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One of the most difficult barriers encountered when treating the majority of solid tumours is attributed to the

scattered microregions within the tumour characterized by the lack of oxygen. This is known as tumour hypoxia.

The lack of oxygen supply results in hypoxic microregions scattered throughout the tumour relative to normal

tissue. The hypoxic environments within tumours create several cancer treatment barriers. Most notably, all hypoxic

cells are resistant to ionizing radiation (IR). The mechanism by which radiation is able to eradicate tumour cells by

damaging DNA, resulting in apoptosis and cell death, occurs through the production of reactive oxygen species

(ROS). However, due to the limited oxygen availability within hypoxic tumour microenvironments, this impedes the

efficacy of radiotherapy. Furthermore, normal tissues are unable to withstand increased doses of radiation that

compensate for tumour hypoxia. Methods targeting tumour hypoxia through radiosensitizing hypoxic cells include

hyperbaric oxygen, hypoxic cell radiosensitizers, hypoxic cytotoxins, and tumour metabolism. As research

continues to elucidate the relationship between tumour hypoxia and radiotherapy, novel approaches have been

developed.

hypoxia  non-targeted effects  autophagy  PET imaging  radiosensitizers

1. Tumour Hypoxia Imaging via PET for Guiding Carbogen
Breathing Therapy

1.1. Background

One of the earliest techniques used to control tumour hypoxia was hyperbaric oxygen (HBO). Figure 1 shows the

rationale behind the modern approach to sensitize hypoxic cells by identifying, imaging, and measuring oxygen

levels in hypoxic areas to improve management. The intent of HBO treatment is to increase the supply of oxygen to

hypoxic tumour cells. When this treatment is coupled with radiotherapy, this allows the reoxygenated hypoxic

tumour cells to become more radiosensitive, thus, reducing the progression of metastasis . However, due to

patient concerns associated with claustrophobia, the time needed for the administration of the treatment, and equal

effectiveness using drugs, has led to a shift from hyperbaric oxygen . In addition, a systematic review

conducted by Bennett et al.  suggests more side effects associated with HBO, such as oxygen poisoning and

severe radiation injury. Despite the adverse effects associated with HBO, previous studies present conflicting

evidence. Particularly, a study conducted by Kohshi et al.  suggests that radiotherapy should be performed

immediately after HBO treatment, rather than the two procedures occurring simultaneously, to avoid adverse

effects from HBO. Based on these conclusions, the use of HBO for treating tumour hypoxia continues to be

controversial .
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Figure 1. The concept underlying PET imaging to optimize carbogen breathing approaches to defeating hypoxia in

radiotherapy. Oxygen levels are measured as the tumour is imaged, thus allowing precise identification of hypoxic

regions, which can then be effectively targeted.

The uncertainty surrounding HBO treatment for combating tumour hypoxia has shifted to using a combination of

5% CO  and 95% O  to create a gaseous compound known as carbogen . Recent research has shifted away

from solely using oxygen manipulation-based methods to guiding carbogen therapy through medical imaging,

specifically PET, to predict hypoxic regions of a tumour in order to alter tumour hypoxia therapeutics accordingly 

. Although research has been conducted using various imaging techniques, PET imaging is preferred due to

high precision and sensitivity in vivo, as well as providing measurements of intracellular oxygen levels .

Moreover, tumour hypoxia imaging using PET allows for identifying novel indicators of tumour hypoxia, as well as

aiding in determining baseline responses elicited from hypoxic tumours following hypoxia therapeutics . To

facilitate the identification of hypoxic regions within a tumour through PET imaging, a PET radiotracer that is

suitable for all types of cancer must be used . However, the most appropriate radiotracer has yet to be identified,

but research continues to examine novel and existing compounds in relation to tumour hypoxia imaging and

hypoxia therapeutics . Despite this approach being in the early stages, tumour hypoxia imaging can serve as a
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powerful tool to identify and treat hypoxic tumour microenvironments for cancer therapies relative to normal

tissues.

1.2. Mechanism of Action

As previously stated, in order to facilitate effective tumour hypoxia imaging, an “ideal” PET radiotracer is required

and must meet a number of biochemical characteristics . Although many compounds are being investigated,

virtually all compounds do not meet all the criteria of the “ideal” PET tracer, nor are they available for imaging all

tumour types . Despite the lack of an “ideal” PET tracer, research has been focused on nitroimidazole analogs,

specifically, 2-nitroimidazole . Although nitroimidazoles were originally intended to be radiosensitizers, Chapman

et al.  demonstrated that these compounds can serve as hypoxia markers. These compounds are able to

passively diffuse into cells, which is largely determined by the intracellular environment . The main driver of the

initial reduction following passive diffusion of nitroimidazoles is the concentration of intracellular oxygen . Once

the compounds have entered the cell, nitroimidazoles will undergo single-electron reduction to create a free radical

anion . Subsequently, within normoxic cells, free radical anions are promptly reoxidized to the parent compound

through intracellular oxygen levels due to the high electron affinity relative to the nitro group on nitroimidazole .

In contrast, following single-electron reduction of nitroimidazole within hypoxic tumour cells, due to low intracellular

oxygen concentrations, reoxidation cannot be completed . Subsequently, incomplete reoxidation results in the

further reduction of the free radical anion, creating a very reactive species that are able to bind to components of a

cell . Furthermore, reduced nitroimidazole has been shown to accumulate within hypoxic cells, thus,

demonstrating its potential as a PET tracer . Of the nitroimidazole analogs screened as PET tracers, most

compounds are fluorinated nitroimidazoles; however,  F-fluoromisonidazole ( F-FMISO) has garnered the most

success and has been extensively studied . The mechanism of nitroimidazole analogs entrapment within

hypoxic tumour cells can be applied to  F-FMISO.  F-FMISO is a lipophilic compound; thus, it is readily available

to passively diffuse into cells, subsequently, reduction of this compound via the nitroreductase enzyme (NTR),

results in the production of R-NO  radicals . Furthermore, due to the low intracellular oxygen levels (pO  < 10

mmHg), these radicals are unable to be reoxidized, leading to further reduction of R-NO  radicals to form R-NHOH

molecules that can bind to cellular components, allowing for tumour hypoxia imaging . Recently, another

type of fluorinated nitroimidazole,  F-Fluoroazomycin arabinoside ( F-FAZA), has been gaining more popularity

relative to  F-FMISO . Studies suggest that  F-FAZA, in comparison to  F-FMISO, is less lipophilic due to the

presence of an additional sugar moiety . Moreover, due to structural composition differences, F-FAZA has

a faster diffusion and clearance rate relative to  F-FMISO, allowing for an improved tumour-to-background (T/B)

ratio, thus, this compound has been gaining more interest as a PET radiotracer . Overall, due to the new

spotlight on  F-FAZA as a PET radiotracer for tumour hypoxia imaging, researchers are beginning to investigate

the use of PET imaging to mediate oxygen-based manipulation therapies, such as carbogen breathing. Thus,

tumour hypoxia imaging serves as a promising method to identify hypoxic tumour microenvironments relative to

normal tissue, ultimately improving the efficacy of oxygen-based manipulation therapies. In relation to the non-

targeted effect theme of this review, which is discussed in detail later, it is likely that increased oxygen will increase

oxidative stress and lead to initiation of both bystander signalling and genomic instability phenotypes. To what

extent this impacts the therapeutic ratio is not known and is an area for further research.
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2. Gold Nanoparticles

2.1. Background

Due to the concerns associated with HBO treatment, researchers began to investigate compounds that mimic

oxygen, which also allows for the radiosensitization of hypoxic tumour cells. Figure 2 shows the concept behind

the modern use of novel hypoxic cell sensitizers. The use of chemical compounds led to the development of a

group of compounds classified as nitroimidazoles . Particularly, these groups of drugs are able to differentiate

between normal tissue and tumours due to the lack of intracellular oxygen in hypoxic cells . Of the four

compounds identified, nimorazole was identified as being the least active but displayed the most effectiveness,

particularly within patients with head and neck cancers . Due to the primitive tumour vasculature system, a

diffusion barrier is created between the tumour cells and the blood vessels carrying anticancer drugs, thus, limiting

the effectiveness of nitroimidazoles . Despite the inviting potential of these drugs, high dosages induce

neurotoxic effects on the central nervous system . In addition, Wardman  states that some types of

nitroimidazoles may reduce the concentration of thiol within normal tissue. Thiols are known to be radioprotective

compounds; thus, the depletion of these molecules within hypoxic tumour cells will induce radiosensitization .

Consequently, a reduction in thiol concentrations within normal tissue can potentially subject these tissues to

radiosensitization, hence, posing detrimental problems . Current research has begun to use nanotechnology to

develop novel cancer radiosensitizers comprised of metallic nanomaterials . The integration of nanotechnology

within tumour hypoxia therapy is aimed at enhancing the enhanced permeability and retention (EPR) effect, which

is a biological dysfunction characteristic of tumours . Due to the novel vasculature system fabricated within

tumours, the rapid rate of proliferation leads to the generation of local compressive forces within the vasculature

system . In particular, the compressive force on the lymphatic vessels results in reduced lymphatic drainage

. In addition to the EPR effect, these novel tumour vasculature systems, relative to normal vasculature systems,

display larger pores . Due to the large fenestrations, this allows nanomedicines to more easily enter tumours;

furthermore, owing to the poor lymphatic drainage systems, nanomedicines that have entered are able to

accumulate and take effect within hypoxic tumour regions . The primitive characteristics of the

tumour-generated vasculature systems are collectively known as the EPR effect and are the target for successful

drug delivery . Wang et al.  have indicated that nanomaterials with a high atomic number (Z) are the

most promising radiosensitizers due to manufacturing feasibility, size, energy absorption, as well as scattering and

emission of radiation energy. In addition, metallic nanomaterials such as gold and silver have demonstrated low

toxicity, fast distribution, and agreeable kinetic profiles . Of the metallic nanomaterials, gold

nanoparticles (GNPs) demonstrate the most promise due to strong photoelectric absorption, impeccable

biocompatibility, and low toxicity . Furthermore, GNPs have a large volume to surface area ratio allowing for

other therapeutics to be used, increased effect on EPR, low permeability, contrasting ability in imaging technology,

and controlled size distribution . Hence, GNPs themselves and novel drug delivery systems demonstrate

promising capabilities as novel radiosensitizers in order to improve targeting to hypoxic tumour sites relative to

normal tissue and to decrease toxicity.
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Figure 2. The concept underlying the use of gold nanoparticles in the treatment of tumour hypoxia during

radiotherapy.

2.2. Mechanism of Action

Aside from the classic compounds used as radiosensitizers, GNPs have demonstrated promising results as novel

hypoxic cell radiosensitizers. Following exposure to IR within hypoxic cells subjected to GNPs, these materials

undergo three distinct interactions with IR, physical, chemical, and biological, to induce radiosensitization . First,

within nanoseconds of IR exposure, interactions on a physical level begin radiosensitizing hypoxic tumour cells .

Due to the discrepancy in energy absorption abilities between gold and soft tissues, gold is an attractive material

that can be used to induce physical dose enhancement . Primarily, there are two main mechanisms whereby

photons lose energy, namely, the Compton effect and the photoelectric effect . The Compton effect is

characterized by the scattering of incident photons caused by colliding with electrons that are weakly held . In

addition, during the collision between the incident photon and weakly bounded electrons, the energetic photons will

transfer some energy to the electrons, causing the ejection of electrons from the atom . Furthermore, Chen et al.

 state that in events where the Compton effect is dominant, despite the small amounts of energy transfer,

photons retain the majority of the energy and decelerate over long ranges, thus, exhibiting sparse areas of

ionization. Contrastingly, the photoelectric effect is distinguishable from the Compton effect because of the strong

[44]

[44]

[44]

[47]

[47]

[47]

[47]



Radiosensitizing Hypoxic Tumour Cells | Encyclopedia.pub

https://encyclopedia.pub/entry/13896 6/22

dependency between the photon energy and electron binding energy . As a result of this dependency, when an

incident photon is absorbed by an electron bound to an atom, this leads to the ejection of an inner bound electron

. Furthermore, Her et al.  explain that in order to compensate for the ejection of an inner bound electron,

electrons situated on the outer-shell fall inwards, simultaneously, causing lower energy photons (fluorescence) and

a variety of secondary electrons, known as Auger electrons, to be released. Moreover, in order to radiosensitize

hypoxic cells, GNPs take advantage of the atom number discrepancy between the high atomic number of gold (Z =

79) and the low atomic numbers of soft tissues . Overall, Her and colleagues  state that the difference in

atomic numbers allows GNPs to deliver more energy per unit mass, hence, leading to the increased local

deposition of radiation within hypoxic areas of a tumour .

Following physical interactions with GNPs, chemical interactions soon take effect. Although the mechanisms

underlying these interactions have not been completely elucidated, studies suggest that chemical enhancement

occurs through two different pathways . The first pathway suggests that DNA becomes chemically sensitized

following IR-induced damage, while the secondary pathway suggests that the active surface of GNPs causes the

increased formation of radicals and catalysis, leading to chemical sensitization . Chemical sensitization of DNA

occurs through the nuclear localization of GNPs to bind to DNA, which causes chromatin structures to “open”, thus,

increasing DNA sensitivity to IR . Moreover, electrons with an ionization threshold of <10 eV, known as low

energy electrons (LEEs), and secondary electrons are critical for the radiosensitization process . Although

the interaction between LEEs and GNPs does not produce secondary electrons, Chen et al.  argue that

significant DNA damage can be inflicted. Furthermore, Chen et al.  suggest that LEEs cause transient negative

ions to weaken the hydrogen bonds within DNA, thus increasing chemical sensitivity. However, it is critical to be

cognizant of the charge and size of GNPs, since chemical sensitization depends on these characteristics .

The latter mechanism of DNA chemical sensitization is attributed to the activated surfaces of GNPs, which catalyze

a variety of chemical reactions . Specifically, attention has been focused on GNPs (<5 nm) with large

surface areas, which demonstrate large catalytic activity governing the transfer of electrons from surface-bound

donor groups to O   to produce free radicals . According to Her et al. , due to the small size and curved

structure of nanoparticles, this destroys the impeccable structure and organization of gold to produce free radicals

on GNPs. Alternatively, the catalytic reactions induced by GNPs can lead to the transfer of electrons and increased

production of ROS . Moreover, increased levels of ROS induce negative implications on the biological

interactions between GNPs and IR, particularly through oxidative stress .

The biological interactions between GNPs and IR occur through three different pathways, oxidative stress,

disruption of the cell cycle, and inhibition of DNA repair . One of the primary pathway’s radiation can induce cell

killing is through the radiolysis of water, which generate free radicals, and allows ROS to interact with other

components of the cell . As described by Her et al. , ROS, superoxide radicals (O ), hydroxyl radicals (OH),

and hydrogen peroxide (H O ) interact with cellular components to induce cellular damage through two different

mechanisms. Her and colleagues  state that the aforementioned molecules can have direct actions with cell

components to directly or indirectly induce oxidative stress, which ultimately triggers cell death through necrosis or

apoptosis. Thus, the increased production of ROS mediated by GNPs leads to cell damage through increased

oxidative stress, which is the primary characteristic of nanoparticles inducing cytotoxicity . Although the
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underlying cellular mechanisms are not well understood, recent studies suggest that mitochondria also amplify

ROS production . Several groups  suggest that oxidative stress can induce mitochondrial dysfunction,

whereby a multitude of biological effects can lead to apoptosis or necrosis. Chen et al.  indicate that GNP-driven

oxidative stress leading to increased production of ROS and is linked to mitochondrial dysfunction, which can

potentially lead to heightened cell death. Despite the favourable observations, further research must be conducted

to elucidate and validate the role of mitochondria and ROS production. Secondly, GNPs disrupt the cell cycle.

Within mammalian cells, IR is known to halt cells within the G1 or G2 phase . Moreover, the stages of the cell

cycle exhibit various levels of radiosensitivity, whereby cells within the late S-Phase display the maximum

radioresitivity, while cells in the G2/M phase are most the radiosensitive . Mackey et al.  have elucidated that

GNPs have the ability to alter cell-cycle distribution, such that there is an increase in cells within the G2/M phase,

hence, increasing radiosensitivity. However, conflicting results from several studies  indicate that GNPs

do not have an influence on cell-cycle distribution. Evidently, due to the conflicting conclusions between GNPs and

cell-cycle distribution, this relationship must continue to be investigated. Finally, IR is known to inflict a variety of

DNA damages, namely, double-stranded breaks (DSBs), single-stranded breaks (SSBs), DNA-protein crosslinks,

and modifications to DNA bases; however, DSBs are the most lethal . The inability to repair DSBs causes a

cascade of cellular impairments that ultimately lead to cell death and can occur in a multitude of ways . Using

comet assays in tandem with biomarkers sensitive to DNA damage, such as phosphorylated histone variant γ-

H2AX and p53-binding protein 1 (53BP1), this can be employed to uncover the effect of GNPs on DNA repair

following exposure to IR . Chen et al.  state that several dynamic monitoring experiments using γ-

H2AX and 53BP foci assay have been able to detect DNA damage, following the employment of GNPs and IR.

Although GNPs’ impact on DNA damage serves as a plausible pathway for radiosensitization, earlier studies have

presented conflicting results; thus, further investigations must be conducted to validate the connection . Overall,

the physical, chemical, and biological interactions of GNPs leading to radiosensitization have not been completely

uncovered. Significantly, no research appears to have been performed looking at the possible involvement of NTE.

Metals and other inorganic and organic chemicals are known to produce NTE and to increase genomic instability

and bystander effects in vitro and in vivo . It is probably important to consider whether the

mechanisms by which GNPs lead to radiosensitization involve the induction of NTE.

3. Macrophage-Mediated Drug Delivery: HAPs

3.1. Background

Aside from radiosensitizing drugs, alternative drugs classified as hypoxia-activated prodrugs (HAPs) were

designed to preferentially kill hypoxic tumour cells through the generation of free radicals . The modern

approach using macrophages as carriers to deliver HAPs is outlined in  Figure 3. The most notable HAP is

Tirapazamine (TPZ), which is classified as a benzotriazine-di-N-oxide and has shown compelling results both in

vitro and in vivo . However, TPZ has not shown any significant results from clinical studies due to physical

concerns, such as severe muscle cramping and nausea . In addition, HAPs may potentially enter normoxic cells

and elicit negative effects, demonstrating the inefficient selective nature of HAPs . Similar to hypoxic cell
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radiosensitizers, in order to overcome the barriers associated with HAPs, researchers have begun to explore drug

delivery systems that integrate nanotechnology and cellular manipulation . Particularly, researchers have been

investigating methods to improve the delivery of HAPs to hypoxic regions of a tumour due to their inefficient

selective capability through macrophage-mediated delivery systems . Macrophages serve as an attractive

vessel for delivering HAPs to hypoxic tumour microenvironments relative to typical drug administration for three

main reasons . One reason includes the ability of macrophages to migrate to hypoxic regions of a tumour

through chemoattractant gradients . Additionally, macrophages are able to recognize and clear foreign

bodies within the bloodstream, which indicates the ability to uptake nanoparticles; thirdly, macrophages have the

ability to target various diseases such as cancer . Furthermore, Yu et al.  state that macrophages

accumulate within hypoxic regions and are activated by intracellular conditions leading to the release of the

contents being withheld, such as HAPs. Thus, the innate ability for macrophages to target hypoxic tumour

microenvironments relative to normal tissue, demonstrates a powerful approach to combating tumour hypoxia.

Favourable biological structural components in relation to drug delivery are outlined further in this paper.

Figure 3. The concept underlying the targeting of hypoxic cells using prodrugs tagged to tumour-seeking

macrophages.
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3.2. Mechanism of Action

As stated earlier, current research has been focused on advancing drug delivery of HAPs to hypoxic tumour

regions mediated by macrophages due to the possibility of HAPs entering normoxic cells and causing detrimental

effects on the cell. Macrophages are responsible for the production of inflammatory and antimicrobial cytokines, as

well as the removal of pathogens, and are the predominant phagocyte within the immune system . Depending

on the environment and host, macrophage regulation can elicit two distinct phenotypes, each with various

functionality, M1 macrophages and M2 macrophages, which are further subdivided into M2a, M2b, M2c, and M2d

. M1 macrophages are classically activated and generate inflammatory cytokines that inhibit growth, namely,

TNF-α and interleukin (IL)-1 . Contrastingly, M2 macrophages are not activated like M1 macrophages and

produce anti-inflammatory cytokines and serve as tumour growth promoters . In addition, the four subdivisions

of M2 macrophages exhibit various levels of transcriptional changes depending on the stimuli applied .

Furthermore, macrophages have the ability to shift between M1 or M2 phenotypes depending on environmental

cues . In the non-targeted field, this was recognized early on , and it was also found that there was

an important correlation between the M2 phenotype, which is correlated with progression to genomic instability and

a radioresistant pattern of response, while M1 phenotype is correlated with an apoptotic response to radiation and

with a radiosensitive response . Consideration of NTE in this context might improve treatment outcomes

due to a more complete understanding of the mechanisms involved. Interestingly, various diseases, including

cancer, demonstrate a disproportionate amount of M1 and M2 macrophage populations . However, within

tumours, macrophages are known as tumour-associated macrophages (TAMs), which constitute roughly half of the

immune cell populations in tumours and are active during different stages of tumour progression . Despite the

various phenotype demonstrated by TAMs, overall, these groups of macrophages are classified as M2

macrophages due to the similar responses elicited, such as generating anti-inflammatory cytokines, aids in tumour

development, angiogenesis, metastasis, and suppressing the immune system . Zhang et al.  suggest

that increased numbers of TAMs, in addition to a high M2:M1 ratio, leads to poor outcomes for various types of

cancer. In relation to the poor vasculature system developed by growing tumours, inevitably leading to tumour

hypoxia, studies have displayed that TAMs accumulate within hypoxic tumour microenvironments . The

migration and infiltration of TAMs are mediated by VEGF and HIF-1. Once entered into the hypoxic region, low

intracellular oxygen levels lead to the down-regulation of C-C chemokines, thus rendering TAMs immobile in

hypoxic regions .

In order to use macrophage-mediated delivery for HAPs, the process requires four distinct phases; “cargo” loading

(i.e., whereby cargo refers to the material acquired by macrophages, such as HAPs), maintaining cargo integrity,

motility of macrophage in vivo to the target site, and cargo expulsion . In order for macrophages to uptake

HAPs, a protective nanoparticle must be encapsulating the drug to prevent the degradation of the drug from

intracellular enzymatic conditions induced by macrophages and to protect the macrophage from the drug . For

macrophages to uptake a nanoparticle encasing a drug, several characteristics of the nanoparticle surface must be

considered for adsorption to macrophage proteins . The three main nanoparticle attributes include curvature,

topography, and surface energy; however, other attributes may exist but have yet to be uncovered . Moreover,

considerations regarding the ability of macrophage receptors, recognizing these nanoparticles and mechanism of
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uptake is critical for the drug delivery process . Following uptake of the nanoparticle encasing the drug, it is

critical to maintain the integrity of the drug. The drug stability depends on intracellular traffic, particularly the

avoidance of lysosomes, due to the potential degradation of the encased drug . To prevent cargo

degradation, Batrakova et al.  suggest that positively charged block-copolymer inhibits lysosome degradation,

thus maintaining the stability of the drug. Alternatively, the “backpack” approach is an extreme method for

preserving intracellular drug stability, whereby the drug is attached to the surface of a cell carrier . Despite the

potential for maintaining drug stability, Batrakova et al.  suggest several restraints associated with the

“backpack” method, including reduced drug loading, impaired drug release at the target site, and an increase in

toxicity and immunogenicity. Consequently, the migration of macrophages is orchestrated through the innate

homing properties of macrophages that allow them to travel to hypoxic microenvironments of a tumour .

Although the mechanisms related to drug unloading within macrophages continue to be uncovered, several

pathways have been hypothesized . One hypothesis suggests that increased concentrations of intracellular

calcium is thought to trigger drug release from macrophages .

Following the release of HAPs from a macrophage carrier, HAPs undergo a series of chemical reactions to activate

the drug. Moreover, HAPs display inefficient selective behaviour, which is apparent in one of the most extensively

studied HAPs, TPZ . In principle, HAPs are masked or deactivated cytotoxins that are subjected to

biotransformations, which are then proceeded by reductive metabolism orchestrated by intracellular

oxidoreductases to produce an active compound . Initially, compounds remain inactive due to the positioning of

a bioreductive protecting group, which is released following reduction and fragmentation . As described by

Guise et al. , normally, the aforementioned processes are inhibited within normoxic cells due to the levels of

intracellular oxygen. However, the significantly lower oxygen concentration is ideal for HAP activation within

hypoxic tumour cells . Furthermore, the activation of HAPs can occur in two different manners, through one-

electron oxidoreductases to catalyze oxygen-sensitive HAPs or through two-electron oxidoreductases to catalyze

oxygen-insensitive HAPs . In regard to oxygen-sensitive HAPs, one-electron oxidoreductases will produce free

radicals that can easily be reoxidized into the inactive precursor form, creating a futile metabolic cycle, thus, limiting

these HAPs to hypoxic regions . Contrastingly, as described by Guise et al. , processes using two-electron

oxidoreductases are irreversible and are unable to produce oxygen-sensitive radical intermediates; thus, the

compound can potentially situate within normoxic and hypoxic tissues, overall, creating HAP activation

independent of oxygen concentration. Despite the role of one-electron oxidoreductases and two-electron

oxidoreductases in relation to HAP activation, the expression and frequency of these enzymes remain to be

elucidated within human tumours . 

4. Autophagy and Tumour Metabolism

4.1. Background

Another method is the use of drugs that target tumour metabolism. Tumours demonstrate a growth advantage

through a shift in metabolism, specifically, from oxidative phosphorylation to glycolytic metabolism, which is driven

by HIF-1–pyruvate dehydrogenase kinase 1 (PDK1) . Consequently, the shift in metabolism causes tumours to
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conserve oxygen supplies and induces a compensatory response by increasing glycolysis through the reduction of

mitochondrial processes . Moreover, the inhibition of PDK leads to an increase in tumour hypoxia .

Researchers have demonstrated that dichloroacetate (DCA) acts as a PDK inhibitor, increasing mitochondrial

functioning within tumours, thus, resuming oxidative metabolism similar to normal tissues . Aside from targeting

the transition from oxidative phosphorylation to glycolytic metabolism, other cancer therapeutics targeting

autophagy, another molecular process aiding in tumour metabolism, has been garnering recent attention. The

overall concept for this approach is outlined in Figure 4. The process of autophagy in relation to cancer involves

the degradation of damaged cellular components that are recycled to meet the metabolic demands of cancer cells

. Mizushima and Komatsu  suggest that low baseline levels of autophagy are essential for preventing

toxicity in tissues by preventing the build-up of damaged proteins and organelles. Autophagy is characterized as a

“double-edged sword”, primarily due to its dual role in tumourigenesis serving as a tumour suppressor and tumour

promotor, depending on the type of tissue and stage of the tumour . Several studies on human prostate, breast,

and ovarian cancers, displayed partial monoallelic loss in one essential autophagy gene, ATG6/Beclin-1 

. Furthermore, the impairment of proper autophagy functioning in tumours serves as a signal for identifying

cancer . Research has also suggested that autophagy acts as a tumour promoter due to growth enhancement

and survival capabilities . As previously mentioned, hypoxic tumour environments are severely lacking in

metabolic requirements due to primitive vasculature systems; however, autophagy serves to meet metabolic

demands through the recycling of intracellular components . Normally, when damaged or old cells are

removed through autophagy, there is a release of structural biological components, such as amino acids,

nucleotides, and fatty acids . Furthermore, these intracellular components can be recycled and used for tumour

metabolic demands; however, suppressing autophagy through the partial deletion of the Beclin-1 gene leads to

increased cell death . Current preclinical studies have determined that inhibiting autophagy has improved

cancer patient outcomes . At present, the only autophagy inhibiting drugs viable for clinical studies are

chloroquine (CQ) and hydroxychloroquine (HCQ), a derivative of CQ.
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Figure 4. Harnessing autophagy to destroy hypoxic cells.

4.2. Mechanisms of Action

As previously mentioned, recent studies on tumour metabolism have evolved from analyzing the shift in oxidative

to glycolytic processes within tumours to the role of autophagy in tumour progression and the subsequent

development of autophagy inhibitors. In particular, the most notable autophagy inhibitors are CQ and HCQ, which

are classified as 4-aminoquinoline agents and were first intended as anti-malarial drugs . HCQ is a derivative of

CQ and is distinguished by the addition of a hydroxyl group on the beta carbon of the tertiary amino ethyl situated

on the terminus side of the quinolone base . Furthermore, the addition of hydroxyl group restricts the movement

of HCQ across blood-retinal barriers, overall resulting in lower toxicity relative to CQ . As stated earlier,

autophagy has two distinct roles in relation to tumourigenesis, namely as a tumour suppressor or tumour promoter

depending on the stage of tumour development and the tissue type . During the early stage of tumour

development, autophagy acts as a tumour suppressor due to its ability to clear defective cells, thus, maintaining

cell homeostasis . Moreover, various proteins associated with autophagy that directly suppress tumour

development include Beclin-1, UVRAG, and Bif-1, as well as components that destroy proteins associated with

[110]
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[110][112][113]

[110]

[110][114][115]
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tumour growth such as p62/SQSTM1 . Contrastingly, during the later stages of tumourigenesis, levels of

autophagy increase and act as a tumour promoter in response to harsh intracellular environments such as

starvation, hypoxia, and organelle damage . Furthermore, one major characteristic of autophagy is the ability to

recycle nutrients, which can be used to sustain tumour development . Moreover, increased autophagy activity is

associated with the destruction of cell growth regulators, as well as suppression of DNA damage mechanisms 

. In order to combat autophagy, CQ and HCQ act as inhibitors during the late stages of autophagy,

particularly when lysosomes and autophagosomes fuse together . Townsend et al.  state that when CQ or

HCQ enter the lysosome, this causes the protonation of these compounds, ultimately trapping these compounds

within the acidic lysosome environment, causing the inhibition of lysosome degradation enzymes. Lysosomes are

integral during autophagy, as these cells are responsible for the degradation of macromolecules that can be reused

within cells . Thus, cells treated with CQ or HCQ cannot undergo lysosomal digestion . Moreover,

preventing the proper lysosome functioning, in turn, prevents the supply of macromolecules required for tumour

growth, thus, serving as an attractive method for targeting tumour metabolism relative to normal tissue .
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