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CHAPTER 1: INTRODUCTION 
 

1.1. Iron in biology 

 

Iron makes up 5% of the earth’s crust, which makes it the fourth most abundant 

element and the second most abundant metal, after aluminium, in the earth’s crust.[1]  

More significantly, it is the most copious transition metal in the human body,[2] and an 

adult human contains on average about 4 g of iron at any one time.  Biologically, iron 

is endowed with crucial functions for the maintenance of mammalian life, and 

although the physiological roles associated with iron are considerably diverse, almost 

all these processes utilise the metal as an essential cofactor in various proteins and 

enzymes.[3]  Over half of the total iron content in the body is found within erythrocytes 

as a component of heme (1, Figure 1.1), which acts as the fundamental porphyrin 

prosthetic group of haemoglobin that is used for O2 transport.[4]  

 

Iron plays a key catalytic role as a constituent of the 

cytochrome P450 superfamily of hepatic enzymes, 

which are responsible for the metabolism of xenobiotic 

substances such as drugs which aids their subsequent 

renal elimination from the body.[5]  Cellular division is 

also dependent on iron, as the element is a principal 

component of the enzyme Ribonucleotide Reductase 

(RR), which plays an integral function in the synthesis 

of deoxyribonucleic acid (DNA).[6]  Iron is also involved 

in the harnessing of energy from glucose using oxidative phosphorylation within 

intracellular mitochondria, and the metabolism of endogenous compounds including 

collagen, tyrosine and catecholamines.[7]  Given these crucial roles within the body, it 

should come as no surprise that iron depletion is detrimental to biological systems, 

and on a cellular level has been shown to cause G1/S cell cycle arrest and 

consequent cell death by apoptosis.[8]  On a clinical scale, the symptoms of iron-

deficiency manifest themselves as anaemia because of the reduced level of 

circulating haemoglobin within the blood, and are characterised by excessive 

tiredness and lethargy, along with a heightened susceptibility to infections due to 

weakened immune system efficiency.[9] 

 

Figure 1.1.  Structure of heme 
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Dietary iron, found primarily in red meat and liver enters the human bloodstream via 

the small intestine as either Fe2+ or heme iron, and is transported across intestinal 

enterocytes by the divalent metal transporter 1 (DMT1).[10] Since mammals have no 

specialised system to excrete iron, total body iron levels are completely regulated by 

modulation of this absorption process, which can be adjusted according to conditions 

of anaemia or iron overload as appropriate.  Generally, iron loss occurs through 

bleeding and from epithelial cell shedding in the gastrointestinal tract and skin.  Once 

absorbed, iron is then transported around the body’s circulatory system by the 

protein transferrin (Tf), which has the capacity to carry two ferric (Fe3+) ions at any 

one time (Figure 1.2).[11] Iron can only enter the cells of tissues when bound to Tf, 

and crosses the plasma membrane via the TfR1 transporter expressed on the cell 

surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon entering cells the Tf-iron complex is compartmentalised into vesicles, where 

under the lowered pH the ferric iron is reduced to its ferrous (Fe2+) form, which then 

dissociates from Tf and enters the cell cytosol as free iron,[12] where it remains 

loosely bound to low molecular weight compounds such as organic anions, sugars, 

nucleotides and amino acids,[13] although the precise distribution remains somewhat 

unclear.  In this ‘free’ state the intracellular iron is described as Labile Iron (LI), and 

collectively as the Labile Iron Pool (LIP).  The physiological significance of the LIP is 

that it is a readily available source of iron for utilisation by the cell, which can be 

incorporated into various proteins such as heme or metabolic enzymes.[14]  LI which 

Figure 1.2.  Depiction of intracellular iron trafficking, storage and utilisation.  LIP = labile iron pool 
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is not required by the cell is packaged into ferritin (Ft), a 450 kDa cytosolic storage 

protein capable of holding up to 4,500 Fe2+ ions,[15] and as such cellular iron is 

thought to oscillate between its Ft-bound and free cytosolic forms.  Intracellular iron 

concentrations are sensed and consequently adjusted by Iron Regulatory Proteins 

(IRPs),[16] which modulate the transcription of various proteins involved in iron 

trafficking and storage such as TfR1 or Ft, the expressions of which can be increased 

or decreased accordingly to adjust the levels of intracellular iron.  On a systemic 

level, the peptide hormone hepcidin which is released by the liver is believed to 

control critical aspects of iron homeostasis by modulating the absorption of iron 

across intestinal enterocytes and co-ordinating release of iron from hepatic stores.[17] 
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1.2. Iron homeostasis and UVA 

 

Given its transient nature and the consequential difficulty in experimentally 

characterising the LIP, its existence in the past been disputed; however it is 

increasingly accepted as a useful conceptual model to explain cellular ‘transit’ iron 

levels which are available for metabolic use by the cell.[14]  Pathophysiologically 

however, it also a useful model to explain how disruptions in cellular iron 

homeostasis and an elevation in intracellular iron can result in marked cell 

damage.[18]  The important biological niche that iron occupies is largely attributed to 

the useful property it possesses as a highly redox-active metal, and the ease with 

which it is able to rapidly access two oxidation states by exchanging electrons with 

surrounding organic molecules when it is bound to functional proteins.[19]  Although 

this makes iron an indispensable element for cellular pathways that are dictated by 

redox mechanisms, it gives iron the potential to participate in “rogue” redox reactions 

which can form toxic species.  It is the unbound iron, such as that found in the LIP 

that is catalytically active and can participate in redox cycling that is implicated in the 

production of these harmful agents, and the LIP has been increasingly recognised 

toxicologically as a source of dangerous free radical formation.[20]  The most notable 

of these agents that is produced by LI is the hydroxyl radical •OH, formed via the 

Fenton reaction, as a  constituent step in the catalytic cycle known as the Haber-

Weiss reaction[21] (Scheme 1.1).  This highly reactive compound interacts with many 

intracellular biomolecules, resulting in significant oxidative damage such as DNA 

strand breakage and membrane lipid peroxidation, ultimately culminating in necrotic 

cell death.  

  

 

 

 

 

 

Effective iron homeostasis is therefore of crucial importance, and the sophisticated 

network of iron storage compounds such as Ft and regulators such as IRPs help to 

maintain the delicate balance between vital iron availability and toxic LI 

accumulation.[22]  Although alterations in the LIP are usually detected by IRPs, it has 

been shown that this balance can be critically disrupted by damage inflicted by 

Scheme 1.1. 

Fe3+ is reduced by the superoxide 

radical (A). Fe2+ then decomposes 

H2O2 via the Fenton reaction (B) 

The net process is the Haber-

Weiss reaction (C). 
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reactive oxygen species, or ROS. Conditions where cell injury results from ROS are 

sometimes described as “oxidative stress”, and exposure to ultraviolet light is an 

example of one such condition where oxidative stress is known to occur. [23]   

 

Ultraviolet light is split into three ranges based on wavelength and corresponding 

energy: UVA, UVB and UVC.[24]  Specifically, malfunction of iron homeostasis has 

been attributed to solar ultraviolet A exposure (320-400 nm), the oxidising component 

of sunlight, which accounts for 95% of solar UV radiation that reaches the surface of 

the Earth.[25] Higher energy UVB (290-320 nm) is directly absorbed by DNA, resulting 

in macromolecular photodamage and consequent mutagenesis; however the extent 

of direct absorption of UVA by such biomolecules is significantly lower,[26] and 

damage is elicited instead through the generation of ROS through photochemical 

interactions with intracellular chromophores such as porphyrins.[27] 

          UVA-generated ROS include H2O2 and the superoxide anion (•O2
‒), which are 

catalytically converted by iron to the highly reactive •OH species (see above).  

Furthermore, UVA irradiation has been shown to induce a rapid dose-dependent 

increase in cellular LI levels by promoting the degradation of Ft,[28] which is believed 

to occur through the UVA-stimulated release of lysosomal proteases that 

consequently damage the iron-storage protein (Figure 1.3).  It is this increase in 

catalytically active LI, coupled with the ROS-producing effect that defines UVA as 

such a potent oxidising agent, which is now well recognised as a risk factor for skin 

cancer development and photoageing.[29]   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Iron-mediated pathways of cellular damage elicited by UVA and the generation of ROS  
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1.3. Iron overload and iron-mediated disease 

 

In recent decades the clinical manifestations of excess cellular iron and the 

accompanying toxicity have become increasingly apparent, and the development of a 

considerable number of major diseases are linked to the pathological effects of iron-

catalysed oxidative tissue injury.[30] While iron homeostasis can be disrupted under 

conditions of oxidative stress, for example during UVA exposure as described above, 

it can also be altered under a number of pathological disease states.  Iron overload 

disorders can be caused either by genetic disorders, as in the case of 

hemochromatosis or Friedreich’s ataxia (FA), or by repeated blood transfusions as 

often seen in patients suffering from -thalassemia.  FA is a neurodegenerative 

disease which is characterised by a gradual loss of motor skills, resulting in paralysis 

and death, as well as damage to the heart and pancreas which can culminate in 

cardiomyopathy and diabetes.[31] It is caused by a decreased expression of the 

protein frataxin which is believed to have a function in mitochondrial iron 

homeostasis, which consequently results in mitochondrial iron overload.  The severity 

of the disease is explained, in part, by the high susceptibility of mitochondria to iron-

catalysed oxidative damage,[32] owing to the high level of electron and oxygen density 

within the organelle that is used for cellular energy production.  Similarly, 

hemochromatosis is most commonly caused by a hereditary mutation in the HFE-

gene, resulting in uncontrolled iron absorption from the gut and the formation of iron 

deposits in tissue, ultimately leading to multiple organ damage.[33]  -Thalassemia is 

caused by a mutation in the gene encoding for the -chain of haemoglobin, which 

results in defective haemoglobin synthesis and a lack of functional erythrocytes,[34] 

leading to anaemia.  Treatment is with repeated blood transfusions; however this 

results in accumulation of iron and consequential iron overload, which can lead to 

fibrosis of the liver and heart and potentially fatal organ damage.[35]   

  

Like FA, the pathophysiology of a number of other degenerative diseases has also 

been associated with iron-catalysed oxidative damage, owing to elevated levels of 

the metal which have been observed within diseased tissue.  Two examples are 

Alzheimer’s disease[36] and Age-related Macular Degeneration (ARMD),[37] the latter 

of which has gained notoriety for being the leading cause of blindness in the western 

world.  In addition, a number of skin pathologies have also revealed the presence of 

excess iron; the most prominent example being psoriasis, a hyperproliferative 
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inflammatory disorder characterised by scaly skin plaques, and is one of the most 

common dermatological diseases in the UK.[38] 

 

Perhaps of the most interest however is the well-established link between excess 

iron and the development of cancer, which is evident in hemochromatosis where 

hepatocellular carcinoma has been observed as a consequence of chronic iron 

overload.[39a]  The redox-active nature of iron which permits the facile transfer of 

electrons to oxygen to generate cytotoxic radicals has already been described; 

however the role of iron in cancer is particularly significant because of the metal’s 

function in cellular proliferation.  The RR enzyme catalyses the reduction of 

ribonucleotides to their deoxyribonucleotide forms, thus allowing for the synthesis of 

DNA by providing the required precursors.  Iron has a fundamental catalytic role 

within RR, as it is essential for the generation of radicals at tyrosine residues through 

reactions with cellular oxygen.[39b]  These radicals are utilised within the active site of 

RR to allow the catalysis of Ribonucleotide reduction to their deoxyribonucleotide 

counterparts.  It is therefore unsurprising that the enzyme is up-regulated in tumours, 

and that cancer cells have a higher requirement for iron compared to normal cells 

because of their higher proliferation rate.[40]  This is reflected by the fact that TfR1 

expression is also up-regulated in tumour cells because of the increased demand for 

iron.[41] 

 

In particular, there is considerable interest in the association of skin cancer with 

excess cellular iron levels.  This is not least because of the fact that skin cancer is 

the most common malignancy in Caucasian populations,[42] but also because UVA 

radiation exerts its iron-mediated harmful effects on skin more than any other organ 

in the body.  This is especially the case with squamous cell carcinoma (SCC), the 

second most common form of skin cancer, where excessive sunlight exposure is 

strongly implicated.[43] There are two other forms of skin cancer: basal cell carcinoma 

(BCC) which is the most common type but has the lowest mortality, and malignant 

melanoma which, although having much lower incidence rates is associated with a 

considerably higher proportion of deaths (Table 1.1).[44-45]   

 

 BCC and SCC Melanoma 

Incidence 99,549 12,818 

Mortality 546 2203 
 

Table 1.1  

UK number of diagnoses (incidence) and 

number of deaths (mortality) from skin 

cancer in 2010.  

Data from Cancer Research UK.[46] 
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The degree of influence that UV radiation has in the development of malignant 

melanoma however has been the subject of debate,[46] although many agree that the 

disease is associated with intermittent sun exposure, for instance through 

recreational activities.[47]  The incidence of all three types of skin cancer in England 

however has continued to rise over the last two decades, and the mortality rate in 

males is also increasing.[48] 
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1.4. Iron chelators 

 

1.4.1. Conventional iron chelators and their uses 

 

Chelators are ligating molecules with the ability to bind to metals by acting as Lewis 

bases and donating electron pairs to a vacant d orbital of the metal atom.[49] This 

results in the formation of coordinate covalent bonds between the metal and the 

surrounding molecule or anion, known as a ligand.  Oxygen, nitrogen and sulfur are 

the most commonly observed donor atoms within chelator molecules that can bind to 

the metal in the form of bidentate, tridentate or hexadentate ligands, depending on 

the number of ‘donor’ atoms that coordinate to the metal to form a complex.  The 

geometry of these complexes depends on the number of ligands involved, known as 

the coordination number. Thus, a complex with 4 ligands may be tetrahedral, or 

square-planar, whereas a complex with 6 ligands is octahedral as shown by the 

metal complex formed with ethylenediaminetetraacetic acid (EDTA, Figure 1.4, 2-3). 

 

 

 

 

 

 

 

Chelators have many uses, and some are used medically as antidotes for heavy 

metal poisoning (e.g. penicillamine for lead and dimercaprol for mercury).[29]  Iron 

chelators (ICs) are also used for this purpose where a reduction in body iron levels is 

desirable, such as acute iron overdose which can result in GI bleeding, coma and 

hepatocellular necrosis leading to death if untreated.  ICs achieve their anticipated 

effects by coordinating with both systemic and intracellular iron, forming a water-

soluble complex which can then be readily excreted from the body.[50] 

 

Aside from the treatment of acute overdose, clinical uses of iron chelation have to 

date, been largely limited to the treatment of iron overload associated with diseases 

such as haemochromatosis or thalassemia, where in the latter case regular blood 

transfusions are the main treatment option.[51]  As iron is not actively excreted by the 

body, the most effective way to prevent iron accumulation in patients who receive 

blood transfusions is to administer ICs.  As a result of the research over the last few 

Figure 1.4.   

Structure of the metal chelator EDTA 2, 

and its metal complex 3.  

M = metal atom  

2 

3 
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decades however, which has linked the harmful consequences of excess iron with a 

variety of pathological processes and disease states, it is unsurprising that the idea 

of using ICs to treat other conditions has gained rapid momentum.  Of substantial 

importance is that LI, strongly believed to be the prime culprit of such iron-related 

toxicities, is readily accessible to ICs;[30] however it has been observed that ICs are 

also capable of coordinating to iron which is bound to Ft, but not Hb, Tf or 

Cytochrome P450 enzymes[50] 

 

Currently, there are three ICs licensed as drugs for therapeutic use in the UK (Figure 

1.5).  The oldest of these is desferrioxamine (DFO, 4), a natural siderophore isolated 

from Streptomyces pilosus[51] which, as a hexadentate ligand possesses strong iron-

chelating properties, especially towards the ferric form of iron.  DFO has enjoyed 

extensive medical use over the last three decades, unfortunately, it is plagued with 

therapeutic drawbacks, the most significant being its high hydrophilicity which imparts 

poor oral bioavailability and thus limits its use to subcutaneous infusion.  It is also 

rapidly metabolised, and its short plasma half-life dictates lengthy and repeated 

administration, which is often accompanied by pain and swelling at the injection site.  

This burdensome dosage regime, coupled with its high cost make DFO far from an 

ideal IC drug, and the discovery of another natural siderophore, desferrithiocin 5, 

initially led to excitement as it was found to be orally active.[52] Unfortunately, 5 was 

also found to be nephrotoxic and unsuitable for clinical use.[53]  The more recent 

synthetic ICs, namely deferasirox 6[54] and deferiprone 7 are less toxic and have the 

worthy advantage of being orally bioavailable by virtue of their more lipophilic 

chemical  profiles,[55] and are therefore used widely as alternatives to DFO in the 

treatment of iron overload in patients with -thalassemia.   

 

 

 

 

 

 

 

 

 

 
Figure 1.5. Chemical structures of the natural siderophore ICs, DFO (4) and desferrithiocin (5)   

as well as the more recent synthetic ICs deferasirox (6) and deferiprone (7). 

4 

5 
6 7 
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The realisation that ICs may offer a new way to tackle diseases where iron-mediated 

oxidative damage is implicated has led to an explosion of interest in their potential for 

treatment of cancer. This is because  the higher iron requirement of tumour cells 

compared to their normal counterparts makes them much more susceptible to the 

effects of iron depletion, thus providing scope for selectively halting tumour growth.[56]  

An additional advantage of IC-based therapy is that it could avoid the development of 

fatal tumour resistance that hinders conventional cytotoxic drugs that rely largely on 

direct DNA alkylation to halt cell replication.[21]  As a result, DFO has already 

undergone extensive clinical evaluation to gauge its potential for treating a variety of 

cancer types, including neuroblastoma,[57] advanced prostate cancer,[58] and 

hepatocellular carcinoma.[59]  Despite demonstrating anti-proliferative activity in vitro, 

the effectiveness of DFO in clinical trials has been mixed, a finding which may be 

attributable to its hydrophilic nature and poor membrane permeability.[60]   ICs which 

possess high lipid-solubility should offer advantages over more hydrophilic 

compounds, as they are able to more readily penetrate and access iron pools which 

are located deep within the cell that are used for cell proliferation,[61] and they also 

have  the ability to directly interact with the hydrophobic iron subunit of RR.[62] They 

are also more likely to have a favourable oral bioavailability profile.  Thus, there has 

been much work into the rational design of new ICs to be used specifically as anti-

cancer agents, with a particular stress on lipophilicity. 
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1.4.2. Aroylhydrazones 

 

The aroylhydrazone class of ICs first came to light in 1979, when the strong iron 

chelating activity of a new compound known as pyridoxal isonicotinoyl hydrazone 

(PIH, 8, Figure 1.6) was reported in Czechoslovakia by Ponka and colleagues.[63] The 

accidental discovery of PIH arose from the incubation of 59Fe-loaded reticulocyte 

cells with isonicotinoyl hydrazone – an inhibitor of heme synthesis.  Pyridoxal 

addition then resulted in significant radioiron release from the cells, a finding 

attributed to the in situ formation of PIH and its resulting iron-complex 9. 

 

 

 

 

 

 

 

 

 

 

PIH is a tridentate ligand which forms an octahedral iron complex in a 2:1 ligand/iron 

ratio as shown in Figure 1.6.  Iron coordination occurs through the phenolic and 

carbonyl oxygen donors, and the imine nitrogen.  Subsequent studies found that PIH 

will bind both ferrous and ferric forms of iron,[64] however its affinity for the ferric form 

is considerably stronger, and is in fact comparable to the powerful chelating 

properties of DFO.   

 

The discovery of PIH generated a considerable amount of interest as it possesses 

remarkably attractive properties, including low molecular weight (Mr = 287), apparent 

low toxicity in vivo, and relatively simple and inexpensive synthesis.[65]  The 

compound also demonstrates a high degree of selectivity for Fe3+ compared to other 

metals,[66] although it does coordinate relatively weakly to Zn2+ and very weakly to 

Ca2+ and Mg2+.  Importantly, it is also orally active, and the favourable lipophilic 

profile of PIH compared to DFO means that it is more likely to penetrate intracellular 

compartments, especially since studies have shown that the ligand exists 

predominantly in its unionised form (approx. 80%) at physiological pH.[67] In fact, PIH 

has demonstrated high efficiency in permeating both the plasma and mitochondrial 

Figure 1.6.  

Chemical structure of 

PIH 8, and it’s tridentate 

(2:1) iron complex 9. 

8 

9 
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membranes of reticulocyte cells.[63]  Disappointingly however, the in vitro 

antiproliferative activity of PIH has been found to be consistently low,[68] which 

subsequently led to the development of analogues known as the ‘100 series’, of 

which PIH was 111, where the pyridoxal moiety (shown in red, Figure 1.7) is retained, 

and the hydrazide moiety (blue) is slightly modified.  This allowed the iron-binding 

hydrazone backbone to be conserved, while observing what effect changing the 

electronic and water-solubility properties of the acyl group would have.  Studies on 

these analogues established that a weak correlation exists between lipophilicity and 

cytotoxicity,[21] with the most prominent antiproliferative activity seen with the 

compound designated as ‘106’ by the authors (8f, Figure 1.72).   

 

 Code R   Code R 

8a 101 Ph 8h  108 3-(C6H4)Cl 

8b 102 4-(C6H4)OH 8i 109 3-(C6H4)F 

8c 103 4-(C6H4)CH3 8j 110 3-(C6H4)Br 

8d 104 4-(C6H4)NO2 8k 112 Me 

8e 105 4-(C6H4)NH2 8l 113 Pyridin-2-yl 

8f 106 4-(C6H4)tBu 8m 114 Furan-2-yl 

8g 107 4-(C6H4)OMe 8n 115 Thiophen-2-yl 

 

 

 

Interestingly however, it was the methoxy and fluoro compounds 8g and 8i 

respectively that demonstrated the highest level of biliary iron excretion following 

administration to rats.[69]  Addition of an iron salt was found to abolish the cytotoxicity 

of these compounds, demonstrating that iron-binding is responsible for their 

antiproliferative effects.[61]  Further studies[70] however have shown that iron 

mobilisation and DNA synthesis disruption (through RR inhibition) are not related, 

suggesting that iron depletion, although an important factor in cytotoxicity, is unlikely 

to be the only mechanism involved.[71] 

 

Having nevertheless established a correlation between lipophilicity and cytotoxicity, 

the synthesis of more lipophilic aroylhydrazones was undertaken.  These were 

named the ‘200’[72] and ‘300’[73] series, which are exemplified by salicylaldehyde 

isonicotinoyl hydrazone, SIH (10) and naphthylaldehyde isonicotinoyl hydrazone, NIH 

(11) respectively (Figure 1.8). These compounds use the same hydrazone backbone 

as the 100 series, but possess a hydrophobic salicylaldehyde or 2-hydroxy-1-

naphthylaldehyde-derived unit which replaces the pyridoxal. 

Figure 1.7.   

Structures of the ‘100’ series of iron chelators based on the pyridoxal (red) moiety. 

8a-n 
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Unsurprisingly, SIH and its analogues within the 200 series displayed higher 

antiproliferative effects than their PIH analogue counterparts,[74] with the cytotoxic 

activity of analogue 206 (Figure 1.9, 10d) similar to that observed with the DNA 

alkylating cytotoxic agents doxorubicin and cisplatin.[75]  Significantly, replacement of 

the pyridoxal moiety with salicylaldeyde was also found to increase the ferric iron-

binding affinity of the compound, suggesting that the electron withdrawing effect of 

the pyridoxal nitrogen in PIH affects the phenolic oxygen binding donor.[64]  The 

antitumour activity was even more marked with the 300 series,[73] with analogues 11f, 

and 11g showing the most pronounced cytotoxicity (Figure 1.9).   

 

 

 

 

 

 

 

 

 

 

  

Whereas these findings reinforced the apparent relationship between lipophilicity and 

anti-neoplastic effects, it was found that compared to the 100 series, iron mobilisation 

from cells was decreased in the 200 series, suggesting that numerous mechanisms 

may be responsible for the observed cytotoxicity aside from iron chelation.[74]  As with 

the 100 series however, pre-complexation of these chelators with Fe resulted in a 

substantial decrease in antiproliferative activity,[73] suggesting that iron chelation is 

indeed critical to cytotoxicity.  The pronounced antitumour activity of the 300 series 

has been credited to the ability of these compounds to access LI pools that are 

 Code   Code R 

10a 201 11a 301 Ph 

10b 202 11b 302 4-(C6H4)OH 

10c 205 11c 305 4-(C6H4)NH2 

10d 206 11d 306 4-(C6H4)t Bu 

10e 207 11e 307 4-(C6H4)OMe 

10f 209 11f 309 3-(C6H4)F 

10g 215 11g 315 Thiophen-2-yl 

Figure 1.8. Chemical structures of the lipophilic aroylhydrazone iron chelators SIH 10 and NIH 11. 

Figure 1.9. Chemical structures of the 200 and 300 series of aroylhydrazone iron chelators. 

10a-g 

11a-g 

10 11 
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inaccessible to PIH and its hydrophilic analogues, which are located deeper within 

the cell and thus more likely to be utilised by RR for cell proliferation.[12]   

 

 

1.4.3. PKIH series 

 

The findings that more lipophilic aroylhydrazones such SIH and NIH possess higher 

anti-tumour activity led to the synthesis of a new compound known as di-2-

pyridylketone isonicotinoyl hydrazone or PKIH,  12e, Figure 1.10), along with a series 

of analogues in which like before, the hydrazone ring  was modified.[76]  Here, the di-

2-pyridyl group was combined with the isonicotinoyl hydrazone moiety present in the 

earlier aroylhydrazone compounds.  The di-2-pyridyl group was chosen by virtue of 

its high hydrophobicity and because its simpler precursor, 2-pyridylcarboxaldehyde is 

known to inhibit RR.[77] 

 Code R 

12a PKAH 4-(C6H4)NH2 

12b PKBH Ph 

12c PK3BBH 3-(C6H4) Br 

12d PKHH 4-(C6H4)OH 

12e PKIH Pyridin-4-yl 

12f PKTH Thiophen-2-yl 

 

 

 

 

Here, an N, N, O subset of atoms is utilised to coordinate to iron (Figure 1.10), as 

opposed to O, N, O as seen with the 100, 200 and 300 series of aroylhydrazones.  

Unsurprisingly, owing to their lipophilic character these demonstrated high 

antiproliferative activity, with the most potent analogues 12c, 12e and 12f being 

comparable to NIH (IC50 = 1-3 M).[78]  Structure-activity relationships with the earlier 

aroylhydrazones had already demonstrated how substituents on the hydrazone ring 

can influence the strength of iron-binding through the proximal carbonyl oxygen.  A 

remarkable finding with the PKIH series however was that analogues with an electron 

donating group, such as 12a and 12d, demonstrated weaker antiproliferative effects 

compared to those with electron-withdrawing groups, such as PKIH itself and the 

analogues 12c and 12f.  It is postulated that this is because electron-donating 

substituents stabilise the trivalent state of the coordinated Fe and thus lower the 

redox potential of iron complex.[76]  In fact, along with lipophilicity, the redox activity of 

Figure 1.10. Chemical structures of PKIH series of iron chelators. 

12a-f 
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iron complexes can have a profound effect on the antiproliferative potency of the 

corresponding IC, and this is where the design of ICs shifts in another direction 

towards achieving maximum cytotoxicity.       
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1.4.4. Thiosemicarbazones 

 

A number of clinically used cytotoxic drugs are associated, at least in part, with 

redox-active behaviour and the subsequent formation of free radicals, such as the 

anthracycline drug doxorubicin.[79] Based on this, one rational approach is to design 

and exploit the properties of redox-active Fe-IC complexes to optimise their cytotoxic 

efficacy.  It is here that a group of compounds known as the thiosemicarbazones 

(TSCZs) come into their own, which have long been known to exert a range of 

biological effects, including antibacterial,[80] antiretroviral,[81] and antiproliferative[82] 

activity.  The coordination of TSCZs to various metals such as Fe, Cu and Zn is well 

documented,[82] and it appears that they elicit their biological effects through the 

redox-active metal complexes which are subsequently formed.  It is only relatively 

recently that the link between TSCZ antitumour activity and iron-binding properties 

has been elucidated.[12]   

 

One of the most extensively studied compounds of this class is α-pyridyl TSCZ, or 3-

AP (13), also known as Triapine®, which contains an N, N, S subset of donor atoms 

(Figure 1.11).  The presence of sulfur, and the resulting manner in which TSCZs such 

as 13 coordinate to iron has a considerable impact on the cytotoxicity of the metal-

complexes formed, which is discussed below. 

 

 

 

 

 

 

 

 

In addition to their marked antitumour activity, 3-AP and the TSCZ class of ICs it 

belongs to are well known to possess RR inhibition activity; however there have been 

several theories as to how this is elicited.  It was initially believed that these 

compounds directly coordinated to and removed iron from the active site of RR;[83] 

however it is now more widely accepted that inhibition is instead achieved by 

depleting iron pools within the cell that are critical for enzyme activity.[84]  More recent 

studies however have demonstrated that the Triapine-Fe complex is more cytotoxic 

than the free ligand itself, providing further evidence that these complexes are able to 

Figure 1.11.  

Chemical structure of Triapine® (13), 

along with its iron complex 14. 

13 

14 
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participate in redox-cycling.[85]  It is therefore now generally accepted that, in addition 

to simple iron depletion, cytotoxicity occurs through the generation of ROS from the 

redox-active complex that damages intracellular macromolecules, an effect 

sometimes described as the “double-punch” cytotoxic effect (Figure 1.12).[12]  

Furthermore, studies have demonstrated that RR inhibition is probably achieved by 

the generation of ROS from the complex that destroys a tyrosyl radical residue within 

the R2 subunit of RR which is essential for activity. 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This redox-activity of the TSCZ iron complexes is currently believed to be attributable 

to the sulfur and nitrogen atoms that make up the N, N, S donor subset of the free 

ligands.  This ‘soft’ donor system has a lower affinity for ferric iron compared to the 

‘hard’ oxygen-containing coordination system which is present in the 

aroylhydrazones.  The resulting iron-TSCZ complexes possess considerably lower 

redox potentials that allow the bound iron to undergo reduction to its ferrous state 

when bound in a tridentate fashion by two chelator molecules.[86]  The result is a 

redox-active chelator-Fe complex which can exert oxidative stress by generating 

ROS such as O2
¯ which, through Fenton chemistry ultimately results in cell necrosis 

(Figure 1.13). 

Figure 1.12. The “double-punch” cytotoxic effect of thiosemicarbazone ICs  
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ICs can therefore be designed which have a dual mode of action: firstly by depleting 

intracellular iron stores, thus halting RR-mediated DNA synthesis, and secondly by 

forming Fe-complexes capable of undergoing redox cycling.  This catalyses the 

formation of cytotoxic radicals that can have deleterious effects on biological 

systems.  A considerable number of phase I and phase II clinical trials have been 

conducted with 3-AP, both as monotherapy and in combination with other 

cytotoxics.[60] Unfortunately, the potent antiproliferative effects seen in vitro have 

failed to translate into therapeutic efficacy, and in the majority of cases the drug has 

failed to demonstrate a significant clinical response and has been blighted with 

serious toxicity concerns. 

 

The inadequate performance of Triapine in the clinic has dictated that further 

development on TSCZs was required, and a new class of ICs were thus rationally 

developed which utilised the hydrophobic dipyridyl scaffold from the PKIH series.  

These ICs are known as the di-2-pyridyl thiosemicarbazone[86] (DpT, 15a-e) and 2-

benzoylpyridine thiosemicarbazone[87] (BpT, 16a-e)  class of compounds (Figure 

1.14). 

 

 

 

 

 

 

 

Figure 1.13. Generation of ROS , such as the superoxide anion,  O2
–  from redox-active 

thiosemicarbazone-iron complexes.  Adapted from Richardson and Kalinowski. [21] 

Figure 1.14.  Structure of the DpT and BpT iron chelators. 

 Code R R’   Code R R’ 

15a Dp44mT 2-Pyr NMe2 16a Bp44mT Ph NMe2 

15b Dp4pT 2-Pyr NHPh 16b Bp4pT Ph NHPh 

15c Dp4bT 2-Pyr Ph 16c Bp4bT Ph Ph 

15d Dp4eT 2-Pyr NHEt 16d Bp4eT Ph NHEt 

15e Dp4mT 2-Pyr Me 16e Bp4mT Ph NHPh 

 15a-e or 16a-e 
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From the combination of their lipophilic structure and thiosemicarbazone backbone, 

which allows for the formation of redox-active iron complexes, compounds of this 

family have  displayed some of the most potent anti-neoplastic activity of ICs 

currently known, with the more hydrophobic BpT series showing the highest 

cytotoxicity.[87]   

 

Building upon the BpT and DpT series’, it was reasoned that by combining the 

lipophilic 2-hydroxy-1-napthylaldehyde moiety, which was associated with 

pronounced cytotoxicity as seen in the ‘300 series’, with the thiosemicarbazone 

group, a ‘hybrid’ IC could be formed with potent anti-proliferative activity.[88]  These 

‘hybrid’ ICs, known as 2-hydroxy-1-naphthylaldehyde-3-thiosemicarbazone (NT) 

chelators, are shown in Figure 1.15 (17a-f).  Despite showing potent antitumour 

properties comparable to that of NIH, the presence of a ‘hard’ oxygen donor resulted 

in a lower cytotoxic profile than that observed with the DpT or BpT series. 

 

 Code R   Code R 

17a NT NH2 17d N4eT NHEt 

17b N4mT NHMe 17e N4aT NHCH2CH=CH2 

17c N44mT NMe2 17f N4pT NHPh 

 

 

 

The aroylhydrazone and thiosemicarbazone class of IC compounds discussed herein 

hold considerable potential as clinical treatments for iron-mediated disease.  

Extensive work on the structure-activity relationships of ICs have demonstrated that 

hydrophilic compounds with hard oxygen donors such as PIH and the ‘100 series’ do 

not possess significant cytotoxicity and thus may offer a valuable, orally active 

alternative to outdated ICs such as DFO in the treatment of iron overload disease, 

including FA, haemochromatosis and β-thalassemia.[60]  Lipophilic ICs on the 

otherhand, such as the 300 series, and those which possess soft sulphur and 

nitrogen donors such as the BpT, DpT and NT series, show considerable promise as 

anti-cancer drugs, due to their “double-punch” cytotoxic mechanism of action. 

 

 

 

 

Figure 1.15.  Structure of the NT series of iron chelators. 

17a-f 
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1.5. “Pro-chelators” 

 

The potential of ICs as a new weapon in the fight against cancer is now firmly 

recognised.  Their potent in vitro cytotoxicity has been shown to be tumour cell 

selective and is less susceptible to clinical failure from the development of tumour 

resistance, making them very attractive anticancer drug candidates.[21]  As with 

virtually all drugs however, ICs are capable of producing adverse effects and 

significant toxicity when administered to humans, which has been only too evident 

from clinical trials undertaken with DFO and Triapine.   

 

One of the most clinically significant problems that can arise from the administration 

of strong ICs is the depletion of iron in healthy tissues and the removal of ‘safe’ iron 

from metalloproteins.[89]  Such iron-depletion can manifest itself in a relatively mild 

form, such as fatigue that is indicative of anaemia, or more rarely as potentially fatal 

blood disorders such as agranulocytosis and neutropenia,[29] which can signify a 

weakened immune system and an increased susceptibility to serious infections.  The 

risk of these adverse effects is increased with the length of time ICs are used, and 

therefore despite their potential uses in the treatment of iron-mediated disease, their 

strong affinity for iron makes them unsuitable for chronic administration in conditions 

which are unrelated to iron overload.[90]  Thus, a strategy is therefore needed in which 

ICs are administered in a fashion which ensures iron depletion is controlled and only 

limited to diseased tissue where an excess of the metal is pathologically implicated. 

 

There has already been an interest in the development of “pro-chelators”: ICs which 

possess a low or neglible affinity for iron until they are “activated” under a specific or 

predefined set of cellular biochemical conditions.  One example, reported in 2000 

was the synthesis of OR10141 (18, Figure 1.16) an EDTA-derivative which binds 

intracellular iron, but only very weakly so that intracellular iron levels are largely 

unaltered.[91] 

 

 

 

 

 

 

Figure 1.16.   

Structure of “pro-chelator” OR10141. 

18   
. 
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The complex that forms between 18 and iron (19) undergoes oxidative activation, but 

only in the presence of ROS, or more specifically H2O2 (Scheme 1.2) forming a new, 

highly stable phenolato iron complex 20 which has an affinity constant for ferric-iron 

that is 1012 times greater than the parent compound.  Thus, strong iron chelation 

should occur in a context-specific fashion which is appropriate to the intracellular 

level of hydrogen peroxide.  Compound 18 was indeed shown to provide in vitro 

protection to a number of biological molecules against oxidative cell damage. 

 

 

 

 

 

 

 

 

 

 

More recently, similar work was conducted on the aroylhydrazone SIH (10), and its 

derivatives, which demonstrated how their boronic ester pro-drugs, such as 21 

shown in Scheme 1.3, showed very weak iron binding affinity.[92]   

 

 

 

 

 

 

 

 

Oxidation of the aryl boronate in the presence of H2O2 released the “active” tridentate 

ligand with strong iron chelating activity.  The rate of pro-chelator  chelator 

conversion was dependent on the concentration of H2O2, and could be attenuated by 

modifying the substituents on the boron-containing aryl ring.  The authors also 

reported that the H2O2-activated IC 21 inhibited the iron-catalysed generation of •OH 

almost as effectively as the free ligand SIH.[93] 

 

Scheme 1.2.  Activation of “pro-chelator” OR10141 (18) by H2O2-mediated oxidation of its Fe-complex 

(19), resulting in the highly stable phenolato Fe complex 20.  X = H2O (omitted for clarity). 

Scheme 1.3.  Activation of a “pro-chelator” in the form of a boronic ester by H2O2. 

21 
. 

10 
. 

19   
. 

20   
. 
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The significance of both these studies is that they allude to the idea that iron 

chelation may be induced  under conditions of oxidative stress in a context-specific 

fashion, such as in a particular disease state or following UVA exposure. 
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1.6. Light-based therapies and the concept of “caging”. 

 

The energetic properties of light have been used therapeutically since ancient times, 

when Hippocrates promoted the use of sunlight to treat certain skin ailments, which 

he called “heliotherapy”.[94]  

 

These light-based therapies have continually been developed in modern medicine, 

with one example being photochemotherapy to treat dermatological conditions such 

as vitiligo and the hyperproliferative disorder, psoriasis.  This technique, also known 

as PUVA, combines UVA radiation with a furocoumarin known as psoralens 22a, 

among which 8-methoxypsoralen 22b, is among the most commonly used. Following 

irradiation with ultraviolet light, the excited psoralen binds to the pyrimidine bases of 

DNA and RNA (Scheme 1.4) resulting in the corresponding adducts 23a or 23b that 

inhibit cell growth, ultimately resulting in cell death. 

 

 

 

 

 

 

 

 

Another light-mediated therapeutic application is Photodynamic Therapy (PDT), 

where a photosensitizer, most commonly a porphyrin or chlorin derivative, is excited 

by light of an appropriate wavelength, usually within the visible spectrum.[94]  When 

this occurs in the presence of atmospheric molecular oxygen (O2), singlet oxygen 

(1O2) is generated: a cytotoxic species that elicits damage on biomolecules resulting 

in cell death.  This “photodynamic effect” as it was described by Von Tappeiner[95] 

was first reported in 1900, following the observation that bacteria incubated with 

acridine were killed if exposed to daylight, but survived if kept in darkness.   

       Clinically, PDT has enjoyed success in the treatment of a range of diseases 

including numerous types of cancer[96] and most notably in ARMD.[97] The key 

advantage of PDT is that it allows for selective targeting of diseased (e.g. cancerous) 

tissue, either through the selective absorption of the photosensitizer by diseased 

cells, or by focusing light only on the locally affected area.[98] 

Scheme 1.4.  Psoralen photosensitisers 22a and 22b & their thymidine adducts 23a and 23b 

R = H (23a), OMe (23b). 
 R = H (22a), OMe (22b). 
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The concept of chemically modifying a biologically active molecule with a 

photoremovable protecting group (PRPG), thus rendering it temporarily inactive until 

released by a light source is known as “caging” (Scheme 1.5), a term first devised by 

Hoffman in 1978.[99]  Compounds which are protected or “caged” in this way have 

been described as molecules “with a light switch”,[100] and this technique has found a 

particular niche amongst biologists to study numerous cellular processes on a 

molecular level.   

 

 

 

 

 

 

 

 

Caged bioactive entities, including small molecules, peptides, proteins, and even 

nucleic acids have proven useful as molecular probes to investigate the physiological 

effects that these molecules exert on biological systems.[101]  The use of caged 

molecules has to date, been largely limited to their application as in vitro biochemical 

tools, which can be easily and precisely switched on where and when they are 

needed so that their biological effects can be observed.  By virtue of the non-invasive 

nature of this technique, it has described by some as the “optical microsyringe”.[102]  

PRPGs have also been used in organic synthesis, where irradiation with light offers a 

highly selective and efficient deprotection strategy.[103a]  The use of caged 

compounds in a therapeutic setting is also an exciting prospect, as it could 

theoretically allow for pharmacological activity to be finely controlled, thus minimising 

drug toxicity and potentiating efficacy.   

 

A considerable number of caging groups which are used to chemically “mask” an 

active compound have been developed since photosensitive protecting groups were 

first separately reported by Barltrop and Barton in 1962.[103b-c] Wirz and Pelliccioli 

have defined a “good” PRPG or “caging group” as one which is (1) soluble in 

aqueous media, (2) able to form photochemical by-products which are biologically 

and photochemically inert, and (3) undergoes clean, light-induced bond cleavage 

(photolysis) which yields the active molecule in high quantum yield : a measure of 

Figure 1.17. Depiction of a caged compound and photorelease of the active molecule. 
 

Biologically inactive 

hv 
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how efficiently absorbed light converts a caged compound to its active 

counterpart.[101]  Additionally, the caged compound should have a high absorption 

coefficient, , at wavelengths above 300 nm, as light radiation within this region is 

lower in energy and thus less likely to cause damage to biological systems, although 

it is important to note that UVA radiation falls within this range.  It is also important 

that the caging group completely abolishes biological activity, so that the response 

observed upon irradiation is directly proportional to the applied dose. 

 

The most commonly used PRPGs belong to the 2-nitrobenzyl family (Figure 1.18), 

the simplest of which is the ortho-nitrobenzyl (ONB) entity itself (I), although a 

number of related derivatives exist with unique photochemical properties including 

the 2-nitrophenylethyl (NPE, II), nitrophenylpropyl (NPP, III) and nitroveratryl (NV, 

IV) groups.[103-4] 

 

 

 

 

 

 

 

One of the first examples of a caged compound to be presented was the nitrobenzyl-

cyclic adenosine monophosphate (cAMP) derivative 24 (Scheme 1.5) in 1977;[105] 

however the word “caged” was not coined until a year later when ATP was caged 

with the same group. 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. The nitrobenzyl family of PRPGs. 
 

   

Scheme 1.5. Caged compound ONB-cAMP, 24, and its photolysis to release the active cAMP molecule 

25 and nitrosobenzaldehyde 26. 
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Aside from the 2-nitrobenzyl family of caging groups, another extensively studied 

family of PRPGs are those based on the coumarin structure, or more specifically 

coumarin-4-ylmethyl derivatives.[101]  The first of these to be characterised was the 7-

methoxycoumarin-4-ylmethyl ester in 1984 (V, Figure 1.19); however since then a 

number of derivatives have been studied with different substitution patterns on the 

aromatic ring, which result in changes to the absorption range of these 

compounds.[106] 

 

 

 

 

 

Another, relatively little exploited type of caging group are those structurally related to 

cinnamic acid, namely the 2-hydroxycinnamoyl and 2-aminocinnamoyl entities.
[107-8]  

A number of cinnamate esters and amides have been synthesised and their chemical 

properties evaluated, and it has been demonstrated that they undergo 

phototransformation to a cyclic photoproduct which accompanies release of the 

‘caged’ compound.  Two examples are shown below (Scheme 1.6) with the 

cinnamate ester 27 and amide 28 which, following photoisomerisation undergo 

cyclisation to the corresponding coumarin 29 or carbostyril 30, along with expulsion 

of the ‘caged’ alcohol (e.g. thrombin-OH) or amine 31. 

 

 

 

 

 

 

 

 

 

 

 

The nitrobenzyl, coumarinyl and cinnamoyl caging groups have all been used to 

protect a wide variety of compounds, the most common being phosphates, 

particularly on nucleic acids, as well as alcohols and amines; however the caging of 

Scheme 1.6.  Examples of cinnamoyl-caged compounds and their coumarin photoproducts. 

Figure 1.19.  

Structure of the 7-methoxycoumarin-4-ylmethyl 
ester PRPG moiety. 
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thiols, aldehydes and ketones has also been reported.[100]  Depending on the 

respective functional groups through which the bioactive molecule and caging group 

are attached, the resulting connective bond is most commonly an ester, ether or 

amide, although many variations have been documented. 

 

1.7. Caged iron chelators (CICs) 

 

“Pro-chelators” such as those described in section 1.5, which rely on activation by a 

particular internal biochemical stimulus provide scope for therapeutic iron chelation to 

occur without the harmful effects of iron depletion in healthy tissue.  A light-activated 

pro-chelator however offers an alternative approach, and because the light trigger is 

an external source, activation can be controlled to a much greater extent.  This is 

where the concept of caging meets ICs, thus providing a novel strategy to achieve 

controlled and selective iron chelation within tissue where the removal of iron is 

desirable.   

 

A study on light-activated chelators was first described in 1989, when Tsien et al. 

described the Ca2+ chelator 32, which could have useful biochemical applications by 

mimicking or negating cellular responses in nerve and muscle tissue.[109]  The use of 

nitrobenzyl PRPGs to mask one of the carboxylic acid metal-binding sites (Scheme 

1.7) was associated with poor quantum yields, and the authors found that a better 

method was to insert a diazoacetyl group para to the tertiary amine on one of the 

aromatic rings.   

 

 

 

 

 

 

 

 

 

This electron-withdrawing group reduces the calcium-binding of the compound, but 

upon irradiation with UVA light Wolff rearrangement of the diazoacetyl group occurs 

to generate the electron-donating carboxymethyl group which gives 33.  A 

corresponding 30-fold increase in calcium-binding affinity was then observed.   

Scheme 1.7. Light-activation of Ca2+ chelator 32 to give 33. 

 32 
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 33 
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The aroylhydrazone ICs described earlier represent attractive candidates for this 

concept, owing to their powerful iron chelating properties, oral bioavailability, ease of 

synthesis and well-established structure-activity relationships.  It is known that they 

coordinate to iron through an O, N, O donor subset, and from a synthetic perspective, 

chemical blockade of the phenolic oxygen should provide the most facile route to 

abolish iron chelating activity. If chemical blockade is undertaken with a 

photoremovable protecting group, it should therefore result in a caged iron chelator 

(CIC) which has no iron-binding capability until irradiated with light of a particular 

wavelength range.  An example is shown below in the case of NPE-PIH 34 (Scheme 

1.8), which undergoes photocleavage to release the aroylhydrazone iron chelator 

PIH (8) along with the nitrosoketone photoproduct 35.[110]  As well as oxygen, the 

sulfur donor atom which is present in the thiosemicarbazone class of ICs might also 

be caged, providing an alternative synthetic approach to the preparation of these 

compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.8. NPE-PIH 34, a “prototype” CIC. The donor atoms are shown in red. 
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1.7.1. CICs as photoprotectants against UVA-induced iron damage to skin cells 

 

ICs have already been shown to provide significant photoprotection against UVA 

damage when used topically in combination with sunscreens.  For example, this was 

demonstrated with the chelator 2-furildioxime (36, Figure 1.20).[111] The 

photoprotective properties of this IC were measured by determination of the sun 

protection factor (SPF) it provides.  

 

 

 

 

 

SPF describes the multiples of protection supplied against UVB-induced sunburn 

relative to unprotected “naked” skin: for example a product with an SPF of 15 should 

allow for a person to remain 15 times longer in the sun without burning.[29]  Although 

the SPF only defines the degree of protection against UVB, the EU Commission have 

recommended that the degree of UVA protection should be equal to at least one third 

of the SPF value.  The authors, Bissett and McBride  found that a sunscreen with an 

SPF value of 4, when combined with furildioxime at a concentration of 5% resulted in 

an SPF value of greater than 30.[111]  This combination was also found to delay the 

onset of tumours in hairless mice exposed to long-term UV radiation by up to 58 

weeks.   

 

More recently, a study was conducted on the CICs NPE-PIH (34) and NPE-SIH (37), 

which demonstrated promising biological activity in human skin fibroblast cells 

(Figure 1.21).  The CICs 34 and 37 displayed no significant toxicity in these cell lines 

up to concentrations of 250 M, and were completely uncaged at physiologically 

relevant doses of UVA (250 kJ/m2).[110] 

 

 

 

 

 

 

 

Figure 1.20.  

Structure of furildioxime 36, an IC which has already 
demonstrated protective properties against UVA 

Figure 1.21.  
Structure of NPE-PIH 34 

and NPE-SIH 37. 
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In control cell samples where the CIC was absent, a dramatic increase in intracellular 

LI was observed following UVA irradiation; however in cells treated with CICs, any 

increase in LI was almost completely negated.  Most importantly, compared to 

untreated controls it was demonstrated that cells treated with the CICs 34 and 37 

were protected against necrotic cell death following exposure to physiologically 

relevant doses of UVA.  Only NPE-PIH however was effective at high UVA doses of 

500 kJ/m2. 

 

The work by Yiakouvaki et al.[110] therefore introduced a novel approach to protect 

skin cells from the deleterious effects of sunlight, and demonstrated that CICs can 

provide this protection in a context-specific manner; that is, the extent of decaging is 

dependent on the dose of UVA recieved.  Thus, depending on the intensity of solar 

UV radiation that skin is exposed to, a corresponding level of protection against UVA-

induced iron damage should occur without causing iron-depletive toxicity.   
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1.7.2. CICs as a novel approach against skin cancer and psoriasis. 

 

Whereas PIH has been shown to possess low antiproliferative activity, thus making it 

more suitable as a photoprotectant, other ICs are unsuitable for this role owing to 

their potent cytotoxicity.  Such ICs include lipophilic compounds such as SIH and 

NIH, and the thiosemicarbazones which possess redox-active iron complex 

capabilities.  It may be proposed however that caged compounds of this class could 

be used to provide highly localised cytotoxic effects by focusing light on the diseased 

area and thus minimising damage to surrounding healthy tissue.  This should not 

only result in highly efficient tumour killing, but adverse effects relating to systemic 

iron toxicity, such as those seen with Triapine and DFO could be minimised or even 

avoided.  As well as cancer, such a strategy may have potential in the treatment of 

psoriasis, since elevated levels of iron have been detected in psoriatic tissue and the 

disease is characterised by hyperproliferative skin cells. In fact, one IC known as 

Razoxane®, 38 (Figure 1.22) has been shown to reduce inflammation and alleviate 

the symptoms of psoriasis when administered systemically; however it was also 

associated with the development of epithliomas and leukaemia upon prolonged 

exposure.[112]  Thus, the use of a CIC could also provide a highly efficient and 

localised therapeutic effect in psoriasis, representing a significant advantage over 

conventional ICs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22. Structure of Razoxane® 
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1.8. Aims and objectives 

 

The work conducted by Yiakouvaki et al.[110] has demonstrated that the strong iron 

chelators 8 and 10 can protect skin fibroblast cells from the harmful effects of UVA 

radiation, and that the corresponding NPE-caged derivatives 34 and 37 are non-toxic 

to cells.  Furthermore, it was shown that 34 and 37 elicit no in vitro iron binding 

activity in the absence of activating UVA light.   

 

 

 

 

 

 

 

 

Building upon these proof-of-principle studies, this project will investigate alternative 

caging groups which could be used to develop novel CICs as photoprotectants 

against solar UVA radiation.  Such CICs would be based on the aroylhydrazones PIH 

8 and SIH 10 which are known to have relatively low in vitro toxicity in skin cell 

lines.[110]  It is envisioned that CICs which release the free IC and a biologically active 

photofragment could have potential to act as multifunctional photoprotectants, with 

synergistic iron chelating and antioxidant/UV filtering properties.  These agents, if 

developed could therefore have considerable value as a component of topical 

sunscreen formulations.  A series of CICs based on the aroylhydrazones 8 and 10 

are described herein which have been caged with a variety of PRPGs, including 

nitrobenzyl and cinnamoyl moieties.   Their photocleavage at physiologically relevant 

doses of UVA has been evaluated, as well as their in vitro biological effects in skin 

cell lines in the absence and presence of UVA radiation 

 

In addition to the potential application of CICs as topical photoprotective agents, the 

value of ICs as possible anti-cancer drug candidates has been discussed.  The 

potential of highly lipophilic ICs however which show potent cytotoxicity is limited by 

their unacceptable safety profile and side-effects; however a light-activated CIC could 

offer a novel strategy for targeted cancer treatment.  For instance, a CIC of low 

toxicity, which is systemically absorbed, could be used to treat a localised tumour by 

Figure 1.23.   
Structure of aroylhydrazone 
ICs PIH 8 and SIH 10, along 
with their NPE-caged 
analogues 34 and 37 
respectively. 
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selective exposure of light to the diseased tissue.   As the extent of tissue penetration 

by radiation depends on the wavelength of light used, with longer wavelengths 

having deeper tissue penetration, the use of different caging groups which have 

maximal absorption at different wavelengths of light was investigated.  A series of 

CICs based on iron chelators with potent antiproliferative effects such as NIH (11) 

and those belonging to the DpT (15a-e), BpT (16a-e) and NT (17a-f) class of 

thiosemicarbazone ICs will therefore be prepared, and their photocleavage properties 

evaluated following exposure to UVA light.  The toxicity of these CICs, and their 

parental IC counterparts has been evaluated before and after exposure to UVA 

radiation.   

 

 

 

 


