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ABSTRACT  
   

Many natural and synthetic quinones have shown biological and 

pharmacological activity. Some of them have also shown anticancer activity. 

Ubiquinone (CoQ10) which is a natural quinone, is a component of the electron 

transport chain and participates in generation of ATP (adenosine triphosphate). 

Cellular oxidative stress is key feature of many neurodegenerative diseases such 

as Friedreich's ataxia, Alzheimer's disease and Parkinson's disease. The increased 

generation of reactive oxygen species damages cell membranes and leads to cell 

death. Analogues of ubiquinone in the form of pyrimidinols and pyridinols, were 

effective in protecting Friedreich's ataxia lymphocytes from oxidative stress- 

induced cell death. There were some structural features which could be identified 

that should be useful for the design of the analogues for cellular protection against 

oxidative stress.  

There are quinones such as doxorubicin, daunomycin and topopyrones 

which have anticancer activity. Here I evaluated topopyrone analogues which 

poison both topoisomerases I and II. The topopyrone analogues were lethal to 

human breast cancer cells, but these analogues were not as potent as 

camptothecin. 
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CHAPTER 1 

CYTOPROTECTIVE EFFECTS OF ANALOGUES OF COENZYME Q 

Introduction 

Mitochondria participate in a number of metabolic transformations, 

including pyruvate oxidation, the Krebs cycle and metabolism of amino acids and 

fatty acids. The most important function of the mitochondria is generation of ATP 

by the mitochondrial electron transport chain (oxidative phosphorylation) (1). The 

respiratory chain in the inner mitochondrial membrane has five protein 

complexes. These are complex Ι or NADH dehydrogenase-ubiquinone 

oxidoreductase; complex ΙΙ or succinate dehydrogenase-ubiquinone 

oxidoreductase; complex ΙΙΙ or ubiquinone cytochrome c oxidoreductase; 

complex ΙV or cytochrome c oxidase; and complex V or ATP synthase (Figure 1) 

(2). 

There are two small molecules which carry electron between complexes. 

Coenzyme Q transfers electron from complex Ι to complex ΙΙΙ and from complex 

ΙΙ to complex ΙΙΙ. Cytochrome c transfers electrons from complex ΙΙΙ to complex 

ΙV (Figure 1) (2, 3). 

Energy is released in the mitochondrial matrix from the Krebs cycle (TCA 

cycle) in the form of NADH and FADH2. Electrons are transferred from NADH 

to complex І and FADH2 to complex ΙΙ. The electrons travel down the respiratory 

chain and are finally accepted by oxygen in complex IV (3). 

  As the electrons transit the respiratory chain, protons are pumped across 

the inner mitochondrial membrane (from the matrix to intermembrane space) 
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from complexes Ι, ΙΙΙ and ΙV. ATP is generated by the transport of these protons 

back into the mitochondrial matrix through complex V (ATP synthase) (3, 4). 

Reactive oxygen species (ROS) generation 

 The mitochondrial respiratory chain is the main producer of reactive 

oxygen species in the cell. ROS production is increased as a result of respiratory 

chain dysfunction (5). Cellular oxidative damage is an important factor in aging 

and neurodegenerative diseases (6). ROS can damage cellular macromolecules 

and a suitable defense system is necessary (6, 7). The defense system in the cells 

works to reduce the levels of ROS by expressing and regulating antioxidant 

enzymes such as superoxide dismutase, glutathione peroxidase and catalase. The 

defense system is also supported by non-enzymatic antioxidants such as α-

tocopherol (vitamin E), ascorbic acid (vitamin C), glutathione (GSH) and vitamin 

A (7). 

The short chain hydrophilic quinones show a prooxidant effect in the 

oxidized state while in a fully reduced state they have an antioxidant effect 

(Figure 2). For example both CoQ1 and decylubiquinone are electron acceptors 

from complex Ι. But CoQ1 can enhance oxidative stress as it transfers the electron 

to molecular oxygen (5). 

2O-˙
2 + 2H+ → H2O2 +O 2                                                                                         (1) 

H2O2 + 2GSH → GSSG + 2H2O                                                                          (2) 

The superoxide formed by mitochondria is acted upon by superoxide dismutase 

(Equation 1) and converted to hydrogen peroxide. Glutathione peroxidase then 

converts hydrogen peroxide to water (Equation 2) (8). 
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A variety of factors influence superoxide production by mitochondria. 

Superoxide production varies with the organism, tissue and age (9, 10). For 

example, in the brain mitochondrial complex Ι is the main producer of superoxide 

(10). 

Mitochondrial ROS production increases under conditions of low oxygen 

concentration. In cultured cells, when the oxygen concentration is lowered to 1-

3% (normal value 21% oxygen) ROS generation increases (9). 

There is production of ROS by the mitochondria in both normal and 

diseased cells. There is generation of O2
. - in the mitochondrial matrix and 

intermembrane space. The main sites of superoxide formation during oxidative 

phosphorylation are complexes Ι and ΙΙΙ. The major potential sites of ROS 

production were identified by using inhibitors of complexes Ι and ΙΙΙ. In presence 

of complex I or complex II substrates, mitochondria did not produce significant 

amounts of superoxide or hydrogen peroxide, but the production of oxygen 

radicals increased considerably in the presence of inhibitors. When inhibitors are 

added the respiratory complexes become strongly reduced and generate ROS. 

Complex Ι generates ROS primarily in the matrix side of the inner membrane of 

mitochondria while complex ΙΙΙ generates superoxide towards the intermembrane 

space (11). 

The rate of radical generation seems to be lower in long-lived animals in 

comparison to short-lived animals as suggested by comparative studies in 

different species. There are results suggesting that ROS generation is under the 
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control of genotype of the organism instead being a mere by-product of 

mitochondrial respiration (12). 

Under physiological conditions the superoxide produced by complexes Ι 

and ΙΙΙ is converted to H2O2 with the help of enzyme manganese superoxide 

dismutase (MnSOD) present in the mitochondrial matrix (9). Superoxide can 

cross the mitochondrial membrane in an uncharged form (13). If there is 

significant amount of superoxide remaining in the matrix, it can oxidize and 

inactivate iron-sulfur cluster containing enzymes. The superoxide generated in the 

intermembrane space is dismutated to H2O2 by the enzyme copper zinc 

superoxide dismutase (Cu/Zn SOD) (8). In addition to ROS production by the 

electron transport chain in the inner mitochondrial membrane, the outer 

membrane is a large source of H2O2 production by oxidative deamination of 

amines by monoamine oxidase (14). 

The generation of superoxide and peroxide radical in the inner mitochondrial 

membrane is close to redox pools of Cu and Fe. The proximity provides feasible 

conditions for Fenton chemistry leading to hydroxyl radical (˙OH) formation. The 

˙OH radical reacts with the deoxyguanosine base of mitochondrial DNA to form 

8-hydroxydeoxyguanosine. Hydroxyl radical (˙OH) inactivates mitochondrial 

enzymes such as NADH dehydrogenase, NADH oxidase, succinate 

dehydrogenase and ATPase (14). Peroxides can also induce peroxidation of 

cellular lipids and damage cellular membranes (15). 

The peroxide concentration in the cells is kept at a low level with the help 

of glutathione peroxidase (GPX). GPX reduces hydrogen peroxide to water by 2 
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e- transfer from GSH to produce GSSG (16). Glutathione is synthesized in the 

cytosol by the condensation of cysteine and L-glutamate to form γ-

glutamylcysteine, catalyzed by γ-glutamylcysteine synthetase in the rate limiting 

step. Glutathione synthetase then adds glycine to the C terminus. It is exported 

from the cytosol to the mitochondria by dicarboxylate and 2-oxoglutarate 

transporters present in the inner mitochondrial membrane (16). The glutathione in 

the cells can be depleted experimentally by diethyl maleate, ethyl 

methanesulfonate and various other chemicals (15). 

Mitochondrial ATP production declines when there is substantial increase 

in ROS formation. There is excessive release of Ca2+ into the cytosol which is 

taken up by mitochondria and the mitochondrial permeability transition pore 

(MPTP) is activated. Upon activation it opens a channel in the inner membrane 

leading to destruction of the electrochemical gradient and ATP synthesis. This 

initiates programmed cell death (16). MPTP regulation can vary with different 

tissue. Not all of the ubiquinone analogues which inhibit MPTP prevent cell 

death. However, all MPTP-inducing ubiquinones induce cell death. MPTP 

regulation does not correlate with regulation of ROS production (17). 

Coenzyme Q10 (CoQ10) 

CoQ10 is mainly found in humans. CoQ10 is present in excess compared to 

other components of the respiratory chain. CoQ10 content decreases with age 

normally. It can act as both prooxidant and antioxidant (Figure 2). CoQ10, when 

close spatially to complexes Ι and ΙΙ, accepts electrons and gets reduced, then 

transfers electrons to complex ΙΙΙ. Reduced CoQ10 can also react with molecular 
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oxygen to produce superoxide if it is close to oxygen (Figure 2). The partitioning 

of the quinone molecule in the cell between membrane cores, surface and soluble 

phases determines its efficiency as an antioxidant (18). In presence of an inhibitor 

such as antimycin, a complex ΙΙΙ inhibitor, electrons cannot progress in the 

respiratory chain and get redistributed, resulting in formation of unstable 

ubisemiquinone. This can lead to superoxide formation. CoQ10 is very 

hydrophobic so it shows an affinity for lipoperoxide or tocopheryl radicals (19). 

 CoQ10 and its analogues can be used to treat primary CoQ10 deficiency due 

to defects in ubiquinone biosynthesis (19). CoQ10 deficiency symptoms are 

sometimes seen with encephalomyopathy, Leigh syndrome, severe multisystem 

infantile disease, cerebellar ataxia, or myopathies. These patients have benefited 

from CoQ10 supplementation (16). CoQ10 supplementation can be used to 

normalize the bioenergetic status and oxidative balance in fibroblasts of CoQ10 

deficient patients. After 24 hours of CoQ10 supplementation the fibroblasts 

deficient in CoQ10 do not show an improvement in ATP levels or in ATP/ADP 

ratios. However after one week of treatment, CoQ10 increases ATP levels and 

improves the ATP/ADP ratio. This can be explained by the strong lipophilic 

nature of CoQ10 (19, 20). It accumulates in the membranes of lysosomes, the 

endoplasmic reticulum and the plasma membrane due to its lipophilicity. A small 

portion (~11%) reaches mitochondria, but only a portion of this reaches the inner 

membrane to take part in the respiratory chain as some of it gets trapped in the 

outer membrane (19). 
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Idebenone 

The benzoquinone ring of idebenone can undergo reversible reduction and 

oxidation reactions. Idebenone is a synthetic compound with possible prooxidant 

and antioxidant properties (Figure 2). Idebenone can be readily oxidized by 

mitochondrial complex ΙΙΙ (Figure 3) and is reduced by complex Ι, complex ΙΙ and 

glyceraldehyde-3-phosphate dehydrogenase (21). It can interact with other redox 

compounds including CoQ10 in the mitochondrial respiratory chain. It increases 

the level of ROS in the cells in the presence or absence of complex I inhibitor 

rotenone (5, 22). Idebenone crosses the blood-brain barrier. It has been used in 

clinical trials to treat Alzheimer disease and Friedreich’s ataxia (16). 

Decylubiquinone 

Decylubiquinone (2, 3-dimethoxy-5- methyl-6-decyl-1, 4-benzoquinone) 

is a synthetic ubiquinone analogue. It is a hydrophobic quinone that has a 10-

carbon side chain that enables it to pass through mitochondrial membranes. It 

accepts electrons from complexes Ι and ΙΙ and transfers them to complex ΙΙΙ. 

Oxygen consumption is taken as a measure of efficiency of respiratory chain. It 

was observed in nerve synaptosomes that on inhibition of complex I there was 

40% synaptosomal oxygen consumption. However, in presence of 

decylubiquinone there was 70% oxygen consumption. Decylubiquinone increased 

the inhibition thresholds for complexes Ι/ΙΙΙ, ΙΙ/ΙΙΙ and ΙΙΙ, when myxothiazol was 

used to inhibit complex ΙΙΙ (23). 

Complex I has the most complicated structural organization. It is also the 

rate determining step of the respiratory chain. Complex I in the respiratory chain 
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donates electrons to the CoQ10. CoQ10 is a hydrophobic molecule and is localized 

in the hydrophobic core of the lipid bilayer (24). The NADH coenzyme Q 

oxidoreductase (complex I) catalyzes the reduction of CoQ10 by NADH. The 

binding site of coenzyme Q is initially small. However, NADH binding to the 

enzyme leads to a conformational change in the coenzyme Q binding site. This 

enables the site to accept coenzyme with larger side chains such as 

decylubiquinone (25). Complex I is inhibited by number of compounds (24). Both 

the benzoquinone ring and the alkyl side chain of the CoQ are essential for 

electron transfer and binding (26). The antioxidant efficiency of quinones depends 

on the targeting of quinones to the site of free radical production in the 

mitochondrial inner membrane (22). The analogues should bind to the sites on 

complexes I and III located deep within the hydrophobic core of membrane (26). 

Mitochondrial disease 

A number of genetic mutations can cause mitochondrial dysfunction. The 

mitochondrial defects can affect vital organs of the body. Friedreich’s ataxia 

(FRDA), Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis 

and Huntington’s disease are some of the disease due to mitochondrial 

dysfunction and impairment of energy production (27, 28). In this study we are 

focusing on Friedreich’s ataxia (FRDA). It is a neurodegenerative and 

cardiodegenerative disease believed to arise from an insufficiency of the protein 

frataxin. It is characterized by progressive ataxia, speech problems and heart 

disease (cardiomyopathy) (29).  
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Frataxin is a nuclear-encoded protein targeted to the mitochondrial matrix 

(30). Most FRDA patients are homozygous for GAA triplet repeats within the 

first intron of the frataxin gene (31). Normal alleles have between 6-34 GAA 

repeats, while in FRDA patients there are between 70-1700 GAA triplet repeats. 

This results in reduced amounts of frataxin protein. This may be because the 

GAA/TTC repeats form unusual DNA structures, like DNA triplexes which block 

transcription. There is an inverse relationship between the size of GAA repeat and 

the age of onset of the disease (32). Some patients were found to have point 

mutation in the frataxin gene, located on chromosome 9 (31).  

Frataxin acts as cofactor for proteins involved in mitochondrial electron 

transport chain and may interact with mitochondrial aconitase affecting energy 

metabolism. It is responsible for assembling Fe-S cluster in proteins with this 

prosthetic group. Frataxin is also involved in iron binding and storage (30). 

Frataxin has an additional role in iron detoxification and regulates oxidative 

stress. Frataxin deficiency sensitizes cells to oxidative stress and subsequently cell 

death (30). 

Iron sulfur clusters are an important part of the respiratory complexes and 

frataxin plays an important part in biogenesis of iron-sulfur cluster. They are 

synthesized in mitochondria by a complex pathway which is being elucidated 

(33). The biosynthesis starts with release of elemental sulfur from cysteine with 

the help of enzyme cysteine desulfurase. The elemental sulfur is incorporated into 

a scaffold protein. The two forms of frataxin present in the normal cells in steady 

are FXN81-210and FXN42-210. FXN81-210 donates Fe2+ for iron-sulfur cluster 
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assembly on the iron-sulfur cluster scaffold protein. FXN42-210 can donate either 

Fe2+ or Fe3+ (33). The initial structure is a 2Fe-2S tetrahedral-like complex which 

is followed by 3Fe-4S and 4Fe-4S clusters. Iron sulfur cluster play chemically 

diverse role. Fe-S clusters in complex Ι and succinate dehydrogenase (SDH) help 

in catalyzing electron transfer reactions from NADH and FADH2. The association 

of the iron sulfur cluster with the respiratory chain enzymes helps in electron 

transfer by the enzyme and prevents electron leakage to molecular oxygen. Thus 

the generation of ROS is avoided (7). 
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Results 
 
 We want to find CoQ analogues which can act as antioxidants and 

prooxidants and also support oxidative phosphorylation by transporting electrons 

through the ETC. The analogues would prevent damage to the mitochondrial 

membranes and oxidative stress to the cells. 

 We started by evaluating our analogues in CEM leukemia cells. These 

cells were in the log phase of the growth. They were treated with 5 mM diethyl 

maleate (DEM) to deplete cellular glutathione (15). CEM cells were treated with 

DEM for four hours. Upon depletion of cellular glutathione the cells were 

subjected to oxidative stress, which resulted in cell death. But when the cells were 

pretreated with the analogues, they were protected from oxidative stress to 

varying extents. This cytoprotective effect was determined by measuring the 

viability of the glutathione depleted cells after 18 hours of drug treatment.  

The analogues described in Tables 1-3 share a common substructure, 

namely 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone. These analogues have 

different alkyl side chains at the 6-position. The alkyl side chains were different in 

length, polarity and degree of unsaturation. There were also changes made to the 

benzoquinone core, but the side chain was same as that of idebenone (1) (Table 

2). The analogues were analyzed on the basis of their cytoprotective activity. 

Table 1 summarizes the cytoprotection conferred by compounds 1-5 at 

concentrations 0.1- 10 µM to the leukemia cells. These compounds are compared 

to idebenone in their cytoprotective activity. All these analogues had 10-carbon 

side chains attached at the 6-position.  
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For all the compounds the cytoprotection generally increased with an 

increase in drug concentration upto 5 µM concentration. At 10 µM concentration 

the cytoprotection started declining for some of the compounds (compounds 1, 2 

and 5). These compounds might be inhibiting the respiratory chain. The extent of 

increase in cytoprotection varied with different compounds. Among these 

derivatives, compound 4 having an azido group showed cytoprotective activity of 

90% at 5 and 10 µM drug concentrations. This was greater than the cytoprotective 

activity of idebenone at these concentrations. But compound 4 showed less 

cytoprotection at 0.1 µM and 0.5 µM concentrations. 

Further changes were made to the benzoquinone core (compounds 6-8) 

(Figure 4). The methoxyl groups at the 2 and 3-positions of the benzoquinone ring 

were replaced with methyl groups. This change altered the cytoprotective effect of 

the compounds (Table 2). In case of compound 6, where both the methoxyl 

groups were replaced with methyl groups the cytoprotection was improved. 

Replacement of one methoxyl group (7 and 8) gave intermediate results. 

The CEM leukemia cells were pretreated with compounds 9-15 at 

concentrations of 0.1-5.0 µM and then depleted of glutathione. These compounds 

are compared to decylubiquinone in their cytoprotective activity in leukemia cells 

(Table 3). These analogues with non-polar side chains attached at C-6 of the 

benzoquinone ring showed better cytoprotective activity than the ones with polar 

substituents on the side chains. These compounds had modifications to the non-

polar side chain. The cytoprotection increased with the increase in drug 

concentration. At 0.1 µM concentration compound 9 (decylubiquinone) showed 



  13 

68% viability and compound 10 showed cytoprotective activity of around 45%. 

At 0.5 µM drug concentration most of the compounds showed > 50% 

cytoprotection. The structure of the side chain seems to play an important role in 

determining the cytoprotective activity of the compounds. Compounds 11 and 12 

(Figure 5) differ only in the length of the side chain attached at the C-6 position of 

the benzoquinone ring, but compound 12 showed less cytoprotection than 

compound 11. The compounds 13 and 15 having a double bond at the end of the 

alkyl side chain showed cytoprotection similar to decylubiquinone at 0.5, 1.0 and 

5 µM concentration. The branched side chain compound 14 showed somewhat 

less cytoprotection at 0.5 µM concentration in comparison to decylubiquinone. 

The compounds differing in the length of the side chain were highly effective in 

protecting cells under oxidative stress (Table 4). Compounds having an alkyl side 

chain of 9 or 10 C atoms were optimal for cytoprotection (Tables 3 and 4). The 

compounds with a side chain of at least eight carbons maintained 50% viability at 

a concentration as low as 0.05 µM (50 nM). 

Friedreich cells are vulnerable to oxidative stress due to their reduced frataxin 

levels. When cultured they exhibit cell viability of about 90%. Some pyridinol 

analogues and idebenone analogues were tested in FRDA cells. The frataxin 

deficient cells generate more ROS than normal cells (29, 30). The cells were 

pretreated with the synthesized analogues in the same way as CEM cells. But they 

were treated for more than six hours. FRDA cells should have been more 

vulnerable to oxidative stress due to lesser frataxin content. They seem to have 

adapted to the deficiency and take longer to die when exposed to DEM. 
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Compound 23 had the same pyrimidinol core as compound 21 but with a 

methoxyl group attached to the redox core (Figure 6). Similarly, compound 24 

had the same pyridinol core as compound 22 but with a methoxyl group attached 

to the core (Figure 6). Upon analysis of these compounds it was found that 

compounds 21, 22 and 23 were effective in cytoprotection of the cells: > 85% 

viability was obtained at a concentration of 0.5 µM under oxidative stress (Table 

5). 

Further improvements in structure (Table 6) were realized by adding 

lipophilic side chains to the pyrimidinol core structures analyzed previously 

(Table 5) to facilitate delivery to the mitochondrial membranes. These compounds 

were also highly potent (Table 6). When pretreated with these compounds, the 

cells exhibited > 80% viability under oxidative stress. Compounds 25, 26 and 27 

with methyl groups attached to the core were generally better than respective 

methoxyl analogues 28 and 29. 

Some of the compounds which showed high potency in maintaining cell 

viability in CEM cells were further tested in FRDA cells. In FRDA cells these 

compounds had either similar or better cytoprotective activity (Table 7). 

Compound 11 and 14 showed better cytoprotection in FRDA cells at 0.1 and 0.5 

µM in comparison to cytoprotection in CEM cells. But all the non-polar 

compounds tested in FRDA cells were very effective in protecting them from 

oxidative stress. 
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Discussion 
 

Mitochondrial dysfunction is implicated in a number of diseases such as 

Friedreich’s ataxia, Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral 

sclerosis and Huntington’s disease (27, 28). The mitochondria are under oxidative 

stress in the patients suffering from these diseases. The increase in the level of 

ROS leads to lipid peroxidation and cell death (13). 

In this study we evaluated the usefulness of quinones or pyrimidinols as 

potential treatments for mitochondrial diseases. There is a need to synthesize 

derivatives that restore electron flow and provide additional antioxidant potential. 

The derivatives should be able to reach the target tissue, then the cells and the 

mitochondria. They should have lipophilicity appropriate to insert within the 

mitochondrial inner membrane. They should be able to restore electron flow 

between the complexes. But neither CoQ10 nor any of the analogues studied to 

date have been able to restore electron flow in case of respiratory chain deficiency 

(22). 

There were a number of modifications made to the substituents attached to 

the benzoquinone or pyridinol core. We wanted to optimize the structure so that 

the analogues can participate in the electron transport chain and protect against 

oxidative stress. The analogues should be able to protect the cells against free 

radical formation due to the defective mitochondrial respiratory chain. The 

cytoprotective action of the compounds was characterized in CEM leukemia and 

FRDA cells. The cells produce ROS during oxidative phosphorylation. But this 

level is controlled by the various antioxidant defense mechanisms in the cell (10). 



  16 

When the cells were depleted of glutathione by treatment with 5 mM DEM, the 

cells produced increased ROS. This was followed by lipid peroxidation and cell 

death (15). 

We analyzed the effect of the side chain attached at the C-6 position of 

benzoquinone core. When polar side chains were attached, most of the analogues 

did not offer much protection against oxidative stress when the cells were 

depleted of glutathione. In contrast, most of the analogues with non-polar side 

chain sustained the viability of the glutathione depleted cells. The polar 

compounds probably could not travel through the lipophilic membranes to reach 

the mitochondrial inner membrane.  

Among the non-polar compounds we analyzed the effect of different 

modifications in the side chain. We observed variable activity on changing the 

size of the side chain. The side chains having lengths of more than nine C-atoms 

were effective in protecting the cells under oxidative stress. Upon introduction of 

a benzyl or phenyl group at the end of the 10-C chain, the analogues exhibited 

more than 90% cytoprotection at 5 µM concentration. Compound 12, with a side 

chain of 12 C atoms having a phenyl group at the end of the chain was not as 

effective in protecting cells under oxidative stress. The length of the side chain 

may not be appropriate for cellular uptake and retention of the compounds in the 

mitochondrial membranes. The side chain is an important factor in the antioxidant 

activity of the analogues. The introduction of a double bond at C-10 did not have 

much effect in comparison to its saturated counterpart. A branched chain caused a 

small decrease in the cytoprotective activity in comparison to straight chain. 
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We aim to restore normal mitochondrial function and control the 

pathophysiology of the diseases caused by oxidative stress. In this study we used 

cells from FRDA patients. These cells are under oxidative stress due to frataxin 

deficiency (31). Lymphocytes from FRDA patients die after glutathione depletion 

by treatment with DEM (34). But cell death can be prevented by treating the cells 

with our CoQ analogues. The FRDA cells on pretreatment with pyrimidinol and 

non-polar benzoquinone analogues when exposed to oxidative stress retained high 

cell viability (Tables 5, 6 and 7). 
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Materials and methods 
 

Diethyl maleate (DEM) was purchased from Sigma Aldrich (St. Louis, 

MO). Trypan blue and cell counter chamber slides were from Invitrogen 

(Carlsbad, CA). 

  Cell culture and media: CCRF-CEM cells (ATCC, CCL-119) were grown 

in RPMI-1640 medium (Gibco, Grand Island, N.Y.) with 10% fetal bovine serum 

(Hyclone, South Logan, Utah) and 1% penicillin-streptomycin solution (Cellgro, 

Manassas, VA). We obtained Friedreich ataxia patient lymphocytes from Coriell 

cell repositories (Camden, N.J., catalog number GM15050E). These cells were 

cultured in RPMI-1640 medium with 15% fetal bovine serum and 1% penicillin-

streptomycin solution. Cells were grown in culture flasks and incubated at 37 °C 

in a humidified atmosphere of 5% CO2 in air. Cells were passaged regularly to 

maintain them in log phase. 

Assay for cytoprotection of CEM cells: The viability of the cells depleted 

of glutathione gives a measure of the cytoprotective activity of the synthesized 

compounds. Cells were depleted of glutathione (GSH) by treatment with DEM. 

Cell viability was determined by trypan blue exclusion assay (35). When the cell 

membrane is not intact trypan blue enters the cells, and the cells look blue when 

seen under a microscope. This allows us to differentiate dead cells vs. live cells. 

Live cells have intact membranes so trypan blue can not enter these cells.  

CEM leukemia cells were grown in RPMI medium 1640 supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin solution. In a 12- 

well cell culture plate 5 × 105 cells per well were seeded and treated with the test 
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compounds. The cells were incubated at 37 °C in a humidified atmosphere of 5% 

CO2 in air for 18 h. The stock solution of the compounds was prepared in DMSO. 

Cells were treated with 5 mM DEM for 4 h at 37 °C in a humidified atmosphere 

of 5% CO2 in air. The viability of the cells was measured by staining with 0.4% 

trypan blue solution. Cell suspension and trypan blue were mixed in equal 

volumes (10 µL). The cells were pipetted into a hemocytometer and the cells were 

counted. Viable cells excluded the dye and nonviable cells took up the dye. After 

4 h more than 90% of the cells treated with only DEM took up the dye and stained 

blue. Cell viability was calculated as percentage of positive control (cells + media 

alone). Data is expressed as mean ± SD (n= 3, n is number of readings used to 

determine mean). 

Assay for cytoprotection of Friedreich’s ataxia (FRDA) cells: FRDA cells 

were depleted of glutathione by treatment with DEM. The viability of these cells 

when pretreated with the synthesized derivatives gave a measure of 

cytoprotection. Cell viability was determined by trypan blue exclusion assay. 

FRDA lymphocytes were grown in RPMI medium 1640 supplemented with 15% 

fetal bovine serum and 1% penicillin-streptomycin solution. In a 12-well cell 

culture plate 5 × 105 cells per well were seeded and treated with the test 

compounds. The cells were incubated at 37 °C in a humidified atmosphere of 5% 

CO2 in air for 18 h. The stock solution of the derivatives was prepared in DMSO. 

Cells were treated with 5 mM DEM (diethyl maleate) for 6 h at 37 °C in a 

humidified atmosphere of 5% CO2 in air. Cell suspension and trypan blue were 

mixed in equal volumes (5 µL). After 6 h > 80% of the cells treated with only 
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DEM took up the dye and stained blue. The positive control (cells not treated with 

DEM or the analogues) had ~ 90% viability. The cell suspension was pipetted into 

chambers of cell counter slides. The percentage cell viability in each well was 

determined using automated cell counter (Invitrogen). Cell viability was 

calculated as percentage of positive control. Data is expressed as mean ± SD (n= 

3, n is number of readings used to determine mean). 
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Table 1 
 
Cytoprotective effects of compounds 1-5  
 
___________________________________________________________ 
 
Compound                                     Viable Cells (%) 
 ___________________________________________________________ 
 
                       0.1 µM       0.5 µM       1.0 µM       5.0 µM       10.0 µM                  
____________________________________________________________ 
 
1                     25 ± 1         36 ± 3         71 ± 1         74 ± 5         53 ± 1 
 
2                     19 ± 1         19 ± 1         31 ± 1         57 ± 3         39 ± 3 
 
3                     11 ± 0         22 ± 1         43 ± 2         54 ± 4         71 ± 5 
 
4                     11 ± 1         21 ± 2         72 ± 2         92 ± 2         98 ± 3 
 
5                                        14 ± 1         55 ± 4         69 ± 1         48 ± 1 
____________________________________________________________ 
 
 
 The compounds analyzed are with 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone 

core and different polar chains at position 6. The CEM cells were pretreated with 

these compounds and then depleted of glutathione with DEM. Cell viability in the 

assay is expressed as percentage of positive control. 
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Table 2 
 
Cytoprotective effects of compounds 6-8  
 
____________________________________________________ 
 
Compound                 Viable Cells (%) 
____________________________________________________ 
 
                        0.1 µM       0.5 µM       2.5 µM         
____________________________________________________ 
 
1                     25 ± 1         36 ± 3         86 ± 4 
 
6                     35 ± 3         77 ± 3         96 ± 4                                                             
 
7                     23 ± 1         75 ± 8         82 ± 4         
 
8                     08 ± 1         21 ± 1         77 ± 1  
____________________________________________________ 
 
 

The compounds analyzed are with 5-methyl-1, 4-benzoquinone core with methyl 

or methoxyl substituents and hydroxyl side chain at position 6. The CEM cells 

were pretreated with these compounds and then depleted of glutathione with 

DEM. Cell viability in the assay is expressed as percentage of positive control. 
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Table 3 
 
Cytoprotective effects of compounds 9-15 
 
_____________________________________________________ 
 
Compound                         Viable Cells (%) 
_____________________________________________________ 
 
                       0.1 µM       0.5 µM       1.0 µM       5.0 µM                        
_____________________________________________________ 
 
9 69 ± 7         62 ± 3         79 ± 5         87 ± 6 
                                                                                           
10                    43 ± 5         63 ± 4         67 ± 2         92 ± 2                                                                                        
 
11                    10 ± 1         51 ± 5         78 ± 4         94 ± 5 
 
12                    19 ± 1         36 ± 5                            75 ± 7 
 
13                    19 ± 1         83 ± 6         77 ± 4         85 ± 2 
 
14                    09 ± 1         43 ± 4         72 ± 2         93 ± 7 
 
15                    17 ± 2         69 ± 3         81 ± 4         92 ± 7 
_____________________________________________________ 
 
 

The compounds analyzed are with 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone 

core and different non-polar chains at position 6. The CEM cells were pretreated 

with these compounds and then depleted of glutathione with DEM. Cell viability 

in the assay is expressed as percentage of positive control. 
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Table 4 
 
Cytoprotective effects of compounds 17-20  
 
______________________________________________________ 
 
Compound                           Viable Cells (%) 
______________________________________________________ 
 
                      0.01 µM      0.05 µM      0.1 µM      1.0 µM          
______________________________________________________ 
 
9                      18 ± 2         61 ± 3         69 ± 7         79 ± 5        
 
17                    18 ± 1         30 ± 3         41 ± 2         77 ± 5                                                         
 
18                    14 ± 1         54 ± 1         68 ± 6         65 ± 7 
 
19                    11 ± 1         59 ± 5                            81 ± 6 
 
20                    18 ± 1         50 ± 5         85 ± 8         84 ± 8 
______________________________________________________ 
 
 

The compounds analyzed are with 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone 

core and side chains of different length at position 6. The CEM cells were 

pretreated with these compounds and then depleted of glutathione with DEM. Cell 

viability in the assay is expressed as percentage of positive control. 
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Table 5 
 
Cytoprotective effects of compounds 21-24  
 
_______________________________________________________ 
 
Compound                  Viable Cells (%) 
_______________________________________________________ 
 
                        0.1 µM       0.5 µM       2.5 µM                  
_______________________________________________________ 
 
21                    66 ± 7         89 ± 8         91 ± 8 
 
22                    59 ± 5         86 ± 4         90 ± 7                                                             
 
23                    62 ± 7         89 ± 6         87 ± 7 
 
24                    33 ± 2         32 ± 3         37 ± 4             
_______________________________________________________ 
 
 

The compounds analyzed are with pyridinol or pyrimidinol core and hydroxyl 

side chain at the C-6 position. The FRDA cells were pretreated with these 

compounds and then depleted of glutathione with DEM. Cell viability in the assay 

is expressed as percentage of positive control. 
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Table 6 
 
Cytoprotective effects of compounds 25-29  
 
_______________________________________________________ 
 
Compound                 Viable Cells (%)          
_______________________________________________________ 
 
                      0.1 µM        0.5 µM        2.5 µM                  
_______________________________________________________ 
 
25                    50 ± 4         86 ± 4         88 ± 6 
 
26                    60 ± 4         87 ± 4         79 ± 5 
 
27                    68 ± 1         88 ± 3         93 ± 2 
 
28                    45 ± 2         90 ± 2         90 ± 1 
 
29                    49 ± 5         71 ± 2         84 ± 4 
_______________________________________________________ 
 
 

The compounds analyzed have a pyrimidinol core and side chains of different 

lengths at the C-6 position. The FRDA cells were pretreated with these 

compounds and then depleted of glutathione with DEM. Cell viability in the assay 

is expressed as percentage of positive control. 
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Table 7 
 
Cytoprotective effects of compounds on cultured FRDA cells 
 
_________________________________________________ 
 
Compound                 Viable Cells (%)          
_________________________________________________ 
 
                       0.1 µM       0.5 µM       2.5 µM                  
_________________________________________________ 
 
1                     31 ± 1         69 ± 3         95 ± 2 
 
3                     26 ± 6         36 ± 5         61 ± 6                 
 
9                     76 ± 3         83 ± 4         90 ± 6 
 
10                   40 ± 3         75 ± 4         90 ± 3 
 
11                   59 ± 1         84 ± 1         93 ± 4 
 
14                   36 ± 1         85 ± 9         90 ± 5 
 
15                   60 ± 3         67 ± 2         92 ± 4 
 
20                   76 ± 1         90 ± 4         89 ± 4 
_________________________________________________ 
 
 

The compounds analyzed have the 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone 

core. These compounds showed high cytoprotective activity in CEM cells. The 

FRDA cells were pretreated with these compounds and then depleted of 

glutathione with DEM. Cell viability in the assay is expressed as percentage of 

positive control. 
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Figure 1: Metabolic pathways operating in mitochondria. The metabolic pathways 

such as the TCA cycle and oxidative phosphorylation operate in the mitochondrial 

matrix and inner membrane respectively. The mitochondrial inner membrane has 

five complexes which participate in ATP formation (3). 
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Quinone 
 

 
 
 

 
 
 
Figure 2: Prooxidant and antioxidant reactions by quinones. The quinol form 

which is fully reduced has antioxidant effect. The semiquinone can react with 

oxygen to give toxic radicals. The quinones are reduced by dehydrogenase in the 

mitochondrial membrane (22). 
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Figure 3: Idebenone as electron carrier in the electron transport chain. Metabolic 

pathways such as oxidative phosphorylation operate in mitochondria. The 

mitochondrial inner membrane has five complexes which participate in ATP 

formation. Idebenone transfers electrons from complex I to complex III (21). 
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Figure 4: Analogues 1-8 tested for cytoprotective effects. The compounds have 2, 

3-dimethoxy-5-methyl-1, 4-benzoquinone core and different polar groups at 

position 6. (These analogues were synthesized by David Fash. Idebenone was 

synthesized by Pablo Arce.) 
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Figure 5: Analogues 9-20 tested for cytoprotective effects. The compounds are 

with 2, 3-dimethoxy-5-methyl-1, 4-benzoquinone core and different non-polar 

chains at position 6. (These analogues were synthesized by David Fash.) 
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Figure 6: Analogues 21-24 tested for cytoprotective effects. The compounds are 

pyridinol and pyrimidinol analogues with polar side chains. (These analogues 

were synthesized by Pablo Arce.) 
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Figure 7: Analogues 25-29 tested for cytoprotective effects. Pyrimidinol 

analogues are with non-polar side chains. (These analogues were synthesized by 

Pablo Arce.) 
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CHAPTER 2 

CYTOTOXIC ACTIVITY OF TOPOPYRONE ANALOGUES 

Introduction 

The two strands of DNA need to be separated to serve as a template for 

transcription, replication, recombination and repair. There is limited free rotation 

about the DNA helix. Supercoiled DNA relaxation is carried out by DNA 

topoisomerases (36). 

DNA topoisomerase I is essential in mammals. Topoisomerase I relaxes 

the DNA by nicking on a single strand. The broken strand then rotates around the 

topoisomerase I bound DNA strand. After relaxation has occurred, topoisomerase 

I religates the break (36). Topoisomerase I mediated DNA strand cleavage 

involves a nucleophilic attack by the active site tyrosine OH group on the DNA 

phosphodiester bond. This results in breakage of the DNA phosphodiester 

backbone at the site of cleavage and formation of a phosphotyrosine bond 

between the enzyme and DNA (Figure 8). This intermediate is termed as 

‘covalent binary complex’ (37). The nicks are transient and the religation requires 

that the 5 �-hydroxyl end of DNA aligns with the tyrosine-DNA phosphodiester 

bond (36). The enzyme does not require ATP for the relaxation process.  

Topoisomerase II produces transient double stranded breaks in DNA 

(Figure 9). This enzyme requires energy from ATP hydrolysis. There are two 

subclasses of this class of enzyme, that is type IIA and type IIB. The type IIA 

enzyme is present in all bacteria, eukaryotic organisms, some viruses and archaea. 

The type IIB enzyme is present in all archaea, plants, algae, and few bacteria. 
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Mechanistically, the type IIB enzyme differs from type IIA DNA topoisomerase. 

Type II B strictly requires ATP for DNA cleavage. DNA cleavage by the type IIB 

enzymes generates two-nucleotide 5' protruding ends instead of four-nucleotide 

overhangs for type IIA enzymes (38). 

Each nucleotide binding pocket in topoisomerase II also contains one 

Mg2+ and two water molecules. DNA cleavage by topoisomerase II involves a 

transesterification reaction in which a covalent DNA-protein bond is formed. The 

cleavage produces staggered ends. Each of two tyrosyl residues in the enzyme 

makes a covalent linkage to a 5' phosphoryl group of DNA. Topoisomerase II 

enzyme binds to a duplex DNA (the G segment). The second DNA (the T 

segment) is bound by the enzyme as the ATP-binding domains dimerize in the 

presence of ATP. The G segment is cleaved to allow passage of the T segment. 

The T segment is released through the C-terminal dimer interface and the G 

segment is then religated (Figure 9). Hydrolysis of ATP and release of the 

hydrolysis products resets the enzyme to its initial state (39). 

Topoisomerase inhibitors 

Topoisomerase inhibitors could in principle bind either to DNA, to the 

enzyme or to both. The DNA binding site for topoisomerases involves 15-19 

neocleotides (40). The binding starts with recognition of small segment (~ 5 base 

pairs) followed by conformational changes to bind with the entire site (41, 42). 

The mode of action of topoisomerase inhibitors involves competing with enzyme 

in the initial recognition step or preventing conformational changes in the enzyme 

upon DNA cleavage, strand passage ( for topoisomerase II ) and DNA religation. 
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The inhibitors that selectively affect religation of the DNA cause the enzyme to 

become a DNA damaging agent. These inhibitors are designated as poisons. 

Camptothecin is an example of a topoisomerase I poison. Amsacrine, doxorubicin 

and etoposide are examples of topoisomerase II poisons (Figure 10b) (42). 

DNA intercalators partially unwind the DNA double helix and distort the 

structure of DNA around the topoisomerase cleavage site; they prevent religation 

of the DNA (42).  

Camptothecin (CPT) 

CPT is a pentacyclic alkaloid first isolated by Wall and Wani from the 

bark of the Chinese tree, Camptotheca acuminata. Camptothecin was tested 

clinically in the mid 1970s and exhibited anti-cancer activity (Figure 10a) (36). 

The primary cellular target of CPT was found to be topoisomerase I (43). 

CPT specifically binds to the enzyme−DNA complex acting as an 

uncompetitive inhibitor (44). Camptothecin penetrates vertebrate cells readily and 

targets topoisomerase I. Camptothecin binds reversibly to the topoisomerase I 

covalent binary complex (43). Camptothecin and its derivatives have a relatively 

low affinity for the topoisomerase I covalent binary complex, as micromolar drug 

concentrations are required to detectably trap topoisomerase I cleavage complex 

in biochemical assays (36). 

Topoisomerase I covalent binary complex with camptothecin has to exist 

long enough to result in DNA damage. But camptothecin diffuses rapidly from 

the complex, so a prolonged infusion is needed. Camptothecins produce side 



  38 

effects such as leucopenia and diarrhea. This limits the dose that can be safely 

administered, as well as the antitumor efficacy of the drug (36). 

The lactone form is the active form of the drug (45). The α-

hydroxylactone within the E-ring of camptothecins is readily converted to the 

carboxylate form (46). The carboxylate form is inactive against topoisomerase I, 

but it binds tightly to serum albumin. So after administration of the drug, a small 

portion of the camptothecin is in the active lactone form (47). Camptothecin is 

substrate for drug-efflux pumps (44). The cells which overexpress drug efflux 

pumps display drug efflux-mediated resistance. So, there has been a search to find 

noncamptothecin topoisomerase Ι poisons as anticancer drugs (48). 

Topoisomerase II shows relaxed sequence selectivity of DNA recognition, 

so it binds at multiple sites to the genome (49). Drugs such as etoposide (VP-16), 

doxorubicin, daunorubicin, amasacrine (m-AMSA), and TAS-103 (Figure 10b) 

which are topoisomerase II inhibitors prevent DNA religation (50). Among these 

drugs doxorubicin, daunorubicin, amasacrine (m-AMSA), and TAS-103 are 

intercalators (51). Topoisomerase II inhibitors also work without trapping the 

covalent binary complex. Some DNA intercalators at  particular drug 

concentrations alter DNA structure, preventing topoisomerase II from binding to 

DNA or from forming a covalent binary complex (52). Drugs such as merbarone 

and bisdioxopiperazines (ICRF 187, 159) inhibit ATP hydrolysis and work 

without binding to DNA (Figure 11) (49, 53, 54). DNA translocation occurs due 

to error prone repair of topoisomerase II generated DNA double stranded breaks. 

Topoisomerase II poisons could lead to genetic diseases due to translocation (55).  
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Dual topoisomerase poisons 

A number of dual poisons of human topoisomerase Ι and ΙΙ have been 

identified. These include saintopin, intoplicine, pyrazoloacridine, tafluposide, XR 

11576 and other benzophenazines (42).  

The level of topoisomerase Ι and ΙΙ enzymes varies between different cell 

types in the body (56, 57). The expression of topoisomerase Ι does not change 

significantly during the cell cycle. On the other hand, the expression 

topoisomerase ΙΙ changes through the cell cycle (58). Either of these enzymes can 

support cell division. The resistance to topoisomerase I inhibitors can develop due 

to downregulation of topoisomerase I. This is accompanied by increase in the 

expression of topoisomerase II (59). 

Inhibitors of one topoisomerase partially inhibit topoisomerase activity in 

the cell. Targeting both the enzymes would potentially improve antitumor activity 

as topoisomerase I and topoisomerase II have some functions that either can 

perform. It would also be helpful in case of drug resistance as it would be difficult 

to resist two enzymes. If the cells show resistance to topoisomerase I inhibitors, 

they would be more susceptible to topoisomerase II inhibitors. The cells become 

more dependent on topoisomerase II for carrying out essential DNA functions 

(55). 

Natural Topopyrones A, B, C and D 

Topopyrones A, B, C and D were first isolated from culture broths of 

fungi, Phoma sp. BAUA2861 and Pencillium sp. BAUA4206 by Kanzawa et al. 

in 2000. They were reported to be human topoisomerase I poisons (60, 61).  The 
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topopyrones are planar anthraquinones with a fused 1, 4-pyrone ring (Figure 12). 

Topopyrones stabilized the topoisomerase Ι covalent binary complex at the same 

site as camptothecin. Topopyrones were also reported to be topoisomerase ΙΙ 

poisons. So, they are dual inhibitors of topoisomerases Ι and ΙΙ. VP-16 is a known 

topoisomerase ΙΙ poison used clinically as an antitumor agent. The four natural 

topopyrones were as potent as VP-16 (62). An understanding of the mechanism of 

these dual topoisomerase inhibitors would be interesting and possibly provide 

insights allowing the design and testing of analogues with improved activity. 
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Results 

Topopyrones are planar anthraquinone polyphenols. They differ by 

orientation of the 1, 4-pyrone ring fused on the side of the anthraquinone 

structure. Topopyrones were reported to be dual topoisomerase poisons (62). This 

led to great interest in evaluating the antineoplastic activity of topopyrone 

analogues. We evaluated the antineoplastic activity of topopyrone analogues in 

MCF-7 cell line (human breast adenocarcinoma) by performing cytotoxicity 

assays. In MCF-7 cells, the antineoplastic activity of topopyrone A was greatest 

among the topopyrones, with an IC50 value of 3 ± 0.1 µM (Table 8). 

Camptothecin was more active than the topopyrones in MCF-7 cells having an 

IC50 value of 0.2 ± 0.02 µM. These trends were similar to reported values (60). 

It has been reported that the topopyrones are dual topoisomerase inhibitors 

(62). The natural topopyrone analogues showed good cytotoxic activity. We 

wanted to design compounds with enhanced cytotoxic activity which can also 

target both topoisomerases I and II.  

Topopyrone A was most potent. In order to determine the structure 

activity relationships in the series, four analogues of topopyrone A were analyzed 

(30-33). In case of analogue 30, the chlorine was replaced by bromine in the 7-

position of the anthraquinone ring (Figure 13). This did not improve the 

cytotoxicity activity (IC50 19 ± 1.6 µM) (Table 9). However, when an additional 

bromine atom was attached to the anthraquinone ring (Figure 13) the compound 

became more potent with an IC50 value of 7 ± 0.7 µM (Table 9). Analogues 31 

and 32, in which the phenols on the anthraquinone ring were methylated (Figure 
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13) were also studied. Analogue 31, having one bromine attached to the 

anthraquinone ring, showed no cytotoxic activity, while analogue 32 showed 

rather low activity (Table 9). 

Topopyrone B analogue (34), had a chlorine replaced by bromine at the 7-

position of the anthraquinone ring (Figure 13). This analogue did not show any 

cytotoxic activity (Table 9). 

Among the topopyrone C analogues, the position of phenols was changed 

to carbons 5 and 7 on the anthraquinone ring (Figure 14). Analogue 35 (Figure 

14) had an IC50 value of 17 ± 1.5 µM. In the case of topopyrone analogue 36, the 

phenol at position 5 was methylated (Figure 14). The compound did not show any 

cytotoxic activity at concentrations up to 20 µM (Table 9).  

Similarly in the case of topopyrone D analogue 37, the position of the 

phenols on the anthraquinone ring was changed to the 5 and 7 positions (Figure 

14). This compound had an IC50 value of 13 ± 1.8 µM (Table 9). 
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Discussion 

  In this work we sought derivatives of topopyrones which are more active 

than the naturally occurring species. Accordingly changes were made in the 

substituents or in their positions on the anthraquinone ring system. The effects of 

these changes were analyzed using a cellular cytotoxicity assay. The cells were 

exposed to the test compounds for 72 hours. After 72 hours, the cells were 

analyzed by treating them with MTS, a colorimetric reagent. This colorimetric 

reagent measures the viability of the cells on pretreatment with the test 

compounds. 

The in vitro antineoplastic activity of topopyrones A, B, C and D was 

previously reported (60). The natural topopyrones inhibited the growth of tumor 

cell lines, but the inhibition was weaker than that of camptothecin. In HeLa cells, 

topopyrone A had an IC50 value of 0.56 µM. Topopyrones B, C and D showed 

less activity in HeLa cells, having an IC50 values of 3.5, 6.9 and >5 µM, 

respectively (60). 

  For topopyrone A, replacing chlorine with bromine on the ring led to 

either reduced (analogue 30) or no (analogue 33) cytotoxicity in MCF-7 cells 

(Table 9). Apparently, phenols at positions 3, 6 and 8 are important as the 

compound lost its activity upon methylation of the phenols at these positions. 

Similarly, topopyrone B lost its cytotoxic activity when the chlorine was replaced 

with bromine on carbon 7 (analogue 34). This could be due to the fact that 

bromine is larger than chlorine and alters interaction with the DNA backbone. For 

topopyrone C, when the positions of the phenols were changed from positions 6 
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and 8 to positions 5 and 7 there was some increase in activity (analogue 35). This 

improved activity was lost when the phenol at position 5 was methylated 

(analogue 36). So a polar group at position 5 seems to improve the cytotoxic 

activity. This can also be seen in case of analogues 32 and 33. This was further 

supported by the study of a topopyrone D analogue. Analogue 37 has a phenol at 

position 5, and showed improvement in activity. So replacing bromine with 

chlorine on the ring is detrimental to the activity. The presence of a polar 

substituent at position 5 seems to play an important role. 

Topopyrones are planar anthraquinone with two different ring systems. 

The orientation of pyrone ring in topopyrone A and C is different from the 

orientation in topopyrone B and D. But we did not see much difference in activity 

between them. It is possible that the pyrone ring does not interact with the 

topoisomerase covalent binary complex. The anthraquinone structure could have 

sites for interaction with the DNA. The cytotoxicity due to topopyrone analogues 

can be due to their interaction with topoisomerase covalent binary complex. The 

compounds could also be acting on some other sites in the cells. We do not have 

much knowledge about their mechanism of action. 
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Materials and Methods 

MCF-7 cells were obtained from the laboratory of Dr. Douglas Lake, 

SOLS, Arizona State University. MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent (catalog 

number G111A) was purchased from Promega. PMS was from Sigma. RPMI 

media was obtained from Gibco, Grand Island, N.Y. FBS was from Hyclone, 

South Logan, Utah and 1% penicillin-streptomycin solution was from Cellgro, 

Manassas, VA. BCA (bicinchoninic acid) reagent was purchased from 

Thermoscientific, Rockford, IL. DPBS was purchased from Invitrogen.  

Cytotoxicity assay 

MTS was the colorimetric agent used in the assay. MTS is a green color 

water soluble compound. MTS is reduced to water soluble formazan in the 

presence of PMS by dehydrogenases in the living cells. Formazan formed on 

bioreduction is brown in color and has an absorbance maximum at 490 nm in 

PBS. MTS solution (4.1 mM concentration) was made in DPBS. The solution was 

filter sterilized and had a pH in the range of 6.0 to 6.5. PMS solution (3 mM) was 

made in DPBS. The solution was filter sterilized. Both the solutions were stored 

in a light-protected container at -20 °C. Before the experiment both the solutions 

were mixed in the ratio of 20:1 (v/v). 

The cells were trypsinized in log phase and the cell density was measured 

by trypan blue exclusion test (35). The cells were seeded in 96 well plates at a 

density of 3000 cells per well. The analogues were added to the cells in each well 

after 24 hours. The experiments were done at five different concentrations of the 
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tested compounds. The experiments were carried out in triplicate. A positive 

control was maintained with no test compounds. The cells were incubated with 

the test compounds for 72 hours. In each well, 40 µL of MTS and PMS solution 

(ratio 20:1, v/v) was added. The cells were incubated for an additional 2 h. The 

O.D. was measured at 490 nm. The absorbance was proportional to the number of 

living cells. Cell viability was calculated as percentage of the positive control. 

Data is expressed as mean ± SD (n=3, n is the number of readings used to 

calculate mean). 
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Table 8 

Cytotoxicity values of natural topopyrones  
 
________________________________________ 
 
Compound                        IC50 Value (µM) 
________________________________________ 
                      
topopyrone A                       03 ± 0.1 
 
topopyrone B                       >20 
 
topopyrone C                       >20 
 
topopyrone D                       >20 
________________________________________ 

 

Natural topopyrones A, B, C and D were analyzed in MCF-7 cells. The cells were 

pretreated with these compounds, then their viability was determined using the 

colorimetric reagent, MTS. MTS is reduced by the live cells to formazan in the 

presence of electron coupler, PMS. The amount of formazan formed gives us a 

measure of cell viability. Cell viability at different concentrations was used to 

determine the IC50 value (µM). 
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Table 9 
 
Cytotoxic effects of topopyrone analogues  
 
________________________________________ 
 
Compound                    IC50 Value (µM) 
________________________________________ 
 
                        
30                                      19 ± 1.6 
 
31                                      >20                                          
 
32                                      18 ± 0.4          
 
33                                      07 ± 0.7  
 
34                                      >25        
 
35                                      17 ± 1.5 
 
36                                      >20 
 
37                                      13 ± 1.2 
________________________________________ 
 

The analogues of natural topopyrone were analyzed in cultured MCF-7 cells. The 

cells were pretreated with these compounds and then the cell viability was 

determined using the colorimetric reagent, MTS. MTS is reduced by the live cells 

to formazan in the presence of electron coupler, PMS. The amount of formazan 

formed gives us a measure of cell viability. Cell viability at different 

concentrations was used to determine the IC50 value (µM). 
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   Figure 8: Mechanism of DNA relaxation by topoisomerase I (37). 
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Figure 9: Mechanism of DNA relaxation by topoisomerase II (39). 
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Figure 10: Drugs acting as topoisomerase poisons. a) Camptothecin stabilizes the 

topoisomerase I DNA covalent binary complex (36) b) TAS-103, doxorubicin, 

daunomycin, etoposide and amasacrine target topoisomerase II (50, 55). 
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Figure 11: The site of action of topoisomerase II poisons (49). 
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Figure 12: Structures of natural topopyrones A, B, C and D (60). (These 

compounds were synthesized by Rumit Maini and Simon Leiris.) 
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 Analogues of topopyrone A 
 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
  
 
 

Analogues of topopyrone B 

 
 
 
 
 
 
 
 
 
Figure 13: Analogues of topopyrones A and B. Structures of synthesized 

analogues of topopyrones A and B. (These analogues were synthesized by Rumit 

Maini.)   
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Analogues of topopyrone C  
 
 
 
 
 
 
 
 
 
Analogues of topopyrone D 
 
 
 
 
 
  
 
 
 
Figure 14: Analogues of topopyrones C and D. Structures of synthesized 

analogues of topopyrones C and D. (These analogues were synthesized by Rumit 

Maini.) 
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