) for 24 h showed that, in the lungs of those rats, the activity
of XOR increased 2-fold, which was correlated with a 2-fold increase in the XOR mRNA
and protein expressions determined by the PCR method and Western blot, respectively [90].

The proven overexpression (in vivo studies) or increased activation of xanthine oxidase
(in vivo and in vitro studies) under hypoxic conditions suggests that nitro compounds as
prodrugs might be metabolized by this enzyme, in addition to nitroreductase. In the 1990s,
research had already been conducted concerning the reduction of nitroimidazole catalyzed
by XO under anaerobic conditions [137]. The influence of XO as one of the possible or main
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enzymes activating compounds in hypoxia has been considered in many studies in recent
years [138–145].

4.5. Cytochrome b5 Reductase (CYB5R)

Cytochrome b5 reductase (CYB5R) is a flavoprotein oxidoreductase enzyme that
catalyzes the one-electron reduction of ferricytochrome b5 from (Fe3+) to ferrocytochrome
b5 (Fe2+) using NADH as a coenzyme [146]. This enzyme exists in two isoforms that differ
in location and function. The amphipathic microsomal isoform, together with cytochrome
b5, is involved in the metabolism of xenobiotics, desaturation and elongation of fatty acids,
cholesterol biosynthesis, and drug metabolism. The second, soluble form of CYP5R found
in erythrocytes is responsible for the reduction of methemoglobin to hemoglobin [147].
Cytochrome b5 reductase, unlike the enzymes previously described, is present at relatively
low levels, independently on tissue oxygenation. Apparently, for this reason, there is little
interest in it, but several studies have confirmed that this enzyme plays an important role in
activating some prodrugs [148]. It has been shown that, in addition to P450 reductase and
quinone oxidoreductase, CYB5R is involved in the activation of the mitomycin C prodrug
by reducing its quinone moiety. Its overexpression in cells increases susceptibility to the
prodrug in relation to the parental line, both under aerobic and hypoxic conditions [149,150].
Other studies have revealed that CYP5R together with OX participates in the one-electron
activation of the nitro-reduction group of KS119. Their overexpression in cells activates
the cytotoxic effect of the compound analogously to type-II NTR, only under hypoxic
conditions [140].

4.6. Critical Implications

The data presented in this section should be approached with some caution. Due to
the very few reports on the examination of the level or activity of the enzymes listed in
Table 2, driven by a direct comparison of cells cultivated under hypoxia to normoxia, they
do not constitute statistically significant data concerning oxidoreductases involved in the
activation of HAPs. These are selective data for only a few cell lines and, undoubtedly,
in order to be able to draw meaningful conclusions, further research is needed. Recent
extensive studies showed that 1-electron reduction is critically important in reducing HAPs
and, among the enzymes involved in this process, cytochrome p450 reductase, followed by
5-methyltetrahydrofolate-homocysteine methyltransferase as well as NADPH-dependent
diflavin oxidoreductase 1 (NDOR1), nitric oxide synthase 2 (NOS2), or cytochrome b5
reductase (CYB5R), were identified [76,121,151]. It should be noted that the type of oxidore-
ductase involved in the reduction of different HAPs may vary. Therefore, the profiling of
the reductases relevant to each HAP, along with the assessment of their expression level
or activity in tumors, would help in the stratification of patients. Although 2-electron
oxidoreductases, such as NQO1 and aldo-keto reductase family 1 member C3 (AKR1C3),
represent the “off-target” activation of HAPs due to their presence in normal human tissues,
they can still serve for bioimaging since it relies on non-toxic metabolites and these enzymes
are overexpressed in some tumors.

5. Visualization of the Level of Hypoxia

One of the main reasons for the failure of HAPs in clinical trials is the insufficient
knowledge of the tumor oxygenation level in treated patients. Due to the high hetero-
geneity of tumors, the level of hypoxia can significantly differ in patients, even with the
same type of tumor. Therefore, there is an urgent need to assess the level of hypoxia. The
quantification of hypoxia enables the assessment of disease severity, the impact of therapy,
and the patient’s prognosis. To date, numerous methods have been developed to selectively
detect hypoxia in a clinical setting, such as Positron Emission Tomography (PET), Magnetic
Resonance Imaging (MRI), and Electron Paramagnetic Resonance Imaging (EPRI) [152,153].
Nowadays, the most common non-invasive method to quantify tumor hypoxia is PET,
which uses radiotracer probes that are selectively trapped in areas of hypoxic tissue [154].
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Usually, the probes are 18F-containing 2-nitroimidazole (e.g., FMISO ((2-nitro-1-H-imidazol-
1-yl)-3-fluoro-2-propan-2-ol), FAZA (1-(5-fluoro-5-deoxy-a-D-arabinofuranosyl)-2-nitroimi-
dazole), or EF5 (2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluor-opropyl)acetamide)),
which can strongly covalently bind to cellular macromolecules in a hypoxic environ-
ment [152]. Additionally, 60/64Cu thiosemicarbazone derivatives (60/64Cu ATSM) and 18F
fluorodeoxyglucose (18F-FDG) have been recently investigated as PET tracers [155].

One of the most promising hypoxia markers is EF5, which can be used both for hypoxia
measurements by immunohistochemistry and flow cytometry, as well as hypoxia-specific
PET imaging agents. Importantly, the activation of EF5 is strongly correlated with tissue
oxygen concentration and oxidoreductase levels, making this compound a dual biomarker
of hypoxia and oxidoreductases [14,17,18]. Several trials have confirmed that the covalent
binding of the hypoxia-activated EF5 probe under hypoxic conditions correlates well with
the activation of HAPs (e.g., SN30000 or Tirapazamine), which enables the use of the probe
to predict the success of HAP therapy [56,121,156].

Another leading method for visualizing tissue hypoxia in human tumors is Blood
Oxygen-Dependent Magnetic Resonance Imaging (BOLD MRI), which relies on the param-
agnetic properties of deoxyhemoglobin to enable the assessment of blood oxygenation. The
main limitation of this method is the imaging of the changes in blood oxygenation, which
does not necessarily reflect the tissue oxygen level. The use of 19F- or 31P-labeled contrast
agents enables the quantitative mapping of hypoxic tissue and is a promising alternative to
1H MRI [153]. Another very sensitive and direct method of quantifying tissue oxygenation
is based on EPR spectroscopy. The measurement of oxygen concentration using the EPR
oximetry method involves the use of an external paramagnetic probe that interacts with
an unpaired oxygen electron, causing a change in the speed of spin–spin relaxation. The
EPR technique is currently making significant progress, but there is still a need to design
appropriate probes and instrumentation to be used in clinical trials [157].

5.1. Design Strategies for Fluorescent Turn off–on Probes for Hypoxia Imaging

Over the past decades, optical imaging has become one of the strongly developing
methods of quantifying hypoxia. The considerable progress is due to the advantage of
this technique, including the high sensitivity and low cost of probes, real-time monitoring,
no use of ionizing radiation, nanometric resolution, and the possibility of direct intraop-
erative visualization [158]. Despite their many advantages, these methods still face many
challenges. The use of optical imaging limits the depth of penetration; therefore, the de-
velopment of methods is focused on near-infrared (NIR) fluorophores. NIR probes enable
the deep penetration of photons into tissues and limit tissue damage. Additionally, the
autofluorescence of endogenous tissue dyes does not disturb the signal of NIR probes [159].

One of the approaches in the designing of hypoxia sensors is to use the reducing tumor
microenvironment for irreversible reduction catalyzed by the overexpressed oxidoreductase.
Small molecular probes for the detection of hypoxia, using the redox state of the cell, consist
of a chromophore, a linker, and a hypoxia-sensitive moiety, i.e., the nitroaromatic, quinone,
azobenzene, or azide derivatives (Figure 4) [160]. These moieties quench the fluorescence
of the fluorophore emission and, upon reaching the target site that contains the appropriate
oxidoreductase/s, the fluorescence is restored. The main mechanisms to turn off–on
fluorescence include photoinduced electron transfer (PET), intramolecular charge transfer
(ICT), excited-state intramolecular proton transfer (ESTPT), and Forster resonance energy
transfer (FRET) [21,159]. The most widely developed group of small-molecule probes are
compounds with a nitroaromatic group, which can be divided into two groups. The first
consists of sensors based on the direct connection of the reaction group with fluorophores,
which are reduced by NTR to the appropriate arylamine. The second group of NTR-
sensitive compounds has a cleavable bond. In the presence of the enzyme, a cascade
reaction occurs, leading to irreversible cleavage resulting in the release of free fluorophores.
This type of probe mainly includes ether, benzylamino, ester, carbonate, or pyridinium
linkage [21].
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imaging (based on ref [21]). [E]—oxidoreductase, NTR—Nitroreductase, POR—Cytochrome
P450 reductase, NQO—Quinone oxidoreductase, XO—Xanthine oxidase, AzoR,—Azoreductase,
CYB5R—Cytochrome b5 reductase, R—benzyl, imidazole, thiophene, or pyrrole moiety.

Apart from the nitroaromatic groups, azo derivatives can be another type of hypoxia-
detecting moiety. Depending on the degree of hypoxia, the azo group can be reduced to
aniline derivatives. Another group of fluorescent probes are compounds with a quinone
moiety that can be converted into a hydroxyquinone catalyzed by overexpressed quinone
oxidoreductase in the hypoxic microenvironment. Quinones are electron acceptors that
effectively suppress fluorophore emissions [158]. Following the reduction, the resulting
hydroquinones efficiently deliver electrons to the system, which restores fluorescence.

Detailed overviews showing the designed strategies for fluorescent probes, the under-
lying detection mechanism, and their potential applications have recently been reviewed in
some excellent review papers [21,158,160].

5.2. Evaluation of NTR Expression under Hypoxic Conditions—Correlation between Fluoresent
Imaging Probes and Biochemial Evaluation

Recently, much work has been conducted describing hundreds of probes, belonging to
various group, activated by the reduction by oxidoreductases under hypoxic conditions.
Unfortunately, most studies do not correlate the activation of the compounds with the
expression or activity of these enzymes under the conditions studied [21,158,160]. In this
chapter, we discussed the examples of fluorescent turn off–on probes whose emission signal
is related to their reduction by nitroreductase under hypoxic conditions, and we compared
their emission intensity to the expression of NTR.

Luo et al. described a fluorescein probe coupled to a paranitrobenzyl group (1, see
Figure 5) as a probe for the detection of hypoxia in tissue [80]. A free probe showing
a weak fluorescent band, after incubation with NTR and NADH, was cleaved with the
simultaneous release of a highly fluorescent derivative of fluorescein. In vivo studies
performed for three cell lines, HepG-2, A549, and SKOV-3, showed a high correlation
between the fluorescence intensity of the probe 1 and the degree of cellular hypoxia (15%,
8%, 5%, or 0.1% O2) determined by cytometry flow and confocal microscopy. The greater
activity of the probe in hypoxia was not due to an increased level of NTR in cells, which
was similar, but probably arose from the inhibition of the reoxidation of nitro anion free-
radicals under hypoxic conditions. Moreover, it was shown that probe 1 could also be
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used to distinguish the growth stages of tumors that were correlated to the degree of
hypoxia in in vivo models. Despite the constant level of NTR in tumors of various sizes,
the fluorescence intensity differed more than 2-fold in a 14 mm tumor compared to a
7 mm tumor.
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In 2021, our group, in cooperation with the group of Franck Suzenet, demonstrated
that probes formed by the combination of a pyridazinetriazapentalene fluorophore with a
hypoxia-sensitive nitrophenyl moiety (2 and 3, Figure 5) exhibited high sensitivity towards
NTRs with a detection limit as low as 20–30 ng/mL [79]. Both compounds were effec-
tively reduced by both type-I and -II nitroreductases to form highly fluorescent molecules.
Tests conducted in the presence of an oxygen-sensitive type-II nitroreductase present in
microsomes allowed for the completion of the reduction of the nitro derivative to its amine
derivative under hypoxia, resulting in a high fluorescence signal, which was not observed
under normoxic conditions. To the best of our knowledge, this work demonstrated, for the
first time, the influence of a hydrophobic environment provided by the presence of human
serum albumin (HSA) on the luminescent properties of compounds. HSA did not inactivate
probe reduction, and the fluorescence intensity of the tested probes was strongly enhanced
by the has in a concentration-dependent manner, which is a very desirable effect due to
the cellular microenvironment. In addition, in vitro studies on the A2058 line showed a
good correlation between the NTR level assessed by the ELISA test and these fluorescent
turn off–on probes when determined under normoxia (21% O2), hypoxia (1% O2), and also
chemically induced hypoxia (with desferrioxamine).

Li and co-workers developed five cyanine probes decorated with the nitro aromatic
groups for the detection of NTRs, and, following protein docking and structural analysis,
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one molecule (4, Figure 5) was selected for further studies [82]. The fluorescence signal in
the A549 cells incubated with probe 4 increased in proportion to the decreasing oxygen
concentration (10%, 5%, 3%, and 1% O2); however, these results were not correlated with the
level of NTR expressed in these cells. In vivo imaging in an A549 mouse tumor model using
probe 4 showed a very rapid and accurate detection of the tumor, with confirmed hypoxia
by PET imaging and expressed NTR by enzymatic detection. It was demonstrated that
the probe could be used to distinguish the size of tumors varying in the degree of hypoxia
and expression of NTRs. Additionally, it was possible to distinguish hypoxic tumors from
inflammatory tissues. Importantly, due to the high penetration depth and low excitation
power of the probes, the presented research may constitute a new promising strategy
for the further development of novel probes for highly sensitive in vivo nitroreductase
imaging studies.

Recently, Zhao Li et al. also conducted interesting research on a new near-infrared
(NIR) fluorescent probe created by the conjugation of 4-nitrobenzene with the hemocyanin
skeleton (5, Figure 5) for the imaging of nitroreductases in zebrafish in vivo [161]. The
probe showed a high sensitivity to NTR in the solution; the detection limit was determined
to be 14 ng/mL of nitroreductase. In addition, docking the probe to the protein revealed
seven potential hydrogen bonds between the protein and the compound indicating a
strong affinity. Moreover, in vivo studies on zebrafish correlated the level of endogenous
nitroreductase in their organisms measured using the ELISA test with the fluorescence
intensity of the tested probe. These results show that the probe has the potential to
visualize the nitroreductase in in vivo models. In these studies, the hypoxia condition was
not considered.

Near-infrared probes 6 and 7 (Figure 5) based on rhodamine fluorophore for NTR
imaging in HeLa and HepG2 cells and in vivo were described by Zhang in 2022 [81].
It was shown that, in order to increase the sensitivity to NTR, it was necessary to limit
intramolecular rotation, as in the case of probe 6. The magnitude of the impact of the limited
oxygen concentration in the atmosphere (10%, 5%, and 1% O2) was strongly correlated with
both the NTR expression determined by the ELISA test and the increase in fluorescence. In
addition, the probe was shown to be selectively accumulated in mitochondria and could be
used to determine exogenous and endogenous nitroreductases in cells. The ability of the
probe to be imaged in vivo was tested in the mouse HeLa tumor model. It was shown that
the probe selectively accumulated after about 20 min only in tumor cells, and was removed
within 6 h. The presented results indicate the potential of the probe for the quantitative
imaging of hypoxic tumors in vivo.

These few examples show that there is no simple relationship between the fluorescence
intensity of the probe and the presence of NTR. The observed signal is the superposition of
two parameters, such as oxygen concentration and NTR activity, and their separation may
be quite difficult. Therefore, such probes should be considered as combined sensors for
imaging hypoxia and specific oxidoreductase states in cells or tissues. Another aspect that
needs to be taken into account is the specificity of these probes to NTR. There is an urgent
need for more intensive research to check the possibility of the activation of these sensors
by other oxidoreductases to obtain a more complete image of their potential.

6. Conclusions

Targeted therapy based on the features unique to specific cancer cells may develop
thanks to our increasing knowledge about enzymes, proteins, or gene mutations that can
drive cancer growth as well as our better understanding of the role of tumor microenvi-
ronment in its initiation, promotion, and progression (Figure 6). Hypoxia, as an important
component of the tumor microenvironment, has attracted considerable attention from
scientists to design therapies, which take advantage of this hallmark of rapidly growing
solid tumors. Hypoxia-activated prodrugs (HAPs) that are selectively activated under
hypoxic conditions, were developed and tested up to Phase III of the clinical trials. In
spite of some encouraging antineoplastic efficacy in Phase II of the clinical trials, in Phase
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III studies, they showed little benefit and limited efficacy. As one of the possible reasons
for the failure of HAPs in clinical studies, the lack of patient screening based on tumor
hypoxia status was suggested. Therefore, the tools for the efficient and easy operating
assessment of the oxygenation of cancer tissue are urgently needed. Furthermore, HAPs
are activated by oxidoreductases, which have been presumed to be overexpressed under
hypoxic conditions. However, as it was discussed in this review, our knowledge about
the expression and activity of these enzymes in various cancer cell lines under hypoxic
conditions is inadequate. The in vivo assessment of oxidoreductases is almost negligible.
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and imaging of hypoxia.

The coexistence of two parameters, such as the presence of oxidoreductases and
reduced oxygen concentration, are a prerequisite for successful HAPs therapies and patients
expected to benefit from such therapies need to be pre-selected. Recently, the optical probes,
which are based on turning on the fluorescence emission due to their irreversible reduction
catalyzed by the overexpressed oxidoreductases, have been developed for the imaging
of hypoxia. Such sensors are supposed to be very useful for assessing, in one step, both
the activity of oxidoreductases and the degree of oxygenation. However, there is still
insufficient information about the selectivity and sensitivity of such sensors. In spite of
testing hundreds of sensors, only in a few examples, their response was correlated with the
expression or activity of enzymes potentially responsible for turning on their emissions. In
addition, to date, any routine procedure has been proposed to quantify the concentrations
of oxidoreductases or degrees of hypoxia using such sensors in vitro, ex vivo, or in vivo.
The available data rather focuses on the comparison of fluorescent emission of probes
incubated with cell growth under different oxygen conditions. In vitro tests attributed to
hypoxia were conducted under various conditions, such as the O2 concentration (varying
from 0.1–3%) or incubation time, and various equipment was used to provide cells with
appropriate conditions. Therefore, the comparison of the obtained data is not possible and
the development of a more standard hypoxia model for this type of research would help in
the evaluation of these sensors.

An alternative application of HAPs has been proposed by Li et al., who demonstrated
that micrometastases (<1 mm in diameter) are highly hypoxic and therefore may be a target
for this type of drug [1,162]. The group is currently working to prove this concept. This
mode of action of HAPs would be particularly advantageous from the point of view of
treating metastatic cancer at an early stage, for which no therapies are available.



Cancers 2022, 14, 2686 20 of 26

Author Contributions: Writing—original draft preparation, E.J.-C., O.M., A.K. and M.B.; visualiza-
tion, E.J.-C.; writing—review and editing, M.B.; funding acquisition, M.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research and the APC was funded by the National Science Center (2019/33/B/NZ7/02980).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
writing of the manuscript.

References
1. Li, Y.; Zhao, L.; Li, X.F. Targeting Hypoxia: Hypoxia-Activated Prodrugs in Cancer Therapy. Front. Oncol. 2021, 11, 2920.

[CrossRef] [PubMed]
2. Walsh, J.C.; Lebedev, A.; Aten, E.; Madsen, K.; Marciano, L.; Kolb, H.C. The Clinical Importance of Assessing Tumor Hypoxia:

Relationship of Tumor Hypoxia to Prognosis and Therapeutic Opportunities. Antioxid. Redox Signal. 2014, 21, 1516–1554.
[CrossRef] [PubMed]

3. Bayer, C.; Shi, K.; Astner, S.T.; Maftei, C.A.; Vaupel, P. Acute versus chronic hypoxia: Why a simplified classifi-cation is simply
not enough. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 965–968. [CrossRef] [PubMed]

4. Challapalli, A.; Carroll, L.; Aboagye, E.O. Molecular mechanisms of hypoxia in cancer. Clin. Transl. Imaging 2017, 5, 225–253.
[CrossRef]

5. Wouters, A.; Pauwels, B.; Lardon, F.; Vermorken, J.B. Review: Implications of in vitro research on the effect of radiotherapy and
chemotherapy under hypoxic conditions. Oncologist 2007, 12, 690–712. [CrossRef]

6. Vaupel, P.; Harrison, L. Tumor hypoxia: Causative factors, compensatory mechanisms, and cellular response. Oncologist 2004, 9
(Suppl. 5), 4–9. [CrossRef]

7. Muz, B.; de la Puente, P.; Azab, F.; Azab, A.K. The role of hypoxia in cancer progression, angiogenesis, metas-tasis, and resistance
to therapy. Hypoxia 2015, 3, 83. [CrossRef]

8. Li, X.F.; O’Donoghue, J.A. Hypoxia in microscopic tumors. Cancer Lett. 2008, 264, 172–180. [CrossRef]
9. Vaupel, P. Physiological Mechanisms of Treatment Resistance; Springer: Berlin/Heidelberg, Germany, 2009. [CrossRef]
10. Moeller, B.J.; Richardson, R.A.; Dewhirst, M.W. Hypoxia and radiotherapy: Opportunities for improved out-comes in cancer

treatment. Cancer Metastasis Rev. 2007, 26, 241–248. [CrossRef]
11. Rofstad, E.K.; Sundfør, K.; Lyng, H.; Tropé, C.G. Hypoxia-induced treatment failure in advanced squamous cell carcinoma of the

uterine cervix is primarily due to hypoxia-induced radiation resistance rather than hypox-ia-induced metastasis. Br. J. Cancer
2000, 83, 354–359. [CrossRef]

12. Singleton, D.C.; Macann, A.; Wilson, W.R. Therapeutic targeting of the hypoxic tumour microenvironment. Nat. Rev. Clin. Oncol.
2021, 18, 751–772. [CrossRef] [PubMed]

13. Jubb, A.M.; Buffa, F.M.; Harris, A.L. Assessment of tumour hypoxia for prediction of response to therapy and cancer prognosis. J.
Cell. Mol. Med. 2010, 14, 18–29. [CrossRef] [PubMed]

14. Koch, C.J.; Evans, S.M. Optimizing Hypoxia Detection and Treatment Strategies. Semin. Nucl. Med. 2015, 45, 163. [CrossRef]
[PubMed]

15. Kim, J.Y.; Lee, J.Y. Targeting Tumor Adaption to Chronic Hypoxia: Implications for Drug Resistance, and How It Can Be Overcome.
Int. J. Mol. Sci. 2017, 18, 1854. [CrossRef]

16. Evans, S.M.; Koch, C.J. Prognostic significance of tumor oxygenation in humans. Cancer Lett. 2003, 195, 1–16. [CrossRef]
17. Dhani, N.; Fyles, A.; Hedley, D.; Milosevic, M. The clinical significance of hypoxia in human cancers. Semin. Nucl. Med. 2015, 45,

110–121. [CrossRef]
18. Koch, C.J. Measurement of absolute oxygen levels in cells and tissues using oxygen sensors and 2-nitroimidazole EF5. Methods

Enzym. 2002, 352, 3–31. [CrossRef]
19. Godet, I.; Doctorman, S.; Wu, F.; Gilkes, D.M. Detection of Hypoxia in Cancer Models: Significance, Challenges, and Advances.

Cells 2022, 11, 686. [CrossRef]
20. Xue, F.; Chen, J.; Chen, H. Design strategy of optical probes for tumor hypoxia imaging. Sci. China Life Sci. 2020, 63, 1786–1797.

[CrossRef]
21. Qi, Y.L.; Guo, L.; Chen, L.L.; Li, H.; Yang, Y.S.; Jiang, A.Q.; Zhu, H.L. Recent progress in the design principles, sensing mechanisms,

and applications of small-molecule probes for nitroreductases. Coord. Chem. Rev. 2020, 421, 213460. [CrossRef]
22. Petrova, V.; Annicchiarico-Petruzzelli, M.; Melino, G.; Amelio, I. The hypoxic tumour microenvironment. Oncogenesis 2018, 7, 10.

[CrossRef] [PubMed]
23. Semenza, G.L. Hypoxia-Inducible Factors in Physiology and Medicine. Cell 2012, 148, 399–408. [CrossRef] [PubMed]
24. Maxwell, P.H. The HIF pathway in cancer. Semin. Cell Dev. Biol. 2005, 16, 523–530. [CrossRef] [PubMed]
25. Ohh, M. Ubiquitin Pathway in VHL Cancer Syndrome. Neoplasia 2006, 8, 623–629. [CrossRef] [PubMed]
26. Dayan, F.; Mazure, N.M.; Brahimi-Horn, M.C.; Pouysségur, J. A Dialogue between the Hypox-ia-Inducible Factor and the Tumor

Microenvironment. Cancer Microenviron. 2008, 1, 53–68. [CrossRef] [PubMed]
27. Semenza, G.L. Oxygen Sensing, Homeostasis, and Disease. Mech. Dis. 2011, 365, 537–547. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2021.700407
http://www.ncbi.nlm.nih.gov/pubmed/34395270
http://doi.org/10.1089/ars.2013.5378
http://www.ncbi.nlm.nih.gov/pubmed/24512032
http://doi.org/10.1016/j.ijrobp.2011.02.049
http://www.ncbi.nlm.nih.gov/pubmed/21683887
http://doi.org/10.1007/s40336-017-0231-1
http://doi.org/10.1634/theoncologist.12-6-690
http://doi.org/10.1634/theoncologist.9-90005-4
http://doi.org/10.2147/HP.S93413
http://doi.org/10.1016/j.canlet.2008.02.037
http://doi.org/10.1007/978-3-540-74386-6_15
http://doi.org/10.1007/s10555-007-9056-0
http://doi.org/10.1054/bjoc.2000.1266
http://doi.org/10.1038/s41571-021-00539-4
http://www.ncbi.nlm.nih.gov/pubmed/34326502
http://doi.org/10.1111/j.1582-4934.2009.00944.x
http://www.ncbi.nlm.nih.gov/pubmed/19840191
http://doi.org/10.1053/j.semnuclmed.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25704388
http://doi.org/10.3390/ijms18091854
http://doi.org/10.1016/S0304-3835(03)00012-0
http://doi.org/10.1053/j.semnuclmed.2014.11.002
http://doi.org/10.1016/S0076-6879(02)52003-6
http://doi.org/10.3390/cells11040686
http://doi.org/10.1007/s11427-019-1569-4
http://doi.org/10.1016/j.ccr.2020.213460
http://doi.org/10.1038/s41389-017-0011-9
http://www.ncbi.nlm.nih.gov/pubmed/29362402
http://doi.org/10.1016/j.cell.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22304911
http://doi.org/10.1016/j.semcdb.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16144689
http://doi.org/10.1593/neo.06442
http://www.ncbi.nlm.nih.gov/pubmed/16925945
http://doi.org/10.1007/s12307-008-0006-3
http://www.ncbi.nlm.nih.gov/pubmed/19308685
http://doi.org/10.1056/NEJMra1011165
http://www.ncbi.nlm.nih.gov/pubmed/21830968


Cancers 2022, 14, 2686 21 of 26

28. Masoud, G.N.; Li, W. HIF-1α pathway: Role, regulation and intervention for cancer therapy. Acta Pharm. Sin. B 2015, 5, 378.
[CrossRef]

29. Brahimi-Horn, M.C.; Chiche, J.; Pouysségur, J. Hypoxia and cancer. J. Mol. Med. 2007, 85, 1301–1307. [CrossRef]
30. Semenza, G.L. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene 2010, 29, 625–634.

[CrossRef]
31. Infantino, V.; Santarsiero, A.; Convertini, P.; Todisco, S.; Iacobazzi, V. Cancer Cell Metabolism in Hypoxia: Role of HIF-1 as Key

Regulator and Therapeutic Target. Int. J. Mol. Sci. 2021, 22, 5703. [CrossRef]
32. Dengler, V.L.; Galbraith, M.D.; Espinosa, J.M. Transcriptional Regulation by Hypoxia Inducible Factors. Crit. Rev. Biochem. Mol.

Biol. 2014, 49, 1. [CrossRef] [PubMed]
33. Le, Q.T.; Courter, D. Clinical Biomarkers for Hypoxia Targeting. Cancer Metastasis Rev. 2008, 27, 351. [CrossRef] [PubMed]
34. Loboda, A.; Jozkowicz, A.; Dulak, J. HIF-1 and HIF-2 transcription factors–similar but not identical. Mol. Cells 2010, 29, 435–442.

[CrossRef] [PubMed]
35. Koh, M.Y.; Powis, G. Passing the baton: The HIF switch. Trends Biochem. Sci. 2012, 37, 364–372. [CrossRef] [PubMed]
36. Hunter, F.W.; Wouters, B.G.; Wilson, W.R. Hypoxia-activated prodrugs: Paths forward in the era of personal-ised medicine. Br. J.

Cancer 2016, 114, 1071–1077. [CrossRef] [PubMed]
37. Spiegelberg, L.; Houben, R.; Niemans, R.; de Ruysscher, D.; Yaromina, A.; Theys, J.; Guise, C.P.; Smaill, J.B.; Patterson, A.V.;

Lambin, P.; et al. Hypoxia-activated prodrugs and (lack of) clinical progress: The need for hypoxia-based biomarker patient
selection in phase III clinical trials. Clin. Transl. Radiat. Oncol. 2019, 15, 62–69. [CrossRef]

38. Mistry, I.N.; Thomas, M.; Calder, E.D.D.; Conway, S.J.; Hammond, E.M. Clinical Advances of Hypox-ia-Activated Prodrugs in
Combination With Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2017, 98, 1183–1196. [CrossRef]

39. Rischin, D.; Peters, L.; Fisher, R.; Macann, A.; Denham, J.; Poulsen, M.; Jackson, M.; Kenny, L.; Penniment, M.; Carry, J.; et al.
Tirapazamine, Cisplatin, and Radiation versus Fluorouracil, Cisplatin, and Ra-diation in patients with locally advanced head and
neck cancer: A randomized phase II trial of the Trans-Tasman Radiation Oncology Group (TROG 98.02). J. Clin. Oncol. 2005, 23,
79–87. [CrossRef]

40. Le, Q.T.; Taira, A.; Budenz, S.; Dorie, M.J.; Goffinet, D.R.; Fee, W.E.; Goode, R.; Bloch, D.; Koong, A.; Brown, J.M.; et al. Mature
results from a randomized phase II trial of cisplatin plus 5-fluorouracil and radiotherapy with or without tirapazamine in patients
with resectable stage IV head and neck squamous cell carcinomas. Cancer 2006, 106, 1940–1949. [CrossRef]

41. Rischin, D.; Peters, L.J.; O’Sullivan, B.; Giralt, J.; Fisher, R.; Yuen, K.; Trotti, A.; Bernier, J.; Bourhis, J.; Ringash, J.; et al.
Tirapazamine, cisplatin, and radiation versus cisplatin and radiation for advanced squa-mous cell carcinoma of the head and neck
(TROG 02.02, HeadSTART): A phase III trial of the Trans-Tasman Radiation Oncology Group. J. Clin. Oncol. 2010, 28, 2989–2995.
[CrossRef]

42. van Cutsem, E.; Lenz, H.-J.; Furuse, J.; Tabernero, J.; Heinemann, V.; Ioka, T.; Bazin, I.; Ueno, M.; Csõszi, T.; Wasan, H.; et al.
Evofosfamide (TH-302) in combination with gemcitabine in previously untreated patients with metastatic or locally advanced
unresectable pancreatic ductal adenocarcinoma: Primary analysis of the randomized, double-blind phase III MAESTRO study. J.
Clin. Oncol. 2016, 34, 193. [CrossRef]

43. Larue, R.T.H.M.; van de Voorde, L.; Berbée, M.; van Elmpt, W.J.C.; Dubois, L.J.; Panth, K.M.; Peeters, S.G.J.A.; Claessens, A.;
Schreurs, W.M.J.; Nap, M.; et al. A phase 1 “window-of-opportunity” trial testing evofosfamide (TH-302), a tumour-selective
hypoxia-activated cy-totoxic prodrug, with preoperative chemoradiotherapy in oesophageal adenocarcinoma patients. BMC
Cancer 2016, 16, 644. [CrossRef] [PubMed]

44. Overgaard, J.; Hansen, H.S.; Overgaard, M.; Bastholt, L.; Berthelsen, A.; Specht, L.; Lindeløv, B.; Jørgensen, K. A randomized
double-blind phase III study of nimorazole as a hypoxic radiosensitizer of primary radiotherapy in supraglottic larynx and
pharynx carcinoma. Results of the Danish Head and Neck Cancer Study (DA-HANCA) Protocol 5-85. Radiother. Oncol. 1998, 46,
135–146. [CrossRef]

45. Overgaard, J.; Eriksen, J.G.; Nordsmark, M.; Alsner, J.; Horsman, M.R. Plasma osteopontin, hypoxia, and re-sponse to the hypoxia
sensitiser nimorazole in radiotherapy of head and neck cancer: Results from the DA-HANCA 5 randomised double-blind
placebo-controlled trial. Lancet Oncol. 2005, 6, 757–764. [CrossRef]

46. Metwally, M.A.H.; Ali, R.; Kuddu, M.; Shouman, T.; Strojan, P.; Iqbal, K.; Prasad, R.; Grau, C.; Overgaard, J. IAEA-HypoX. A
randomized multicenter study of the hypoxic radiosensitizer nimorazole concomitant with accelerated radiotherapy in head and
neck squamous cell carcinoma. Radiother. Oncol. 2015, 116, 15–20. [CrossRef] [PubMed]

47. McLean, L.S.; Morris, T.A.; Gramza, A.; Liu, S.; Khan, S.A.; Colevas, A.D.; Pearce, T.; Rischin, D. A phase II study of tarloxotinib (a
hypoxia activated prodrug of a pan-erb tyrosine kinase inhibitor) in patients with recurrent or metastatic squamous cell carcinoma
of the head and neck or skin. Investig. New Drugs 2022, 1–7. [CrossRef] [PubMed]

48. McKeage, M.J.; Jameson, M.B.; Ramanathan, R.K.; Rajendran, J.; Gu, Y.; Wilson, W.R.; Melink, T.J.; Tche-kmedyian, N.S. PR-104 a
bioreductive pre-prodrug combined with gemcitabine or docetaxel in a phase Ib study of patients with advanced solid tumours.
BMC Cancer 2012, 12, 496. [CrossRef]

49. Steward, W.P.; Middleton, M.; Benghiat, A.; Loadman, P.M.; Hayward, C.; Waller, S.; Ford, S.; Halbert, G.; Patterson, L.H.; Talbot,
D. The use of pharmacokinetic and pharmacodynamic end points to determine the dose of AQ4N, a novel hypoxic cell cytotoxin,
given with fractionated radiotherapy in a phase I study. Ann. Oncol. 2007, 18, 1098–1103. [CrossRef]

http://doi.org/10.1016/j.apsb.2015.05.007
http://doi.org/10.1007/s00109-007-0281-3
http://doi.org/10.1038/onc.2009.441
http://doi.org/10.3390/ijms22115703
http://doi.org/10.3109/10409238.2013.838205
http://www.ncbi.nlm.nih.gov/pubmed/24099156
http://doi.org/10.1007/s10555-008-9144-9
http://www.ncbi.nlm.nih.gov/pubmed/18483785
http://doi.org/10.1007/s10059-010-0067-2
http://www.ncbi.nlm.nih.gov/pubmed/20396958
http://doi.org/10.1016/j.tibs.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22818162
http://doi.org/10.1038/bjc.2016.79
http://www.ncbi.nlm.nih.gov/pubmed/27070712
http://doi.org/10.1016/j.ctro.2019.01.005
http://doi.org/10.1016/j.ijrobp.2017.03.024
http://doi.org/10.1200/JCO.2005.01.072
http://doi.org/10.1002/cncr.21785
http://doi.org/10.1200/JCO.2009.27.4449
http://doi.org/10.1200/jco.2016.34.4_suppl.193
http://doi.org/10.1186/s12885-016-2709-z
http://www.ncbi.nlm.nih.gov/pubmed/27535748
http://doi.org/10.1016/S0167-8140(97)00220-X
http://doi.org/10.1016/S1470-2045(05)70292-8
http://doi.org/10.1016/j.radonc.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25913070
http://doi.org/10.1007/s10637-022-01230-w
http://www.ncbi.nlm.nih.gov/pubmed/35435625
http://doi.org/10.1186/1471-2407-12-496
http://doi.org/10.1093/annonc/mdm120


Cancers 2022, 14, 2686 22 of 26

50. Haffty, B.G.; Wilson, L.D.; Son, Y.H.; Cho, E.I.; Papac, R.J.; Fischer, D.B.; Rockwell, S.; Sartorelli, A.C.; Ross, D.A.; Sasaki, C.T.; et al.
Concurrent chemo-radiotherapy with mitomycin C compared with porfiromycin in squamous cell cancer of the head and neck:
Final results of a randomized clinical trial. Int. J. Radiat. Oncol. Biol. Phys. 2005, 61, 119–128. [CrossRef]

51. Zeman, E.M.; Brown, J.M.; Lemmon, M.J.; Hirst, V.K.; Lee, W.W. SR-4233: A new bioreductive agent with high selective toxicity
for hypoxic mammalian cells. Int. J. Radiat. Oncol. Biol. Phys. 1986, 12, 1239–1242. [CrossRef]

52. Doherty, N.; Hancock, S.L.; Kaye, S.; Coleman, C.N.; Shulman, L.; Marquez, C.; Mariscal, C.; Rampling, R.; Senan, S.; Roemeling,
R.V. Muscle cramping in phase I clinical trials of tirapazamine (SR 4233) with and without radiation. Int. J. Radiat. Oncol. Biol.
Phys. 1994, 29, 379–382. [CrossRef]

53. Saunders, M.P.; Patterson, A.V.; Chinje, E.C.; Harris, A.L.; Stratford, I.J. NADPH:cytochrome c (P450) reductase activates
tirapazamine (SR4233) to restore hypoxic and oxic cytotoxicity in an aerobic resistant derivative of the A549 lung cancer cell line.
Br. J. Cancer 2000, 82, 651–656. [CrossRef] [PubMed]

54. Hicks, K.O.; Siim, B.G.; Jaiswal, J.K.; Pruijn, F.B.; Fraser, A.M.; Patel, R.; Hogg, A.; Liyanage, H.D.S.; Dorie, M.J.; Brown, J.M.; et al.
Pharmacokinetic/pharmacodynamic modeling identifies SN30000 and SN29751 as tirapazamine analogues with improved tissue
penetration and hypoxic cell killing in tumors. Clin. Cancer Res. 2010, 16, 4946–4957. [CrossRef]

55. Nytko, K.J.; Grgic, I.; Bender, S.; Ott, J.; Guckenberger, M.; Riesterer, O.; Pruschy, M. The hypoxia-activated pro-drug evofosfamide
in combination with multiple regimens of radiotherapy. Oncotarget 2017, 8, 23702–23712. [CrossRef]

56. Peeters, S.G.J.A.; Zegers, C.M.L.; Biemans, R.; Lieuwes, N.G.; van Stiphout, R.G.P.M.; Yaromina, A.; Sun, J.D.; Hart, C.P.;
Windhorst, A.D.; van Elmpt, W.; et al. TH-302 in Combination with Radiotherapy En-hances the Therapeutic Outcome and Is
Associated with Pretreatment [18F]HX4 Hypoxia PET Imaging. Clin. Cancer Res. 2015, 21, 2984–2992. [CrossRef] [PubMed]

57. Borad, M.J.; Reddy, S.G.; Bahary, N.; Uronis, H.E.; Sigal, D.; Cohn, A.L.; Schelman, W.R.; Stephenson, J.; Chi-orean, E.G.; Rosen,
P.J.; et al. Randomized Phase II Trial of Gemcitabine Plus TH-302 Versus Gemcitabine in Patients With Advanced Pancreatic
Cancer. J. Clin. Oncol. 2015, 33, 1475–1481. [CrossRef]

58. Chawla, S.P.; Cranmer, L.D.; van Tine, B.A.; Reed, D.R.; Okuno, S.H.; Butrynski, J.E.; Adkins, D.R.; Hendifar, A.E.; Kroll, S.;
Ganjoo, K.N. Phase II study of the safety and antitumor activity of the hypoxia-activated prodrug TH-302 in combination with
doxorubicin in patients with advanced soft tissue sarcoma. J. Clin. Oncol. 2014, 32, 3299–3306. [CrossRef]

59. Ganjoo, K.N.; Cranmer, L.D.; Butrynski, J.E.; Rushing, D.; Adkins, D.; Okuno, S.H.; Lorente, G.; Kroll, S.; Langmuir, V.K.;
Chawla, S.P. A phase I study of the safety and pharmacokinetics of the hypoxia-activated pro-drug TH-302 in combination with
doxorubicin in patients with advanced soft tissue sarcoma. Oncology 2011, 80, 50–56. [CrossRef]

60. Weiss, G.J.; Infante, J.R.; Chiorean, E.G.; Borad, M.J.; Bendell, J.C.; Molina, J.R.; Tibes, R.; Ramanathan, R.K.; Lewandowski, K.;
Jones, S.F.; et al. Phase 1 study of the safety, tolerability, and pharmacokinetics of TH-302, a hypoxia-activated prodrug, in patients
with ad-vanced solid malignancies. Clin. Cancer Res. 2011, 17, 2997–3004. [CrossRef]

61. Smaill, J.B.; Lu, G.; van Leeuwen, W.; Abbattista, M.; Anderson, R.F.; Denny, W.A.; Doñate, F.; Jaswail, J.; Ma-roz, A.; Puryer,
M.; et al. Abstract C46: Design and identification of the nov-el hypoxia-activated irreversible pan-HER inhibitor SN29966. Mol.
Cancer Ther. 2009, 8, C46. [CrossRef]

62. Phillips, R.M. Targeting the hypoxic fraction of tumours using hypoxia-activated prodrugs. Cancer Chemother. Pharmacol. 2016, 77,
441–457. [CrossRef] [PubMed]

63. Thomson, D.; Yang, H.; Baines, H.; Miles, E.; Bolton, S.; West, C.; Slevin, N. NIMRAD-a phase III trial to inves-tigate the use of
nimorazole hypoxia modification with intensity-modulated radiotherapy in head and neck cancer. Clin. Oncol. (R Coll. Radiol.)
2014, 26, 344–347. [CrossRef] [PubMed]

64. Tharmalingham, H.; Hoskin, P. Clinical trials targeting hypoxia. Br. J. Radiol. 2019, 92, 20170966. [CrossRef] [PubMed]
65. Vilaplana-Lopera, N.; Besh, M.; Moon, E.J. Targeting hypoxia: Revival of old remedies. Biomolecules 2021, 11, 1604. [CrossRef]
66. Bonnet, M.; Hong, C.R.; Wong, W.W.; Liew, L.P.; Shome, A.; Wang, J.; Gu, Y.; Stevenson, R.J.; Qi, W.; Anderson, R.F.; et al.

Next-Generation Hypoxic Cell Radiosensi-tizers: Nitroimidazole Alkylsulfonamides. J. Med. Chem. 2018, 61, 1241–1254.
[CrossRef]

67. Mortensen, L.S.; Buus, S.; Nordsmark, M.; Bentzen, L.; Munk, O.L.; Keiding, S.; Overgaard, J. Identifying hypoxia in human
tumors: A correlation study between 18F-FMISO PET and the Eppendorf oxygen-sensitive elec-trode. Acta Oncol. 2010, 49,
934–940. [CrossRef]

68. Rasey, J.S.; Koh, W.J.; Evans, M.L.; Peterson, L.M.; Lewellen, T.K.; Graham, M.M.; Krohn, K.A. Quantifying re-gional hypoxia in
human tumors with positron emission tomography of [18F]fluoromisonidazole: A pretherapy study of 37 patients. Int. J. Radiat.
Oncol. Biol. Phys. 1996, 36, 417–428. [CrossRef]

69. Walton, W.I.; Sugget, N.; Workman, P. The role of human and rodent DT-diaphorase in the reductive metabo-lism of hypoxic cell
cytotoxins. Int. J. Radiat. Oncol. Biol. Phys. 1992, 22, 643–647. [CrossRef]

70. Zhang, R.; Feng, L.; Dong, Z.; Wang, L.; Liang, C.; Chen, J.; Ma, Q.; Zhang, R.; Chen, Q.; Wang, Y.; et al. Glucose & oxygen
exhausting liposomes for combined cancer starvation and hypoxia-activated therapy. Biomaterials 2018, 162, 123–131. [CrossRef]

71. Sharrock, A.v.; McManaway, S.P.; Rich, M.H.; Mumm, J.S.; Hermans, I.F.; Tercel, M.; Pruijn, F.B.; Ackerley, D.F. Engineering the
Escherichia coli Nitroreductase NfsA to Create a Flexible Enzyme-Prodrug Activation Sys-tem. Front. Pharmacol. 2021, 12, 701456.
[CrossRef]

http://doi.org/10.1016/j.ijrobp.2004.07.730
http://doi.org/10.1016/0360-3016(86)90267-1
http://doi.org/10.1016/0360-3016(94)90293-3
http://doi.org/10.1054/bjoc.1999.0977
http://www.ncbi.nlm.nih.gov/pubmed/10682679
http://doi.org/10.1158/1078-0432.CCR-10-1439
http://doi.org/10.18632/oncotarget.15784
http://doi.org/10.1158/1078-0432.CCR-15-0018
http://www.ncbi.nlm.nih.gov/pubmed/25805800
http://doi.org/10.1200/JCO.2014.55.7504
http://doi.org/10.1200/JCO.2013.54.3660
http://doi.org/10.1159/000327739
http://doi.org/10.1158/1078-0432.CCR-10-3425
http://doi.org/10.1158/1535-7163.TARG-09-C46
http://doi.org/10.1007/s00280-015-2920-7
http://www.ncbi.nlm.nih.gov/pubmed/26811177
http://doi.org/10.1016/j.clon.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24685344
http://doi.org/10.1259/bjr.20170966
http://www.ncbi.nlm.nih.gov/pubmed/29979089
http://doi.org/10.3390/biom11111604
http://doi.org/10.1021/acs.jmedchem.7b01678
http://doi.org/10.3109/0284186X.2010.516274
http://doi.org/10.1016/S0360-3016(96)00325-2
http://doi.org/10.1016/0360-3016(92)90495-4
http://doi.org/10.1016/J.BIOMATERIALS.2018.02.004
http://doi.org/10.3389/fphar.2021.701456


Cancers 2022, 14, 2686 23 of 26

72. Williams, E.M.; Little, R.F.; Mowday, A.M.; Rich, M.H.; Chan-Hyams, J.V.E.; Copp, J.N.; Smaill, J.B.; Patter-son, A.V.; Ackerley,
D.F. Nitroreductase gene-directed enzyme prodrug therapy: Insights and advances toward clinical utility. Biochem. J. 2015, 471,
131–153. [CrossRef] [PubMed]

73. Copp, J.N.; Mowday, A.M.; Williams, E.M.; Guise, C.P.; Ashoorzadeh, A.; Sharrock, A.V.; Flanagan, J.U.; Smaill, J.B.; Patterson,
A.V.; Ackerley, D.F. Engineering a Multifunctional Nitroreductase for Improved Activa-tion of Prodrugs and PET Probes for
Cancer Gene Therapy. Cell Chem. Biol. 2017, 24, 391–403. [CrossRef] [PubMed]

74. Chan-Hyams, J. Characterisation and Optimisation of Nitroreductase-Prodrug Combinations for Bacterial-Directed Enzyme-Prodrug
Therapy; Victoria University of Wellington, Nowa Zelandia: Wellington, New Zealand, 2020. [CrossRef]

75. Wheaton, W.W.; Chandel, N.S. Hypoxia. 2. Hypoxia regulates cellular metabolism. Am. J. Physiol. Cell Physiol. 2011, 300,
C385–C393. [CrossRef] [PubMed]

76. Wilson, W.R.; Hay, M.P. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer 2011, 11, 393–410. [CrossRef] [PubMed]
77. Fitzsimmons, S.A.; Workman, P.; Grever, M.; Paull, K.; Camalier, R.; Lewis, A.D. Reductase Enzyme Expression Across the

National Cancer Institute Tumor Cell Line Panel: Correlation With Sensitivity to Mitomycin C and EO9. J. Natl. Cancer Inst. 1996,
88, 259–269. [CrossRef] [PubMed]

78. Kelley, E.E.; Hock, T.; Khoo, N.K.H.; Richardson, G.R.; Johnson, K.K.; Powell, P.C.; Giles, G.I.; Agarwal, A.; Lancaster, J.R.; Tarpey,
M.M. Moderate hypoxia induces xanthine oxidoreductase activity in arterial endothelial cells. Free. Radic. Biol. Med. 2006, 40,
952–959. [CrossRef] [PubMed]

79. Janczy-Cempa, E.; Mazuryk, O.; Sirbu, D.; Chopin, N.; Zarnik, M.; Zastawna, M.; Colas, C.; Hiebel, M.-A.; Su-zenet, F.; Brindell,
M. Nitro-Pyrazinotriazapentalene scaffolds-nitroreductase quantification and in vitro fluo-rescence imaging of hypoxia. Sens.
Actuators B Chem. 2021, 346, 925–4005. [CrossRef]

80. Luo, S.; Zou, R.; Wu, J.; Landry, M.P. A Probe for the Detection of Hypoxic Cancer Cells. ACS Sens. 2017, 2, 1139–1145. [CrossRef]
81. Zhang, Y.; Zhang, X.F.; Chen, Q.; Cao, X.Q.; Shen, S.L. A novel near-infrared fluorescence off-on probe for im-aging hypoxia and

nitroreductase in cells and in vivo. Sens. Actuators B Chem. 2022, 353, 131–145. [CrossRef]
82. Li, Y.; Sun, Y.; Li, J.; Su, Q.; Yuan, W.; Dai, Y.; Han, C.; Wang, Q.; Feng, W.; Li, F. Ultrasensitive near-infrared fluo-rescence-enhanced

probe for in vivo nitroreductase imaging. J. Am. Chem. Soc. 2015, 137, 6407–6416. [CrossRef]
83. Hettie, K.S.; Klockow, J.L.; Moon, E.J.; Giaccia, A.J.; Chin, F.T. A NIR fluorescent smart probe for imaging tumor hypoxia. Cancer

Rep. 2021, 4, e1384. [CrossRef] [PubMed]
84. Punganuru, S.R.; Madala, H.R.; Arutla, V.; Zhang, R.; Srivenugopal, K.S. Characterization of a highly specific NQO1-activated

near-infrared fluorescent probe and its application for in vivo tumor imaging. Sci. Rep. 2019, 9, 8577. [CrossRef] [PubMed]
85. Manley, E.; Waxman, D.J. Impact of tumor blood flow modulation on tumor sensitivity to the bioreductive drug banoxantrone. J.

Pharmacol. Exp. Ther. 2013, 344, 368–377. [CrossRef] [PubMed]
86. O’Dwyer, P.J.; Yao, K.-S.; Ford, P.; Godwin, A.K.; Clayton, M. Effects of Hypoxia on Detoxicating Enzyme Ac-tivity and Expression

in HT29 Colon Cells. Cancer Res. 1994, 54, 3082–3087. [PubMed]
87. Linder, N.; Martelin, E.; Lapatto, R.; Raivio, K.O. Posttranslational inactivation of human xanthine oxidore-ductase by oxygen

under standard cell culture conditions. Am. J. Physiol. Physiol. 2003, 285, 48–55. [CrossRef] [PubMed]
88. Hassoun, P.M.; Yu, F.S.; Cote, C.G.; Zulueta, J.J.; Sawhney, R.; Skinner, K.A.; Skinner, H.B.; Parks, D.A.; Lanzillo, J.J. Upregulation

of xanthine oxidase by lipopolysaccharide, interleukin-1, and hypoxia. Role in acute lung inju-ry. Am. J. Respir. Crit. Care Med.
1998, 158, 299–305. [CrossRef] [PubMed]

89. Kayyali, U.S.; Donaldson, C.; Huang, H.; Abdelnour, R.; Hassoun, P.M. Phosphorylation of xanthine dehydro-genase/oxidase in
hypoxia. J. Biol. Chem. 2001, 276, 14359–14365. [CrossRef]

90. Poss, W.B.; Huecksteadt, T.R.; Panus, P.C.; Freeman, B.A.; Hoidal, J.R. Regulation of xanthine dehydrogenase and xanthine
oxidase activity by hypoxia. Am. J. Physiol. 1996, 270. [CrossRef]

91. Oliveira, I.M.; Bonatto, D.; Antonio, J.; Henriques, P.; Vargas, R.F. Nitroreductases: Enzymes with Environ-mental, Biotechno-
logical and Clinical Importance. In Current Research, Technology and Education in Applied Microbiology and Microbial Biotechnology;
Mendez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2010; pp. 1008–1019.

92. Haynes, C.A.; Koder, R.L.; Miller, A.F.; Rodgers, D.W. Structures of Nitroreductase in Three States: Effects of inhibitor binding
and reduction. J. Biol. Chem. 2002, 277, 11513–11520. [CrossRef]

93. Qiao, J.; Wang, M.; Cui, M.; Fang, Y.; Li, H.; Zheng, C.; Li, Z.; Xu, Y.; Hua, H.; Li, D. Small-molecule probes for fluo-rescent
detection of cellular hypoxia-related nitroreductase. J. Pharm. Biomed. Anal. 2021, 203. [CrossRef]

94. Guillén, H.; Curiel, J.A.; Landete, J.M.; Muñoz, R.; Herraiz, T. Characterization of a Nitroreductase with Selec-tive Nitroreduction
Properties in the Food and Intestinal Lactic Acid Bacterium Lactobacillus plantarum WCFS1. J. Agric. Food Chem. 2009, 57,
10457–10465. [CrossRef] [PubMed]

95. Pastorekova, S.; Gillies, R.J. The role of carbonic anhydrase IX in cancer development: Links to hypoxia, acido-sis, and beyond.
Cancer Metastasis Rev. 2019, 38, 65–77. [CrossRef] [PubMed]

96. Huizing, F.J.; Hoeben, B.A.W.; Lok, J.; Boerman, O.C.; Heskamp, S.; Bussink, J. Imaging carbonic anhydrase IX as a method for
monitoring hypoxia-related radioresistance in preclinical head and neck cancer models. Phys. Imaging Radiat. Oncol. 2021, 19,
145–150. [CrossRef] [PubMed]

97. Misal, S.A.; Gawai, K.R. Azoreductase: A key player of xenobiotic metabolism. Bioresour. Bioprocess. 2018, 5, 17. [CrossRef]

http://doi.org/10.1042/BJ20150650
http://www.ncbi.nlm.nih.gov/pubmed/26431849
http://doi.org/10.1016/j.chembiol.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28262557
http://doi.org/10.26686/WGTN.17148002.V1
http://doi.org/10.1152/ajpcell.00485.2010
http://www.ncbi.nlm.nih.gov/pubmed/21123733
http://doi.org/10.1038/nrc3064
http://www.ncbi.nlm.nih.gov/pubmed/21606941
http://doi.org/10.1093/jnci/88.5.259
http://www.ncbi.nlm.nih.gov/pubmed/8614004
http://doi.org/10.1016/j.freeradbiomed.2005.11.008
http://www.ncbi.nlm.nih.gov/pubmed/16540390
http://doi.org/10.1016/j.snb.2021.130504
http://doi.org/10.1021/acssensors.7b00171
http://doi.org/10.1016/j.snb.2021.131145
http://doi.org/10.1021/jacs.5b04097
http://doi.org/10.1002/cnr2.1384
http://www.ncbi.nlm.nih.gov/pubmed/33811473
http://doi.org/10.1038/s41598-019-44111-8
http://www.ncbi.nlm.nih.gov/pubmed/31189950
http://doi.org/10.1124/jpet.112.200089
http://www.ncbi.nlm.nih.gov/pubmed/23192656
http://www.ncbi.nlm.nih.gov/pubmed/8205521
http://doi.org/10.1152/ajpcell.00561.2002
http://www.ncbi.nlm.nih.gov/pubmed/12637268
http://doi.org/10.1164/ajrccm.158.1.9709116
http://www.ncbi.nlm.nih.gov/pubmed/9655743
http://doi.org/10.1074/jbc.M010100200
http://doi.org/10.1152/ajplung.1996.270.6.L941
http://doi.org/10.1074/jbc.M111334200
http://doi.org/10.1016/j.jpba.2021.114199
http://doi.org/10.1021/jf9024135
http://www.ncbi.nlm.nih.gov/pubmed/19827797
http://doi.org/10.1007/s10555-019-09799-0
http://www.ncbi.nlm.nih.gov/pubmed/31076951
http://doi.org/10.1016/j.phro.2021.08.004
http://www.ncbi.nlm.nih.gov/pubmed/34485720
http://doi.org/10.1186/s40643-018-0206-8


Cancers 2022, 14, 2686 24 of 26

98. Sharma, R.; Rawal, R.K.; Gaba, T.; Singla, N.; Malhotra, M.; Matharoo, S.; Bhardwaj, T.R. Design, synthesis and ex vivo evaluation
of colon-specific azo based prodrugs of anticancer agents. Bioorg. Med. Chem. Lett. 2013, 23, 5332–5338. [CrossRef]

99. Kennedy, D.A.; Vembu, N.; Fronczek, F.R.; Devocelle, M. Synthesis of mutual azo prodrugs of an-ti-inflammatory agents and
peptides facilitated by α-aminoisobutyric acid. J. Org. Chem. 2011, 76, 9641–9647. [CrossRef]

100. Ryan, A.; Kaplan, E.; Laurieri, N.; Lowe, E.; Sim, E. Activation of nitrofurazone by azoreductases: Multiple ac-tivities in one
enzyme. Sci. Rep. 2011, 1, 63. [CrossRef]

101. Wu, K.; Knox, R.; Sun, X.Z.; Joseph, P.; Jaiswal, A.K.; Zhang, D.; Deng, P.S.K.; Chen, S. Catalytic properties of NAD(P)H:quinone
oxidoreductase-2 (NQO2), a dihydronicotinamide riboside dependent oxidoreductase. Arch Biochem. Biophys. 1997, 347, 221–228.
[CrossRef]

102. Mikami, K.; Shirakusa, T.; Tsuruo, T. DT-diaphorase: Redox potential, steady-state, and rapid reaction studies. J. Biol. Chem. 1995,
270, 1198–1204. [CrossRef]

103. Vasiliou, V.; Ross, D.; Nebert, D.W. Update of the NAD(P)H:quinone oxidoreductase (NQO) gene family. Hum. Genom. 2006,
2, 329. [CrossRef]

104. Lee, W.-S.; Ham, W.; Kim, J. Roles of NAD(P)H:quinone Oxidoreductase 1 in Diverse Diseases. Life 2021, 11, 1301. [CrossRef]
[PubMed]

105. Zhang, K.; Chen, D.; Ma, K.; Wu, X.; Hao, H.; Jiang, S. NAD(P)H:Quinone Oxidoreductase 1 (NQO1) as a Thera-peutic and
Diagnostic Target in Cancer. J. Med. Chem. 2018, 61, 6983–7003. [CrossRef] [PubMed]

106. Koyasu, S.; Kobayashi, M.; Goto, Y.; Hiraoka, M.; Harada, H. Regulatory mechanisms of hypoxia-inducible fac-tor 1 activity: Two
decades of knowledge. Cancer Sci. 2018, 109, 560–571. [CrossRef] [PubMed]

107. Kiyose, K.; Hanaoka, K.; Oushiki, D.; Nakamura, T.; Kajimura, M.; Suematsu, M.; Nishimatsu, H.; Yamane, T.; Terai, T.; Hirata, Y.;
et al. Hypoxia-sensitive fluorescent probes for in vivo real-time fluorescence imaging of acute ischemia. J. Am. Chem. Soc. 2010,
132, 15846–15848. [CrossRef] [PubMed]

108. Li, J.; Yuan, Y.; Zeng, G.; Li, X.; Yang, Z.; Li, X.; Jiang, R.; Hu, W.; Sun, P.; Wang, Q.; et al. A wa-ter-soluble conjugated polymer
with azobenzol side chains based on “turn-on” effect for hypoxic cell imag-ing. Polym. Chem. 2016, 7, 6890–6894. [CrossRef]

109. Ma, D.; Huang, C.; Zheng, J.; Zhou, W.; Tang, J.; Chen, W.; Li, J.; Yang, R. Azoreductase-Responsive Nanoprobe for Hypoxia-
Induced Mitophagy Imaging. Anal. Chem. 2019, 91, 1360–1367. [CrossRef]

110. Piao, W.; Tsuda, S.; Tanaka, Y.; Maeda, S.; Liu, F.; Takahashi, S.; Kushida, Y.; Komatsu, T.; Ueno, T.; Terai, T.; et al. Development of
Azo-Based Fluorescent Probes to Detect Different Levels of Hypoxia. Angew. Chem. Int. Ed. 2013, 52, 13028–13032. [CrossRef]

111. Ross, D.; Siegel, D. NAD(P)H:Quinone Oxidoreductase 1 (NQO1, DT-Diaphorase), Functions and Pharmaco-genetics. Methods
Enzymol. 2004, 382, 115–144. [CrossRef]

112. Yang, Y.J.; Dai, M.; Reo, Y.J.; Song, C.W.; Sarkar, S.; Ahn, K.H. NAD(P)H Quinone Oxidoreductase-1 in Organ and Tumor Tissues:
Distinct Activity Levels Observed with a Benzo-rosol-Based Dual-Excitation and Du-al-Emission Probe. Anal. Chem. 2021, 93,
7523–7531. [CrossRef]

113. AbuKhader, M.; Heap, J.; de Matteis, C.; Kellam, B.; Doughty, S.W.; Minton, N.; Paoli, M. Binding of the anti-cancer prodrug
CB1954 to the activating enzyme NQO2 revealed by the crystal structure of their complex. J. Med. Chem. 2005, 48, 7714–7719.
[CrossRef]

114. Workman, P. Bioreductive Mechanisms. Int. J. Radiat. Onco.l Biol. Phys. 1992, 22, 631–637. [CrossRef]
115. Pandey, A.V.; Flück, C.E. NADPH P450 oxidoreductase: Structure, function, and pathology of diseases. Pharmacol. Ther. 2013, 138,

229–254. [CrossRef] [PubMed]
116. Guise, C.P.; Wang, A.T.; Theil, A.; Bridewell, D.J.; Wilson, W.R.; Patterson, A.V. Identification of human reduc-tases that activate

the dinitrobenzamide mustard prodrug PR-104A: A role for NADPH:cytochrome P450 oxidoreductase under hypoxia. Biochem.
Pharm. 2007, 74, 810–820. [CrossRef] [PubMed]

117. Butler, J.; Hoey, B.M. The one-electron reduction potential of several substrates can be related to their reduc-tion rates by
cytochrome P-450 reductase. Biochim. Biophys. Acta 1993, 1161, 73–78. [CrossRef]

118. Bailey, S.M.; Lewis, A.D.; Patterson, L.H.; Fisher, G.R.; Knox, R.J.; Workman, P. Involvement of NADPH: Cyto-chrome P450
reductase in the activation of indoloquinone EO9 to free radical and DNA damaging species. Biochem. Pharm. 2001, 62, 461–468.
[CrossRef]

119. Cenas, N.; Anusevicius, Z.; Bironaite, D.; Bachmanova, G.I.; Archakov, A.I.; Ollinger, K. The electron transfer reactions of NADPH:
Cytochrome P450 reductase with nonphysiological oxidants. Arch Biochem. Biophys. 1994, 315, 400–406. [CrossRef]

120. Patterson, A.v.; Saunders, M.P.; Chinje, E.C.; Talbot, D.C.; Harris, A.L.; Stratford, I.J. Overexpression of human NADPH:cytochrome
c (P450) reductase confers enhanced sensitivity to both tirapazamine (SR 4233) and RSU 1069. Br. J. Cancer 1997, 76, 1338–1347.
[CrossRef]

121. Wang, J.; Guise, C.P.; Dachs, G.U.; Phung, Y.; Hsu, A.H.L.; Lambie, N.K.; Patterson, A.V.; Wilson, W.R. Identifica-tion of one-
electron reductases that activate both the hypoxia prodrug SN30000 and diagnostic probe EF5. Biochem. Pharm. 2014, 91, 436–446.
[CrossRef]

122. Hunter, F.W.; Young, R.J.; Shalev, Z.; Vellanki, R.N.; Wang, J.; Gu, Y.; Joshi, N.; Sreebhavan, S.; Weinreb, I.; Goldstein, D.P.; et al.
Identification of P450 Oxidoreductase as a Major Determinant of Sensitivity to Hypoxia-Activated Prodrugs. Cancer Res. 2015, 75,
4211–4223. [CrossRef]

http://doi.org/10.1016/j.bmcl.2013.07.059
http://doi.org/10.1021/jo201358e
http://doi.org/10.1038/srep00063
http://doi.org/10.1006/abbi.1997.0344
http://doi.org/10.1074/JBC.270.3.1198
http://doi.org/10.1186/1479-7364-2-5-329
http://doi.org/10.3390/life11121301
http://www.ncbi.nlm.nih.gov/pubmed/34947831
http://doi.org/10.1021/acs.jmedchem.8b00124
http://www.ncbi.nlm.nih.gov/pubmed/29712428
http://doi.org/10.1111/cas.13483
http://www.ncbi.nlm.nih.gov/pubmed/29285833
http://doi.org/10.1021/ja105937q
http://www.ncbi.nlm.nih.gov/pubmed/20979363
http://doi.org/10.1039/C6PY01567K
http://doi.org/10.1021/acs.analchem.8b03492
http://doi.org/10.1002/anie.201305784
http://doi.org/10.1016/S0076-6879(04)82008-1
http://doi.org/10.1021/acs.analchem.1c01178
http://doi.org/10.1021/jm050730n
http://doi.org/10.1016/0360-3016(92)90493-2
http://doi.org/10.1016/j.pharmthera.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23353702
http://doi.org/10.1016/j.bcp.2007.06.014
http://www.ncbi.nlm.nih.gov/pubmed/17645874
http://doi.org/10.1016/0167-4838(93)90198-Z
http://doi.org/10.1016/S0006-2952(01)00674-8
http://doi.org/10.1006/abbi.1994.1517
http://doi.org/10.1038/bjc.1997.558
http://doi.org/10.1016/j.bcp.2014.08.003
http://doi.org/10.1158/0008-5472.CAN-15-1107


Cancers 2022, 14, 2686 25 of 26

123. Pewklang, T.; Wet-Osot, S.; Wangngae, S.; Ngivprom, U.; Chansaenpak, K.; Duangkamol, C.; Lai, R.Y.; Noisa, P.; Sukwattanasinitt,
M.; Kamkaew, A. Flavylium-Based Hypoxia-Responsive Probe for Cancer Cell Imaging. Molecules 2021, 26, 4938. [CrossRef]

124. Melo, T.; Ballinger, J.R.; Rauth, A.M. Role of NADPH:cytochrome P450 reductase in the hypoxic accumulation and metabolism of
BRU59-21, a technetium-99m-nitroimidazole for imaging tumor hypoxia. Biochem. Pharmacol. 2000, 60, 625–634. [CrossRef]

125. Gao, Y.; Lin, Y.; Liu, T.; Chen, H.; Yang, X.; Tian, C.; Du, L.; Li, M. Bioluminescent Probe for Tumor Hypoxia De-tection via CYP450
Reductase in Living Animals. Anal. Chem. 2017, 89, 12488–12493. [CrossRef] [PubMed]

126. Wang, C.; Zhang, S.; Huang, J.; Cui, L.; Hu, J.; Tan, S. Novel designed azo substituted semi-cyanine fluorescent probe for
cytochrome P450 reductase detection and hypoxia imaging in cancer cells. RSC Adv. 2019, 9, 21572–21577. [CrossRef] [PubMed]

127. Nishino, T.; Okamoto, K.; Eger, B.T.; Pai, E.F.; Nishino, T. Mammalian xanthine oxidoreductase–mechanism of transition from
xanthine dehydrogenase to xanthine oxidase. FEBS J. 2008, 275, 3278–3289. [CrossRef]
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